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About Oregon Wave Energy Trust
The Oregon Wave Energy Trust – (OWET) ‐ with members from fishing and environmental groups,
industry and government ‐ is a nonprofit public‐private partnership funded by the Oregon Innovation
Council in 2007. Its mission is to serve as a connector for all stakeholders involved in wave energy
project development ‐ from research and development to early stage community engagement and final
deployment and energy generation ‐ positioning Oregon as the North America leader in this nascent
industry and delivering its full economic and environmental potential for the state. OWET's goal is to
have ocean wave energy producing 2 megawatts of power ‐ enough to power about 800 homes ‐ by
2010 and 500 megawatts of power by 2025.
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Project Background
Wave energy has the potential to play a significant role in growing Oregon’s economic and energy
landscape. New jobs and clean energy will result from this emerging industry. Over the past several
years, great strides have been made to encourage wave energy development in Oregon. In order for the
wave energy industry to successfully transition from pilot to commercial scale projects, technical and
market challenges must be addressed, which will require close collaboration between the utility and
wave energy industries. To date, Oregon utilities have been interested in wave energy, and some have
invested resources to explore its potential; however, more work is needed to elevate wave energy as a
viable resource for Oregon utility companies.
In February 2009, the Oregon Wave Energy Trust kicked off a project titled the Utility Market Initiative
(UMI). The purpose of the project was to initiate a process to align the needs of the regional electric
utilities with the resource potential of the wave energy industry. Pacific Energy Ventures' proposal,
which included a broad multi‐disciplinary teamed, was selected and the effort began in May 2009.

Benefits of Wave Energy
The benefits of wave energy are similar to that of other forms renewable energy. However, wave energy
offers unique benefits to consumers and utilities compared to other renewables. In addition to providing
the opportunity for economic development and new job growth as an emerging industry, the actual
resource itself is extremely attractive to utility planners based on the fact it is consistent and
predictable.
Economic Development
Based on the fact that wave energy requires significant capital outlay and manufacturing, new jobs and
intellectual property will be gained from wave energy development. The majority of these jobs will most
likely be located in coastal communities and will consist of device construction, deployment, and
operations and maintenance. The Oregon Wave Energy Trust has conducted various studies forecasting
the economic benefits of wave energy.
Resource Characterization
Waves off the Oregon coast track the current load requirements of coastal population centers. For
example, waves are more powerful during the winter months when demand for electricity is its highest.
Clean Resource
Beyond the energy most likely used (fossil energy based utility power) for the construction of these
devices, the actual energy generated from waves produces no carbon dioxide or other pollutants.
Close to Load
In the Northwest United States, the majority of the energy is generated along the eastern side of the
Cascade Range and transmitted to population centers in the west. Wave energy offers the opportunity
to generate power very close to load base, increasing efficiency and alleviating transmission congestion.
Scalability
Capital costs associated with energy development are extremely high. In most case, large facilities are
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required to justify economic investment, even if all the energy capacity is not required in the
marketplace. Wave energy projects can be easily expanded to meet flexible load growth.
Reliable and Predictable
Waves are active around the clock and during all times of the year. Although the wave resource is
greater in the winter months, it can also produce significant amount of energy in the summertime. In
addition, waves are predictable as far out as 2 days in advance, providing a premium value to the
utilities.
Diversified Portfolio
Wave energy has unique characteristics and attributes. And combined with conventional resources and
other renewable energy projects, can provide utilities with a diversified portfolio required to meet ever
changing load and demand criteria.

Project Overview
The UMI program establishes useful tools and effective strategies to address the technical and business
issues currently facing both the utility companies and wave energy industry. A summary of the project
tasks are outlined below:
Task 1‐ Utility Engagement: This task includes establishing a Wave Energy Utility Advisory
Committee that guides and oversees efforts of the project. Committee members provide
direction for areas of focus and provide feedback on project deliverables.
Task 2‐ Resource Potential: A comprehensive examination of the wave resource and existing
wave energy conversation technologies. In addition, this task provides an estimate of potential
installed megawatts, timing and locations for wave energy in Oregon’s power supply portfolio.
Task 3‐ Business Model: This task provides an overview of the wave energy industry, including
the current estimated cost and value of wave energy and a review of alternative price support
mechanisms. In addition, there is a review of the risks associated with wave energy and the
different business protocols to be contemplated to address risk.
Task 4‐ Grid Integration Tools: This task identifies the existing transmission capability of the
system with an integrated systems analysis. In addition, this task summarizes key technical and
operation information: interconnections requirements, scheduling parameters, and other
operational considerations. A review of a wave forecasting tool is also provided.
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Implementation Approach
The UMI program prioritized the use of existing workgroups, tools, and expertise, where appropriate.
PEV assembled a multi‐disciplinary team with broad expertise in both the wave energy and utility
industries to execute this comprehensive program. Our approach leveraged the UMI project efforts with
the existing activities detailed below:

Utility Market Initiative

Task 1.0 Utility Engagement
Objective
Establish effective mechanisms to engage utility planners and industry to identify and address issues in
order to accelerate market growth.

Background
In the last three years, Oregon has experienced firsthand the rapid emergence of the wave energy
industry, with two demonstration projects and eight preliminary permit applications for commercial
scale wave projects. While the wave energy industry is still in the early stages of development,
renewable portfolio standards, interest in carbon management, and government financial incentives
have and will continue to support the acceleration of renewable energy. Recent advances by the wind
energy industry in the Northwest have had significant impacts to the management of the regional power
system, resulting in considerable direct and indirect costs to regional utilities. Regional utilities are
currently establishing integration requirements, allocating costs, and scheduling procedures for
variable/intermittent power generation projects. These circumstances present a valuable opportunity
for early engagement between utilities and developers to work together to determine the optimal
approach to integrating these resources into the power system.

Information Gaps
Because most utilities and power system planners neither know the resource potential nor understand
the technologies, wave energy is currently not being contemplated in regional power planning efforts.
Further, there is little understanding of the resource characteristics and how that translates into
technical integration requirements or business arrangements.

Approach
The PEV team established a Utility Advisory Committee to engage the wave energy industry and utility
community at a policy and leadership level. This Utility Advisory Committee guides and oversees efforts
in three key areas necessary for successful integration of wave energy into the electric grid; resource
potential, business model, and integration requirements.
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Task 2.0 resource potential
Objective
Provide concise, comprehensive information to the marine energy industry in a format that will allow
them to better understand the viability of wave energy in Oregon’s power supply portfolio.

Background
In 2006, the Oregon Wave Energy Trust asserted that there is 500 MW of wave energy development
potential over the next 15 years of the coast of Oregon. This assertion was based on early technology
and wave resource information developed by EPRI. Since that time, there have been technology
developments that could be updated. Further, with strong Oregon's interest in wave energy
development, it is appropriate to invest in more detailed evaluation of the readiness of the technology,
the potential and characteristics of the resource, and the existing infrastructure.

Approach
Provide up‐to‐date information about the capability of wave energy in formats that are easy to
understand, yet specific enough for utility planners to assess the impacts to the regional system.

Sub‐Tasks
2.1 Technology Assessment

Summary of Deliverables
2.1.1 EPRI Wave Energy Technology Assessment
2.1.2 Garrad Hassan Wave Energy Technology Review
2.1.3 Oregon Wave Project Database

2.2 Wave Resource
Assessment

2.2

Wave Resource Assessment
EPRI review analysis to be completed in June 2010

2.3 Wave Energy Capacity
Profile

2.3

Forecast of Potential Wave Energy in Oregon

2.4 Resource and
Interconnection Maps

2.4

Oregon Coastal Transmission Map and Substations
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Task 3.0 business model
Objective





Utilities and planning agencies understand the value and system effects of wave energy.
The wave energy industry appreciates the value and costs of the resource viewed by utility.
Effective business protocols are established between the utilities and wave energy industry.
Innovative policy recommendations are developed to remove financial barriers and costs.

Background
The Northwest utility market, much like other parts of the nation, is extremely complex and is served by
numerous utilities and policy bodies responsible for delivering reliable and cost effective electricity to
consumers. Wave energy is currently a more expensive means to generate electricity than other forms
of renewable energy, such as wind and biomass, and is similar in cost to solar. However, studies
conducted by EPRI and estimates made by technology developers show convincing arguments that the
cost of energy will decline as installed capacity increases. However, much like the early days of the wind
industry and other renewable energy technologies, the wave energy will require assistance to bridge the
gap from demonstration to commercialization. For this reason, more detailed review of the northwest
utility market, the value of wave power in this market, and evaluation of prices support and business
model alternatives is appropriate to assist developers and utilities in exploring this resource alternative.

Approach
The PEV team will provide easy to use and understand background material to facilitate collaboration
among the wave energy industry and the utility community.

Sub‐Tasks
3.1 State of the Industry
Report

3.1

3.2 Price Support
Mechanism

3.2.1 Market Review (International)
3.2.2 Price support Alternatives Analysis

3.3 Value of Wave Energy

3.3.1 Summary of Results
3.3.2 Model Documentation

3.4 Effective Business
Models and Protocols
3.5 International
Standards
Development

Summary of Deliverables

3.4

Utility Industry in Oregon

Business Protocols

3.5.1 Overview of International Standards
3.5.2 Marine Hydrokinetics Technical Standards (TC 114)
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Task 4.0 grid integration
Objective
The result of this task will establish a set of effective tools and guidelines that will facilitate the future
integration of wave energy projects into the grid.

Background
Integrating wave energy into the regional power grid requires analysis and study. As the wind
integration issues in the Northwest has highlighted, integration of a variable renewable energy resource
has several considerations for the planning and operation of the electrical grid. The Northwest utility
community has been responding to new issues as thousands of intermittent MWs of wind have been
added to the Northwest system. These issues provide a roadmap for areas to evaluate and anticipate
prior to large scale implementation of the wave energy resource. Key integration elements to be
considered include the interconnection guidelines required by the jurisdictional utilities, the existing
transmission capability, and the scheduling, forecasting and other operational considerations.

Approach
Using the PEV team's industry expertise, to assimilate existing information and engage with
Transmission Owners and Balancing Authorities to create a comprehensive summary of Integration
Tools for wave energy. The effort will focus on synthesizing existing information, working with regional
partners to answer key questions related to wave energy integration, and forecasting future needs for
integration of a robust wave energy industry in Oregon.

Sub‐Tasks
4.1 Interconnection
Guidelines

4.1

Summary of Deliverables
Interconnection Guidelines

4.2 Integrated Systems
Analysis

4.2

Integrated System Analysis

4.3 Forecasting Tools

4.3.1 Forecasting Requirements
4.3.2 EPRI Review of WaveWatch III Forecast Tool and
EPRI Recommended Implementation Plan

4.4 Scheduling Parameters

4.4 Scheduling Requirements and Challenges

4.5 Utility Considerations

4.5.1 Technical and Operational Barriers
4.5.2 Integration and Balancing of Wave Energy

4.6 Telemetry

4.6

Telemetry
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Project Team:
Pacific Energy Ventures (Project Lead) – Renewable energy consulting and business development
firm focused on strategic marketing, project management, governmental affairs and policy.
Ecofys – International energy and sustainability consulting firm with expertise in solar energy, wind
energy, biomass, hydrogen technology, energy supply and climate policies.
Electric Power and Research Institute ‐ EPRI provides technology, policy and economic analyses to
drive research and development planning, and supports research in emerging technologies.
Energy Focused Resources ‐ Energy consulting company serving Pacific Northwest utilities with
energy trading and risk management, financial analysis, strategic marketing, and project
construction.
Groundswell Energy – Consulting and development of electricity generation facilities; managing the
large‐scale central station generating plants, as well as small renewable energy projects.
Garrad Hassan – World’s leading renewable energy consultancy focused on, design and testing,
project feasibility and front end engineering studies, and technical due diligence.
Loren Baker Consulting ‐ Power management and electric utility consulting, active in the Northwest
utility power market, utility power sales, and planning, and advises on renewable energy.
Powertech Labs ‐ Delivers innovative clean power solutions to address the complex energy‐related
challenges, representing electrical utilities, gas companies, equipment manufacturers, and others.

Name
Justin Klure
Therese Hampton
Steve Kopf

Company
Pacific Energy
Ventures

Diane Broad

Ecofys

Roger Bedard

EPRI

Baxter Gillette
Patrick King
Chris Elkington
Loren Baker
Gouri Bhuyan
Jahangir Khan

E‐Mail

Energy Focused
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Groundswell Energy
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Loren Baker
Consulting
Powertech Labs

Phone

jklure@peventuresllc.com
thampton@peventuresllc.com
skopf@peventuresllc.com

503‐475‐2999
360‐210‐7325
484‐459‐8200

D.Broad@ecofys‐us.com

541‐905‐2472

RBedard@epri.com

650‐855‐2131

bagillette@focusedresourcesllc.com

888‐586‐2224

patrickgking@comcast.net

503 799‐7161
503‐222‐5590
x107
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LorenABaker@comcast.net
Gouri.Bhuyan@powertechlabs.com
Jahangir.Khan@powertechlabs.com
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Task 1.0 Utility Engagement
Objective
Establish effective mechanisms to engage utility planners and industry to identify and address issues in
order to accelerate market growth.

Background
In the last three years, Oregon has experienced firsthand the rapid emergence of the wave energy
industry, with two demonstration projects and eight preliminary permit applications for commercial
scale wave projects. While the wave energy industry is still in the early stages of development,
renewable portfolio standards, interest in carbon management, and government financial incentives
have and will continue to support the acceleration of renewable energy. Recent advances by the wind
energy industry in the Northwest have had significant impacts to the management of the regional power
system, resulting in considerable direct and indirect costs to regional utilities. Regional utilities are
currently establishing integration requirements, allocating costs, and scheduling procedures for
variable/intermittent power generation projects. These circumstances present a valuable opportunity
for early engagement between utilities and developers to work together to determine the optimal
approach to integrating these resources into the power system.

Information Gaps
Because most utilities and power system planners neither know the resource potential nor understand
the technologies, wave energy is currently not being contemplated in regional power planning efforts.
Further, there is little understanding of the resource characteristics and how that translates into
technical integration requirements or business arrangements.

Approach
The PEV team established a Utility Advisory Committee to engage the wave energy industry and utility
community at a policy and leadership level. This Utility Advisory Committee guides and oversees efforts
in three key areas necessary for successful integration of wave energy into the electric grid; resource
potential, business model, and integration requirements.
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Utility Advisory Group
Utility Advisory Group Responsibilities
•
•
•

Guide project scope and implementation
Review and advise on deliverables
Engage on key issues; such as price support mechanisms

Utility Advisory Group Participants
Convener: Vickie Van Zandt
Participants:
Jim Lobdell, Portland General Electric
Mark Tallman, PacifiCorp
Pat Ashby, Tillamook PUD
Mike Wilson, Central Lincoln PUD
Dave Sabala, Douglas Electric Coop

Kevin Watkins, PNGC
Dana Toulson, Snohomish PUD
Terry Oliver, BPA
Dick Helgeson, Eugene Water and Electric Board
Bill Toman, Pacific Gas and Electric
Alex Tu, BC Hydro

Utility Advisory Group Meeting Schedule
June 3, 2009
• Project Overview/Team Introductions
• Initial Feedback on project scope
• Meeting Schedule
September 9, 2009
• Resource Potential Presentation
• Cost and Value of Wave Energy
• Price Support Mechanisms
• Business Protocols
November 4, 2009
• Cost and Value of Wave Energy
• Input on Price Support Mechanisms
• Scheduling and Forecasting Issues
• Integrated Systems Analysis
December 9, 2009
• Final project summary
• Integrated Systems Analysis Report
• Other Utility Considerations
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Task 1.2: Draft NWPCC 6th Power
Plan Language
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NWPPC 6th Power Plan
Language Included for Wave Energy

GEN‐7. Commercialize and confirm promising low‐carbon resources. Wave energy, deep‐water wind
power and enhanced geothermal have promise for future development in the Northwest as potentially
abundant, low‐carbon resources. Yet, these resources, together with tidal current generation are
technically immature and the benefits, costs and consequences of commercial‐scale development
insufficiently understood. Bonneville, regional utilities, industry groups and the states, working with the
federal government should initiate and support efforts to develop and demonstrate the relevant
technologies and to establish the body of knowledge and legal framework to support commercial
development of the resources when available and needed. These efforts would include: 1) energy
resource measurements of sufficient geographic scope, frequency and duration to support assessment
of resource economics, identification of promising resource areas and assessment of resource
integration needs; 2) technology assessment; 3) identification and resolution of potential
environmental, economic and other development conflicts; 4) demonstration projects to test and
evaluate technology; 5) assessment of system integration needs; and, 6) pilot projects to serve as the
basis for commercial development. The initiatives of the Oregon Wave Energy Trust provides a model of
a comprehensive resource confirmation agenda.

GEN‐8. Resource development mandates and incentives. A diverse collection of federal and state
resource development mandates and incentives has developed over time. The underlying public interest
goals of mandates and incentives include commercialization of immature but promising technologies,
developing the power system and social “infrastructure” for accommodating commercial‐scale
development of promising resources and promoting the development of low‐carbon resources. While
these mandates and incentives are effectively promoting development of specific resources, their focus
on resource types rather than ends (e.g., GHG reduction, cost and risk minimization) may constrain
development of equally attractive resources and impact efficient system operation. The Council will
undertake a review of the impacts and effectiveness of mandates and incentives including consideration
of the following:
a. Impact of production tax credits on optimal dispatch. The federal production tax credit
lowers the effective variable cost of generation, in some cases to negative levels. Concerns have
been voiced that this can result in inefficient resource dispatch and in some cases increased
environmental impact.
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Task 2.0 resource potential
Objective
Provide concise, comprehensive information to the marine energy industry in a format that will allow
them to better understand the viability of wave energy in Oregon’s power supply portfolio.

Background
In 2006, the Oregon Wave Energy Trust asserted that there is 500 MW of wave energy development
potential over the next 15 years of the coast of Oregon. This assertion was based on early technology
and wave resource information developed by EPRI. Since that time, there have been technology
developments that could be updated. Further, with strong Oregon's interest in wave energy
development, it is appropriate to invest in more detailed evaluation of the readiness of the technology,
the potential and characteristics of the resource, and the existing infrastructure.

Approach
Provide up‐to‐date information about the capability of wave energy in formats that are easy to
understand, yet specific enough for utility planners to assess the impacts to the regional system.

Sub‐Tasks
2.1 Technology Assessment

Summary of Deliverables
2.1.1 EPRI Wave Energy Technology Assessment
2.1.2 Garrad Hassan Wave Energy Technology Review
2.1.3 Oregon Wave Project Database

2.2 Wave Resource
Assessment

2.2

Wave Resource Assessment
EPRI review analysis to be completed in June 2010

2.3 Wave Energy Capacity
Profile

2.3

Forecast of Potential Wave Energy in Oregon

2.4 Resource and
Interconnection Maps

2.4

Oregon Coastal Transmission Map and Substations
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This document was prepared by the organizations named below as an account of work sponsored
or cosponsored by the Electric Power Research Institute Inc. (EPRI). Neither EPRI, any member
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them:
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(B) Assumes responsibility for any damages or other liability whatsoever (including any
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possibility of such damages) resulting for your selection or use of this document or any other
information, apparatus, method, process or similar item disclosed in this document.
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Electric Power Research Institute
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1. SUMMARY

Installed Offshore
Wave Capacity
(as of June 30, 2009)

Less than 1 MW worldwide (The 2.25 MW Aguçadoura project is not
deployed in Portugal at this time); 40 kW in the United States.
Estimated annual incremental U.S. capacity additions:
2010 - 0.15 MW
2011 - 1.50 MW
2012 - 13.30 MW
EPRI estimates a U.S. cumulative capacity by by 2015 of about 200 MW and
10,000 MW by 2025 (see table 8-1)
Douglas Westwood estimates a US capacity of 5 MW and a worldwide
capacity of 25 MW by 2013 1
Greentech Media estimates a worldwide capacity by 2015 of 1,000 MW 2

Wave Energy
Conversion (WEC)
Technology
Readiness

WEC is an emerging technology. About a half dozen full-scale prototype
WEC devices have been demonstrated at sea over the past five years; about
another dozen sub-scale prototypes have also been demonstrated and are
now ready for full-scale demonstration.
The first phase (three Pelamis units at 0.75 MW each totals 2.25 MW) of the
world’s first commercial 30 MW wave plant was deployed in Portugal; it first
transmitted electricity to the grid in mid-2008. The three machine are now
dockside due to financial difficulties of project majority owner
Numerous project and device developers have initiated wave power plant
projects off the shores of many countries.

Economic Status

The first project sale, announced in Portugal in 2005, was made possible by
significant feed-in tariffs (~$0.45/kWh).
The first U.S. commercial plant project, announced in 2006 by Ocean Power
Technology at Reedsport, OR, was made possible through public support,
private investment and state incentives.
The first U.S. wave power purchase agreement (2 MW) was signed between
Finavera and PG&E in late-2007 for a plant in Humboldt County, CA. but
rejected by the California Public Utility Commission in late 2008
The first U.S. wave power plant license issued by FERC for a 1MW Makah
Bay, WA project to Finavera was surrendered by Finavera as they
abandoned the wave energy development space

Environmental Impact

Proper care in siting, installation, operation, and decommissioning may
enable ocean wave energy technology to be one of the more
environmentally benign electricity generation technologies.
Pilot demonstration testing is needed to understand the interactions between
the devices and their environment. Adaptive management will be used to

1

2

The World Wave & Tidal Market Report 2009-2013", Douglas-Westwood

Climate Change Business Journal, January/February/March 2009 page 25
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incorporate new information into decision making processes that will address
project build out and cumulative effects
Regulatory Status

Wave power plant projects are being permitted in Europe (Pelamis plant in
Portugal, UK Wave Hub, Santano in Spain, etc.) and Australia.
The time, cost and complexity of the U.S. regulatory process can be difficult
for river in-stream project developers
The Federal Energy Regulatory Commission (FERC) has primary jurisdiction
for licensing ocean wave energy under the Federal Power Act (FPA), both in
state waters and on the outer continental shelf.
The FERC has developed a six month license application process for pilot
demonstration plants.
The 2005 Energy Bill gives the Mineral Management Service (MMS) the
jurisdiction to lease lands on the outer continental shelf (OCS), that is, 3 to
200 nm offshore. (except for the Gulf of Mexico where it is 12 nm).
FERC announced that it will no longer issue preliminary permits for wave
plants on the OCS (but will continue to do so for wave plans in state waters).
MMS lease rules for alternative energy on the OCS were issued in April
2009 There currently are no leases for wave plants on the OCS nor are
there any applications for leases for wave plants on the OCS

Government Support
of Wave Energy
Technology

European governments (particularly in the UK, Ireland, Portugal and
Denmark) as well as those in Japan, New Zealand, and Australia, support
the development of WEC technology and are now providing subsidies to
stimulate a commercial market. The U.S. currently provides no production
incentives or subsidies to wave energy projects.
The U.S. DOE initiated a Waterpower R&D Program in FY 2008 with a
Congressionally mandated $10 million which was followed by another
Congressionally mandated level of funding for FY 2009 of $40 million.
The Government provides only one-half the production tax credit for tidal instream as it does for commercially established wind power. The Government
provides accelerated depreciation to wind projects but not to tidal in-stream
projects
The Murkowski/Inslee Marine Renewable Energy Promotion Act of 2009
would authorize as much as $250 million a year (up from the current
authorization limit of $50 million per year) to expand federal research of
marine energy, take over the cost verification of new wave, current, tidal and
thermal ocean energy devices, create an adaptive management fund to help
pay for the demonstration and deployment of such electric projects and
provide key additional tax incentives. This bill was approved by the Senate
Energy Committee in June 2009.
It appears that the stimulus monies distributed to the DOE for renewable
energy will not include an allocation for marine energy.

Trends to Watch

Getting economical power from ocean waves will be difficult and will require
the very best engineering skills. There are other skills required as well; chief
among them are open-minded regulatory skills, communication outreach
skills and negotiation skills for resolving conflict of sea space issues.
More demonstration projects and early commercialization projects, including
multi-megawatt “wave farms” over the next decade in Europe, South
America and Australia (and the US if regulatory obstacles are overcome).
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2. Introduction
Ocean waves are generated by the influence of wind on the ocean surface as depicted in Figure
2-1. Ripples on the surface create a steep slope against which the wind can push and cause waves
to grow. As the wind continues to blow, the ripples become chop, fully developed seas, and
finally, swells. In deep water, the energy in waves can travel for thousands of miles until their
energy is dissipated on distant shores.
Individual waves represent an integration of all winds encountered as they travel over the ocean
surface. Sea states (a wave height, period, phase and direction) can be accurately predicted more
than 48 hours in advance. This predictability, along with the slow time rate of change of the
resource, will allow time for grid operators to dispatch other generation resources to be brought
on-line to balance the demand with the supply. This is a major advantage over wind generation.
Other characteristics of renewable wave energy that make it especially attractive for electricity
generation are its high power density (kW/meter of wave crest lengthy) and the potential for
being relatively environmentally benign, if properly sited, sized, deployed and operated.
Ocean waves are composed of orbiting particles of water as illustrated in Figure 2-2. At the sea
surface, the diameter of water particle orbits is equal to wave height. Orbital motion decays
exponentially with depth, and its amplitude is only 4% of its surface value at half a wavelength
down. The wave orbital motions are not significantly affected by the bottom in water deeper than
half a wavelength. The vector field of particle motion is illustrated in Figure 2-3.
In deep water, wavelength is directly proportional to wave period squared. Therefore, a 10second wave is four times longer than a five-second wave, and it will begin to feel the bottom in
water that is four times as deep. Since the rate at which a wave travels (its phase velocity) is
equal to wavelength divided by period, a 10-second period wave travels twice as fast as a fivesecond wave. The combined potential and kinetic energy of the waves travels at the velocity of
the wave group, which in deep water is equal to half the phase velocity.

Figure 2.2
Particle Motion in Different Water
Depths

Figure 2-1
Wind Blowing Over Fetch of Water
Produces Waves
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Figure 2-3
Vector field for particle motion in waves (Zurkinden et al (2007).
Wave power density (kW per meter of wave crest width) is defined as the flux of energy
across a vertical plane intersecting the sea surface and extending to the depth of no subsurface orbital motion (which is half the wavelength of the longest harmonic component).
For a 16-second wave, this depth is 200 m, which is the approximate depth of the
continental shelf edge
The power of ocean waves is expressed in kW per meter wave crest front. Figure 2-4
depicts that the power flux is that energy that crosses through a vertical plane one meter in
length. Annual averages range from 10 kW to 100 kW/m wave front depending on site
location.

Figure 2.4
Wave Power Flux
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3. U.S. Wave Energy Highlights in the 2nd Half of 2008 and 1st half of 2009
Interest in ocean wave renewable energy continues to grow in the United States. A brief
accounting of notable Federal/State and Project/Device Developer activities within the
sector during the 2nd half of 2008 and through May 15, 2009 is contained in this section
which is organized as follows
3.1. Federal and state Highlights
3.2. Developer and Project Deployment Highlights
3.1. Federal and State Highlights
In 2005, the U.S. Congress authorized $50 million to conduct research and development on
advanced water power energy generation technologies, including both marine and
hydrokinetic technologies (wave, tidal, ocean current, in-stream hydrokinetic and ocean
thermal), as well as conventional hydropower (any technology that uses a dam or
diversionary structure). The FY09 appropriation was $40 million. This marks a significant
increase in funding from the $10 million USD appropriated in 2008, which was the first
year wave and tidal power research was supported by the Department.
DOE’s wave and tidal power research is focused on assessing the potential recoverable
energy from these resources in the U.S. and facilitating the development and deployment of
technologies to fully realize this potential. Marine and hydrokinetic technologies represent
a substantial opportunity for the U.S. to engage directly in an emerging area of energy
science and discovery, while developing an entirely new suite of renewable technologies
available to reduce emissions, revitalize stagnant sectors of the economy, and help states
meet RPS targets.
The Department’s priorities for wave and tidal power include:
1) Facilitating the deployment of prototypes and collecting data on their energy
conversion performance and their environmental and competing-use impacts;
2) Determining the available, extractable and cost effective resources in the U.S;
3) Characterizing and comparing the wide variety of existing marine and hydrokinetic
technologies;
4) Improving technology performance and reliability and reducing technology
development costs; and
5) Minimizing the cost, time and negative impacts associated with siting projects.
In 2008, the majority of DOE funding for wave and tidal power was awarded to specific
technology and project development efforts, selected through a competitive process. These
awarded efforts included:


The preparation of detailed design, manufacturing and installation drawings of a bidirectional air turbine for application in a floating oscillating water column;
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Engineering design, baseline environmental studies, and license construction and
operation applications to help Pacific Gas and Electric, the largest investor-owned
utility in California, develop a hub to deploy wave energy converters and connect
them to the grid;
The design, fabrication and testing of an improved turbine blade design structure for
Verdant Power, Inc; and
A program to conduct in-water testing and demonstration of tidal flow technology
as a first step toward the deployment of a commercial tidal power facility by the
Snohomish Public Utility District, a municipal utility in Washington State.

In addition, the Department selected and funded two National Marine Renewable Energy
Centers, one at the University of Hawaii, and a second run jointly by Oregon State
University and the University of Washington. Further, the DoE funded a market
acceleration program, consisting of nationwide resource wave and tidal hydrokinetic
resource assessments and a collaborative project to address navigation, and environmental
issues as well as clarify the permitting process. EPRI was selected by the DoE to conduct
the national wave energy resource assessment.
Two FY09 solicitations were issued by the Wind and Hydropower Technologies Program
of the DOE in April 2009; 1) a Funding Opportunity Announcement (FOA) directed at
industry partners and industry-led teams, and 2) a Program Announcement (PA) directed at
DOE Laboratories to address technical challenges in water power development, as well as
market acceptance barriers. The industry FAO consisted of 6 parts:
1. Marine and Hydrokinetic Energy Conversion Device or Component Design and
Development
2. Marine and Hydrokinetic Site-specific Environmental Studies/Information
3. Advanced Water Power Market Acceleration Projects /Analysis and Assessments
4. Hydropower Grid Services
5. Environmental Mitigation Effectiveness
6. University Hydropower Research Program
The topic 3: Market Acceleration Projects /Analysis and Assessments consisted of 6
subparts:
3A. An assessment of off-shore ocean current energy resources along the U.S.
coastline, excluding tidal currents, to determine maximum practicably extractable
energy.
3B. An assessment of in-stream hydrokinetic energy resources, defined as energy that
can be extracted from free flowing water in rivers, lakes, streams or man-made
channels without the use of a dam or diversionary structure, in the U.S. to
determine maximum practicably extractable energy.
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3C. An assessment of projected life-cycle costs for ocean thermal energy conversion
in the United States over time.
3D. An assessment of global and domestic U.S. ocean thermal energy resources to
determine maximum practicably extractable energy.
3E. An assessment of projected life-cycle costs for wave, tidal, ocean current, and instream hydrokinetic power in the United States over time. .
3F. An assessment of the energy resources available from installing power stations on
non-powered dams and in constructed waterways and the construction of new
pumped storage facilities in the U.S. to determine maximum practicably
extractable energy.

Alaska
In EPRI’s estimation, Alaska possesses over 50% of the U.S. wave energy resource. A key
limitation to the extraction of these resources is that most of the resource is found in remote
areas and not adjacent to any electric transmission infrastructure necessary to provide
power export capabilities at significant scales.
Yakutat, a coastal village known as the surfing capital of Alaska, has commissioned a wave
energy feasibility study which is led by EPRI and re vision consulting. This remote fishing
community is 100% reliant on diesel fuel for generating electricity and the residents pay
about 60 cents/kWh for their electricity. The average load is about 700 kW and the peak
load is about 1.5MW. The city is keen on learning whether they can reduce their
dependence on diesel fuel and reduce their cost of electricity using the indigenous wave
energy resources off their coast.
Hawaii
In October 2008, the University of Hawaii (UH) was selected as one of two national sites
for development of a Marine Renewable Energy Center (MREC). The Hawaii MREC is
managed by the Hawaii Natural Energy Institute (HNEI) at UH and funded by US DOE at
approximately USD 1 million per year with equivalent cost share from UH and industrial
partners. The Center will comprise an international partnership between academia,
industry, local and federal government agencies, and NGOs. The objectives of the Hawaii
project are to facilitate the development and implementation of commercial wave energy
systems with one or more systems deployed and supplying power to the local grid at
greater than 50% availability within five years, and to assist the private sector to move
ocean thermal energy conversion (OTEC) systems beyond proof-of-concept to precommercialization.
The NMREC will work closely with energy developers to conduct supporting research on
system performance and survivability, grid integration and environmental impacts,
including completing necessary environmental studies and assisting industrial partners to
acquire required permits. Partners include local engineering firms familiar with the
permitting process.
7
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The Center proposes to build upon current and proposed marine energy projects in Hawaii
to accelerate establishment of up to three field test facilities for hydrokinetic systems and
one for OTEC component testing. Proposed wave energy test sites include Pauwela Point
on the northeast coast of Maui, building off the announced agreement between Maui
Electric Company and Oceanlinx, at the Kaneohe Marine Corps Base on Oahu, where
Ocean Power Technologies maintains an ongoing program, and off the Makai Research
Pier located west of Makapuu Point on the eastern tip of Oahu. The latter site is proposed
for obtaining long-term data series on wave energy resources, research on corrosion and
innovative materials, and an easily accessible site for deployment and testing of small wave
energy conversion devices and components. The Pier is already permitted for a range of
marine research activities.
Oregon
Wave energy has the potential to play a significant role in Oregon’s economic and energy
future. The state recognizes that new jobs and clean energy will result from investing in
this emerging industry. Oregon has made tremendous strides over the past few years in its
wave energy developments.
Oregon Innovation Council granted $4.2 million to create the nonprofit Oregon Wave
Energy Trust (OWET). It is OWET’s mission to establish the state as the preeminent
developer of wave energy in the United States, with the goal of producing 500 MW of
clean power from its ocean—about 3-5% of the state’s energy—by 2025. To achieve this
mission, OWET’s strategy is to maintain “technology neutrality” and focus its resources on
reducing the barriers hindering the emerging wave energy industry’s movement forward
toward commercial development. OWET’s major activities are grouped within four major
program areas:


Stakeholder Education and Engagement. Specific activities include: a) Coastal
Community Open Houses, b) creating a statewide network of coastal economic and
community development advisors, c) facilitating development of organized
fishermen groups to participate in wave energy planning, d) showcasing at
consumer events, e) producing a wave energy conference, and more.



Regulatory and Policy. Specific activities include development of Regulatory
Roadmaps to help wave energy developers navigate the complex network of state
and federal permit and license requirements. OWET actively monitors state
legislative activities and provides wave energy industry information to legislative
representatives and committees.



Market Development. OWET recently launched a Utility Market Initiative. This
extensive project will produce an effective market strategy to integrate wave energy
projects into the electric utility system and establish technical requirements to
connect into the grid. OWET hopes to create a utility “pull” and wave energy
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“push” to help meet the target production goals. In addition to the Utility Market
Initiative, an economic assessment of the wave energy industry to Oregon – which
will include economic data for the fishing and crabbing industries – is underway.


Research. OWET directs and funds environmental and applied research projects to
answer key questions about wave energy development. To date, it has completed
baseline assessment studies on seabirds and whale migration at the proposed wave
energy project sites. Throughout 2009, OWET will support additional research on
seabirds, crab distribution, EMF, sediment transport, and create a planning tool to
model cumulative effects of wave energy projects.

There are four projects off the Oregon Coast actively with FERC preliminary permits and
engaged in the FERC licensing process:


Reedsport – Ocean Power Technologies (OPT) is both the technology and project
developer. OPT will use their Powerbuoy wave generating system.



Coos Bay – OPT also plans to develop a project off Coos Bay.



Winchester Bay (Reedsport) – Douglas County is the project developer, and
Wavegen will be the technology provider.



Tillamook County - Tillamook Public Utility District and the County of
Tillamook are currently evaluating multiple project sites and will serve as the
project developer. Their technology is not yet identified.



Douglas County - Douglas County Public Utility District is working with
WaveGen of the UK on the possibility of developing a 2-MW breakwater wave
energy plant

Another major wave energy project in Oregon is the establishment of a test-berth facility.
Oregon State University (OSU) and the University of Washington (UW) were awarded
USD 6.25 million by the U.S. Department of Energy to develop the Northwest National
Marine Renewable Energy Center (NNMREC). OSU plans to deploy various devices and
subsequent environmental measurement devices at a location near Newport to study new
technologies and evaluate potential environmental effects.
Other known projects at this time include:



Columbia Power Technologies development of a new proprietary technology and
their plans to develop their own energy project off Lincoln County/Newport
beginning in 2011
Global Energy Horizons ongoing commitment to developing a project in Oregon
after they launch their Vancouver Island project

9
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OWET has announced a goal 500 MW of wave power rated capacity deployed by 2025
(concurrent with Oregon’s RPS of 25% energy produced by renewables by 2025) The 500
MW is an OWET goal and is not necessarily the State of Oregon’s goal..
California

The California Public Utilities Commission rejected a power purchase deal between
PG&E and Finavera Renewables. Pacific Gas and Electric Co.'s plan to buy power from
what could have been the first ocean wave energy project in the United States was
terminated when the state's Public Utilities Commission said no to the power purchase
agreement (PPA). PG&E had signed the first commercial wave energy contract in the
country by agreeing to buy power from a 2-megawatt project being developed by Finavera
Renewables. The project called for setting up the wave energy farm about 2.5 miles off
Eureka in northern California. PG&E and Canada-based Finavera had aimed to prove the
feasibility of the emerging ocean wave energy through the deal, but the utilities
commission didn't see it that way. The commission denied PG&E's request to approve the
PPA because they believed that the wave energy project was not viable, the technology was
too new and unproven, and the power purchase prices agreed by PG&E are too high.

3.2. U.S. Developer and Project Deployment Highlights
Columbia Power Technology Tests a Subscale Direct Drive Wave Buoy. Columbia
Power Technology deployed and tested 10 kilowatt wave energy buoy that uses a prototype
linear generator 2.5 miles off Newport Oregon over five days in September 2008. It
successfully generated energy peaks in the 10kW to 15kW range in a relatively mild
summer wave climate. The buoy design is self reacting to simplify mooring design to
reduce mooring size and cost. Wave data was captured and will be used for additional lab
testing on a laboratory linear test bed.. In addition, numerical and experimental modeling
will be used to develop a utility scale device.
Columbia Power believes that they have devised a survivable cost effective method of
using direct-drive permanent-magnet rotary (DDR) mechanisms for wave energy
conversion (top left image). The design removes the need for gearboxes or hydraulics. The
system converts heave- and surge-wave energy into high-torque rotary motion using DDR
generators to provide simple and reliable energy conversion. The design approach uses
buoys which are placed offshore where the waves have the greatest amplitude and which
employ a direct drive mechanism with the highest possible efficiency. Numerical and
experimental evaluations by Columbia Power of buoys operating in heave-only (top right
image) revealed theoretical extraction limitations of only (wave length)/2π, while a device
operating in surge and heave can extract twice the energy (wavelength)/π. Numerical
models suggest that the DDR design can deliver peak capacities ranging between 250 kW
and 1MW depending on regional wave climates.
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Figure 3-1
Columbia Power Technology

Kinetic Wave Power is testing its device, called a PowerGin™, at a "wave tank" testing
facility at the University of Michigan. The patent pending PowerGin™ focuses wave energy
into usable vertical displacement for higher energy capture. It has minimal frontal area reacting
to wave impact yet a larger capture surface for greater output. It converts the wave action
directly into continuous rotary motion

Figure 3.2.
Kinetic Wave Power PowerGinTM

Ocean Power Technologies (OPT) is pacing domestic wave energy development. (In addition
to OPT, the U.S. has roughly a half dozen developers that are at the early stage of technology
development). Recent highlights from OPT include:


Reedsport, Oregon, U.S. - Development of 150 kW PowerBuoy is progressing near
Reedsport, Oregon. The first PowerBuoy is expected to be ready for deployment in
2010. PNGC Power signed a funding agreement for the Reedsport project in August
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2007. In 2008, OPT won a $2 million award from the US DOE in support of the
Reedsport project. This was the first award for the building of ocean wave energy
systems by DOE.
Hawaii, U.S. - A 40 kW PowerBuoy, under contract with the U.S. Navy, has undergone
150,000 cycles of on-land testing and was deployed in late 2008 and produced power in
accordance with its specifications. OPT received an additional $1.1 million in funding in
April 2009 for the US Navy Hawaii Wave Power Project to support continuing upgrades
and testing of the advanced PowerBuoy.
Spain - A 40-kW PowerBuoy for OPT's project with Iberdrola in Spain was ocean tested
in late 2008.
Australia – In late 2008, OPT and Leighton Contractors signed an agreement to develop
Wave Power Stations in Australia.
United States – In early 2009, OPT and Lockheed Martin announced collaboration for
Utility Wave Power Projects in North America.
Scotland - OPT is currently working to develop its next generation 150-kW system, the
PB150 (see Figure 3-3) . It expects the PB150 to be ready for ocean testing by year end
2009 at EMEC in the Orkney Isles, Scotland. The present schedule for development of
the PB150 reflects management's decision to enhance the system design to allow for
improved survivability in storm wave conditions,
and to work with a third-party engineering group
to attain independent certification of the design.
OPT also believes that direct transition to its next
generation PowerBuoy from the 150-kW
PowerBuoy system will be accelerated by the
measures now being undertaken in connection
with the PB150’s design.
Cornwall, UK - OPT is planning and developing a
project for the South West of England Regional
Development Agency (SWRDA) to install a 5MW demonstration wave power station off the
coast of Cornwall, England. This is part of
SWRDA's "Wave Hub" project, for which OPT
has been selected, among other developers, to test
its wave technology.
The company has also begun production of the
first utility-grade underwater substation, or pod,
for wave power. The pod will serve as the point at
which energy generated by multiple PowerBuoys
is aggregated prior to being transmitted ashore and
will be completed for use in the Reedsport,
Oregon wave farm and the UK Wave Hub wave
farm.
U.S. Navy Deep Ocean Application - In June
2007, OPT was awarded a $1.7 million contract
Figure 3-3
by the U.S. Navy to provide autonomous
OPT PB150 (dimensions in ft)
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PowerBuoy technology for its Deep Water Acoustic Distribution System (DWADS) for
ocean data gathering. The PowerBuoy was ocean tested in late 2008. Subsequently in later
2008, OPT won a new $3 million contract for the second phase of the U.S. Navy’s DWADS
program.
 Western Australia - OPT has partnered with Griffin Energy, a leading Western Australian
diversified energy supplier, to explore the development of a wave power station in
Western Australia. This joint development agreement paves the way for the development
of a wave power station capable of producing up to 10 MW, with potential expansion to
100 MW. In addition, OPT has partnered with Leighton Contractors to develop wave
power stations in other portions of Australia.
Links to information about Ocean Power Technologies projects and products are listed below
Autonomous PowerBuoys: http://www.oceanpowertechnologies.com/power.htm
Underwater Substation Pod: http://www.oceanpowertechnologies.com/pod.htm
PB40ES; http://www.oceanpowertechnologies.com/pb40es.htm
PB150; http://www.oceanpowertechnologies.com/pb150.htm
Atlantic City, New Jersey; http://www.oceanpowertechnologies.com/ac.htm
Oahu, Hawaii http://www.oceanpowertechnologies.com/projects.htm
Santoña, Spain: http://www.oceanpowertechnologies.com/spain.htm
Orkney Isles, Scotland: http://www.oceanpowertechnologies.com/scotland.htm
Reedsport, Oregon: http://www.oceanpowertechnologies.com/reedsport.htm
Coos Bay, Oregon: http://www.oceanpowertechnologies.com/coos.htm
UK Wave Hub: http://www.oceanpowertechnologies.com/cornwall.html

Pacific Gas and Electric Company’s (PG&E’s) WaveConnect Project: In late 2008, PG&E
was selected by the DOE for an award of a cost sharing grant of $1.2 million. In early 2009,
PG&E received a decision of approval from the California Public Utility Commission to spend
$4.8 million of ratepayer based funds towards the estimated design and licensing costs for the
pilot WaveConnect project. PG&E received preliminary permits from the Federal Electric
Regulatory Commission (FERC) for the two sites of interest in early 2008.
PG&E, incorporated in California in 1905, is one of the largest natural gas and electric service
utilities in the United States. Its service territory encompasses from just north of Eureka, CA, (50
miles short of the Oregon boarder) to just north of Santa Barbara, CA. The company delivers
about 80,000 GWh to its 5.1 million electric customers annually. PG&E’s service territory
borders 960km of Pacific coastline with wave power densities of 20-40kW/m, making wave
power a renewable energy resource of strategic interest to the utility.
PG&E initially studied two sites in Northern California, near the cities of Fort Bragg and Eureka
for establishment of its WaveConnect pilot project. Similar to the WaveHub in the U.K., the
WaveConnect Project’s goal is to assess wave energy’s potential and examine the regulatory and
environmental issues associated with such a facilities development. WaveConnect will provide
the infrastructure to test small arrays of commercial wave power conversion devices in
California, and therefore allow the emerging wave power industry and PG&E to gain a full
lifecycle understanding of deployed technologies. In early May, 2009, PG&E announced that it
was dropping the Mendocino County study as Port Noyo at Fort Bragg, CA was found to be
15
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unsuitable to support a pilot wave energy project. A commercial scale project could be
supported out of either San Francisco or Eureka, CA, although support from the Eureka area
would form the basis for major economic redevelopment of the area.
WaveConnect will provide the infrastructure to test small arrays of commercial wave power
conversion devices in California as illustrated in Figure 3-4, and therefore allow the emerging
wave power industry to gain a full lifecycle understanding of these technologies deployed in the
state. PG&E is expected to release a Request for Information to worldwide wave energy
developers in the summer of 2009 and issue a Request for Quote for a Power Purchase
Agreement later in 2009. PG&E expects to file its WaveConnect pilot plant license application to
FERC in the spring of 2010.

Figure 3-4
PG&E WaveConnect

SRI International demonstrated a novel ocean wave-powered generator in the ocean near
Santa Cruz, California on December 8, 2008. This wave-powered generator is novel in that it
uses SRI’s Electroactive Polymer Artificial Muscle (EPAM™) technology, a rubbery material
that can generate electricity by simply being stretched and allowed to return to its original shape.
This “artificial muscle” technology can generate electricity directly from the motion of waves
without the need for complicated and costly hydraulic transmissions that are typically found in
other wave-power generators. In 2004, the technology was licensed exclusively to Artificial
Muscle Inc., an SRI spin-off company. HYPER DRIVE has licensed the background technology
for wave-power generator applications from Artificial Muscle Inc., and application-related
technology from SRI International.
The EPAM™ technology allows rubbery polymers to change shape in response to applied
electrical energy, much like biological muscles change shape in response to an electrical
stimulus. As a generator, the technology operates in reverse — changing the shape of the
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polymer creates electrical energy. Since this solution requires few moving parts and is based on
relatively low-cost polymers, there is great potential for low-cost production of electricity.
In its proof-of-concept demonstration, SRI showed that its wave-powered generator could be
mounted on a typical buoy and operate in a marine environment. Although the power output of
the buoy is quite modest, the same basic design can be used to produce significantly greater
amounts of power. The long-term goal of this development is to design a system that will supply
electricity to the buoy or to feed the power grid on land.

Oceanlinx Limited formally announced plans to provide electricity to Maui Electric
Company wave energy project. The project, to be operational by the end of 2011, will provide
up to 2.7 MW from three floating platforms located one-half to three-quarters of a mile to the
north of Pauwela Point on the northeast coast of Maui. The cost, estimated to top $20 million,
will be absorbed by Australia-based Oceanlinx and its investors. Oceanlinx has signed a
Memorandum of Understanding (MOU) with Renewable Hawaii, Inc., an unregulated subsidiary
of Hawaiian Electric Company, for possible passive investment in the project.
There are no major activities to report from other U.S. wave energy developers, which include,
Independent Natural Resources Inc, Ocenergy, Ocean Wave Energy Conversion, Resolute
Energy and VersaBuoy.
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4. Worldwide Wave Energy Highlights in the 2nd Half of 2008 and 1st Half of 2009
Interest in ocean wave renewable energy is strong worldwide. A brief accounting of notable
activities within the sector during the 2nd half of 2008 and through June 30, 2009 is contained in
this section which is organized as follows
4.1. Canada Highlights
4.2. UK Highlights
4.3. Ireland
4.4. Continental Europe
4.5. Australia, New Zealand and Tasmania
4.1. Canada
Although the provincial government of British Columbia, Canada, estimates that there are more
than 6,000 MW of potential wave energy in the province, no WEC projects are currently
producing electricity. Renewable Energy Holdings PLC has applied for a permit to determine the
suitability of a coastal region west of the Ucluth Peninsula in British Columbia for the company's
CETO wave power technology. The investigative and monitoring work will begin once final
testing of the system is completed in South West Australia in 2009.

SyncWave Systems Inc. Wave Energy Project Receives $2.7M in Government of Canada
SDTC Funding. A next-generation technology developed in British Columbia that will convert
ocean swell into renewable electricity is scheduled to be demonstrated off the West Coast of
Vancouver Island in 2011 with support from Sustainable Development Technology Canada
(SDTC), an arm’s length, not-for-profit Corporation created by the Government of Canada. The
SyncWave Power Resonator is a next-generation frequency-based wave energy converter that
tunes itself to maximize energy capture from the ever changing ocean swell.
4.2. United Kingdom
The UK is maintaining its stature as the global leader in wave energy technology development.
In an effort to solidify its leadership position in WEC development, the UK has established an
installed marine energy capacity goal of 2 GW by 2020 and adopted an energy policy designed
to attract and support WEC developers and equipment testing. The country contains three wave
testing facilities and is home to many wave energy developers.
4.2.1. UK Wave Energy Developers
WEC developers in the UK with July 2008 to May 15, 2009 updates to report are:





AquaMarine Power
Checkmate Sea Energy
Orecon
Pelamis WavePower
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The Aquamarine Power Oyster® is being deployed at EMEC Wave. Oyster is a hydroelectric wave energy converter, designed to convert renewable energy harnessed from ocean
waves into usable electricity. Oyster® consists of an oscillator fitted with pistons and fixed to the
near shore sea bed. Each passing wave activates the Oscillator, pumping high pressure water
through a sub-sea pipeline to the shore. Onshore, conventional hydro-electric generators convert
this high-pressure water into electrical power. Oyster® has been under development by
Aquamarine Power since 2005, in partnership with the award-winning marine energy research
group at Queens University, Belfast.
Following numerical modeling and wave tank testing at 1/40th and 1/20th scale, the first fullscale Oyster® was fabricated in Scotland in 2008. Oyster® has undergone initial onshore testing
and the reliability of its design has been certified by independent third parties.
Installation of Oyster at the European Marine Energy Centre (EMEC) in Orkney is scheduled for
summer 2009, and will be managed by Fugro Seacore, a geotechnical drilling and marine
construction contractor. Sea trials are scheduled to commence in the autumn of 2009.
Aquamarine has an agreement with Airtricity, the renewable energy division of Scottish and
Southern Energy, to develop future sites suitable for deployment of Oyster.
.

Figure 4-1
Aquamarine Power Oyster
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Checkmate Sea Energy Anaconda trials were carried out in late 2008 and early 2009 .
Checkmate is aiming for commercial production of the Anaconda, by 2014. Full scale devices
are expected to be up to 200 meters in length and capable of generation 1 MW each. Trials were
carried out in late 2008 and early 2009 with a 9 meter device in a wave tank in Hampshire, UK.
Checkmate plans to next build a quarter scale device for sea trials, The Anaconda is made from
fabric and natural rubber and used the incoming waves to drive a turbine in its tail as illustrated
in Figure 4-2.

Figure. 4.2
Anaconda
Orecon is Selected for Deployment at the UK Wave Hub The Orecon Multi Resonant Chamber
MRC is a multiple resonant chamber oscillating water column, which is deployed freely floating
and is tension moored. The device has three vertical capture chambers with various lengths,
which have (based on the length of each chamber) different oscillation frequencies based on
chamber length (much as different length organ pipes have different resonant frequencies). This
allows the device to have a higher overall system efficiency over a much wider range of different
wave frequencies than other devices that may be tuned to a narrower resonance band. The
multiple independent chambers supply air to three 500kW impulse air turbines, delivering a
maximum rating of 1.5 MW. The turbines are directly coupled to an electrical generator. Power
conditioning is onboard allowing the MRC to deliver grid compliant power at 33kV. The unit is
tension moored to the seabed using a gravity anchor.
In March 2009, Wave Hub announced another wave energy development partner. Orecon
Limited will occupy the fourth berth at Wave Hub. Construction of Wave Hub is expected to
start in May 2010 and be completed by August 2010, with the first wave energy devices
expected to be deployed in 2011. Orecon takes the place of Australian company Oceanlinx
which was expected to use Wave Hub. The company has since received a grant from the
Australian Government and has decided to make its next deployment in Australian waters.
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Figure 4-3
Orecon MRC
In May of 2009, Orecon signed an agreement with Portuguese developer Eneólica to establish a
Joint Venture company to build and deploy Orecon's first full scale 1.5 MW MRC wave energy
buoy. The site will be connected to the Portuguese electricity grid and will have a power output
to 4.5 MW (3 Orecon units). Eneólica is a major Portuguese developer with its main focus on
the production of electricity from renewable energy sources including wind, wave, solar,
biomass and hydro power.

Pelamis WavePower Eon announced that it had ordered a more advanced P2 machine from
Pelamis which, at 180 metres long, is about 40 metres longer than the Pelamis units in Portugal.
It will be built at Pelamis’s Leith Docks facility in Edinburgh.
4.2.2. UK Wave Energy Test Centers
The UK's wave testing facilities include:


New and Renewable Energy Center (NaREC - subscale prototype testing in wave tank)



European Marine Energy center (EMEC - single full scale prototype testing in natural
waters)



Wave Hub (arrays of full scale prototypes tested in natural waters
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NaREC is a leading research and development platform for new, sustainable and renewable
energy technologies located in Blythe, England. It’s range of development, testing and
consultancy services work to support the evolving energy industry and transform innovative new
technologies into commercial successes. NaREC provides the emerging marine renewables
industry the support it needs to transform winning concepts into commercial successes. NaREC
services include:








Complete in-house prototype development facilities for wave technology including a
wave tank.
Mechanical and electrical design engineering and procurement
Electrical engineering consultancy and support for power conversion and drive train
development
Complete system testing from marine environment to grid connection
Resource and feasibility assessment and consultancy
Market analysis and research
Project management, funding and investment co-ordination

The European Marine Energy Center (EMEC) is set to increases its deployments In operation
since 2003, EMEC Wave has, to date, tested the Pelamis Wave Energy Converter prototype at its
facility. EMEC envisions adding three new devices—Ocean Power Technologies 150 kW
PowerBuoy, Oyster, and a P2 (second generation) Pelamis WavePower in 2009. Figure 4-4
illustrates the three WEC systems.
EMEC wave test site at Billia Coo in mainland Orkneys provides the world’s only multi-berth,
open sea test facility for wave energy converters. The EMEC offices and data facilities are in
Stromness
Orkney was chosen because of its natural and man made resources., The wave test facility site
receives uninterrupted Atlantic waves of up to 15 meters. Orkney is also the most northerly
community connected to the UK national grid, has excellent harbor facilities and a significant
professional community experienced in working with renewable energy.
The UK Wave Hub received approval to start construction. The UK Wave Hub received its
consents in late 2007; in early 2008 it received the necessary funding approval to start its
construction. The Wave Hub will provide a high voltage sub-sea cable about 16 km offshore and
connect to the National Grid. However, due to economic issues, installation of the Wave Hub,
the first device of its kind on the shores of the UK, is now planned for spring 2010—a year later
than anticipated. Four wave devices were selected for initial installation at the Wave Hub: Eon
with Pelamis Wave Power's Wave Energy Converter, Ocean Power Technologies' PowerBuoy,
OceanLinx's OWC, and Fred Olsen Ltd's Buldra.
In early 2009, OceanLinx and Eon withdrew and Orecon was added.
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Aquamarine
Oyster

Planned
Deployment in
June 2009

OPT
150 kW
Pelamis P2
Planned
Deployment in
Spring of 2010

Planned
Deployment in
late 2009

Figure 4-4
Expected EMEC Testing Configuration in 2009-2010

4.3. Ireland
WaveBob completed its subscale testing in Galway Bay in 2008 (Figure 4-5). WaveBob opened
an office in Annapolis, Maryland in e2008.
OEBuoy. continued testing in the Galway Bay Wave Energy Test Facility in 2008 (Figure 4-6) .
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Figure 4-5
Wave Bob

Figure 4-6
OEBuoy

4.3. Continental Europe
Portugal Aguçadoura Wave Energy Project is currentlysStalled. The Aguçadoura Wave
Energy Project, a collaboration between Enersis and Babcock & Brown is located 5km off the
Atlantic coastline of northern Portugal (substation at Aguçadoura). The first phase of this project
deployed three P1-A Pelamis machines with a capacity of 2.25 MW (3 x 750kW). in 2008.

Figure 4-7
Pelamis at the dock

Figure 4-8
The 3rd Pelamis being towed into back to dock
22
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Agucadoura Wave Park, the world's first commercial wave energy project has gone off line, at
least for the time being. According to Pelamis, the three 750 kwh units were working as expected
up through November, with a few unforseen difficulties. The units were towed ashore for repairs,
but financial problems experienced by Babcock & Brown, which owns 77 percent of the project,
have kept the units grounded. Figure 4-7 shows two Pelamis machines at the dock and Figure 48 shows the third unit being towed ack into dock, which is currently where all three units are at
this time (June 30, 2009) due to financial difficulties of Babcock & Brown
WaveRoller, a prototype of a bottom-mounted flat plate oscillating device developed by the
Finish Company AW-Energy ,was deployed in April 2007 in Peniche, 100 km north of Lisbon.
In 2008, AW-Energy announced plans to construct a 1 MW plant.

Ongoing WEC testing and develop occurring in Denmark, Norway and Sweden. A gridconnected wave energy test site at Nissum Bredning in the north western corner of Denmark was
built to enable various technology developers the ability to test and demonstrate their
technologies at different scales. One such WEC device, the Wave Star, is currently being tested
at a 24 meters long 1:10 scale model in Nissum Bredning until August 2008. Figure 9-10 depicts
the Wave Star with the buoys lowered in the operational position and Figure 9-11 shows the
buoys raised in the survival position.

Figure 4-9
Wave Star during operation

Figure 4-10
Wave Star with buoys raised

Floating Power Plant A/S has constructed a 37 meter model for a full off-shore test at Vindeby
offshore wind turbine park, located off the coast of Lolland in Denmark (see Figure 4-11). The
test system named Poseidon 37 is 37 meters wide, 25 meters long, six meters high (to deck) and
weighs approximately 300 tons. The test plant was launched in Nakskov Harbour in May 2008
and was towed to the test site and installed in August 2008. Poseidon is based on the principle of
oscillating water columns. It is designed for location offshore in areas with considerable flux and
2325

Offshore Ocean Wave Energy: A Summer 2009 Technology Status
has a significantly higher installed effect, efficiency, and energy production compared with other
wave energy systems.
In Sweden, the Seabased AB system, based on a three-phase, permanent magnet, linear
generator, and especially developed to be used in ocean bed arrays and directly driven by point
absorbers (buoys) on the surface, is being tested. Figure 4-12 shows the preparation of the
generator for launch off the coast of Lysekil, Sweden. The WEC unit consists of a buoy coupled
directly to the rotor of a linear generator by a rope. The tension of the rope is maintained with a
spring pulling the rotor downwards. The rotor moves up and down at approximately the same
speed as the wave. The linear generator has a uniquely low pole height and generates electricity
at low wave amplitudes and slow wave speeds. Directly driven linear wave energy converters are
deployed and coupled in arrays at intervals of 25-50 meters.

Figure 4-12
Seabased AB Linear Generator

Figure 4-11
Floating Power Plant AS Poseidon
4.5. Australia, New Zealand and Tasmania

Australia, New Zealand and Tasmania also pursuing wave energy projects Three known
companies involved in developing wave energy in Oceana include 1) BioPower Systems Pty; 2)
Oceanlinx; and 3) a partnership between Industrial Research Limited, the National Institute of
Water and Atmospheric Research (NIWA), and energy industry consultants Power Projects
Limited.


BioPower Systems Pty Ltd, a Sydney, Australia based company, is planning to install a 250
kW prototype bioWAVE unit on the seabed off Tasmania in 2010. The unit will be deployed
at King Island, which is currently powered by a combination of diesel generators, wind, and
solar. BioPower Systems is working with Hydro Tasmania, which is a state-owned utility, to
facilitate grid connection and to purchase the power. The prototype results are intended to
provide information into the development program for a 1 MW commercial demonstration
unit, which would be built and deployed at a later date. A subscale model of the bioWave is
shown in Figure 4-13
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Oceanlinx Limited, which manufactures an oscillating water column device (see Figure 414), has made steady advances in a number of ongoing projects:
1.

2.
3
4
5

The Oscillating Water Column (OWC) device deployed at Port Kembla has been
operating since late 2006 with a overhaul (taking a few months) occurring last year. It
has been back in service and operating again since March 2009. The Oceanlinx Port
Kembla wave generator device is capable of generating peak power outputs of
between 100 kW and 1.5 MW, depending on the location. This OWC wave energy
device developed and installed by Oceanlinx can be viewed in high resolution on
Google Earth. The MK 1 device can be viewed at 34° 27’ 07.6” S, 150° 54’ 06.8” E.
Simply type these coordinates into the Fly To section, in the upper left hand corner of
the Google Earth page.
Port Kembla (New South Wales, Australia) - a PPA has been signed with Australian
utility Integral Energy for the supply of electricity from a prototype 450kW unit.
Portland (Victoria, Australia) - the permitting stage for the deployment of multiple
units into a wave energy array is progressing.
Rhode Island (USA) - a MOU was brokered with Rhode Island State Authority for a
1.5MW unit, followed by a 15 to 20MW electricity generating facility off the
mainland.
Hawaii (USA) – an MOU was signed with Maui Electric Company (MECO) in Hawaii
for up to 2.7MW. MECO will contribute the transmission cables, both submerged and
land-based and the project is scheduled to be deployed around the 2012 time frame

Figure 4-14
BioPower BioWave

Figure 4-15
Oceanlinx Oscillating Water
Column
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5. Wave Power and Energy Resources
A number of sources provide wave power and energy resource data for assessing potential sites,
including in situ measurements, satellite measurements, and wind-wave models.
In 2004/2005, EPRI developed a methodology for wave energy resource estimation and wave
energy conversion performance prediction. This information is contained in EPRI Report WP –
001 available under the EPRI wave page at www.epri.com/oceanenergy [Ref 1 ]. The EPRI
assessments are for offshore wave energy conversion only and where based on the decades of
statistical wave parameter data archived on the NOAA NDBC website. (www.ndbc.noaa.gov).
The intent of EPRI’s 2004/2005 study was to assess the techno-economic feasibility of ocean
wave energy conversion at representative sites in the six states named above. Its intent was NOT
to map the U.S. ocean wave energy resource, but as we were continually asked the “what is the
total potential U.S. wave energy potential” question, we did a preliminary assessment to answer
to that question.
EPRI’s preliminary estimate of the available U.S. offshore wave energy resource is 2,100
TWh/yr (exclusive of the Bering Sea north of the Aleutian Islands and exclusive of any resource
< 10 kW/m) and is broken down regionally as shown in the Figure 5-1..
In terms of extractable wave energy resource for our preliminary assessment, the EPRI team
assumed that 15% of the available resource could be extracted based on societal constraints of
30% coverage of the coastline with a 50% efficient wave energy absorbing device. Assuming an
typical power train efficiencies of 90%, and a plant availability of 90%, the electricity produced
is about 260 TWh/yr—equal to an average power of 30,000 MW (or a rated capacity of about
90,000 MW). This amount is approximately equal to the total 2004 energy generation from
conventional hydro power (which is about 6.5% of total 2004 U.S. electricity supply).
EPRI, under DOE sponsorship, and with Virginia Tech and NREL, began a new assessment of
the national U.S. offshore available and practically recoverable wave energy resource. The final
product will include a geospatial database, verified and validated by a third party that displays
wave power densities for specific geographic information system (GIS) coordinates, along with
user-selectable annual and monthly statistical products, including the probability distributions of
sea state parameters, which are needed by developers to estimate the annual and monthly energy
yield of their devices and projects.
The expected users include policymakers, project developers, wave energy device developers,
investors, universities, non governmental organizations, environmental groups, the Department
of Energy, the military and the Coast Guard.
The wave power density, significant wave height (Hmo), energy wave period (Te), wave
direction (primary wind-wave and primary and secondary swell waves) and bathmetry (isobaths) will be displayed on a GIS map from a depth of 50 meters out to either a depth of 200
meters or a distance from shore of 50 nm miles, whichever occurs first. The GIS map will
include the entire coastline of the contiguous 48 states, Alaska, Hawaii and Puerto Rico and will
be broken down regionally. The NWW3 grid resolution for the U.S. offshore is shown in Figure
2628
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Total Energy = 2,100 Twh/yr (excluding the
Bering sea) for sites with >10 kW/m

Southern AK
1,250 TWh/yr

WA, OR, CA
440 TWh/yr

New England
and Mid-Atlantic
110 TWh/yr

Northern HI
300 TWh/yr

Extracting 15% and converting to
electricity at 80% yields 255 Twh/yr

Figure 5-1
U.S. Wave Energy Resources

Figure 5-2
NOAA Wave Watch III Grid Resolution
The influence of the ocean floor reduces wave power levelsiIn shallow waters (<50 m).
Submerged features such as canyons can also focus energy, leading to hot spots in close
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proximity to shore. A number of shallow-water wave transformation models take into account
the bathymetry to calculate near-shore wave data. High resolution bathymetry is required. The
input boundary condition for these shallow water models is the output from the NOAA
WAVEWATCHIIITM model at the edge of the OCS. Experience with shore-based devices shows
a need for extensive modelling in such locations.
5.1. Measurement Data Sources
The two largest inventories of long-term measured wave data in the U.S. are maintained by the
National Data Buoy Center (NDBC) of the National Oceanic and Atmospheric Administration
(www.ndbc.noaa.gov), and by the Coastal Data Information Program (CDIP) of Scripps
Institution of Oceanography (http://cdip.ucsd.edu/).
NDBC data buoys are equipped with strapped-down accelerometers for measuring wave
conditions derived from buoy heave response. Wave spectra are computed from 20-minute timeseries measurements of sea surface elevation changes, and these records are archived at one-hour
intervals. West Coast and Hawaii reference stations are shown in Figures 5-3 and 5-4,
respectively.

Figure 5-4
Hawaii Reference Stations (Point
Makapuu is CDIP 0098)

Figure 5-3
West Coast Reference Stations
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5.2. Wind-Wave Model Data Sources
The operational ocean wave predictions of NOAA/NWS/NCEP are performed using the windwave model NOAA WAVEWATCHIIITM using operational products of NCEP as input. The
wind-wave model suite consists of global and regional implementations .as shown in Figure 5-5.

Figure 5-5
NOAA Wave Watch III Global Coverage

NOAA WAVEWATCHIIITM [Ref 2] is a third generation wave model developed at
NOAA/NCEP. It is a further development of the model WAVEWATCH I, as developed at Delft
University of Technology [Ref 3] and WAVEWATCH II, developed at NASA, Goddard Space
Flight Center. NOAA WAVEWATCHIIITM, however, differs from its predecessors in many
important points such as the governing equations, the model structure, the numerical methods
and the physical parameterizations.
NOAA WAVEWATCH IIITM solves the spectral action density balance equation for wave
number-direction spectra. The implicit assumption of this equation is that properties of medium
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(water depth and current) as well as the wave field itself vary on time and space scales that are
much larger than the variation scales of a single wave. A further constraint is that the
parameterizations of physical processes included in the model do not address conditions where
the waves are strongly depth-limited. These two basic assumptions imply that the model can
generally by applied on spatial scales (grid increments) larger than 1 to 10 km, and outside the
surf zone.
All regional models obtain hourly boundary data from the global model. All models are run on
the 00z, 06z, 12z and 18z model cycles, and start with a 6h hindcast to assure continuity of swell.
All models provides 126 hour forecasts, with the exception of the NAH model (72 hour
forecast).
Graphical products are maps and spectra. Binary and text products are GRIB files, spectral data
and spectral bulletins For a more detailed description of the definition of the parameters see
section 2.4 of the manual of NOAAWAVEWATCH III TM [Ref 4].

5.3. Available Offshore Wave Resource Calculation Methodology
EPRI – Virginia Tech – NREL has developed and is using a ten (10) step methodology to
calculate offshore wave energy resource estimates for the 2009 DOE Wave Energy Resource
Assessment Project. The methodology, which incorporates archived hindcast
WAVEWATCHIIITM fully partitioned spectral wave parameters at over 100,000 coastal grid
points everywhere offshore the U.S., is presented below.
Step 1: Select deep-water “characterization stations” in depths >200 m, where NDBC buoys
are co-located with WAVEWATCHIIITM spectral output locations and for each station,
develop a joint probability distribution (JPD) table of overall significant wave height (Hm0)
and wave energy period (Te).
• Hm0 and Te will be calculated using spectral moments (m0 and m-1) of the nondirectional wind wave variance density spectrum (hereinafter referred to simply as the
spectrum) from those times when the measurement archive and hindcast archive
overlap
• Develop a measured JPD table and a hindcast JPD table for each calendar month, and
characterize sea state probability as the fraction of time per month that each Hm0 and
Te combination was measured or hindcast
• Annual JPD tables will be compiled by averaging all months for each sea state bin
• For each measured spectrum and hindcast spectrum in the time series used to populate
the JPD tables, calculate wave power density (P) using the spectral formula for P
• Scatter plotting hindcast P (y-axis) against measured P (x-axis) for all spectra in the time
series at a given characterization station will be used to determine the correlation
coefficient between hindcast and measured wave power density.
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• Similar scatter plots and correlation coefficients will be determined for hindcast vs.
measured significant wave height and hindcast vs. measured wave energy period.
Step 2: For each annual JPD within each region, select a sub-population of sea state bins,
including all sea states that have a >0.2% probability of occurrence (17.5 hr/yr).
Step 3: For each selected sea state bin, develop an average measured spectrum and an
average hindcast spectrum, and calculate the wave power density associated with each of
these average spectra, and compare with measured and hindcast wave power densities
determined in Step 1, as a check on the spectral averaging results.
Step 4: For each selected sea state bin, test a few different theoretical spectral formulas (e.g.
Bretschneider, JONSWAP, etc.) based on Hm0 and the peak wave period (Tp) of the
partitioned wind wave and multiple swell components, also produced by
WAVEWATCHIIITMat each hindcast time step and apply the theoretical spectral formula to
the partitioned hindcast time series to reconstitute the overall spectrum.
Step 5: For each “built-up” hindcast spectrum calculate the wave power density and again
average all of the wave power densities to produce a mean wave power density for that sea
state bin.
Step 6: Determine which theoretical spectral formula for the wave train partitions provides
the best agreement with the average wave power density from measured spectra (as
determined in Step 1) for a given region. It is anticipated that different regions will have
different theoretical formula that provide the best fit.
Step 7: Apply the “best fit” theoretical spectral formula to the wave train partitions at all
WAVEWATCHIIITM grid points, where the sea state parameters for all partitioned wave
trains (not just wind sea and two swell components) will be specially made available by
NOAA for this study, in two stages:
First look will be the four-year period from 01-Feb-2005 through 31-Jan-2009.
NOAA will post this fully partitioned 4-year hindcast in July 2009.
Twelve years (from 01-Feb-1997 through 31-Jan-2009). The delivery date when
NOAA will post the full 12-year hindcast has yet to be determined.
Step 8: Map the resulting annual and monthly values of Hm0, Te, and P for all
WAVEWATCHIIITMcoastal grid points located between the 50 m and 200 m depth contours,
and extend mapping to 50 nautical miles offshore wherever the 200 m depth contour lies
within that distance.
Step 9: Keep track of the peak wave direction for each component wave train, and prepare
wave power density directional distribution roses for the local wind sea, the primary swell,
and the secondary at selected grid points (e.g., at every tenth grid point within the mapped
zone).
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Step 10: Using the NREL database of MMS lateral administrative boundaries, calculate the
total annual wave energy flux (terawatt-hours per year) offshore each coastal U.S. state and
Puerto Rico, based on the following wave crossings:
Across the mapping limit of 50 nautical miles offshore
Across the 200-m depth contour. Where this contour “wraps back on itself” the farther
OFFSHORE contour will be used, indicating where waves first “feel the bottom”
Across the 50-m depth contour. Where this contour “wraps back on itself” the farther
NEARSHORE contour will be used, indicating where waves finally leave the mapped
zone, heading towards shore, and where finer-resolution bathymetry and wave
propagation models must be used, using NOAA’s fully partitioned
WAVEWATCHIIITM3 data for input
5.4. Practically Recoverable Wave Resource Calculation Methodology
The methodology to estimate the practically recoverable U.S. wave energy converted to
electrical energy will be developed in 2010 by the EPRI-Virginia Tech- NREL Project Team and
its NOAA, Military, university and device/project developer expert advisors
5.5. Wave Power Forecasting
Reliable electric power system operation requires precise balancing of supply and demand. Grid
operators manage supply-demand balance on a minute to minute basis considering load forecasts
and using current resources, rules and procedures. A lack of being able to predict the power
available from a wave plant would make managing the reliability of the grid system more
challenging than managing fossil fuel thermal generation
In 2007 EPRI conducted an investigation of the accuracy of forecasting wave power as a
function of forecasting time horizon. [Ref 5]. In the original Bonneville Power Administration
(BPA) cofunded wave energy study, WAVEWATCHIIITM forecasts were only available at
NDBC buoy locations 100 nm or more from the coastline in very deep water. The EPRI Project
Team accomplished the forecast accuracy study in two steps; namely:
1. Virginia Tech did the WAVEWATCHIIITM forecast accuracy comparisons to far
offshore buoys
2. SAIC did the correlation from the far offshore buoys to a few buoys at about 50 m
depth (the depth currently favored for offshore wave power plants)using time delay
NOAA WAVEWATCHIIITM now forecasts wave sea states down to 50 m depth. EPRI will be
conducting a study for Pacific Energy Ventures and Oregon Wave Energy Trust in the late
summer of 2009 making a 1:1 comparison of WAVEWATCHIIITM forecasts with a co-located
50 meter depth NDBC buoy measurement. (in other words, a time delay correlations between far
offshore and 50 m depth buoys is no longer required– 50 meters being the depth about where
wave power plants would be sited).
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6. Wave Energy Conversion (WEC) Technology Description
Wave power research programs in industry, government, and at universities have established an
important foundation for the emerging wave power industry over the last ten or so years. In the
late 1970s and early 1980s, the UK regarded wave power as an alternative to nuclear generation
and had the most aggressive R&D program in the world. Although the program contributed to
important basic research on optimal control and tuning of wave power conversion devices, it
ultimately stalled as oil prices dropped and government funding ceased. In the past decade,
wave-powered generation has resulted in advances in resurgence while advances have resulted in
a half dozen full-scale prototypes tested in natural waters over the last four years.
6.1 Harnessing Wave Energy
Wave energy extraction is complex and many device designs have been proposed. Four of
the best known device concepts and their principle of operation are listed below (see Figure 6-1).


Point absorber — A bottom-mounted or floating structure that absorbs energy in all
directions. The power take-off system may take a number of forms, depending on the
configuration of displacers/reactors. The illustration shows a floating buoy, however, it could
be a bottom-standing device with an upper floater.



Oscillating Water Column (OWC) — At the shoreline, this could be a cave with a
blow-hole and an air turbine/generator in the blow hole. Near shore or offshore, this is a
partially submerged chamber with air trapped above a column of water. As waves enters and
exits the chamber, the water column moves up and down and acts like a piston on
the air, pushing it back and forth. A column of air, contained above the water level, is
compressed and decompressed by this movement to generate an alternating stream of highvelocity air in an exit blowhole. The air is channeled through an air turbine/generator to
produce electricity.



Overtopping terminator —A floating reservoir structure with reflecting arms and a ramp so
that as waves arrive, they overtop the ramp and are restrained in the reservoir. The collected
water turns the turbines as it flows back out to sea and the turbines are coupled to generators.



Attenuator or Linear Absorber — An example of the attenuator principle is a long floating
structure that is orientated parallel to the direction of the waves. The structure is composed of
multiple sections that rotate in pitch and yaw relative to each other. The four sections move
relative to each other and this motion is converted at each hinge point to electricity by a
hydraulic power converter system.

Example machines using each of the four types summarized above are shown in Figure 6-2
There are many other design concepts, but they are beyond the scope of this chapter.
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Point
Absorber

Oscillating Water Column

Overtopping
Overtopping

Attentuator

Reservoir

Figure 6-1
Wave Energy Device Principles
OPT
Power
Buoy

Oceanlinx

Pelamis
Wave Dragon

Figure 6-2
Wave Energy Device Concepts
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6.2. WEC System Developers
Today, a number of small companies are leading the commercialization of technologies to
generate electricity from ocean waves. In 2004, EPRI requested information from all known
WEC device developers. The list of developers and the results of that survey are contained in
Reference 6. . EPRI updated that survey in 2006 and the results are contained in Appendix A of
Reference 7. EPRI again updated the list of known developers who have built and tested
prototypes as of July 31, 2008, excluding those with only concepts or patents. Our latest 2009
update is shown below in Table 6-1 and survey details are now maintained by the DOE.
http://www1.eere.energy.gov/windandhydro/hydrokinetic/default.aspx EPRI does not claim that this
list is complete and we apologize to any WEC developers who have built and tested prototypes
which we have missed.
Table 6-1
Wave Energy Conversion Device Developers as of June 30, 2009 (see notes
below)
Device Developer(1) Website

Device
Name(2)

Type(3)

Development
Status(4)

Able Technologies
abletechnologiesLLC. com

Wave Pipe

Point
Absorber

Laboratory Proof of
Concept

Artificial Muscles
www.artificialmuscles.com

Unknown

Point
Absorber

Experimental

Aquamarine Power
www.aquamarinepower.com

Oyster

AW Energy
www.aw-energy.com

WaveRoller

Oscillatory

Technology
Demonstration

AWS Energy
www.waveswing.com

Archimedes
Wave Swing

Point
Absorber

Commercial
Demonstration

BioPower
www.biopowersystems.com

bioWave

Oscillatory

Technology
Demonstration

C-Wave Limited
www.cwavepower.com

C-Wave

Attenuator

Experimental

Checkmate Sea Energy
www.checkmateuk.com

Anaconda

Articulating
linear
absorber

Laboratory Proof of
Concept

College of the North Atlantic

Wave Pump

Point
Absorber

Experimental

Ecofys
www.ecofys.co.uk

Waverotor

Hydrodynmic
Lift

Experimental

Energiesysteme GmbH
http://members.aol.com/mamoenergy/

ECOWAS III

Unknown

Experimental

Finavera (formerly AquaEnergy)
www.finavera.com

AquaBuOY

Point
Absorber

Early Commercial
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Fred Olsen Ltd

Buldra

Point
Absorber

Technology
Demonstration

Hidroflot s.L.
www.hidroflot.com

Ocean
Converter

Multiple Pt.
Absorbers

Laboratory

Independent Natural Resources
www.inri.us

SEADOG –
water pump

Point
Absorber

Early Commercial

Kinetic Wave Power
www.kineticwavepower.com

Unknown

Patent
Pending

Laboratory Proof of
Concept

Manchester Univ of
www.manchesterbobber.com

Bobber

Point
Absorber

Laboratory Proof of
Concept

Motor Wave
www.motorwavegroup.com

Motor Wave

Point
Absorber

Experimental

Ocean Energy Ltd
www.oceanenergy.ie

Ocean
Energy Buoy
(OEBuoy)

Oscillating
Water Column

Technology
Demonstration

Oceanlinx (formerly Energetech)
www.oceanlinx.com

Uiscebeatha

Oscillating
Water Column

Commercial
Demonstration

Ocean Power Technologies
www.oceanpowertechnologies.com

PowerBuoy

Point
Absorber

Early Commercial

Ocean Wave Energy Company
www.owec.com

OWEC

Point
Absorber

Laboratory Proof of
Concept

Ocenergy
www.ocenergy.com

Wave Pump

Point
Absorber

Laboratory Proof of
Concept

OreCON Ltd
www.orecon.com

MRC1000

Floating Pt
Abs & OWC

Technology
Demonstration

Oregon State Univ
www.eecs.orst.edu/msrf

Various direct
drive buoys

Point
Absorber

Technology
Demonstration

Pelamis Wave Power
www.pelamiswavepower.com

Pelamis

Attenuator

Early Commercial

Renewable Energy Holdings
www.reh-plc.com

CETO

Point
Absorber

Technology
Demonstration

Renewable Energy Wave Pump
www.renewableenergypump.com

REWP

Point
Absorber

Experimental

Seabased AB
www.seabased.com

Direct Driven
Linear Gen

Point
Absorber

Laboratory Proof of
Concept

Seapower
www.seapower.com

Floating Wave Point
Pres. Vessel
Absorber

Experimental

SyncWave Energy
www.syncwaveenergy.com

SyncWave

Point
Absorber

Technology
Demonstration

Surf Buoy
www.cosmotheist.com/Surfbuoy.htm

SurfBuoy

Point
Absorber

Experimental

Trident
www.tridentenergy.co.uk/index.php

Direct Energy
Conversion

Point
Absorber

Laboratory Proof of
Concept
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Versabuoy Int’l
www.vbuoy.com

VersaBuoy

Point
Absorber

Experimental

Waveberg

Water Pump

Point
Absorber

Experimental

Wavebob Ltd
www.wavebob.com

Wavebob

Point
Absorber

Technology
Demonstration

Wave Dragon ApS
www.wavedragon.net

Wave Dragon

Overtopping

Commercial
Demonstration

Wave Energy AS
www.waveenergy.no

Seawave Slot
Cone
Generator

Overtopping

Technology
Demonstration

Wave Gen
www.wavegen.co.uk

Offshore
OWC

Oscillating
Water Column

Commercial demo
w/breakwater
system; floating
system status
unknown

Wave Power Plant
www.wavepowerplant.com

Sea Gate-1

Point
Absorber

Experimental

Wave Star Energy
www.wavestarenergy.com

Wave Star

Point
Absorber

Technology
Demonstration

1.

This list excludes individual inventors with conceptual level only technology

2.

Name given to the device

3.

The principle of operation; Point Absorber, Attenuator, Overtopping or Oscillating Water Column

4.

The following definition of development statuse was used







Laboratory testing stage
Experimental – Subscale at sea testing
Technology Demonstration – Large size engineering prototype at sea testing whose purpose is to test for function
and performance
Commercial Demonstration – Large size manufacturing prototype at sea testing whose purpose is to test for
commercial viability
Early Commercial – Offering many units of large size for purposes of generating and selling the electricity produced

6.3 Survival in Storms and Hostile Marine Environments
Today’s wave energy conversion technologies are designed to survive a 100-year wave
occurrence and are the result of years of testing, modeling, and development by many developer
organizations. Relative to long-term survival in the marine environment, oil and gas platforms
using anti-corrosion and biofouling technology are surviving 50 years, including equipment in
more hostile splash and tidal zones. Full-scale prototypes have been deployed, although not
continuously, in natural waters since 2004. There are justified concerns over the survivability of
devices. With relatively little real-world operation of projects, developers must prove that the
survivability design is adequate. There will be device failures, but this is to be expected in the
prototype stages.. The marine environment is extremely challenging and for devices to operate
successfully in it will require significant investment.
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6.4 Effect of Wave Power Plants on the Environment
Given proper care in site planning, deployment and operations, EPRI expects that offshore wave
power will be one of the most environmentally benign electricity generation technologies and
should not cause any permanent damage as long as the point of egregious cumulative effects is
determined and avoided by limiting plant size and energy harnessing. Early demonstration and
commercial offshore wave power plant projects should include rigorous monitoring of the
environmental effects of the plant and similar rigorous monitoring of a nearby undeveloped site
in its natural state (so that natural effects can be separated from induced effects in long-term
trends).
In the time period of the second half of 2008 and the first half of 2009, two major reports on the
environmental effects of wave energy were published. The findings of these two reports are
summarized below
6.4.1. . Ecological Effects of Wave Energy Development in the Pacific Northwest NOAA
Technical Memorandum NMFS-F/SPO-92, September 2008 [Ref 8 ]
A diverse group of some 50 marine scientists from around the country participated in a OSU
sponsored wave energy environmental effects workshop held at the Hatfield Marine Science
Center. The principal objectives of the workshop were 1) to develop an initial assessment of the
potential impacting agents and ecological effects of wave energy development, and 2) to
formulate a general conceptual framework of physical and biological relationships that can be
applied to specific wave energy projects. Presentations on the physical and biological
environment, the frameworks for environmental risk analysis (which were adopted for this
workshop) set the stage for a common understanding among participants.
For the physical environment, workshop participants suggested there could be significant wave
reduction resulting from wave energy production, with possible beach effects (e.g., changes to
sediment transport processes); pilot projects to understand and model wave reduction effects are
needed. Mitigation for physical changes should be developed through analysis of project
geometry, density, and distance from shore; additionally, it was suggested that buoys should not
be placed in sensitive areas (i.e., closer to shore than 40 m depth).
In the pelagic habitat, buoys will likely have a minimal impact on phytoplankton, but positive
effects (through aggregation) on forage fish species—this in turn could result in attraction of
larger predators. Structures need to minimize loose lines to reduce potential entanglement of
marine turtle species. Adding structure may induce increased settlement of meroplankton
species, and potential effects of electromagnetic fields (EMF) are currently unknown.
Immediate changes to the benthic habitat will likely result from modifications to water
circulation and currents. Larval distribution and sediment transport may change both in the
benthos and on beaches. Additionally, the fouling community growth on buoys, anchors, and
lines may adversely affect the benthic environment if deposited into accumulations on the
seafloor (e.g., by sloughing off or by routine maintenance of mooring lines and buoy structures).
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Effects on the benthos will likely scale in a nonlinear fashion, affected by connectivity as
multiple facilities interact—for example, as stepping stones for invasive species.
Wave energy development can affect community structure for fish and fisheries through changes
in species composition and predator effects (e.g., attraction of predators that were previously
absent). New structures may affect migration corridors (e.g., for salmon, Dungeness crabs,
elasmobranchs, and sturgeon),potentially mediated through behavioral effects resulting from
EMF, chemical, and acoustic signals. Effects on fishery access and gear entanglement are also
anticipated, but were not topics of this workshop.
For marine birds, lighting and above-water structures may result in collisions and attraction to
buoys. Structures may also alter food webs and beach processes, in turn affecting shorebirds.
Data gaps to be filled include spatial and temporal abundance of birds, bird activity at night,
important areas of bird activity that should be avoided, important migration patterns, and
potential effects on seabird prey.
A diversity of concerns exists for marine mammals; the nature of mooring cables (slack v. taut;
horizontal v. vertical; diameter) is critical to entanglement issues. Fundamental baseline data will
be needed (mammal biology, presence/absence/species diversity, information on prey species) to
understand projects’ impacts and long-term buildout scenarios. There is some need for
immediate monitoring of cetaceans (e.g., videography, beachings, tagging, vessel surveys) to
understand how they interact with wave energy facilities.
Energy absorbing structures (e.g., buoys, wave snakes, etc.) affect a suite of receptors, and
consequently should not be established within sensitive habitats and areas. (Shallow coastal
waters are sensitive ecologically; some suggested that wave energy facilities should stay outside
100 m.) Impacts can be minimized by working with industry ahead of time. Energy devices that
focus or trap water in the nearshore environment will be especially problematic due to the
sensitive areas nearshore.
When addressing chemical effects, it is important to distinguish between spills as a source of
chemicals (low probability but high impact) versus continuous release of chemicals, for example
in fouling paints. It will be important to understand effects at the community level—do
chemicals bioaccumulate and pass through trophic levels? Chemicals can move over a large area,
depending on the currents. Information is needed on the nature of toxic compounds to be used,
potential amounts that could be released, responses of receptors, and the fate of the
contaminants.
New hard structures and lighting will be a part of any wave energy structure, requiring the
industry to consider mitigation measures for devices breaking loose and debris accumulation.
Important regulations under several laws (e.g., the ESA, EFH, MMPA, NEPA, and MBTA) must
be closely followed as the industry develops. It is important to understand how new hard surfaces
may alter bottom communities, as well as to synthesize existing data and use it to help answer
questions about impacts and identify important environmentally sensitive areas that can be
avoided.
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The acoustics group noted that understanding noise coming from the buoys and cables and how
fish and marine mammals will or could react is critical. It is possible to model noise from buoys
and cables and use that information to assess impacts from various scales of wave energy facility
build out, but it was noted that the synchrony of noise from buoys could exacerbate noise or
create noise not previously considered. Wave energy facilities, depending on their size and
layout, could create a sound barrier that mammals would avoid. Some fish species are especially
sensitive to acoustics; this could result in food chain effects since some species are prey for
marine mammals.
Electromagnetic effects from both induced and galvanic fields are most likely to affect animals
that use EMF for orientation or feeding. Induced or galvanic fields are most likely to affect
feeding, whereas magnetic fields will likely have greater effects on orientation. Salmon, crab,
sturgeon, and sharks and rays (and albacore under certain oceanographic conditions) are the
species most likely to be affected. Major areas of uncertainty exist on the effect of EMF on
receptors, so before-and-after baseline assessment of local magnetic fields is needed. Controlled
experiments are difficult and complex (confounded with other stressors).
The system view/cumulative effects group focused on issues likely to occur as projects scale up;
risks are a function of the extent, density, and duration of project operation. In order to
understand effects, impact thresholds need to be established. As projects scale up in location or
implementation, new risk end points come into play that were not initially part of the assessment.
Other activities can be displaced (e.g., fishing pressure allocated to other areas, marine mammals
altering migration paths, etc.). Therefore, adaptive management is critical to
address long-term impacts.
In conclusion, there is an urgency to the need for environmental studies of wave energy
conversion. Throughout the workshop, the importance of evaluating ecological effects at any
wave energy demonstration study sites or pilot scale facilities was stressed. These evaluations
will help reduce uncertainty of effects for all stressors and all receptor groups, leading to
improvements in the best practices for design of devices and arrays and to performance standards
and monitoring requirements that can be applied to commercial-scale development.
6.4.2. Report to Congress “Potential Environmental Effects of Marine and Hydrokinetic
Energy Technologies” Prepared in response to the Energy Independence and Security Act
of 2007, Section 633(b) November 21, 2008 [Ref 9]
Section 633(b) of the Energy Independence and Security Act of 2007 (EISA) called for a report
to be provided to Congress that addresses (1) the potential environmental impacts of marine and
hydrokinetic energy technologies; (2) options to prevent adverse environmental impacts; (3) the
role of monitoring and adaptive management; and (4) the necessary components of an adaptive
management program.
The EISA Report to Congress was prepared based on a review of peer-reviewed literature,
project documents, and U.S. and international environmental assessments of these new
technologies. The information was supplemented by contacts with technology developers,
experts in state resource and regulatory agencies and non-governmental organizations, and input
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and reviews by Federal agencies (NOAA Fisheries, Minerals Management Service, U.S. Fish
and Wildlife Service, National Park Service, Bureau of Indian Affairs, Federal Energy
Regulatory Commission).
There are numerous conceptual designs for converting the energy of waves, river and tidal
currents, and ocean temperature differences into electricity. Most of these technologies remain at
the conceptual stage – they have not yet been tested in the field or as prototype, full-scale
devices. Consequently, there have been few studies of their environmental effects. Most
considerations of the environmental impacts have been in the form of predictive studies and
environmental assessments that have not yet been verified.
The assessments have identified common elements among these technologies that may pose a
risk of adverse environmental effects. These potential impacts include the alteration of currents
and waves; alteration of substrates and sediment transport and deposition; alteration of habitats
for benthic organisms; noise during construction and operation; emission of electromagnetic
fields; toxicity of paints, lubricants, and antifouling coatings; and interference with animal
movements and migrations. Project installation and operation will change the physical
environment. Effects on biological resources could include alteration of the behavior of animals,
damage and mortality to individual plants and animals, and potentially larger, longer-term
changes to plant and animal populations and communities. Some effects are expected to be
minor, but the potential significance of many of the environmental issues cannot yet be
determined owing to a lack of experience with operating projects.
Although there have been few environmental studies of these new concepts, a preliminary
indication of the importance of each of these issues can be gained from published literature
related to other technologies, e.g., noises generated by similar marine construction activities,
EMF emissions from existing submarine cables, and environmental monitoring of active offshore
wind farms. Experience with other, similar activities in freshwater and marine systems will also
provide clues to effective impact minimization and mitigation measures that can be applied to
these new renewable energy technologies. However, some aspects of the environmental impacts
are unique to the technologies, and will require operational monitoring to determine the
seriousness of the effects. This is particularly true for the cumulative effects of large numbers of
ocean energy or hydrokinetic devices that will comprise fully built-out projects. Impacts to
bottom habitats, hydrographic conditions, or animal movements that are inconsequential for a
few units may become serious if large, multi-unit projects exploit large areas in a river, estuary,
or nearshore ocean. For some environmental issues it will be difficult to extrapolate predicted
effects from small to large numbers of units because of complicated, non-linear interactions
between the placement of the machines and the distribution and movements of aquatic
organisms. Assessment of these cumulative effects will require careful environmental monitoring
as the projects are deployed.
Evaluation of monitoring results might be usefully conducted in an adaptive management
framework. There are numerous state and federal agencies and environmental laws and
regulations that will influence the development of marine and hydrokinetic technologies. Federal
licensing of these renewable energy projects is the responsibility of the Federal Energy
Regulatory Commission and the Minerals Management Service. Their licensing decisions will
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include input from other federal and state agencies, tribes, environmental groups, and other
stakeholders. After a licensing decision has been made and operation of the energy project has
begun, the identification (and correction) of environmental impacts will depend on appropriate
monitoring.
The ability to modify the project in order to mitigate unacceptable environmental impacts
identified by operational monitoring might be based on application of adaptive management
principles reflected in the project license conditions. In the context of marine and hydrokinetic
energy technologies, adaptive management is a systematic process by which the potential
environmental impacts of installation and operation could be evaluated against quantified
environmental performance goals during project monitoring. Early information about undesirable
outcomes could lead to the implementation of additional minimization or mitigation actions
which are subsequently re-evaluated. An adaptive management process is particularly valuable in
the early stages of technology development, when many of the potential environmental effects
are unknown for individual units, let alone the eventual build out of large numbers of units.
Basing the environmental monitoring programs on adaptive management principles, as
advocated by many resource and regulatory agencies, will take advantage of ongoing research
and monitoring to help refine technology designs and to improve environmental acceptability of
future installations.
6.5 Permits for Offshore Wave Power Plants
As of June 30, 2009, the FERC has issued one construction and operation license and 13
preliminary permits (a preliminary permit gives the permit holder the first right of refusal to a
site for a three-year period to study the site and file a construction license application) and has
four applications for preliminary permits pending:


One (1) construction and operation license applied for and granted to Finavera for its 1
MW Makah Bay Wave project (which apparently will not be built and operated despite
the six years and many millions of dollars invested to get the license)



Thirteen preliminary permits with eight still active



Five applications for preliminary permits in the pending stage at the FERC

The location of these sites, all in the Pacific Northwest, are shown in Figure 6-3 and the five
pending (the P number is the FERC docket number and further information can be obtained by
going to the FERC website (http://www.ferc.gov/industries/hydropower/indusact/hydrokinetics/permits.asp). Table 6-2 lists the licenses issued, Table 6-3 lists the preliminary
permits issued, and Table 6-4 lists the applications for preliminary permits which are pending.
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Table 6-2
FERC Licenses
FERC #
P-12751

Project Location
Makah Bay, WA

Capacity
1 MW

Applicant
Finavera
Renewables

Status
License Granted
12/21/07

1. Finavera has announced that they are withdrawing from wave energy and has filed with FERC to

relinquish the license

The FERC had issued 13 preliminary permits as shown in Table 6-3; however, it pulled permit
P-12752 in Humboldt because Finavera did not satisfy the reporting requirements to meet the
FERC's strict scrutiny and Finavera and PG&E each dropped one and OPT dropped two
preliminary permits leaving a total of 8 active remaining
Makah Bay WA (P-12751)
Grays Harbor WA, (P-13058)

Tillamook, OR (P-13047)
Douglas Cty, OR (P-12743)

Del Mar Landing CA (P-13377)

Reedsport, OR (P-12713)

Fort Ross, CA (P-13378)

Coos Bay OR (P-12749)

Fort Ross, CA (P-13052)

Humboldt Cty, CA (P-12779)
San Luis Obispo, CA (P-13376t)
Mendocino Cty, CA (P-13053)
Catalina CA (P-13498)

Maui HI (P-13521)

Figure 6-3
U.S. Wave Power Plant Preliminary Permit Locations
Issued Construction and Operation License
Issued and Valid Preliminary Permit
Pending Preliminary Permit
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Table 6-3
FERC Preliminary Permits Issued
FERC #

Project Location

Applicant

Prel Permit
Issued

Status

P-12713

Reedsport, OR

OPT

2/6/07

In progress

P-12743

Douglas County, OR

Douglas County

4/6/07

Filed NOI and PAD
6/30/08

P-12749

Coos Bay, OR

Oregon Wave
Energy

3/8/07

In progress

P-12752 (1)

Coos County OR

Finavera
Renewables

4/26/07

Permit Granted and
later retracted

P-12753 (1)

Humboldt County, CA

Finavera
Renewables

2/14/08

Permit Granted and
later retracted

P-12779

Humboldt County, CA

PG&E

3/13/08

In progress

P-12781 (2)

Mendocino County, CA

PG&E

3/13/08

PG&E will surrender

P-13047

Oregon Coastal Wave
Energy, Tillemook County

Tillemook Devel
-opment Entity

5/22/08

In progress

P-13075

Centerville OPT Humboldt
County CA

Ca Wave Energy
Partners

6/27/08

OPT surrendered
6/1/09

P-13058

Grays Harbor Ocean
Energy and Coastal
Protection

Washington
Wave Co LLC

7/3/08

Progress report
overdue 6/30/09

P-12750

Newport OPT Wave
Park

Oregon Wave
Energy II, LLC

1/29/09

OPT surrendered
3/17/09

P-10352

Green Wave San Luis
Obispo

Green wave LLC

5/7/09

In progress

P-13053

Green wave Mendocino,
CA

Green wave LLC

5/1/09

In progress

1. Finavera has announced that they are withdrawing from wave energy
2. PG&E has announced that they are dropping the Mendocino County site from further
consideration due to port unsuitability

There are 5 preliminary permit applications pending as shown below.
Table 6-4
FERC Preliminary Permits Pending
FERC #

Project Location

Applicant

Application
Date

P-13376

Del Mar Landing

Sonoma County CA

2/26/09

P-13377

Fort Ross South

Sonoma County CA

2/26/09

P-13378

Fort Ross South (maybe
FERC meant North

Sonoma County CA

2/26/09

P-13498

Swarve Catalina

SARA

6/2/09

P-13521

Maui, Hawaii

Oceanlinx

6/23/09
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6.6. Overview of Regulatory Status for Offshore Wave Power Plants
Agreements between the Federal Energy Regulatory Commission (FERC) and the Mineral
management Service (MMS) in early 2009 have produced the following permitting, licensing
and leasing framework
Table 6-5
FERC , MMS and State Lands Permitting, Licensing and Leasing Framework
State Seabed Lands (1)

Federal Seabed Lands (2)

Preliminary Permits

FERC

None

Pilot Licenses

FERC

FERC

Construction and
Operation Licenses

FERC

FERC

State Department

MMS

Leases

(1) To 3 nm miles except in Texas and Gulf of Mexico states where state lands extend to 12 nm
(2) On the Outer continental shelf (OCS)

The regulatory permitting, licensing and leasing processes associated with U.S. ocean wave
projects can be quite involved, complex, lengthy, and costly. Indeed, regulatory issues represent
the primary barrier to the ocean wave energy development in the United States.
Since 1920, construction and operation of a non-federal hydroelectric project in the U.S. has
required a license issued by the FERC in accordance with the Federal Power Act. In 2004,
through legal interpretation from the FERC, wave energy hydroelectric projects were placed
under FERC licensing jurisdiction.
Meanwhile, the 2005 Energy Policy Act (EPACT05) has given jurisdiction for leasing on the
outer continental shelf to the Department of Interior’s Mineral Management Service (MMS). In
addition to FERC and MMS, approvals to install and operate a pilot project are still required
from many other federal, state, and local regulatory agencies (upwards of 20 different agencies).
The period of the second half of 2008 and the first half of 2009 saw many developments on the
regulatory front including
1. A FERC pilot license
2. A agreement between FERC and MMS for licensing projects on the OCS resulting in
FERC with primary jurisdiction for licensing and with a statement by FERC that they
will no longer issue preliminary permits for ocean wave plants on the OCS
3. A rule issued by MMS for leasing ocean wave plants on the OCS
These three developments are summarized below
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6.6.1. FERC Pilot Plant License
In 2008, FERC rolled out a licensing process for hydrokinetic pilot projects tailored to meet the
needs of entities interested in testing new technology, including connection with the interstate
grid, while minimizing the risk of adverse environmental impacts. The goal of the pilot process
is to allow developers to test new hydrokinetic technologies, to determine appropriate siting of
these technologies, and to confirm their environmental effects, while maintaining FERC
oversight and agency input. The process completes licensing in as few as six months to allow for
project installation, operation, and environmental testing as soon as possible.
Projects eligible to use this process are of limited size, are removable or able to shut down on
short notice, and are not located in waters with sensitive designations. The resulting license
would be short-term and include rigorous environmental monitoring and safeguards.
To date, there have been no pilot licenses sought for wave power projects
6.6.2. FERC–MMS Memorandum of Agreement on Licensing Wave Power Plants on the OCS
Ending a longstanding conflict over which agency oversees offshore alternative energy, Interior
Secretary Ken Salazar and FERC Chairman Jon Wellinghoff signed a memorandum in March
2009 clarifying their agencies' responsibilities for leasing, licensing and regulating all renewable
energy projects on the outer continental shelf.
Under the agreement, Interior's Minerals Management Service has exclusive jurisdiction over the
production, transportation or transmission of energy from offshore wind and solar projects. MMS
and FERC will share responsibilities for hydrokinetic projects, such as wave, tidal and ocean
current.
MMS will issue leases, easements and rights of way for offshore areas for hydrokinetic projects.
The agency will conduct any necessary environmental reviews related to those actions, including
those under the National Environmental Policy Act.
FERC will issue licenses and exemptions from licensing for the construction and operation of
offshore hydrokinetic projects and will conduct any necessary environmental analyses for those
actions. FERC's licensing process will actively involve relevant federal land and resource
agencies, including Interior.
An applicant must first receive a lease from MMS for a site before FERC could issue a license
for a project there. FERC will not issue preliminary permits for offshore projects. MMS will
require that construction and operation cannot begin without a license or exemption from FERC,
except when FERC notifies MMS that one is not required.
Each agency can choose at its own discretion to become a cooperating agency in the other's
preparation of an environmental analysis. The agencies also will coordinate to ensure that
operations regulated by FERC comply with all applicable laws.
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6.6.3. MMS Leasing Rules for Wave Plants on the OCS
On April 22, 2009, the Department of the Interior's Minerals Management Service ("MMS")
issued final rules for granting leases, easements, and rights-of-way for renewable energy project
activities and alternate uses of existing facilities located on the U.S. Outer Continental Shelf
("OCS"), as well as methods for sharing revenues generated by this program with nearby coastal
states. Renewable energy projects covered by the proposed rule include, but are not limited to,
offshore wind, wave, current, and solar energy projects.
While the final rule did not vary significantly from MMS's July 2008 proposed rule, MMS did
make some relevant changes in response to comments from industry and nongovernmental
organizations. In particular, the final rule:


Allows consideration of nonmonetary factors in the competitive bidding process for a
lease, such as the use of innovative technology suited to a specific site;



Gives developers with five-year limited leases the option to interconnect with the
transmission grid for commercial power sales;



Bases operating fees on a calculation pegged to the wholesale power price rather than the
retail power price and stipulates that MMS will not charge such fees until a project is
generating power commercially;



Lets developers limit the number of National Environmental Policy Act documents and
associated environmental reviews by submitting site assessments and construction plans
simultaneously, and anticipates that MMS will conduct such reviews for commercial
leases at the lease sale stage, which may minimize future additional reviews;



Gives MMS flexibility to waive the requirement that a certified verification agent oversee
facility construction at a give site; and



Provides that MMS will use mechanisms available under the Freedom of Information Act
to protect appropriately designated proprietary data and information.

Importantly, the final rule did not address the concerns that small businesses have with the bonus
bid system or noncompliance penalties. Despite industry comments, the standard commercial
lease terms were not extended beyond 25 years; however, additional years were added for
construction time. Citing language in the Outer Continental Shelf Lands Act that requires
competitive bidding, the final rule does not give automatic priority to limited leaseholders for a
subsequent commercial lease on a site. However, MMS may give weight to limited leaseholders.
For an overview of the final MMS rule regulating offshore renewable energy and additional
detail on how it varies from the proposed rule, go to:
www.stoel.com/showalert.aspx?Show=5398.
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6.7. WEC Power Plant Areal Footprints
Use of sea space by wave energy power plants is of critical concern to many of the national
stakeholders engaged in understanding the issues of whether or not energy generation will be
one of the multiple uses of our nations oceans. The ocean are held in trust by the Government for
the good of the society as a whole and are currently being used for multiple purposes (i.e.,
commercial fishing, recreation, commercial shipping, dump sites, military training, etc)
The footprints of some of the existing technologies for a 10 MW and a 100 MW wave power
plant are shown in Table 6-6. The Orecon machine, the only tension moored device in the table,
will have the smallest footprint. Slackly moored devices such as the Pelamis and the PowerBuoy
will require larger footprints. The Oyster is a near shore device that operates only in the surge
zone
Table 6-6
WEC Device Areal Footprints
Absorber Dimensions
Footprint Single Unit
Length (m)
Width (m)
Length (m)
Width (m)
Pelamis P1 (1)
123
4.6
300
150
OPT 500 PowerBuoy (2)
18
18
100
100
AquaMarine Oyster (3)
12
18
30
30
Orecon MRC (4)
30
45
245
130
Farm Arrangement Footprint 10MW
# Devices
# Rows
Length (km)
Width (km)
Pelamis P1 (1)
19
2
1.0
0.90
OPT 500 PowerBuoy (2)
20
3
0.70
0.30
AquaMarine Oyster (3)
33
1
1.0
0.03
Orecon MRC (4)
6
1
1.47
0.13
Farm Arrangement Footprint 100MW
# Devices
# Rows
Length (km)
Width (km)
Pelamis P1 (1)
210
4
10
1.80
OPT PowerBuoy 500 (2)
200
3
8
0.30
AquaMarine Oyster (3)
333
1
10
0.03
Orecon MRC (4)
68
4
4.16
0.52
1. Based on preliminary design performed by EPRI for Oregon Pelamis Wave Power Plant – see EPREI
Report WP-006-OR available under the wave page at www/epri/com/oceanenergy/
2. Based on March 2008 Coos Bay Preliminary Application Document filed with the Federal Energy
Regulatory Commission. Project size estimates based on 100 m lateral spacing and 100 m between rows
for PB500 PowerBuoys. Overall 100 MW project size includes three (3) transit lanes. Each lane is 400
meters in length.
3. Based on Aquamarine Power website 300 kW machine located at 15 meter depth and 12 X 18 meter
size (EPRI assumed assume 12 meter lateral spacing)
4. Based on input provided by Orecon MRC rated at 1.5 MW
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7. Design, Performance, Cost, and Economic Feasibility Issues
7.1 WEC Sites
EPRI has investigated the attributes required for a good wave energy site. Reports which
document the EPRI site assessments are contained in References 10 through 14 under the wave
page at www.epri.com/oceanenergy for Hawaii, Washington, Oregon, and Maine, respectively.
There are many factors to consider when evaluating potential sites for a wave energy plant.
Primary factors are:









First and foremost, a high annual wave energy climate
A nearby harbor with sufficient depth and size and port infrastructure to support the
assembly and deployment of the plant as well as maintenance operations
A transmission and distribution system that can flow the power from the wave plant into
the grid and a substation interconnection point close to shore
An existing easement for the submerged cable from the wave power plant to shore
(and possibly under the beach to the substation); for example, the existence of an
outflow pipe
A bathymetry that provides a depth of about 60 minutes within 2 to 3 miles of shore
A sandy seabed (for anchor placement) and a sandy route to shore for trenching the
submerged cable
Minimum conflicts of sea space use (e.g., fishing, crabbing, whale migration, etc.)
Local labor to be trained for employment in this new industry

7.2 WEC Devices Studied
For each site, point designs for both a single-unit demonstration and a commercial wave power
plant were used to estimate cost and performance. Performance estimates were developed using
local wave data obtained from measurement buoys and performance data supplied by the
manufacturer. Two manufacturers provided sufficient information such that EPRI could perform
a design and performance analysis: Pelamis WavePower and Oceanlinx. Cost estimates were
developed by creating a detailed breakdown of the various cost centers and outlines of
installation and operation procedures, and by cross checking them with a variety of sources,
including local operators, the design team, local manufacturers, and similar offshore projects
in the oil and gas and offshore wind industries.
7.3 WEC Design, Performance and Cost
In 2004, EPRI performed an Offshore Wave Power Feasibility Definition Study examining
five locations and two WEC technologies. Offshore Wave Power Plant Feasibility Reports have
been published for sites in Hawaii, Oregon, San Francisco, Massachusetts, and Maine
(References 15 through 19). Table 7-1 shows the performance and cost numbers for single unit
Pelamis pilot plant and 300,000 MWh/yr commercial scale plants; one located on the East Coast
at Wellfleet, Massachusetts and the other on the West Coast at Reedsport, Oregon.
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Table 7-1
Cost and Performance Estimates for Wave Power Plants
Rated Capacity
Plant Size (number of units x unit size, MW)

0.75 MW
Wellfleet MA

103 MW
Wellfleet MA

0.75 MW
Reedsport OR

90 MW
Reedsport OR

1 X 0.75

206 X 0.5

1 X 0.75

180 x 0.5

Annual Electrical Energy at Busbar (MWeh)

964

300,000

1,000

300,000

Plant Nameplate Rating (MW)

0.75

103

0.75

90

Linear
Absorber
(Pelamis)

Linear
Absorber
(Pelamis)

Linear
Absorber
(Pelamis)

Linear
Absorber
(Pelamis)

Seabed, km^2

<0.5

18.5

<0.5

16.2

Unit Life, Years

20

20

20

20

Development time, Months

(1)

(1)

(1)

(1)

Construction time, Months

12

24

12

24

December
2006 (2)

December
2006 (2)

December
2006 (2)

December
2006 (2)

985

62

820

30

1,433

50

424

22

344

248

344

248

Power Conversion Modules

2,172

1,324

2,172

1,324

Structural sections

1,202

520

1,202

520

0

124

0

141

Technology Description

Physical Plant

Scheduling

Capital Cost ($/kW)
Month/Year Dollars
On shore transmission and grid interconnection
Subsea cables
Mooring

Facilities
Installation

895

125

9989

134

Construction Mgmt and Commissioning

708

117

594

115

Contingencies
Less State Renewable Inv Tax Credit (4 & 5)
Total Plant Cost (TPC)
AFUDC (interest during construction)
Total Plant Investment

(3)

(3)

(3)

(3)

<85>

<12>

<1,559>

<118>

7,651

2,558

4,987

2,416

650

309

424

238

8,300

2,870

5,410

2,654

(6)

(6)

(6)

(6)

Owner Costs
Due Diligence, Engineering, Permitting, Legal,
Financial fees, etc
Total Capital Requirements

8,300

2,870

5,410

2,654

Yearly O&M Costs (% of TPC per year)

N/A (7)

0.5

N/A (7)

0.45

10 Year One Time Retrofit Costs (% of TPC)

N/A (7)

1.0

N/A (7)

0.97

85

95

85

95

Pre
Commercial

Pre
Commercial

Pre
Commercial

Pre
Commercial

Simplified

Simplified

Simplified

Simplified

Unit Availability (%)
Confidence and Accuracy Rating
Technology Development Rating
Design & Cost Estimate Rating

1. Development time for permitting is an unknown at this early point with emerging ocean energy
technology
2. The costs are in November 2004 dollars in References 15 through 19 and were adjusted with a
3% inflation to Dec 2006 $
3. Contingency costs are built into each of the subsystems
4. The Oregon credit is 25% of the project cost up to a maximum of $10 million
5. The Massachusetts credit is 9.5% of the installation cost
6. Cost of permitting is an unknown at this early point with emerging ocean energy technology
7. O&M costs for a pilot plant cannot be estimated
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The DOE will place a contract in early 2010 for a new wave energy life cycle cost assessment.
There are no actual real cost numbers at this point in time except for single unit production
numbers which the technologies developers hold to be confidential
7.4 WEC Economic Feasibility
The costs and cost of electricity (COE) estimates made by EPRI were for the first commercialscale (100 MW) wave plant. It is an established fact that learning through production experience
reduces costs—a phenomenon that follows a logarithmic relationship such that for every
doubling of the cumulative production volume, there is a specific percentage reduction in
production costs. The specific percentage used in this study was 82%, which is consistent with
documented experience in the wind energy, photovoltaic, shipbuilding, and offshore oil and gas
industries.
As occurred with PCs, flat-screen TVs, wind turbines and PV panels, the costs of WEC devices
will decline as the industry moves toward larger-scale manufacturing and higher cumulative
production. The industry-documented wind energy learning curve is shown as the top line in
Figure 7-1. This curve was developed by EPRI based on data from a multitude of sources. The
lower and higher bound cost estimates of wave energy are also shown in Figure 7-1. The 82%
learning curve is applied to the wave power plant installed cost but not to the O&M component
of the cost of electricity (which is why the three lines are not parallel).
The adoption of ocean power technologies will be based upon the value of electricity these
devices generate and supply to the grid as well as their ease of integration with the grid. In
addition to installed capital cost, operations and maintenance (O&M) cost will also play a
significant role. O&M costs related to unplanned maintenance is a major factor in the overall
cost of electricity.
EPRI’s economic assessments have been based on a book lifetime of a wave power plant of 20
years. The cost flow profile for wave energy, much like many renewable energy technologies, is
heavily front end loaded. Wave power plants will have a cost of electricity that is comprised or
90% or more from initial capital costs and installation costs. Typical fossil fuel power plants
experience fuel and ongoing operations that are about 80% of the plant's cost of electricity.
Levelized COE takes into account all fixed and recurring costs of a wave power power plant as
a function of the electrical energy it generates. The costs, annual energy produced and financial
assumptions upon which the Figure 7-1 estimates are based are documented in EPRI WP-006OR available at www.epri/com/oceanenergy/ [Ref 15 ]
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Figure 7-1
Levelized COE Comparison to Wind–Oregon Example Fed & State Financial Incentives
While there are some federal and state tax incentives to build renewable power systems, these
incentives are insufficient to finance early adopter projects at small scale. As a result, developers
will be put in the position of having to push for large commercial installations to drive cost
down, and in the process may be forced to assume the significant technical, economic and
environmental risks of deploying unproven technologies at large scale.
Dozens of institutional investors in U.S. renewable energy projects pulled out of the market
when the nation’s liquidity dried up last in 2008. Some found more lucrative investments
elsewhere while others found themselves unable to take advantage of tax credits because they
lacked the profits to take advantage of them. The American Recovery and Reinvestment act
(ARRA) of 2009, approved February 19, 2009, changed the investor ground rules. The new
ARRA gives investors, owners, operators and financiers a choice of government credits that may
help push renewable projects forward.
Large insurance companies and investment banks that engage project developers provide the
majority of the renewable project financing. The ARRA offers a number of potentially useful
incentives that can be tailored to individual project needs. The key provisions are:





The PTC in-service deadline is extended through 2012 for wind projects and 2013 for
other renewable projects, including ocean wave
Project financiers may now elect the ITC in lieu of the PTC
Project financiers may elect a cash grant in lieu of the ITC
The ITC-subsidized energy financing penalty is removed
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CREBs get more funding ($1.6 billion in new CREBs is added)

A good reference on the ARRA can be found in “TC, ITC or Cash grant/ An Analysis of the
Choice Facing Renewable Power projects in the United States” published in march 2009 by the
Lawrence Berkeley Renewable Laboratory and the National Renewable Energy Laboratory. The
entire report is available at http://eetd.lbl.gov/EA/EMP/reports/lbnl_16422.pdf
It is clear that a sensible policy for this emerging industry needs to provide a technology-specific
financial support mechanism and encourage technology diversity to spread technology risks. In
order to provide optimal support for these emerging technologies, it will be crucial to have
technology developers carry the technical risks and reward for the delivery of electricity,
possibly through a mechanism such as the European feed-in tariffs.
The infrastructure cost (i.e. subsea electrical collector system and pre-deployment studies) of
small scale ocean energy farms oftentimes exceeds the cost of the technology themselves, and
the time horizon to establish them is significant given the present regulatory and environmental
uncertainties. Sharing of this infrastructure between different device developers could lower the
overall project cost at the small scale required to gain commercial confidence. Decoupling the
site development process from the immense challenges technology developers are facing in their
technology developments would allow them to focus more of their attention and resources on
technological challenges. In addition to the obvious economic advantages of providing such
facilities to the industry, it will also provide a controlled environment to reduce operational and
environmental risks. In the US, such facilities are encouraged through the establishment of test
centers and early commercial adopter sites.
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8. Installed Capacity and Estimated Growth
Installed offshore wave capacity as of June 30, 2009 in the U.S. is zero and is about 1 MW
worldwide; The first shore-based grid-connected wave power unit was deployed in Scotland in
July 2000 and has since operated successfully. The first offshore grid-connected wave power unit
deployed was the ¼ scale WaveDragon in Denmark in 2003 and closely followed by a full scale
Pelamis at the European Marine Energy Center (EMEC) in the Orkneys in July 2004. Based on
the successful testing of the ¼ scale WaveDragon, the company moved to Wales with the
expectation of funding to build a full scale prototype and based on successful testing, Pelamis
WavePower announced the first commercial sale of an offshore wave power in May 2005 to
Enersis of Portugal.
Table 8-1 presents the EPRI estimate of U.S. offshore wave capacity (in MW) that could come
online in the U.S. between 2009 and 2015 assuming that current regulatory barriers are
overcome, that wave plants can be permitted at about the same cost as on-land wind plants, and
that Congress provides the same incentives to the wave energy industry as those for the wind
energy industry.
In general, EPRI expects that wave energy will experience a growth rate faster than that of wind
during the last ten years, although these predictions depend largely on overcoming regulatory
barriers and government support and incentives for the emerging wave energy industry. EPRI
estimates that there could be 10,000 MW of wave energy plant capacity by 2025.
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Table 8-1
Installed and Planned Wave Energy Capacity in U.S. (as of June 30, 2008)
Project NameSite

Pre 2009

Ocean Power Tech
(1)

Kaneohe, HI

0.04

Ocean Power Tech

New Jersey

0.04

Finavera (2)

Makah Bay, WA

Ocean Power Tech
(3)

Reedsport, OR

Oregon Wave
Energy

Coos Bay OR

PG&E

Humboldt
County, CA

Developer

PG&E (4)

2009

2010

2011

2012

0.150

1.5

3.5

2013

2014

5
5

25

5

40

?

Oceanlinx

Hawaii

San Luis Obispo CA

Green wave
Energy

5

Mendocino CA

Green Wave
Energy

5

Douglas County
Wave

Douglas
County, OR

Tillamok Intergov

Tillamook
County, OR

2.8

2
2

Not identified at this
time
TOTAL NEW

1.
2.
3.
4.

2015

YEARLY
CAPACITY

-

0.15

1.5

13.3

5

5

25

50

12

40

120

CUMULATIVE
0.08
0.08
0.23
1.7
15
27
67
187
In Navy waters and was constructed and operated without the need for a FERC license
Finavera surrendered its license.
The OPT 2 MW pilot plant deployment has been delayed from 2008 to 2009, at the earliest, due to
regulatory issues
PG&E has dropped Mendocino from further preliminary permit study and will be adding a second site

Study forecasts 86MW of wave and tidal capacity by 2013 3 A total of 86 MW of wave and
tidal current stream capacity will be installed worldwide in the next five years according to a new
study, "The World Wave & Tidal Market Report 2009-2013", published by energy business
3

http://www.wave-tidal-energy.com/home/news-archive/36-research/160-study-forecasts-86mw-ofwave-and-tidal-capacity-by-2013, dated Feb 16, 2009, retrieved May 7, 2009
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analysts Douglas-Westwood. Speaking at the launch of the first edition of the report recently,
Adam Westwood, Renewable Energy Manager at Douglas-Westwood stated that, “Both the
wave power and tidal current stream energy sectors are emerging industries. Whilst development
activities run back some 30 years, with over 200 concept technologies, commercialization of
leading technologies in both sectors is only just beginning."
The report, which runs to almost 200 pages, provides a review of different technological
concepts and devices employed in both existing and future projects, with analysis of the impact
of current and new technologies on the industry and identifies the key players in the business. It
also identifies and analyses the very different market mechanisms in each country, which
impinge directly on the viability of wave and tidal technology in the area.
The report uses the same in-depth modeling process that is adopted for others in this series, says
the company, and presents worldwide market forecasts for both sectors for the 2009-2013 period.
It also includes five years of historic data for comparison.
"The past five years", says Westwood, "have been characterized by small-scale and full-scale
deployments from a wide number of technology developers. The next five years will, however,
see commercial-scale activity increasing significantly. A total of 135 units are forecast for
deployment over the period. Of these, 74 are commercial-scale units – 55% of the total.
"The UK is forecast to be the biggest market, and is expected to install 51 MW of the total
capacity (60%). The UK is so dominant due to three main factors. Firstly, the excellent wave and
tidal resources that exist around the coastline; secondly, the market mechanisms and funding in
place, which are comparatively strong and give more investor confidence than in other countries;
and thirdly, the UK is home to a large number of wave & tidal device developers, including
some of the early market leaders.
"The USA is expected to be the second largest market, with 11 MW (12%) of overall capacity.
Portugal with 9 MW (10%) and Canada with 6 MW (7%) are the other most significant
countries."
In their “Forecasting the Future of Ocean Power” report {Ref 24] Climate Change Business
Journal, January/February/March 2009 [Ref 23 ], Greentech Media and Promethus Institute
identify 24 companies developing WEC technology, he largest number of companies – 10 - -is
pursuing the point absorber approach. Co-author Travis Bradford told CCBJ that here is a ”high
degree of certainty” that at least one and probably several of then companies designing WECs
will see commercial success within a few years.
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9. R&D Needs
EPRI, with support from the U.S. Department of Energy’s Office (DOE) of Energy Efficiency
and Renewable Energy, Wind and Hydropower Technologies Program, sponsored a workshop
for the water power industry (marine and other hydrokinetic- tidal and river currents, energy and
conventional hydropower and pumped storage) in October 2008. The purpose of the workshop
was to identify and prioritize research, development, deployment and demonstration (RDD&D)
needs which will further the deployment of conventional hydro/pumped storage and emerging
MHK technologies and increase domestic, low-carbon energy production. The priorities
identified may be used to shape EPRI’s research agenda and DOE’s research agenda and will
support R&D initiatives throughout both the public and private sectors.
The US RDD&D Needs Workshop used the 12 topics from the UK Marine Energy technology
Roadmap [Ref 25] as the starting point for developing the US technology needs. These 12 are:
1)
2)
3)
4)
5)
6)

Resource Modeling
Device modeling
Experimental Testing
Moorings & Sea bed attachments
Electrical Infrastructure
Power Take Off and Control

7) Engineering Design
8) Lifecycle & Manufacturing
9) Installation, O&M
10) Environmental
11) Standards
12) System Simulation

Four other topics identified by the Steering Committee prior to the workshop and two other
topics identified by the participants of the workshop during the workshop were:
1)
2)
3)
4)
5)
6)

Materials – low cost, corrosion and biofouling
Storage
System configuration evaluations
Vision, Goals, Objectives and Roadmap
Master Generation and Transmission Plan
Education

The three highest prioritized topical areas were
1). Testing (development including experimental through pilot demonstration)
2) Environmental (which will require device testing and deployed projects)
3) Standards
Once funding is available, specific programs and projects for high priority topics identified in
this workshop should be developed and implemented.
Clearly, the RDD&D topics of “Environmental”, “Standards” and “Testing” need to be
addressed in a comprehensive fashion. Also, these topics may warrant further consideration in
follow-on meetings to be explored in more detail with knowledgeable experts in the field.
Topics falling below the high priority ranking with less consensus are still important, and need to
be addressed, but are not as urgent [Ref 24].
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10. Conclusions
Considerable potential exists for generating electrical power from wave energy off the coast of
the United States and many other places in the world. Wave energy climates are the most
energetic for coasts facing west in the latitudes of 35 to 55 degrees in the northern and southern
hemispheres. In the U.S., the prime locations (i.e., those with a good wave climate, port
infrastructure, coastal grid infrastructure) are:


Northern California and Hawaii – excellent wave energy climate, good coastal grid
infrastructure, good ports, and high electricity prices.



Oregon – excellent wave energy climate, good coastal grid infrastructure, good ports, but low
electricity prices.



Washington – excellent wave energy climate, poor coastal grid infrastructure (the load is in
the Seattle area and there is no transmission infrastructure to get power across the Olympic
peninsula), good ports, but low electricity prices.



Alaska – excellent wave energy climate, poor coastal grid infrastructure (the relatively small
load is in the Anchorage, Fairbanks, and Juneau areas and there is no transmission
infrastructure to get power there), good ports, and high electricity prices.

The recoverable potential to provide electricity from wave energy resources is estimated by
EPRI to be about 6.5% of today’s electric consumption in the United States. Initial studies
suggest that given sufficient deployment scale, these technologies will be commercially
competitive with other forms of renewable power generation. However, significant technical,
economic, operational, environmental and regulatory barriers remain to be addressed in order to
allow this emerging industry to move forward with commercial development.
The experience related to ocean energy is limited to a few prototype installations and provides a
limited understanding of economic, operational, environmental and regulatory issues. It will be
critical for the success of this industry to gain a full understanding of all life cycle-related issues
over the coming years to pave the way for larger scale commercial deployments. Such
understanding can only be gained in a practical way from the deployment of demonstration and
early commercial adopter systems or as many are saying “We need hardware in the water!”
Early commercial adopter systems will not only address technology related issues, but will also
provide confidence to regulators, the general public and investors. Both market push (R&D) and
market pull mechanisms (economic incentives to encourage deployment) will be required to
successfully move this technology sector forward and develop the capacity to harness wave
energy from the ocean.
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11. Resources and References
11.1 Internet Resources
EPRI: www.epri.com/oceanenergy
European Wave Energy Thematic Network: www.wave-energy.com
Department of Transportation and Industry (UK): www.dti.gov.uk/renewable
Australian Renewables including Wave Energy: www.greenhouse.gov.au/renewable/index.html
Danish Wave Energy: www.waveenergy.dk
European Wave Energy Research Network (EWERN):www.ucc.ie/ucc/research/hmrc/ewern.htm
European Wave Energy Thematic Network: www.wave-energy.net
World Wave Atlas: www.oceanor.no/projects/wave_energy
World Energy: www.worldenergy.org/wec-geis/publications/reports/ser/wave/wave.asp
11.2 References
EPRI Wave Power (WP) Reports are available on our website www.epri.com/oceanenergy/
1. WP-001-U.S. Guidelines of Preliminary Estimation of Power Production by Offshore
Wave Energy Conversion Devices, Dec 2003.
2. Tolman, H. L., 1991: A third-generation model for wind waves on slowly varying,
unsteady and inhomogeneous depths and currents. J. Phys. Oceanogr. , 21, 782-797
3. Tolman, H. L., 2002b: Validation of WAVEWATCH III version 1.15 for a global
domain. NOAA / NWS / NCEP / OMB Technical Note Nr. 213, 33 pp.
4. Tolman, 2002g: User manual and system documentation of WAVEWATCH-III version
2.22. NOAA / NWS / NCEP / MMAB Technical Note 222, 133 pp
5. EPRI-WP-012 Feasibility of Days-Ahead Output Forecasting for Grid Connected
Wave Energy Projects in Washington and Oregon, Dec 2007.
6. WP-004-U.S. Rev 1 Assessment of Offshore Wave Energy Conversion Devices, Jun
2004.
7. EPRI-WP- 011 Phase 1.5 California Wave Energy Report, Dec, 2006.
8. Ecological Effects of Wave Energy Development in the Pacific Northwest NOAA
Technical Memorandum NMFS-F/SPO-92, September 2008
9. Report to Congress “Potential Environmental Effects of Marine and HydrokineticEnergy
Technologies” Prepared in response to the Energy Independence and Security Act of
2007, Section 633(b) November 21, 2008
10. WP-002-U.S. Rev 4 Cost of Electricity (COE) Assessment Methodology for Offshore
Wave Energy Devices, Nov 2004.
11. WP-003-HI Results of Survey and Assessment of Potential Offshore Wave Energy Site
Locations in Hawaii, May 2004.
59

Offshore Ocean Wave Energy: A Summer 2009 Technology Status
12. WP-003-WA Results of Survey and Assessment of Potential Offshore Wave Energy Site
Locations in Washington, May 2004.
13. WP-003-OR Results of Survey and Assessment of Potential Offshore Wave Energy Site
Locations in Oregon, May 2004.
14. WP-003-ME Results of Survey and Assessment of Potential Offshore Wave Energy Site
Locations in Maine, May 2004.
15. WP-006-OR System Level Design, Preliminary Performance and Cost Estimate–Oregon,
Nov 2004
16. WP-006-HI System Level Design, Preliminary Performance and Cost Estimate–Hawaii,
Nov 2004.
17. WP-006-ME System Level Design, Preliminary Performance and Cost Estimate–Maine,
Nov 2004.
18. WP-006-MA System Level Design, Preliminary Performance and Cost Estimate–
Massachusetts, Nov 2004.
19. WP-006-SFa System Level Design, Preliminary Performance, and Cost Estimate–San
Francisco, California, Pelamis Offshore Wave Power Plant, Dec 2004 and WP-006-SFb
System Level Design, Preliminary Performance, and Cost Estimate–San Francisco
Energetech Offshore Wave Power Plant, Dec 2004.
20. “Forecasting the Future of Ocean Power” Greentech Media. October 2008
21. UKERC Marine (Wave and Tidal Current) Technology Roadmap, 2008
22. “The World Wave & Tidal Market Report 2009-2013", Douglas-Westwood
23. Climate Change Business Journal, January/February/March 2009 page 25
24. EPRI Marine and Hydrokinetic Energy RDD&D Prioritized Needs Report (not yet
published)
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The Utility Market Initiative was prepared by Pacific Energy Ventures on behalf of the Oregon Wave Energy Trust.

December 2009

Oregon WaveProject Database
Since March 2007, FERC has issued four preliminary permits for wave‐energy projects off the coast of
Oregon. Two permits were awarded to government entities and two permits were awarded to private
developers. All four permits are currently active and only one applicant has not yet filed a Notice of
Intent/Preliminary Application Document (NOI/PAD). As of December 2009, no applicant has submitted
a FERC Hydrokinetic License application.
Applicant

Project Location

NOI/PAD Filed

License
Application Filed

Douglas County Board of Commissioners

Winchester Bay

YES

NO

Tillamook County

NO

NO

Ocean Wave Energy Partners I, LLC

Coos Bay

YES

NO

Reedsport OPT Wave Park, LLC

Reedsport

YES

NO

Tillamook Intergovernmental
Development Entity (T.I.D.E.)

In addition to these four projects, Oregon State University (OSU) and the University of Washington were
awarded approximately US $6 million from the U.S. Department of Energy to develop the Northwest
National Marine Renewable Energy Center (NNMREC). OSU’s Hatfield Marine Science Center in
Newport will be home to the United States’ first Mobile Ocean Test Berth—a device that will allow
developers from around the world to test new technologies in Oregon’s coastal waters.
Figure 1. Location of Wave‐Energy Projects in Oregon

T.I.D.E. (Tillamook Co.)

NNMREC (Newport)

Reedsport OPT (Reedsport)
Douglas County (Winchester Bay)
Ocean Wave Energy Partners (Coos Bay)

Utility Market Initiative
Page 1

Douglas County Wave & Tidal Energy Power Project

Developer
Developer:
Contact:
Address:

Phone:

Douglas County Board of Commissioners
Ronald S. Yockim
430 SE Main St.
P.O. Box 2456
Roseburg, OR 97470
(541) 502‐6062

Project Details
Project Location:
Technology:
Capacity:
Project Footprint:
Transmission:
Energy Generation:
Grid Connection:
Power Purchaser:

Pacific Ocean, mouth of Umpqua River, Winchester Bay, Douglas County, OR
WaveGen Oscillating Water Column
1 ‐ 3 MW
not determined (both North and South Jetty locations are being studied for siting)
proposed 12.5 kV line and appurtenant facilities
average 700 ‐ 2,200 MWh per year
not determined
local utility, not determined

Project Status: Active
FERC Docket #:
Licensing Process:
Preliminary Permit Application
Preliminary Permit
Notice of Intent/Pre‐Application Document
License Application

P‐12743‐000
Traditional Licensing Process (TLP)
FILED on 9/20/2006; AMENDED on 11/16/2006
GRANTED on 4/6/2007; EXPIRES 4/1/2010
FILED on 5/23/2008
NOT FILED

Potential Environmental & Socioeconomic Effects
These issues were identified and will be studied prior to the final license application: (1) impacts to fish
and wildlife resources; (2) impacts to seabed and dune habitats; (3) impacts of construction and
maintenance operations; (4) impacts of electro and magnetic fields; (5) impact on pinnepeds haul out;
(6) potential noise impacts; (7) impact of the transmission line on terrestrial resources; (8) impact on
ESA listed species; (9) impact on surfing and attenuation of wave energy; (10) impact on national
security; (11) impacts on navigational safety; (12) aquaculture impacts; (13) decommissioning; and (14)
impact to aesthetic resources.
Utility Market Initiative
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Coos Bay OPT Wave Park

Developer
Developer:
Contact:
Address:
Phone:

Oregon Wave Energy Partners I, LLC
Charles F. Dunleavy
1590 Reed Road
Pennington, NJ 08534
(609) 730‐0400

Project Details
Project Location:
Technology:
Capacity:
Project Footprint:
Transmission:
Energy Generation:
Grid Connection:
Power Purchaser:

Pacific Ocean, Coos Bay, Coos County, OR
200 OPT 500 kW PowerBuoy® wave energy converters (currently under development)
100 MW
0.93 sq miles (593 acres)
proposed 13.8 kV line and appurtenant facilities
average 275 GWh per year
Pacific Power at Coos Bay North Spit Substation
local utility, likely PGE

Project Status: Active
FERC Docket #:
Licensing Process:
Preliminary Permit Application
Preliminary Permit
Notice of Intent/Pre‐Application Document
License Application

P‐12749‐000
Traditional Licensing Process (TLP)
FILED on 11/2/2006
GRANTED on 3/9/2007; EXPIRES 3/1/2010
FILED on 3/7/2008
NOT FILED

Potential Environmental & Socioeconomic Effects
These issues were identified and will be studied prior to the final license application: (1) potential effects
on cetaceans; (2) potential attraction of pinnepeds to the area; (3) electromagnetic fields; (4) seabird
collisions; (5) underwater noise/vibration; (6) direct effects to the benthic community from placement of
project components on the seabed; (7) changes to marine community composition and predator/prey
interactions; (8) macroalgae; (9) potential fluid leakage/spills during construction and installation; (10)
leachate from antifouling paint; (11) effect on marine recreation; (12) effect on navigational safety and
site security; (13) effect on commercial fishing; (14) aesthetic impact; (15) wave, current, and transport
issues; (16) impact on cultural resources; (17) economic effects; and (18) terrestrial effects.
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Reedsport OPT Wave Park

Developer
Developer:
Contact:
Address:
Phone:

Reedsport OPT Wave Park, LLC
Charles F. Dunleavy
1590 Reed Road
Pennington, NJ 08534
(609) 730‐0400

Project Details
Project Location:
Technology:
Capacity:
Project Footprint:
Transmission:
Energy Generation:
Grid Connection:
Power Purchaser:

Pacific Ocean, Reedsport, Douglas County, OR
14 OPT 150 kW PowerBuoy® wave energy converters
2.1 MW
0.25 sq miles (800 meters x 800 meters)
proposed 13.8 kV line and appurtenant facilities
average 414 MWh per year
Douglas Electric Cooperative at the Gardiner Substation
local utility, possibly PNGC

Project Status: Active
FERC Docket #:
Licensing Process:
Preliminary Permit Application
Preliminary Permit
Notice of Intent/Pre‐Application Document
License Application

P‐12713‐000
Traditional Licensing Process (TLP)
FILED on 7/14/2006
GRANTED on 2/16/2007; EXPIRES 2/1/2010
FILED on 7/2/2007
NOT FILED

Potential Environmental & Socioeconomic Effects
These issues were identified and will be studied prior to the final license application: (1) marine mammal
injury/entanglement/acoustic guidance; (2) effects of EMF on sharks, rays, salmon, and plankton; (3)
pinneped haul out; (4) impact of installation/removal on aquatic community; (5) mooring line fouling;
(6) alteration of seabed habitat; (7) impacts to seabirds (nesting, collisions, lighting); (8) oil leakage/spills
during construction/installation; (9) macroalgae; (10) effects of noise/vibration; (11) impacts on
recreation; (12) project lighting; (13) aesthetic impact; (14) impact on navigational safety; (15) effect of
transport moratorium (crabbing) and transit lanes; (16) impact of subsea cable; (17) impact on
commercial fishing; (18) erosion/accretion; (19) impact on cultural resources; (20) decommissioning;
(21) economic impacts/additional uses; (22) terrestrial effects.
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Oregon Coastal Wave Energy Project

Specific
Technology
Not Selected

Developer
Developers:
Contact:
Address:

Phone:

Tillamook Intergovernmental Development Entity (T.I.D.E.)
Green Wave Energy Solutions, LLC
Patrick Ashby, T.I.D.E.
c/o Tillamook People’s PUD
1 115 Pacific Avenue
Tillamook, OR 97141
(503) 842‐8535

Project Details
Project Location:
Technology:
Capacity:
Project Footprint:
Transmission:
Energy Generation:
Grid Connection:
Power Purchaser:

Pacific Ocean, Tillamook County, OR
5 to 90 buoys at each location: Nehalen, Kockaway, Garabaldi, Netarts, Netucci, Neskowin
20 ‐ 180 MW at each location
not determined
proposed 24.9 kV transmission line and appurtenant facilities
average 87.5 ‐ 790 GW‐h
not determined
local utility, not determined

Project Status: Active
FERC Docket #:
Licensing Process:
Preliminary Permit Application
Preliminary Permit
Notice of Intent/Pre‐Application Document
License Application

P‐13047‐000
Integrated Licensing Process (ILP)
FILED on 10/1/2007
GRANTED on 5/23/2008; EXPIRES 5/1/2011
NOT FILED
NOT FILED

Potential Environmental & Socioeconomic Effects
Detailed information on potential environmental and socioeconomic effects will be included in T.I.D.E.’s NOI/PAD.
To date, intervenors and commentators have expressed concerns with construction of the proposed project and its
impacts on commercial fisheries, communications infrastructure/cables, and ocean transit. Commentators also
expressed concern that the project could adversely impact protected avian species, fish, and marine mammals.
The U.S. Department of Interior provided a list of information to be obtained during the studies to address
potential impacts and requested that T.I.D.E. be required to consult with NOAA Fisheries, the U.S. Fish and Wildlife
Service (FWS), the National Park Service, any affected Indian Tribe or Nation, as well as any other relevant agency.
Utility Market Initiative
Page 5

Northwest National Marine Renewable Energy Center (NNMREC)
Mobile Ocean Test Berth (MOTB)

Developer
Developers:
Partners:
Contact:
Address:

Phone:

Northwest National Marine Renewable Energy Center (NNMREC)
Oregon State University; University of Washington; U.S. Department of Energy
Meleah Ashford, Program Manager
Oregon State University (OSU)
Northwest National Marine Renewable Energy Center (NNMREC)
College of Engineering
Corvallis, OR 97331‐2409
(541) 737‐6138

Project Details
NNMREC envisions potentially two Research, Development, and Demonstration (RD&D) facilities over the next five
years. The first project, the Mobile Ocean Test Berth (MOTB) will be completed in the next three years. The
second could be a grid‐connected, multi‐test berth facility, permanently secured to the ocean floor and a land‐
based utility system.
The MOTB will provide the critical infrastructure required to test and validate ocean energy devices. The MOTB
will consist of two test modules. Each test module will include a Power Analysis/Data Acquisition device and an
Adjustable Load Bank. Although NNMREC assumes that the modules will be utilized primarily off the coast of
Newport, the design allows for ‘portability,’ enabling relocation to any project site along the Oregon coast.
NNMREC assumes that one module will always be available at the Newport site for device testing.

Project Status: Active
NNMREC is working with local stakeholder groups to identify an optimum site location for the MOTB. The test
location will not require FERC licensing but will require other mandatory state and federal authorizations.
NNMREC is currently developing pre‐design and engineering specifications for the MOTB which should be
operational by 2011.

Potential Environmental & Socioeconomic Effects
In its NEPA analysis, NNMREC will study how the physical structure of the MOTB will impact the key ecosystem
components affected by wave energy development including marine mammals, seabirds, benthic ecosystems, and
fish and fisheries. Impacts to the physical environment (e.g., altered sediment transport patterns, altered near‐
shore currents) and the human environment (e.g., socioeconomic impacts on the Newport area) will also be
studied.
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Wave Resource Assessment
Wave Energy Resource Potential
In an effort to understand the persistence and variability of the wave resource, analysis was conducted
on 5 years of hourly data collected from NOAA buoy 46229 off the coast of Reedsport, Oregon. This
buoy was selected because of the quality of the data set. Although this buoy is in a water depth of 187
meters which is greater than expected for deployment of wave energy conversion devices, this data
provides a good introduction to the potential variability of the resource.
Ultimately, potential purchasers of the wave energy resource will want to see resource estimates
conveyed in kWh our MWhs. However, at this point there is not sufficient information about the
technologies to translate the resource potential into generation. Therefore, the hourly data from the
buoy is used to develop an estimate of the resource potential. Key caveats about the following
information.



The data is not a representation of power production, simply resource potential. Wave energy
technologies will not be able to extract the full amount of power represented.
Some peaks shown in the graphs will be softened because the technology will not be designed
to capture the peak power.
Figure 1

Approach to Estimating
Resource Potential
Resource potential analysis relies on
estimates of the energy in the wave
resource and of how much energy the
technology can extract. As stated above,
there is not sufficient publicly available
information at this time to determine the
amount of energy that the technology
can extract, but the information is
assumed to be privately held. However,
there are methods for estimating the
energy of the wave resource.
As described in Figure 1, the energy of the wave resource is conveyed through a concept called power
flux. Wave power density is defined as the flux of energy across a vertical plane intersecting the sea
surface and is calculated using the following formula 1.
Power Flux = .42(Wave Height^2)(Wave Period)

1

The 0.42 multiplier in the above equation is exact for any sea state that is well represented by a two-parameter Bretschneider spectrum, but
it could range from 0.3 to 0.5, depending on the relative amounts of energy in sea and swell components and the exact shape of the wave
spectrum.
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The energy content of waves is function of wave height and wave period.
•

Wave height is a measure of the amplitude of oscillation of water particles, in the vertical
direction with respect to a fixed point. The significant wave height is a commonly used term and
is approximately equal to the average height of the highest one-third of the waves.

•

Wave period is the time that elapses between successive peaks or troughs of a wave passing a
fixed point. Like wave heights, waves exhibit a range of periods. The zero up-crossing period is
one such commonly used term and is the average time interval
Figure 2.

Overview of Analysis in Subsequent Graphs
Annual Duration Curve - Arranges all hourly resource potential data from highest to lowest and assigns
a probability of occurrence.
Monthly Duration Curve - Arranges all hourly resource potential data gathered for that month from
highest to lowest and assigns a probability of occurrence.
Monthly Total Energy - Conveys the average resource potential for each month of the year and includes
the highest and lowest recorded resource potential by month.
Daily Energy - Conveys the average resource potential for each day of the year and includes the highest
and lowest recorded hour for each day.
Sample 24-hour periods - Hourly resource potential for sample days of the year. Includes a winter
storm, spring storm, summer storm and a typical summer day.
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This curve indicates the cumulative probability of achieving a certain level of resource potential.
•
•
•

100% of the time the resource potential is 1 kW/m or greater
50% of the time the resource potential is 20 kW/m or greater
20% of the time the resource potential is 50 kW/m or greater

Monthly Power Duration Curves (KW/m)
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Wave Energy Capacity Profile for Oregon:
Generation Forecast for 20092025
Objective
This document provides an approach for evaluating potential future wave energy development in Oregon.
The approach outlines the key drivers affecting the development of wave energy off the coast of Oregon and
makes a qualitative assessment of potential development levels under current, low and high scenarios. The
document is designed to help OWET understand the factors that will impact wave‐energy development and
to assist in making decisions about where to focus resources to spur growth in the industry. It is not intended
as a detailed or comprehensive quantitative analysis of the electricity market or the wave energy industry.
Under current financial and economic conditions, the industry will likely be able to site 250 MW of capacity
off the Oregon coast by the end of 2025. This analysis also indicates that if certain key factors are met, the
industry could site up to 500 MW of capacity. OWET may be able to spur growth by focusing its efforts in key
areas that both encourage development and are subject to external influence. These areas include (1)
supporting legislative actions to increase market demand for renewables; (2) supporting (or proposing)
federal and state tax incentives and price support mechanisms for wave energy; (3) participating in marine
spatial planning efforts to provide for clear siting protocols; (4) supporting (or initiating) efforts to streamline
state and federal regulatory processes affecting wave energy; and (5) supporting technology developers to
reduce the timeline to commercialization for WEC devices.

Forecast
The graph below includes a best‐estimate projection for the development of wave energy under three
scenarios: low growth, current and accelerated growth conditions. The factors influencing wave‐energy
development are described below, and the assumptions that informed the forecast are set out in Table 1.
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Figure 1: Forecast of Wave Energy Capacity in Megawatts i
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Factors Influencing Wave‐Energy Development
Market Considerations
Market Prices: The market prices for electricity on the West Coast depend on many factors including
natural gas prices, weather, and economic conditions. High electricity and natural gas prices will make
wave energy more attractive.
Economic Conditions: Refers to the overall health of the economy and financial markets. Economic
conditions determine the availability of financing and the overall demand for electricity in the market.
Market Demand for Renewables: National cap‐and‐trade and carbon tax legislation are under discussion.
Passage of either legislation would increase the value of non‐carbon resources and make wave energy
more attractive.
Federal Tax Incentives & Price Supports: Tax incentives and prices supports effectively reduce the cost of
energy. Increased incentives and price supports would make wave energy more price competitive.
Incentives and price supports that are specifically targeted to wave energy can improve wave energy
competitiveness relative to other renewable resources.
State Tax Incentives & Price Supports: Tax incentives and prices supports effectively reduce the cost of
energy. Increased incentives and price supports would make wave energy more price competitive.

Siting Considerations
Marine Spatial Planning: Federal and state efforts are underway to manage different uses in the ocean.
To the extent that these planning efforts determine the best sites for wave‐energy projects, that can
reduce risk and ease the development process for wave energy development.
Port Infrastructure: Wave‐energy projects require access to sufficient port infrastructure to support the
launch, operations, and maintenance of WEC devices.
Regulatory Process: The regulatory process is an important element associated with the development
and implementation of a wave energy project. However, the time and permit requirements associated
with the regulatory process impact the overall cost of energy. Efficient state and federal permitting
processes can reduce cost and risk to project developers.
Transmission Capacity: Sufficient transmission capacity will exist for approximately 650 MW build‐out of
wave‐energy projects by 2025.

Technology Considerations
Cost of WEC Technology & Pace of Development: The cost of WEC technology is considered on a per‐kW
installed capacity basis. Consensus on device design standards will speed‐up development and decrease
overall costs.
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Generation Planning/Capacity Value: The capacity value of a resource depends on the consistency of
resource performance throughout the year and the ability to accurately forecast resource output. To the
extent that wave energy can be accurately forecasted for extended time periods and perform
consistently, the value of the resource relative to other renewable resources will improve.
CCS Technology Development: Carbon capture and sequestration technology has not yet been proven. If
it is proven, is commercially viable and has Federal support, fossil‐fuel‐based generation may regain
favor, reducing the demand for renewable energy technologies.
Solar Technology Development: Solar technology is a competitor to wave energy in the renewable
energy market. Rapid growth or significant cost reductions in solar could negatively affect wave‐energy
development.
Viability of Nuclear Development: Nuclear technology could be a non‐carbon alternative to renewable
energy. Although no new nuclear plant has been brought online in the United States since 1996, the
political atmosphere may favor further development in the next decade reducing the demand for
renewable energy technologies.
Biomass Technology Development: Biomass technology is a competitor to wave energy in the renewable
energy market. Because biomass provides renewable baseload power, any increase in biomass
production reduces the potential demand for wave‐energy project output.
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Table 1: Forecast Assumptions

TECHNOLOGY CONSIDERATIONS

SITING CONSIDERATIONS

MARKET CONSIDERATIONS

LOW LEVEL OF WAVE
ENERGY

CURRENT

High electricity and gas prices;
low hydro output.

Highly variable;
cannot be
influenced.

Rapid economic recovery;
strong financial markets and
high demand for energy.
Cap‐and‐trade passed; high
carbon price; low % free
allocations. US RPS.

Highly variable;
cannot be
influenced.
Variable; may be
influenced.

PTC & ITC expire. Grants in lieu of
ITC are not renewed. No new
allocations to CREBs.

All existing incentives
renewed.

Variable; may be
influenced.

BETC disappears. No FIT or RPS
multiplier set for hydrokinetics.

All existing incentives
renewed.

Renewed and expanded PTC &
ITC; grants in lieu of ITC
renewed; new CREBs
allocations.
BETC unchanged; FIT and
multiplier set for
hydrokinetics.

Federal leadership lags. Major
data collection required before
development can begin.
Congress changes FERC/MMS
roles re: hydrokinetics.

MSP process continues
slowly with some
Federal leadership.
Status quo

Strong Federal leadership in
data collection.

Variable; may be
influenced.
Variable; can be
influenced.

POIs located far from strong Port
infrastructure and wave resource
and/or existing POIs require
upgrades.
Five years into a 25‐year
commercialization timeframe.

Approximately 600 MW
of transmission capacity
available.

Increased intrastate agency
cooperation; streamlined
federal/ state
communications.
POIs with high capacity
coincide with strong Port
infrastructure and wave
resource.
Five years into a 10‐year
commercialization timeframe.
Int’l standards established.

Forecast accuracy is poor and
only accurate 4‐8 hours in
advance. Resource performance
is inconsistent and unpredictable.
CCS technology proven and has
federal support.

Forecast accuracy and
performance similar to
other renewable energy
technologies.
CCS development
continues; no major
breakthroughs.

Forecast accuracy is high for
extended periods (e.g. 180
hours). Resource performs
consistently in all weather.
CCS development stymied and
politically unpopular.

Variable; can be
influenced.

Active solar development.
Permanent FIT is established for
solar.
New nuclear plants are permitted.
High‐level waste site determined.

Small growth in
commercial solar; no
permanent FIT.
Status quo

Solar development stymied;
no permanent FIT for solar.

Variable; cannot
be influenced.

No new nuclear development.
No waste site determined.

Variable; cannot
be influenced.

Active biomass development

Status quo

No strong development of
biomass

Variable; cannot
be influenced.

Depressed electricity and gas
prices; high hydro output.

Economic
Conditions

Poor economy; financing difficult
to acquire and low demand for
energy.
No national carbon tax, RPS, or
cap‐and‐trade legislation passed.

State Tax
Incentives &
Price Supports
Marine Spatial
Planning
Regulatory
Process/
Hurdles
Transmission
Capacity

Cost of WEC
Technology &
Pace of
Development
Generation
Planning/
Capacity Value
CCS
Technology
Development
Solar
Development
Nuclear
Development
Biomass
Development

ABILITY TO
INFLUENCE

Basic annual price
growth; average rainfall;
few extreme weather
events.
Slow market recovery;
some financing
available.
State‐by‐state RPS.

Market Prices
for Electricity
& Natural Gas

Market
Demand for
Renewables
Federal Tax
Incentives &
Price Supports

HIGH LEVEL OF WAVE
ENERGY

Five years into a 15‐year
commercialization
timeframe.
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Variable; may be
influenced.

Fairly constant;
can be
influenced.
Highly variable;
can be
influenced?

Variable; cannot
be influenced.

i

Low development assumes three 10‐MW projects are built beginning in 2016.
Current development assumes five 50‐MW projects are built beginning in 2014
High development assumes five 100‐MW projects are built beginning in 2013
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Consumer's Power, Inc.
Map Update: 11/24/09

Coastal Area Substations

Ver. 1.01
19-Aug-09
Substation

Clatsop
Knappa-Svensen
Fern Hill
Youngs Bay
Astoria
Warrenton
Lewis & Clark
Seaside
Cannon Beach
Tongue Point
Necanicum
Nehalem
Mohler
Garibaldi
T.C.C.A.
Tillamook
Hebo
Hebo
Nestuca
Wilson River
Trask RIver
Beaver
Tillamook No.3
Tillamook No.6
Boyer
Devils Lake
Grand Ronde
Toledo
Toledo-CPI
Bayview
Toledo-CL
G.P. Paper
Toledo West-CL
Lower Ollala
Mossy Lane
Steenson Rd
Siletz
Depoe Bay
Lincoln Beach
Otter Rock
Agate Beach
Newport
Nye Beach
Seal Rock
Yachats
Lundy

BPA
Transformer
T-Number

Nameplate
Capacity, MVA

Primary
Voltage, kV

Secondary
Voltage, kV

BPA
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC

T-608

75/100

115

WOEC
TPUD
TPUD
TPUD
TPUD
BPA
BPA
TPUD
TPUD
TPUD
TPUD
TPUD
TPUD
TPUD
PAC
PAC
PGE
BPA
BPA
CPI
CPI
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD
CLPUD

T-661

1.0

T-1585
Capacitors

280
32.4-MVAR

230
115
115
115
115
115
115
115
115
115
115
115
115
115
115
230
115
115
115
115
115
115
115
115
115
115
115
230
230
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69

Owner

T-1715_Bk-1
T-1627_Bk-2
Sw. Sta.

140/200
140/200

Sw. Sta.

1

12.5
24.9
24.9
24.9
24.9
115
115
20.8
20.8
24.9
12.5
12.5
24.9

69
69
69
12.5
12.5
12.5
12.5
12.5
69
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5

Wendson
Mapleton
Heceta
Kingwood
Florence
Berrydale
Tahkenitch
Gardiner
Gardiner-CL
Reedsport
Reedsport-CL
Lakeside
Hauser
Hauser-CL
Glasgow
Sumner
Fairview-CC
Fairview
Jordan Point
South Dunes
North Bend
State Street
North Bend Steam
Plant
Empire
Lockhart
Coos River
Isthmus
Coquille
Myrtle Point
Norway
Norwary-CC
Morrison
Bandon
Two Mile Road
Langlois
Langlois-CC
Elk River
Port Orford
Geisel Monument
Rogue
Gold Beach
Gold Beach
Pistol River
North Brookings
Parkview
Brookings
Harbor

BPA
BPA
BPA
CLPUD
CLPUD
CLPUD
CLPUD
BPA
BPA
BPA
CLPUD
BPA
CLPUD
CLPUD
BPA
CLPUD
CLPUD
CCEC
CCEC
BPA
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
BPA
CCEC
CCEC
BPA
BPA
BPA
BPA
CCEC
CCEC
BPA
CCEC
BPA
BPA
CCEC
CCEC
CCEC
CCEC
CCEC
CCEC

T-1453
T-1391_Bk-1
T-793_Bk-2

168
12/16/20
6/8

T-1671
T-1156_Bk-1
T-1051_Bk-2

140/200
22/29.9/37.3
12/16

T-962

6/8

Sw. Sta.

--

T-773

150/200/250

T-847

6/8

T-848_Bk-1
T-1100_Bk-2
T-1745
T-786

6/8
6/7.5
15/20/25
6/8

T-845

6/8

T-1639
Sw. Sta.

140/200
--

2

230
115
115
115
115
115
115
230
115
115
115
115
115
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Task 3.0 business model
Objective





Utilities and planning agencies understand the value and system effects of wave energy.
The wave energy industry appreciates the value and costs of the resource viewed by utility.
Effective business protocols are established between the utilities and wave energy industry.
Innovative policy recommendations are developed to remove financial barriers and costs.

Background
The Northwest utility market, much like other parts of the nation, is extremely complex and is served by
numerous utilities and policy bodies responsible for delivering reliable and cost effective electricity to
consumers. Wave energy is currently a more expensive means to generate electricity than other forms
of renewable energy, such as wind and biomass, and is similar in cost to solar. However, studies
conducted by EPRI and estimates made by technology developers show convincing arguments that the
cost of energy will decline as installed capacity increases. However, much like the early days of the wind
industry and other renewable energy technologies, the wave energy will require assistance to bridge the
gap from demonstration to commercialization. For this reason, more detailed review of the northwest
utility market, the value of wave power in this market, and evaluation of prices support and business
model alternatives is appropriate to assist developers and utilities in exploring this resource alternative.

Approach
The PEV team will provide easy to use and understand background material to facilitate collaboration
among the wave energy industry and the utility community.

Sub‐Tasks
3.1 State of the Industry
Report

3.1

3.2 Price Support
Mechanism

3.2.1 Market Review (International)
3.2.2 Price support Alternatives Analysis

3.3 Value of Wave Energy

3.3.1 Summary of Results
3.3.2 Model Documentation

3.4 Effective Business
Models and Protocols
3.5 International
Standards
Development

Summary of Deliverables

3.4

Utility Industry in Oregon

Business Protocols

3.5.1 Overview of International Standards
3.5.2 Marine Hydrokinetics Technical Standards (TC 114)
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Utility Industry in Oregon
Introduction
This report was prepared as part of the Oregon Wave Energy Trust’s Utility Market Initiative (UMI) to provide
an overview of the utility industry in Oregon, including regional policies and programs that affect renewable
energy development in the state. This report is not exhaustive; rather, it is intended as a primer on the
Northwest utility marketplace. It includes summary information on the Bonneville Power Administration
(BPA), the state’s utilities and other power‐generating entities, individual state renewable portfolio
standards, and other state policies and programs designed to support the growth of the renewable energy
industry in the Northwest. Links to detailed information on federal incentives as well as loans, grants, and
rebate programs in Washington, California, and Oregon appear in Appendices A through D.

Bonneville Power Administration
The Bonneville Power Administration (BPA) is a federal wholesale‐power‐marketing agency headquartered in
Portland, Oregon that operates under the U.S. Department of Energy. BPA sells power to utilities within its
service territory at cost‐based rates. 1 BPA’s electricity is generated at 31 federal hydroelectric dam projects,
one nonfederal nuclear plant, and several other small, nonfederal power plants. BPA’s service territory
includes Washington, Oregon, Idaho, western Montana, and small portions of California, Utah, Nevada, and
Wyoming. BPA also controls approximately 75% of the high‐voltage transmission infrastructure in its service
territory, servicing more than 15,000 circuit miles. 2 In all, BPA serviced 147 wholesale electricity customers in
2008, including six investor‐owned utilities, 29 public utility districts, 57 electric cooperatives, and 42
municipalities. Because BPA is a federal agency that operates as a wholesale power marketer, it is not
subject to any state’s renewable portfolio standard.
BPA's long‐term power‐sales contracts expire in December 2010. New 20‐year contracts post‐2011 will have
a tiered rate structure: Tier One will be the utility’s share of the cost‐based Federal Base System power and
Tier Two will be a market‐based rate product for a utility’s load growth beyond its allocation of the Federal
Base System. Utilities may opt‐in or opt‐out of Tier Two. If a utility opts out of Tier Two, the utility will be
responsible for meeting additional load growth by building capacity or through non‐BPA purchase contracts.
BPA Environmentally‐Preferred Power 3 : Environmentally Preferred Power is a renewable power product
offered by BPA. When BPA public‐power customers purchase Environmentally‐Preferred Power, an equal
amount of BPA system power is replaced with wind power. Therefore, the total amount of energy purchased
from BPA — and the total amount of energy delivered — is the same, but the composition of the energy
purchase changes.

1

www.bpa.gov/corporate
Bonneville Power Administration, 2008 BPA Facts, available at
http://www.bpa.gov/corporate/about_BPA/Facts/FactDocs/BPA_Facts_2008.pdf.
3
For general information on BPA’s renewable energy policies, see its brochure titled Renewable Energy: Together We’re
Making a Difference, available at http://bpa.gov/corporate/pubs/2008‐MAY_RenewablesBrochure.pdf.
2
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Utilities in Oregon
Investor‐Owned Utilities
Investor‐owned utilities (IOUs) are privately‐owned electric utilities whose stock is publicly traded. IOUs
either own generating facilities or purchase electricity from BPA or other wholesale suppliers for distribution
to retail customers. In Oregon, IOUs are regulated by the Oregon Public Utility Commission (OPUC or the
Commission) and operate under a rate structure that allows reasonable costs and a specified rate of return to
be recovered. Three investor‐owned utilities sell power to customers in Oregon: Pacific Power (PacifiCorp),
Portland General Electric (PGE), and Idaho Power Company. Each of these utilities is subject to the most
stringent requirements in Oregon’s Renewable Portfolio Standard (RPS). 4 From 2011‐2014, IOUs must meet
5% of retail consumers’ load requirement with qualifying renewable resources; from 2015‐2019, that amount
increases to 15%; from 2020‐2024, 20%; and in 2025 and beyond, 25% of retail loads must be met with
renewables.
The OPUC requires each IOU operating in Oregon to file an integrated resource plan (IRP) every two years.5
An IRP details the utility’s future long‐term resource needs, its analysis of the expected costs and associated
risks of the alternatives to meet those needs, and its action plan to select the best portfolio of resources to
meet those needs.
After filing, the Commission staff and the public have six months to file comments on the proposed IRP. The
OPUC must consider comments and recommendations on the IRP at a public meeting before it issues an
order on acknowledgment. The Commission may provide the IOU an opportunity to revise the IRP before
issuing an acknowledgment order. Once an IOU’s IRP has been acknowledged by the OPUC, the utility must
file annual updates that (1) describe the actions taken to implement the action plan to select the best
portfolio of resources, (2) provide an assessment of what changes have occurred that affect the action plan,
and (3) justify any deviations from the action plan.
Summaries of PacifiCorp’s and PGE’s integrated resource plans (IRPs) are included in Appendix A; other
information about these two utilities is included in the Utility Data Summary table below. 6
Green‐Power Purchase Programs 7 : The restructuring of the electricity industry in Oregon in 1999 and
subsequent changes in Oregon’s 2007 Renewable Energy Act require that PGE and PacifiCorp offer their
customers at least one renewable power option and allow their customers to elect a green‐power rate. The

4

Oregon’s RPS is codified at ORS §§ 469A.005 – 469A.210. The standards applicable to IOUs, are set out in ORS §
469A.052. The renewable portfolio standards for Oregon, California, and Washington are all described in detail later in
this report.
5
OAR 860‐027‐0400. The Eugene Water & Electric Board (EWEB, a municipal utility) and PNGC Power (a cooperatively
owned power service business providing power supply and other management services to 16 cooperative member‐
owned utilities) also prepare IRPs as part of their planning process; however, municipal utilities and electric cooperatives
are not mandated by state law to do so.
6
Details about Idaho Power Company were left out of this report because its sales constitute only a small percentage of
Oregon’s total load, and because its service territory extends only into the eastern portion of the state, far from
potential hydrokinetic generation facilities.
7
For an excellent analysis of retail green power purchase programs in the Northwest, see the Renewable Northwest
Project’s most recent Powerful Choices publication. This report referenced Powerful Choices VIII: A Survey of Retail
Utility Market Initiative
page 2

OPUC implemented regulations identifying three green power options for small customers. As of 2008,
Green Mountain Energy Company served as the energy retailer for two of the three green power products
offered to these classes of customers by PGE, and 3Degrees was the retailer for two of the three products
offered to these classes of customers by PacifiCorp. Both PGE and PacifiCorp also offer large commercial and
industrial customers one green power option, though it is not required by the legislation.

People’s Utility Districts
People’s Utility Districts (PUDs), sometimes referred to as Public Utility Districts, are publicly‐owned utilities
formed pursuant to a state’s constitution that provide electric service to customers located inside and
outside District boundaries. PUDs are governed by a Board of Directors that is elected within the District it
represents. Citizens of Oregon are serviced by six PUDs: Central Lincoln PUD, Clatskanie PUD, Columbia River
PUD, Emerald PUD, Northern Wasco County PUD, and Tillamook PUD. General information about each of
these entities is included in the Utility Data Summary below.
In 2007, Oregon’s PUDs serviced more than 110,000 customers and either purchased or generated a total of
4.521 GW of electricity. 8 Because each of Oregon’s PUDs is responsible for less than 1.5% of the state’s total
retail electricity sales, PUDs are not subject to a renewable generation requirement under the state’s RPS
until 2025. 9 By 2025, however, each PUD must integrate enough renewable resource capacity to meet at
least 5% of its load requirement.

Electric Cooperatives
Rural electric cooperatives (Co‐ops) are private, non‐profit distribution utilities organized under the laws of
the state and owned by the customers they serve. Co‐ops are governed by a locally‐elected board of
directors and are not rate‐regulated by the OPUC. Unlike PUDs and Municipal Utilities, rural electric
cooperatives are not government entities; they are private companies. As such, they do not have
governmental powers such as taxing authority or the ability to issue bonds.
Oregon's 18 electric cooperatives are distribution utilities serving approximately 10% of the state's electricity
consumers. The co‐ops are located in 32 Oregon counties. Collectively, their service territories cover 65% of
the state's geography and traverse some of its most rugged terrain with over 26,000 miles of distribution
lines. Co‐ops average 7 customers per line‐mile 10 compared to approximately 45 customers per line‐mile
serviced by PGE 11 .
Because each of Oregon’s co‐ops is responsible for less than 1.5% of the state’s total retail electricity sales,
the co‐ops are not subject to a renewable generation requirement under the state’s RPS until 2025. 12 By

Green Power Purchase Programs in the Northwest (2008), available at
http://www.rnp.org/Resources/PC8_report_final.pdf.
8
Oregon People’s Utility District Association (OPUDA), Operating Data and Statistics for the Year 2007, available at
http://www.opuda.org/2007%20OPUDA%20Data%20Stats%20Report.pdf.
9
ORS § 469A.055.
10
http://www.otec.coop/whatsACooperative.aspx.
11
OPUC, Oregon Investor‐owned Utilities: Seven‐Year Electric Service Reliability Statistics Summary, 2002‐2008 (July
2009), available at http://www.oregon.gov/PUC/safety/09reliab.pdf.
12
ORS § 469A.055.
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2025, however, each rural electric co‐op must integrate enough renewable resource capacity to meet at least
5% of its load requirement.

Municipal Electric Utilities
Municipal utilities are city‐owned utilities that are governed by either the local city council or a utility board.
In Oregon, municipal utilities are governed by (and granted authority through) ORS § 225. Because they are
entities of local government, municipal utilities are NOT eligible for state or federal tax credits for renewable
energy development. In Oregon, virtually all municipal utilities have their entire power requirement provided
by BPA. All municipal electric power contracts with BPA expire in December 2010. New 20‐year contracts
post‐2011 will have a tiered rate structure: Tier One will be the utility’s share of Federal Base System power
and Tier Two will be an incremental rate for a utility’s additional load growth beyond the Federal Base
System. Utilities may opt‐in or opt‐out of Tier Two. If a utility opts out of Tier Two, the utility will be
responsible for meeting the additional load growth by building capacity or through non‐BPA purchase
contracts. According to the Oregon Municipal Electric Utility Association (OMEUA), in 2011, all OMEUA
members will likely continue as load‐following customers for Tier One. OMEUA members will also likely
choose to buy Tier Two from BPA, particularly in early years. 13
Eugene Water & Electric Board (EWEB) is the largest municipal utility in Oregon and the only public utility
subject to renewable generation requirements consistent with the state’s investor‐owned utilities. EWEB
must meet 5% of retail consumers’ load requirements with qualifying renewable resources by 2011; from
2015‐2019, that amount increases to 15%; from 2020‐2024, 20%; and in 2025 and beyond, 25% of retail loads
must be met with renewables.
McMinnville Water & Light and Springfield Utility Board will be required to integrate enough renewable
generation capacity to meet 10% of their customers’ load by 2025. The rest of Oregon’s municipal utilities
will be required to meet 5% of their load with renewable resources by 2025. 14
Although municipal utilities are not required to file IRPs with the OPUC, EWEB participates in a similar
planning process called an Integrated Electric Resource Strategy and Action Plan (IERP). EWEB published its
most recent IERP Strategy in 2004 and its most recent Implementation Plan in 2006. 15

Other Power‐Generating Entities
Electricity Service Suppliers
Direct access regulations in Oregon provide retail electricity customers the option to purchase electricity
from an entity other than its distribution utility. Electricity service suppliers (ESSs) are entities that offer to
sell electricity services available pursuant to direct access to more than one retail electricity customer. These
companies sell electricity directly to non‐residential customers of either PacifiCorp or PGE within the IOUs’

13

http://www.oregon.gov/ENERGY/RENEW/REWG/docs/OMEUPresentation.pdf (OMEU Presentation).
OMEU Presentation, supra note 13.
15
EWEB’s 2004 Energy Resource Strategy and its Integrated Electric Resource Strategy, 2006 Implementation Plan can be
found at http://www.eweb.org/resources_. EWEB publishes more recent information regarding its activities and
facilities in its annual Facts & Figures publication, available at http://www.eweb.org/public/documents/ewebFacts.pdf.
14
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service territories. Electricity Service Suppliers must be certified by the OPUC 16 and must meet the
requirements applicable to the electric utilities that serve the territories in which the ESS sells electricity to
retail consumers.

Marketplace Considerations
Renewable Energy Credit (REC) Acquisition
RECs, also called “green tags” or “environmental attributes,” are tradable commodities that accompany the
generation of electricity from renewable energy facilities. Because electricity generated by one source is
indistinguishable from electricity generated by another source once it enters the grid, RECs serve to quantify
the environmental benefit of using renewable resources for generation. Each REC represents the emissions
avoided by producing one MW of electricity from a renewable energy facility. The REC can be “bundled” and
sold together with the one MW of electricity, or it can be “unbundled” and sold separately. Renewable
energy credit purchases give the owner the right to claim that he or she uses “renewable power” in
circumstances in which they cannot purchase electricity directly from a renewable energy project.
Commercial and industrial consumers may purchase RECs in multiple ways. They may purchase unbundled
RECs directly from the operator of a renewable energy facility, from a nonprofit organization like the
Bonneville Environmental Foundation, or from corporations like 3Degrees. They may also purchase bundled
electricity and RECs from an ESS or from a solar or wind facility not located on its premises. 17

16

The OPUC is required to certify ESSs under ORS § 757.649. OPUC guidelines and forms for ESS certification can be
found in OAR 860‐038‐0400 and on the Oregon state website at
http://licenseinfo.oregon.gov/index.cfm?fuseaction=license_seng&link_item_id=14034.
17
Under ORS § 757.005(1)(b)(C)(iii), only solar and wind facilities may sell electricity directly to commercial and
industrial customers through retail sales without being subject to regulation by the OPUC as a public utility.
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Oregon Renewable Portfolio Standards and Policies and Programs
Renewable Portfolio Standard 18 : Oregon’s Renewable Portfolio Standard (RPS) was passed by the state
legislature in 2007. Eligible electricity includes electricity generated from renewable resources including
solar, wind, hydropower, ocean thermal, wave, and tidal power, geothermal, hydrogen derived from
renewable sources, and biomass, including biogas. Electricity generated from the combustion of municipal
solid waste or chemically‐treated wood is not eligible. Eligible resources must be located within Western
Electricity Coordinating Council (WECC) territory or must be designated environmentally preferable by BPA.

Oregon Administrative Rule 860‐083‐0350 requires
each electric company to file an annual report with
the OPUC beginning June 1, 2012, demonstrating
compliance or explaining in detail its failure to
comply with the applicable RPS.
An electric
company that fails to meet its RPS requirement
may be assessed an alternative compliance payment,
required to pay a penalty, or both.

Legal Authority: ORS 469A.052
Definition: A large utility is one that makes sales to retail
customers totaling 3% or more of all retail electricity sales in
the state.
Utilities Included: PacifiCorp, PGE, and EWEB.

LARGE UTILITY RPS

The OPUC is charged with ensuring the Oregon's
IOUs are in compliance with the incremental goals
in the large utility RPS. The state's public utilities
are self‐regulated and report only to their
customers; the OPUC therefore has no power to
ensure the compliance or to enforce the non‐
compliance of EWEB.
Non‐IOU compliance
(including compliance of both EWEB and the state's
small electric utilities) must be monitored closely by
the Oregon Department of Energy and the public.

OREGON’S RPS

Years

% Retail Sales from
Renewables

2011 ‐ 2014
2015 ‐ 2019
2020 ‐ 2024
2025 and beyond

5%
15%
20%
25%

Legal Authority: ORS 469A.055
Definition: A small utility is one that makes sales to retail
customers totaling less than 3% of all retail electricity sales in
the state.
Utilities Included: All six People's Utility Districts in the state,
all eighteen electric cooperatives, and all twelve municipal
electric utilities except EWEB. Central Lincoln PUD, Clatskanie
PUD, Umatilla Electric Cooperative, McMinnville Water &
Light, and Springfield Utility Board must meet the 10%
requirement. All others must meet the 5% requirement.
SMALL UTILITY RPS

RPS compliance must be demonstrated through the
purchase of renewable energy credits (RECs)
through the Western Renewable Energy Generation
Information System (WREGIS). RECs may be either
bundled with, or purchased separately from,
electricity contracts. Unbundled RECs can only
meet 20% of a large utility's compliance obligation
and 50% of a large consumer‐owned utility's
obligation. RECs procured before March 31 of a
given year may be used for a previous year's
compliance, and RECs may be banked and carried
forward indefinitely for future compliance.

Years
2025 and beyond
2025 and beyond

18

Utility's % of
Total
State
Retail Sales
< 1.5%
1.5% > x > 3%

% Retail Sales
from
Renewables
5%
10%

Information on Oregon’s RPS obtained from the Oregon Department of Energy, Summary of Oregon’s Renewable
Portfolio Standard (Oct. 2007), http://www.oregon‐rps.org/ENERGY/RENEW/docs/Oregon_RPS_Summary_Oct2007.pdf,
and the Database of State Incentives for Renewables and Efficiency,
http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=OR22R&re=1&ee=1. See Appendix C for more
information on Oregon state incentives.
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Business Energy Tax Credit (BETC) 19 : Oregon’s Business Energy Tax Credit (BETC) provides a tax credit for
costs directly related to renewable energy project development, including permitting costs, equipment costs,
engineering and design fees, materials, supplies, installation costs, and loan fees. However, maintenance
costs are not eligible. Eligible technologies include solar heating, solar thermal electric, photovoltaics, landfill
gas, wind, biomass, hydroelectric, geothermal, cogeneration facilities, hydrogen, industrial waste, wave, and
fuel cells using renewable fuels.
In July 2007, the Oregon legislature increased the BETC to 50% of the total project cost for renewable energy
resource generation and high‐efficiency combined heat and power (CHP) projects (up to a maximum $10
million credit), and renewable energy equipment manufacturing facilities (up to a maximum $20 million
credit). Other projects are eligible for up to 35% of total project costs. The entire credit may be taken in one
year if eligible project costs do not exceed $20,000. 20 For other projects, the credit will be extended over five
years (10% per year) and any unused portion may be carried forward for an additional eight years. 21
Under the BETC’s pass‐through option, a project owner may transfer a tax credit to a pass‐through partner in
return for a lump‐sum cash payment (the net‐present value of the credit) upon completion of the project.
The pass‐through option allows non‐profit organizations, government agencies, tribes, and other public
entities without tax liability to take advantage of the BETC by transferring their tax credit for an eligible
partner with a tax liability. The BETC sunsets on January 1, 2016.
Small‐Scale Energy Loan Program 22 : Oregon’s Small‐Scale Energy Loan Program (SELP) was created in 1981
and is administered by the Oregon Department of Energy. The SELP provides 5‐ to 15‐year, low‐interest loans
to small‐scale energy projects that generally range from $20,000 to $20 million. Eligible projects include
those that use alternative fuels as well as those that produce energy from renewable resources such as
water, wind, geothermal, solar, biomass, waste materials, or waste heat. SELP loans are available to
businesses (e.g., public and private corporations, nonprofits, cooperatives), government entities (e.g.,
municipal, county, special districts, tribes), intergovernmental entities, and state and federal agencies.
Businesses that qualify for SELP loans often also qualify for Oregon’s BETC.
Energy Trust of Oregon, Open Solicitation Program 23 : In 1999, Oregon’s Electricity Restructuring Law, SB
1149, required PGE and PacifiCorp to assess their customers a 3% public purpose charge to support
renewable energy and energy‐efficiency programs in the state. The OPUC authorized the Energy Trust of
Oregon (ETO), an independent, nonprofit organization, to manage funds received from the 3% public purpose
charge and to create incentive programs through which the funds could be disbursed. In 2002, ETO launched
the Open Solicitation Program to support energy projects that do not have an established ETO incentive
program.

19

OAR 330‐090‐0105 to 330‐090‐0150. See Database of State Incentives for Renewables and Efficiency,
http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=OR03F&re=1&ee=1.
20
http://egov.oregon.gov/ENERGY/CONS/BUS/BETC.shtml.
21
Id.
22
OAR 330‐110‐0005; ORS § 470.050. See Database of State Incentives for Renewables and Efficiency,
http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=OR04F&re=1&ee=1.
23
See http://www.energytrust.org/grants/up/index.html; See also Database of State Incentives for Renewables and
Efficiency, http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=OR22F&re=1&ee=1.
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Currently, funding is available for innovative commercial technologies, including wave energy. ETO expects
that $2 million will be set aside each year for the program, an amount it expects will fund 4‐6 projects
annually. Projects must be located in the Oregon service territory of PGE or PacifiCorp, or must have a power
purchase agreement with one of the two. However, ETO does not fund any non‐grid connected projects.
Therefore, pre‐commercial activities including research, development, or demonstration projects are not
eligible for project funds.
Solar Incentive Bill 24 : Enacted in July 2009, Oregon’s solar incentive bill includes three key features: a pilot
feed‐in tariff, a RPS multiplier, and a carve‐out.
Pilot Feed‐In Tariff. The new legislation requires the OPUC to establish a pilot program for each electric
company to demonstrate the use and effectiveness of volumetric incentive rates and payments for electricity
delivered from solar photovoltaic energy systems that are installed by retail electricity consumers. The OPUC
must establish the pilot program prior to April 1, 2010.
A retail electricity consumer participating in a pilot program may receive payments based on the actual
electricity generated from solar photovoltaic energy system output for 15 years from the consumer’s date of
enrollment in the program, at rates or through a rate formula in a rate schedule established at the time of
enrollment. The consumer thereafter may receive payments based upon the actual electricity generated
from the qualifying system at a rate equal to the resource value.
RPS Multiplier. The solar incentive bill is the first legislation that implements an RPS multiplier in the state.
For each kWh of electricity produced from a qualifying solar photovoltaic system that generates at least 500
kilowatts and becomes operational before January 1, 2016, the electric company will be credited with two
kWh of qualifying electricity toward the company’s RPS requirement, up to a maximum of 20 MW of capacity.
RPS Carve Out. The solar incentive bill requires that at least 20 MW of solar generating capacity from
qualifying facilities be in place by January 1, 2020. 25 By that date, each electric utility is required to maintain
a minimum generating capacity from solar equal to 20 megawatts multiplied by the percentage of total
statewide retail electricity sales made by that utility in 2008.

24

The full text of HB.3039, Oregon’s Pilot Solar Feed‐In Tariff (as enrolled) is available at
http://www.leg.state.or.us/09reg/measpdf/hb3000.dir/hb3039.en.pdf.
25
Qualifying facilities must generate at least 500 KW; but no single project may be larger than 5 MW. See HB 3039,
Section 3(1). The full text of HB.3039, Oregon’s Pilot Solar Feed‐In Tariff (as enrolled) is available at
http://www.leg.state.or.us/09reg/measpdf/hb3000.dir/hb3039.en.pdf.
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Regional Renewable Portfolio Standards and Other State Policies and Programs
Washington
Renewable Portfolio Standard 26 : Washington's RPS passed by ballot initiative in 2006 and requires investor‐
owned utilities, municipal utilities, rural electric cooperatives, and public utility districts to obtain 15% of their
electricity from new renewable resources by 2020. Qualifying electricity includes electricity generated from
solar thermal electric, photovoltaics, landfill gas, wind, hydroelectric, geothermal electric, anaerobic
digestion, tidal energy, wave energy, ocean thermal, biodiesel (subject to specified standards), and biomass
(except combustion of municipal solid waste, wood
WASHINGTON'S RPS
treated with chemical preservatives, black liquor
byproduct from paper production, or wood from old
Legal Authority: Wash. Rev. Code § 19.285; Wash. Admin.
growth forests).
Code 480‐109
The Washington Utilities and Transportation Commission
(WUTC) and the Department of Community, Trade, and
Economic Development are charged with enforcing the
state's conservation and renewable resource targets.
Beginning in 2012, each utility subject to the RPS must
file a report with the WUTC and the Department of
Community, Trade, and Economic Development detailing
its progress toward meeting the RPS mandate. Failure to
meet the energy conservation or renewable energy
targets may result in a $50/MWh (inflation‐adjusted)
administrative penalty paid to the state of Washington.

Utilities Included: Investor‐owned utilities, municipal utilities,
rural electric cooperatives, and public utility districts. In all, 17
of the state's 62 utilities are subject to the RPS.

Years

%
Retail Sales from
Renewables

2012 ‐ 2015
2016 ‐ 2019
2020 and beyond

3%
9%
15%

California
Renewable Portfolio Standard 27 : California's RPS was passed in 2002. Eligible electricity includes electricity
generated from renewable resources including solar thermal electric, photovoltaics, landfill gas, wind,
biomass, geothermal electric, municipal solid waste conversion (not combustion), anaerobic digestion, small
hydroelectric, tidal energy, wave energy, ocean thermal, biodiesel, or fuel cells using renewable fuels.

26

Information on Washington's RPS obtained from the Database of State Incentives for Renewables and Efficiency,
http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=WA15R&re=1&ee=1. See Appendix D for more
information on Washington state incentives.
27
Information on California's RPS obtained from the Database of State Incentives for Renewables and Efficiency,
http://www.dsireusa.org/incentives/incentive.cfm?Incentive_Code=CA25R&re=1&ee=1. See Appendix E for more
information on California state incentives.
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Under the original formulation, the state's investor‐
owned electric utilities (but not local, publicly‐owned
utilities) were required to increase their sales of eligible
renewable‐energy resources by at least 1% percent per
year to reach 20% of retail sales by the end of 2010. The
20% by 2010 mandate is still in effect, but it has been
modified by the Governor's recent executive order. On
September 15, 2009, the Governor signed Executive
Order S‐21‐09, which increased the requirement to 33%
by 2020, and made the requirement apply to all utilities,
including publicly‐owned municipal utilities.

CALIFORNIA'S RPS
Legal Authority: Pub. Util. Code § 399.11 et seq.; Pub. Res.
Code § 25740 et seq.; Exec. Order S‐21‐09
Utilities Included: All investor‐owned utilities and all publicly‐
owned municipal utilities in the state.

Years

%
Retail Sales from
Renewables

2010 ‐ 2019
2020 and beyond

20%
33%

Prior to the Executive Order, the California Public Utilities Commission (CPUC) and the California Energy
Commission (CEC) were responsible for implementing and overseeing the RPS. The Executive Order shifted
that responsibility to the California Air Resources Board (CARB), requiring them to adopt regulations by July
31, 2010. Until the CARB regulations are adopted, the CEC and CPUC will continue serving in their current
roles to administer the 20% by 2010 standard.
The RPS Eligibility Guidebook published by the CEC describes the eligibility requirements and process for
certifying renewable resources as eligible for California's RPS and describes the Energy Commission’s
implementation of a tracking system to verify compliance with the RPS.
Small‐Scale Generation Feed‐In Tariffs 28 : California’s small‐scale generation feed‐in tariffs set the price at
which specified utilities are required to purchase electricity generated at small renewable resource facilities
in the state. The tariff was originally designed to support electricity generation by public water and
wastewater agencies in the state. In 2007, the California legislature expanded the tariff. The state now
requires its three major investor‐owned utilities (Pacific Gas & Electric, San Diego Gas & Electric, and
Southern California Edison) to offer both a full buy/sell option and an excess‐sale option to small, customer‐
owned renewable‐generation facilities in each tariff. Under the state’s RPS program, utilities may sign
contracts for renewable projects over 1.5 MW in size. The feed‐in tariffs are therefore intended for systems
smaller than the RPS minimum contract size of 1.5 MW. Projects of less than 1.5 MW that generate power
from solar thermal electric facilities, photovoltaics, landfill gas, wind, biomass, geothermal electric, municipal
solid waste conversion (not combustion), anaerobic digestion, small hydroelectric, tidal and wave energy
converters, ocean thermal, biodiesel, and fuel cells using renewable fuels are eligible under the tariff.
Eligible customer‐generators may enter into 10‐, 15‐, or 20‐year standard contracts with these utilities to sell
the electricity produced by renewable energy systems smaller than 1.5 MW at time‐differentiated, market‐
based prices. These prices are shown in the market‐price referent table in CPUC Resolution E‐4137. Unlike
feed‐in tariffs in Germany and Spain, the price is based on the value of electrical generation, but is not
intended to embed a subsidy or rebate in the price offering.

28

Information on California’s feed‐in tariffs obtained from the Database of State Incentives for Renewables and
Efficiency, http://www.dsireusa.org/incentives/index.cfm?re=1&ee=1&spv=0&st=0&srp=1&state=CA, and from the
California Public Utility Commission, http://www.cpuc.ca.gov/PUC/energy/Renewables/feedintariff.htm. See also Pub.
Util. Code § 399.20; Cal. Pub. Util. Commission Resolution E‐4137 (market‐price referent table); Cal. Pub. Util.
Commission Decision D.07‐07‐027.
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Oregon Utility Data Summary
ANNUAL LOAD

OREGON PEOPLE’S UTILITY DISTRICTS

33

OREGON
30
UTILITIES

INVESTOR‐OWNED

NAME & CONTACT INFO.
Pacific Power (PacifiCorp)
825 NE Multnomah
Portland, OR 97232
(888) 221‐7070
www.pacificorp.com
Portland General Electric (PGE)
P.O. Box 4404
Portland, OR 97232
(503) 464‐8000
www.portlandgeneral.com
Central Lincoln PUD
P.O. Box 1126
Newport, OR 97365
(541) 265‐3211
www.clpud.org
Clatskanie PUD
P.O. Box 216
Clatskanie, OR 97016
(503) 728‐2163
www.clatskaniepud.com
Columbia River PUD
P.O. Box 1193
St. Helens, OR 97051
(503) 397‐0590
www.crpud.net
Emerald PUD
33733 Seavey Loop
Eugene, OR 97405
(541) 746‐1583
www.epud.org

Avg.

Peak

RPS REQUIREMENT 29

PLANNING
PROCESS

2011

2015

2020

2025

66,707,000
31
MWh

Integrated
Resource
Plan (IRP)

5%

15%

20%

25%

23,184,000
32
MWh

Integrated
Resource
Plan (IRP)

5%

15%

20%

25%

1,312,197
34
MWh

270.5
35
MW

Board
Directors

of

1,068,889
34
MWh

113.8
35
MW

Board
Directors

of

512,677
34
MWh

0.09
35
MW

Board
Directors

of

455,482
34
MWh

110.6
35
MW

Board
Directors

of

29

NOTES

No interim targets

10%

BPA
full‐
requirements
customer

No interim targets

10%

Post‐2011 BPA
Slice customer

No interim targets

5%

BPA
full‐
requirements
customer

No interim targets

5%

Post‐2011 BPA
Slice customer

Oregon’s Renewable Portfolio Standard (RPS) is codified at ORS §§ 469A.005 – 469A.210. Applicable standards,
exemptions, compliance methods, and implementation plans are set out in ORS §§ 469A.050 – 469A.075.
30
IOUs are privately‐owned electric utilities, regulated by the OPUC, whose stock is publicly traded.
31
Data for 2008. PacifiCorp’s annual load includes total power generated in Utah, Oregon, Wyoming, Washington,
Idaho, and California. In 2008, Oregon represented 26% of PacifiCorp’s total retail sales: 54,362,000 MWh. Data from
PacifiCorp’s Form 10‐K 2008 Annual Report, available at
http://www.hoovers.com/free/co/secoutline.xhtml?ID=11142&ipage=6446376.
32
Data for 2008 from PGE’s Form 10‐K 2008 Annual Report, Item 7, available at
http://investors.portlandgeneral.com/annuals.cfm.
33
A People's Utility District (PUD) is a publicly‐owned utility formed pursuant to Chapter 291 of the Oregon
Constitution. PUDs provide electric service to customers located inside and outside District boundaries. PUDs are
governed by a Board of Directors that is elected within the District it represents.
34
2006 annual load information from Northwest Public Power Association, 2007‐2008 Northwest Electric Utility
Directory.
35
Oregon People’s Utility District Association (OPUDA), Operating and Data Statistics for the Year 2007, available at
http://www.opuda.org/2007%20OPUDA%20Data%20Stats%20Report.pdf.
Utility Market Initiative
page 11

OREGON ELECTRIC COOPERATIVES

36

OREGON PUDs

33

NAME & CONTACT INFO.
Northern Wasco Co. PUD
2345 River Road
The Dalles, OR 97058
(541) 296‐2226
www.nwasco.com
Tillamook PUD
P.O. Box 433, 1115 Pacific Ave.
Tillamook, OR 97141‐0433
(503) 842‐2535
www.tpud.org
Blachly‐Lane Electric Cooperative
P.O. Box 70
Junction City, OR 97448
(541) 688‐8711
www.blachlylane.coop
Central Electric Cooperative, Inc.
P.O. Box 846
Redmond, OR 97756‐0187
(800) 924‐8736
www.centralelectriccoop.com
Columbia Basin Electric Co‐op
171 Linden Way
Heppner, OR 97836‐0398
(541) 676‐9146
www.heppner.net/cbec
Columbia
Power
Co‐op
Association
311 Wilson Street
Monument, OR 97864
(541) 934‐2311
Consumers Power, Inc.
P.O. Box 1180
Philomath, OR 97370
(541) 929‐3124
www.consumerspower.org
Coos‐Curry Electric Cooperative
P.O. Box 1268, 43050 Highway 101
Port Orford, OR 97465
541‐332‐3931
www.cooscurryelectric.com

ANNUAL LOAD

RPS REQUIREMENT29

PLANNING
PROCESS

Avg.

Peak

2011

393,881
34
MWh

0.09
35
MW

Board
Directors

of

402,184
34
MWh

110.0
35
MW

Board
Directors

of

144,733
34
MWh

36.4
37
MW

Board
Directors

of

623,050
34
MWh

202.5
37
MW

Board
Directors

of

89,124
34
MWh

Board
Directors

of

24,198
34
MWh

Board
Directors

of

382,306
34
MWh

106.6
37
MW

Board
Directors

of

339,032
34
MWh

94.9
37
MW

Board
Directors

of

36

2015

2020

2025

NOTES

No interim targets

5%

BPA
full‐
requirements
customer

No interim targets

5%

BPA
full‐
requirements
customer

No interim targets

5%

PNGC
Member

No interim targets

5%

PNGC
Member

No interim targets

5%

No interim targets

5%

No interim targets

5%

PNGC
Member

No interim targets

5%

PNGC
Member

An electric cooperative is a private, non‐profit corporation organized under the laws of the state and owned by the
customers it serves. It is governed by a locally‐elected board of directors. Cooperatives are not rate‐regulated by the
Oregon Public Utility Commission. Unlike public utility districts and municipal utilities, electric cooperatives are not
government entities and do not have governmental powers such as taxing authority or the ability to issue bonds.
Cooperatives are private companies. Oregon's 18 electric cooperatives are distribution utilities serving approximately
10% of the state's electricity consumers. Electric cooperatives are located in 32 Oregon counties, covering 65% of the
state's geography and traversing some of its most rugged terrain with over 26,000 miles of distribution line.
Cooperatives average 7 customers per line‐mile.
37
Peak load from 2007, as reported in PNGC’s Corporate Profile,
http://www.pngc.com/documents/corporateProfile.pdf.
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OREGON ELECTRIC COOPERATIVES

36

NAME & CONTACT INFO.
Douglas Electric Cooperative
P.O. Box 1327, 1981 NE Stephens
Roseburg, OR 97470
(541) 673‐6616
www.douglaselectric.com
Harney Electric Cooperative
1326 Hines Blvd
Burns, OR 97720
(541) 573‐2061
www.harneyelectric.org
Hood River Electric Cooperative
P.O. Box 125
Odell, OR 97044
(541) 354‐1233
www.hrec.coop
Lane Electric Cooperative, Inc.
787 Bailey Hill Road, P.O. Box
21410
Eugene, OR 97402‐0407
(541) 484‐1151
www.laneelectric.com
Midstate Electric Cooperative
P.O. Box 127
La Pine, OR 97739
(541) 536‐2126
www.midstateelectric.coop
Oregon Trail Electric Consumers
Co‐op
P.O. Box 226
Baker City, OR 97814
(541) 523‐3616
www.otec.coop
Salem Electric
P.O. Box 5588, 633 7th St. NW
Salem, Oregon 97304‐0055
(503) 362‐3601
www.salemelectric.com
Surprise Valley Electric Corp.
Lakeview Highway, PO Box 691
Alturas, CA 96101
(530) 233‐3511
***no website available***
Umatilla Electric Cooperative
750 West Elm, PO Box 1148
Hermiston, OR 97838
(541) 567‐6414
www.ueinet.com
Umpqua Indian Utility
Cooperative
2371 NE Stephens St., Suite 500
Roseburg, OR 97470
(541) 677‐5569
www.cowcreek.com

ANNUAL LOAD
Avg.

Peak

151,597
34
MWh

46.7
37
MW

RPS REQUIREMENT29

PLANNING
PROCESS

2011

Board
Directors

of

145,530
34
MWh

Board
Directors

of

95,157
34
MWh

Board
Directors

of

227,835
34
MWh

Board
Directors

of

364,420
34
MWh

Board
Directors

of

659,510
34
MWh

Board
Directors

of

327,033
34
MWh

Board
Directors

of

Board
Directors

of

Board
Directors

of

807,173
34
MWh

72.4
37
MW

260.8
37
MW

20,903
34
MWh

2020

2025

NOTES

No interim targets

5%

PNGC
Member

No interim targets

5%

BPA
full‐
requirements
customer

No interim targets

5%

BPA
full‐
requirements
customer

No interim targets

5%

PNGC
Member; BPA
full‐
requirements
customer

No interim targets

5%

No interim targets

5%

No interim targets

5%

No interim targets

5%

No interim targets

10%

N/A
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2015

N/A

N/A

N/A

PNGC
Member

OREGON MUNICIPAL UTILITIES

38

OREGON CO‐OPs

36

NAME & CONTACT INFO.
Wasco Electric Cooperative
105 E. 4th St., P.O. Box 1700
The Dalles, OR 97058
(541) 296‐2740
www.wascoelectric.com
West Oregon Electric Cooperative,
Inc.
715 Maple St., P.O. Box 69
Vernonia, OR 97064
(503) 429‐3021
www.westoregon.org
City of Ashland Electric Dept.
90 N Mountain Ave.
Ashland, OR 97520
(541) 488‐5357
http://www.ashland.or.us/
City of Bandon Electric Dept.
P.O. Box 67
Bandon, OR 97411
(541) 347‐2437
http://www.ci.bandon.or.us/
Canby Utility
154 NW First Avenue
Canby, OR 97013
(503) 266‐1156
http://www.ci.canby.or.us/cityserv
ices/cityserv.htm#Water/Electric
Cascade Locks City Light
140 SW WaNaPa, P.O. Box 308
Cascade Locks, OR 97014
(541)374‐8484 x15
http://www.cascade‐locks.
or.us/services/electricity.htm
City of Drain
P. O. Box 158
Drain, OR 97435
(541) 836‐2417
http://www.354.com/drain/drainci
ty.htm

ANNUAL LOAD
Avg.

Peak

88,785
34
MWh

68,296
34
MWh

23.6
37
MW

PLANNING
PROCESS

Board
Directors

of

Board
Directors

of

RPS REQUIREMENT29
2011

2015

2020

2025

NOTES

No interim targets

5%

No interim targets

5%

PNGC Member

BPA
full‐
requirements
customer

178,000
34
MWh

City Council

No interim targets

5%

59,580
34
MWh

City Council

No interim targets

5%
BPA
full‐
requirements
customer

156,941
34
MWh

City Council

No interim targets

5%

20,719
34
MWh

City Council

No interim targets

5%

BPA
full‐
requirements
customer

20,250
34
MWh

City Council

No interim targets

5%

BPA
full‐
requirements
customer

38

Municipal utilities are city‐owned utilities that are governed by either the local city council or a utility board. In
Oregon, municipal utilities are governed by (and granted authority through) ORS § 225. Because they are entities of
local government, municipal utilities are NOT eligible for state or federal tax credits for renewable energy development.
In Oregon, virtually all municipal utilities are full‐requirements customers of the Bonneville Power Administration (BPA).
BPA’s long‐term‐sales contracts expire in December 2010. New 20‐year contracts post‐2011 will have a tiered rate
structure: Tier One will be the utility’s share of the Federal Base System; Tier Two will be either BPA or non‐BPA (build or
purchase contract) energy. According to the Oregon Municipal Electric Utility Association (OMEUA), in 2011, all OMEUA
members will likely continue as load‐following customers for Tier One. OMEUA members will also likely choose to buy
Tier Two from BPA, particularly in early years.
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NAME & CONTACT INFO.

ANNUAL LOAD
Avg.

Peak

PLANNING
PROCESS

4,293,620
39
MWh

550
39
MW

Board
of
Commissioners

RPS REQUIREMENT29

NOTES

2011

2015

2020

2025

5%

15%

20%

25%

Post‐2011 BPA
Slice customer

OREGON MUNICIPAL UTILITIES

38

Eugene Water & Electric Board

39

P.O. Box 10148
Eugene, OR 97440‐2148
(541) 685‐7000
www.eweb.org
Forest Grove Light & Power
1818 “B” Street, P.O. Box 326
Forest Grove, OR 97116
(503) 992‐3250
http://www.forestgrove‐or.gov
Hermiston Energy Services
750 W. Elm Ave., P.O. Box 1148
Hermiston, OR 97838
(541) 289‐2000
http://www.hermiston.or.us/en
ergyservices
McMinnville Water & Light
855 NE Marsh Lane
McMinnville, OR 97128
(503) 472‐6158
www.mc‐power.com
Milton‐Freewater
Light
&
Power
722 S. Main, P.O. Box 6
Milton‐Freewater, OR 97862
(541) 938‐8231
www.mfcity.com/electric/index.
html
City of Monmouth Power &
Light
401 N. Hogan Road
Monmouth, OR 97361
(503) 838‐3526
www.ci.monmouth.or.us
Springfield Utility Board
250 "A" Street, P.O. Box 300
Springfield, OR 97477
(541) 746‐8451
www.subutil.com

247,274
34
MWh

City Council

No interim targets

5%

BPA
requirements
(75%); Grant
County hydro
projects (25%)

105,150
34
MWh

City Council

No interim targets

5%

BPA
full‐
requirements
customer

874,216
34
MWh

Board
of
Commissioners

No interim targets

10%

BPA
full‐
requirements
customer

106,040
34
MWh

City Council

No interim targets

5%

BPA
requirements
customer
&
Grant County
hydro contract

66,103
34
MWh

City Council

No interim targets

5%

BPA
full‐
requirements
customer

772,765
34
MWh

Utility Board

No interim targets

10%

BPA
full‐
requirements
customer

EWEB: 2007 Facts & Figures, available at http://www.eweb.org/Public/documents/ewebFacts.pdf.
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Appendix A: Summary of PacifiCorp and PGE Integrated Resource Plans
PacifiCorp’s Integrated Resource Plan 40 :
PacifiCorp filed its 2008 IRP with state regulatory agencies in May 2009. The IRP preferred portfolio consists
of a diverse mix of resources including renewables, demand‐side management, gas‐fired resources, and firm
market purchases. The major resources for the 2009‐2018 planning period consist of the following:
•

Renewables: Wind (1,313 MW); Geothermal (35 MW); Major hydroelectric upgrades in 2012‐2014
(75 MW)

•

Demand‐side management: Energy efficiency (904 MW); Dispatchable load control (205‐325 MW)

•

Gas‐fired capacity in the 2014‐2016 period (831 MW)

•

Emissions‐free coal‐plant turbine upgrades (170 MW)

•

From 50 MW to 1,400 MW of annual firm‐market purchases, contingent on the timing and amounts
of long‐term resource acquisitions

According to the IRP, PacifiCorp is on pace to exceed the previous renewable resource amount identified in
its 2007 Renewable Energy Action Plan 41 (1,400 MW by 2015), and the amount identified in its 2007 IRP
Update report 42 (2,000 MW by 2013). The plan states that since 2005, PacifiCorp’s projected renewable
resource inventory has grown by 1,404 MW, accounting for existing resources and those under construction,
contract, or included in its capital budget. The incremental renewables identified in the 2008 IRP preferred
portfolio and action plan bring the target to about 2,040 MW by 2013. The projected renewable inventory
exceeds 2,540 MW by 2018, which represents 18.5% of PacifiCorp’s owned generation capability in that year.
PGE’s Integrated Resource Plan 43 :
PGE filed an IRP with the OPUC in June 2007 covering the years 2008 through 2015. It proposed additional
energy efficiency programs as well as renewable and demand‐side resources. It also proposed power
purchase agreements of varying terms and the acquisition of additional peaking capacity. The IRP Action Plan
proposed the following:
•

Continued development of the Bigelow Canyon wind project to provide a total maximum generating
capacity of 400 to 450 MW. Phase I and Phase II are complete. Phase III is expected to be completed
by the end of 2010.

40

The most current version of PacifiCorp’s 2008 IRP can be found on the company’s website at
http://www.pacificorp.com/Navigation/Navigation23807.html.
41
http://www.pacificorp.com/File/File74767.pdf.
42
http://www.pacificorp.com/File/File82304.pdf.
43
Information on PGE’s most recent IRP, filed with the OPUC in June 2007, was taken from PGE’s Form 10‐K Annual
Report filed with the Securities and Exchange Commission on February 25, 2009, available at
http://investors.portlandgeneral.com/secfiling.cfm?filingID=1193125‐09‐36730. The most current version of the IRP is
available on PGE’s website at
http://www.portlandgeneral.com/our_company/news_issues/current_issues/energy_strategy/2007_irp.aspx.
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•

Procurement of an additional 218 MWa of renewable power. Combined with Bigelow Canyon and
existing renewable resources, PGE expects to meet Oregon’s RPS.

•

Expansion of energy efficiency programs in partnership with the Energy Trust of Oregon (ETO). PGE
proposes to increase the amount of load met through efficiency measures by an additional 45 MW by
2012.

•

Purchase power agreements with five‐ to ten‐year durations, intended to reduce reliance on spot‐
market purchases, to help stabilize customer prices, and to meet electricity demand while giving new
technologies time to mature and become cost‐effective.

•

Acquisition of 100 MW of peaking capacity, through ownership or contract, to meet an increase in
forecasted winter and summer peak requirements and to facilitate the integration of variable wind
generation.

•

Seasonal capacity purchases of 508 MW.

The OPUC did not officially acknowledge PGE’s IRP, but found key elements of the plan to be reasonable and
directed PGE to proceed with a Request for Proposal (RFP) for up to 218 MWa of new renewable resources.
PGE issued the RFP in 2008 and developed a final short list of proposals in November, with negotiations to be
completed in 2009. PGE completed the construction of Phase II of Bigelow Canyon in August 2009 and the
construction of Phase III is underway. Also during 2008, PGE began evaluating proposals received in response
to an RFP issued for 50 MW of demand response measures, with agreements expected to be completed in
2009.
PGE anticipates that it will meet its 2011 renewable‐resource requirement under Oregon’s Renewable
Portfolio Standard (RPS) with existing or currently planned assets. PGE also expects that, with additional
resources included in its current planning process, it will meet the 2015 requirement. Subsequent years’
requirements will likely be met by acquiring additional renewable resources pursuant to its IRP process.
As requested by the OPUC, PGE updated its IRP to address resource requirements through 2020 and
submitted the draft for comment on September 4, 2009. 44

44

PGE’s press release regarding the draft filing is available on their website at
http://www.portlandgeneral.com/our_company/news_issues/news/09_04_2009_pge_draft_resource_plan_focus.aspx.
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Appendix B: Federal Incentives for Renewables & Efficiency 45
Financial Incentives
Corporate Depreciation
• Modified Accelerated Cost‐Recovery System (MACRS) + Bonus Depreciation (2008‐2009)
Corporate Tax Credit
• Business Energy Investment Tax Credit (ITC)
• Renewable Electricity Production Tax Credit (PTC)
Federal Grant Program
• Tribal Energy Program Grant
• U.S. Department of Treasury ‐ Renewable Energy Grants
• USDA ‐ Rural Energy for America Program (REAP) Grants
Federal Loan Program
• Clean Renewable Energy Bonds (CREBs)
• Qualified Energy Conservation Bonds (QECBs)
• U.S. Department of Energy ‐ Loan Guarantee Program
• USDA ‐ Rural Energy for America Program (REAP) Loan Guarantees
Industry Recruitment/Support
• Qualifying Advanced Energy Manufacturing Investment Tax Credit
Personal Tax Credit
• Residential Renewable Energy Tax Credit
Production Incentive
• Renewable Energy Production Incentive (REPI)

Rules, Regulations & Policies
Green Power Purchasing/Aggregation
• U.S. Federal Government ‐ Green Power Purchasing Goal
Interconnection
• Interconnection Standards for Small Generators

45

Information and links in Appendix B are taken from the Database of State Incentives for Renewables & Efficiency
(DSIRE), http://www.dsireusa.org/incentives/index.cfm?state=us&re=1&EE=1 . The DSIRE is an ongoing project of the
North Carolina Solar Center and the Interstate Renewable Energy Council (IREC). It is funded by the U.S. Department of
Energy’s Office of Energy Efficiency and Renewable Energy (EERE), primarily through the Office of Planning, Budget, and
Analysis (PBA). The site is administered by the National Renewable Energy Laboratory (NREL).
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Appendix C: Oregon State Incentives for Renewables & Efficiency 46
Financial Incentives
Corporate Tax Credit
• Business Energy Tax Credit
Industry Recruitment/Support
• Tax Credit for Renewable Energy Equipment Manufacturers
Production Incentive
• Northwest Solar Cooperative ‐ Green Tag Purchase
• Oregon Pilot Solar Feed‐in‐Tariff
Property Tax Exemption
• Renewable Energy Systems Exemption
Property Tax Financing Authorization
• Local Option ‐ Local Improvement Districts
State Grant Program
• Energy Trust ‐ Open Solicitation Program
State Loan Program
• GreenStreet Lending Program
• Small‐Scale Energy Loan Program

Rules, Regulations & Policies
Contractor Licensing
• Renewable Energy Contractor Licensing
Green Power Purchasing/Aggregation
• Portland ‐ Green Power Purchasing & Generation
Interconnection
• Interconnection Standards
Mandatory Utility Green Power Option
• Mandatory Utility Green Power Option

46

Information and links in Appendix C are taken from the Database of State Incentives for Renewables & Efficiency
(DSIRE), http://www.dsireusa.org/incentives/index.cfm?re=1&ee=1&spv=0&st=0&srp=1&state=OR. The DSIRE is an
ongoing project of the North Carolina Solar Center and the Interstate Renewable Energy Council (IREC). It is funded by
the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE), primarily through the Office
of Planning, Budget and Analysis (PBA). The site is administered by the National Renewable Energy Laboratory (NREL).
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Net Metering
• Ashland Electric ‐ Net Metering
• Oregon ‐ Net Metering
Public Benefits Fund
• Oregon Energy Trust
Renewables Portfolio Standard
• Renewable Portfolio Standard
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Appendix D: Washington State Incentives for Renewables & Efficiency 47
Financial Incentives
Production Incentive
• Chelan County PUD ‐ Sustainable Natural Alternative Power Producers Program
• Northwest Solar Cooperative ‐ Green Tag Purchase
• Okanogan County PUD ‐ Sustainable Natural Alternative Power Program
• Orcas Power & Light ‐ Production Incentive
• Washington Renewable Energy Production Incentives
Sales Tax Exemption
• Renewable Energy Sales and Use Tax Exemption

Rules, Regulations & Policies
Interconnection
• Interconnection Standards
Mandatory Utility Green Power Option
• Mandatory Utility Green Power Option
Net Metering
• Grays Harbor PUD ‐ Net Metering
• Washington ‐ Net Metering
Renewables Portfolio Standard
• Renewable Energy Standard

47

Information and links in Appendix D are taken from the Database of State Incentives for Renewables & Efficiency
(DSIRE), http://www.dsireusa.org/incentives/index.cfm?re=1&ee=1&spv=0&st=0&srp=1&state=WA. The DSIRE is an
ongoing project of the North Carolina Solar Center and the Interstate Renewable Energy Council (IREC). It is funded by
the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE), primarily through the Office
of Planning, Budget and Analysis (PBA). The site is administered by the National Renewable Energy Laboratory (NREL).
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Appendix E: California State Incentives for Renewables & Efficiency 48
Financial Incentives
Local Loan Program
• Berkeley ‐ Financing Initiative for Renewable and Solar Technology (FIRST)
• Palm Desert ‐ Energy Independence Program
• Sonoma County ‐ Energy Independence Program
Production Incentive
• California Feed‐In Tariff
Property Tax Financing Authorization
• Local Option ‐ Municipal Energy Districts
State Rebate Program
• Emerging Renewables Program

Rules, Regulations & Policies
Green Power Purchasing/Aggregation
• Davis ‐ Green Power Purchasing
• San Diego ‐ Green Power Purchasing
• San Francisco ‐ Renewable Energy Purchasing
• Santa Monica ‐ Green Power Purchasing
Interconnection
• Interconnection Standards
Net Metering
• California ‐ Net Metering
Public Benefits Fund
• Public Benefits Funds for Renewables & Efficiency
Renewables Portfolio Standard
• Renewables Portfolio Standard
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Information and links in Appendix E are taken from the Database of State Incentives for Renewables & Efficiency
(DSIRE), http://www.dsireusa.org/incentives/index.cfm?re=1&ee=1&spv=0&st=0&srp=1&state=CA. The DSIRE is an
ongoing project of the North Carolina Solar Center and the Interstate Renewable Energy Council (IREC). It is funded by
the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE), primarily through the Office
of Planning, Budget and Analysis (PBA). The site is administered by the National Renewable Energy Laboratory (NREL).
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Value of Wave Energy  Summary of Results
Project Goals
The purpose of this economic analysis is to demonstrate a reasonable approach to determine the value
and cost of wave power by publishing a working, open model that parties can craft to their own needs.
The main value of this work is to identify items that must be considered by utilities, policy‐makers and
developers to bridge the gap between market prices and anticipated costs, and to provide a
rudimentary framework for detecting, categorizing, and managing financial business drivers and risks.
This model's actual outputs for value and cost are of secondary importance because they are
assumption driven and much of the information is speculative (e.g. machine performance), considered
proprietary (e.g. technology), and/or will change over time (e.g. market price assumptions). It is
expected that users of this tool will modify assumptions based on their unique understanding of
technology, tariffs, politics and/or markets.

Cost to Produce
COST OF WAVE POWER
Capital Expenditures
Capital Structure
Cost of Capital
Operating Costs
Environmental and Externalities

STRATEGIES
Grants and Credits
Remove Barriers to Entry
Ownership
Guarantees
Reciprocal relationships
Asymmetrical perceptions of value

Price to Ratepayers
Feed‐In Tariffs
State actions
Market timing
Forecasting
Integration Advantages

Price of Resource Alternative
Value of Renewable Resource
Avoided Transmission
or Integration Costs
VALUE OF WAVE POWER
Market Value

Figure 1‐‐ A sample analytic framework
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This work is intended to be used as a framework for discussing cost and value between technology
companies, developers, and governmental bodies. Effort is best spent understanding the values and
costs assumed in the model and then researching and/or adjusting values and the model to match a
more specific circumstance based on the technology, site and other factors being pursued.

Definitions of Value and Cost
Value in this work is defined from the perspectives of both developers and utilities.
Utility's Value: The utility perspective takes the current forecasted market value of the energy and
Renewable Energy Certificates (RECs) being delivered to a western Oregon delivery point. It takes into
consideration when the energy is delivered by month and how much is delivered on heavy load hours
(HLH) or light load hours (LLH). This represents the price that the utility should be willing to pay
regardless of the source for the assumed energy and REC profile. Value is expressed in dollars per
megawatt‐hour (MWh).
Developer's Value: The developer's value is the utilities' value less direct external costs to deliver the
energy to the buyer. Direct external costs are those inputs provided by third parties to integrate and
deliver the power to the buyer on the grid, namely ancillary services and transmission costs. Value is
expressed in dollars per MWh.
Cost: Cost is expressed as the price of energy (including RECs) in dollars per MWh necessary to fully
fund all aspects of the project under a specific set of assumptions. This includes capital investments,
expenses (including integration and transmission), investment cost of capital, and retirement of debt
and equity. This is accomplished by calculating the level‐cost contract price that results in a balance
sheet value of zero in year 20, indicating that all investors are paid and the resource has been retired.
Two reference scenarios are provided to demonstrate the sensitivity of cost to large variables but they
should not be considered a full range of potential outcomes.

Major Assumptions
The value and cost scenarios share some base assumptions. The model assumes:
•
•
•
•
•

A 100MW wave farm with two hundred 500 kilowatt units deployed over two consecutive
summers. The project is stand‐alone with a company life of 20 years and an asset life of 15
years.
Construction and installation occurs in the middle of years three and four and the assets are
removed in year 19.
The technology has an average 35% capacity factor, annually each unit has a 10 day planned
outage, a forced outage rate of seven percent in winter months, and no diurnal shape.
Integration and Transmission rates and costs are all based on Bonneville Power Administration
practices and rate schedules. A wind balancing rate analog is modeled but not applied.
Return on Equity is assumed to be paid as a dividend and the company returns all capital
invested to shareholders and debt holders at the termination of the project.
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•

The dividend assumption is designed to provide an economic assessment of costs of a stand‐
alone project; it is not an operational representation as to how value will actually accrue to
equity investors.

The valuation work assumes the same Pacific Northwest Westside delivered forecasted prices as used in
the Draft Northwest Sixth Power Plan, published by the Northwest Power and Conservation Council with
Year One in the model corresponding to 2011 prices. Renewable Energy Certificate (REC) prices are
assumed to rise from $7.50 to $25.00 per MWh over the life of the project.
Cost scenario one assumes an installed cost of approximately $3,650 per kilowatt of nameplate capacity,
and no federal incentives, a 60% equity capital structure, and a cost of equity of 19.54%. The cost of
equity was established at 19.54% based on wind manufacturers (closest comparables) betas.
Cost scenario two assumes a per kilowatt nameplate capacity installed cost of $2,650, a 30% federal
grant, a 25% equity structure, and a cost of equity of 14%.
These assumptions can all be changed in the model to accommodate specific circumstances and user‐
defined scenarios.

Results and Comments 1
The flat price, 15‐year value of wave power to the utility is $124.05. This figure assumes an escalating
energy and REC price forecast throughout the project term. It also includes a 4.54% energy premium
due to the higher volumes of wave energy delivery in higher priced months versus a flat energy block
price. Odd‐lot effects are not considered.
The value to the developers is $114.46 which indicates an average $9.59 per MWh cost to integrate and
deliver energy. These costs include one point‐to‐point (PTP) transmission leg and the following ancillary
services:
• Scheduling, System Control and Dispatch
• Reactive Supply and Voltage Control from Generation Sources
• Operating Reserve ‐ Spinning Reserve Requirement
• Operating Reserve ‐ Supplemental
• Generation Imbalance
Costs may be lower if developers can self‐supply ancillary services economically, can forecast generation
well, or can avoid PTP charges. Costs may be higher if forecasting is poor or the equivalent of a Wind
Balancing Service is applied to wave projects.
The Scenario One cost is $476.44 per MWh. Bear in mind this scenario contains no federal incentives
and a conservative, costly capital structure. However, given the lack of knowledge concerning the
capital investment of installed capacity and operating costs it cannot be considered an upper limit to
how much wave power may cost.

1

All costs and value estimates are levelized nominal costs.
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The Scenario Two cost is $218.80 per MWh. This scenario assumes a federal incentive, a low per
kilowatt installed capital cost, an aggressive capital structure and lower cost of equity. This capital
structure and cost of equity most likely would only be attainable with significant risk assumption by
parties other than the developer (e.g. federal loan guarantees). Given the number and magnitude of
these aggressive assumptions this is probably a low‐probability scenario at this stage of technological
development and practical experience. Even so, it cannot be portrayed as a lower bound to the cost of
wave power as additional incentives, better operational metrics, and technology improvements could
alter the calculation substantially
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Value of Wave Energy  Summary of Results
Project Goals
The purpose of this economic analysis is to demonstrate a reasonable approach to determine the value
and cost of wave power by publishing a working, open model that parties can craft to their own needs.
The main value of this work is to identify items that must be considered by utilities, policy‐makers and
developers to bridge the gap between market prices and anticipated costs, and to provide a
rudimentary framework for detecting, categorizing, and managing financial business drivers and risks.
This model's actual outputs for value and cost are of secondary importance because they are
assumption driven and much of the information is speculative (e.g. machine performance), considered
proprietary (e.g. technology), and/or will change over time (e.g. market price assumptions). It is
expected that users of this tool will modify assumptions based on their unique understanding of
technology, tariffs, politics and/or markets.

Cost to Produce
COST OF WAVE POWER
Capital Expenditures
Capital Structure
Cost of Capital
Operating Costs
Environmental and Externalities

STRATEGIES
Grants and Credits
Remove Barriers to Entry
Ownership
Guarantees
Reciprocal relationships
Asymmetrical perceptions of value

Price to Ratepayers
Feed‐In Tariffs
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Market timing
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Value of Renewable Resource
Avoided Transmission
or Integration Costs
VALUE OF WAVE POWER
Market Value

Figure 1‐‐ A sample analytic framework
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This work is intended to be used as a framework for discussing cost and value between technology
companies, developers, and governmental bodies. Effort is best spent understanding the values and
costs assumed in the model and then researching and/or adjusting values and the model to match a
more specific circumstance based on the technology, site and other factors being pursued.

Definitions of Value and Cost
Value in this work is defined from the perspectives of both developers and utilities.
Utility's Value: The utility perspective takes the current forecasted market value of the energy and
Renewable Energy Certificates (RECs) being delivered to a western Oregon delivery point. It takes into
consideration when the energy is delivered by month and how much is delivered on heavy load hours
(HLH) or light load hours (LLH). This represents the price that the utility should be willing to pay
regardless of the source for the assumed energy and REC profile. Value is expressed in dollars per
megawatt‐hour (MWh).
Developer's Value: The developer's value is the utilities' value less direct external costs to deliver the
energy to the buyer. Direct external costs are those inputs provided by third parties to integrate and
deliver the power to the buyer on the grid, namely ancillary services and transmission costs. Value is
expressed in dollars per MWh.
Cost: Cost is expressed as the price of energy (including RECs) in dollars per MWh necessary to fully
fund all aspects of the project under a specific set of assumptions. This includes capital investments,
expenses (including integration and transmission), investment cost of capital, and retirement of debt
and equity. This is accomplished by calculating the level‐cost contract price that results in a balance
sheet value of zero in year 20, indicating that all investors are paid and the resource has been retired.
Two reference scenarios are provided to demonstrate the sensitivity of cost to large variables but they
should not be considered a full range of potential outcomes.

Major Assumptions
The value and cost scenarios share some base assumptions. The model assumes:
•
•
•
•
•

A 100MW wave farm with two hundred 500 kilowatt units deployed over two consecutive
summers. The project is stand‐alone with a company life of 20 years and an asset life of 15
years.
Construction and installation occurs in the middle of years three and four and the assets are
removed in year 19.
The technology has an average 35% capacity factor, annually each unit has a 10 day planned
outage, a forced outage rate of seven percent in winter months, and no diurnal shape.
Integration and Transmission rates and costs are all based on Bonneville Power Administration
practices and rate schedules. A wind balancing rate analog is modeled but not applied.
Return on Equity is assumed to be paid as a dividend and the company returns all capital
invested to shareholders and debt holders at the termination of the project.
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•

The dividend assumption is designed to provide an economic assessment of costs of a stand‐
alone project; it is not an operational representation as to how value will actually accrue to
equity investors.

The valuation work assumes the same Pacific Northwest Westside delivered forecasted prices as used in
the Draft Northwest Sixth Power Plan, published by the Northwest Power and Conservation Council with
Year One in the model corresponding to 2011 prices. Renewable Energy Certificate (REC) prices are
assumed to rise from $7.50 to $25.00 per MWh over the life of the project.
Cost scenario one assumes an installed cost of approximately $3,650 per kilowatt of nameplate capacity,
and no federal incentives, a 60% equity capital structure, and a cost of equity of 19.54%. The cost of
equity was established at 19.54% based on wind manufacturers (closest comparables) betas.
Cost scenario two assumes a per kilowatt nameplate capacity installed cost of $2,650, a 30% federal
grant, a 25% equity structure, and a cost of equity of 14%.
These assumptions can all be changed in the model to accommodate specific circumstances and user‐
defined scenarios.

Results and Comments 1
The flat price, 15‐year value of wave power to the utility is $124.05. This figure assumes an escalating
energy and REC price forecast throughout the project term. It also includes a 4.54% energy premium
due to the higher volumes of wave energy delivery in higher priced months versus a flat energy block
price. Odd‐lot effects are not considered.
The value to the developers is $114.46 which indicates an average $9.59 per MWh cost to integrate and
deliver energy. These costs include one point‐to‐point (PTP) transmission leg and the following ancillary
services:
• Scheduling, System Control and Dispatch
• Reactive Supply and Voltage Control from Generation Sources
• Operating Reserve ‐ Spinning Reserve Requirement
• Operating Reserve ‐ Supplemental
• Generation Imbalance
Costs may be lower if developers can self‐supply ancillary services economically, can forecast generation
well, or can avoid PTP charges. Costs may be higher if forecasting is poor or the equivalent of a Wind
Balancing Service is applied to wave projects.
The Scenario One cost is $476.44 per MWh. Bear in mind this scenario contains no federal incentives
and a conservative, costly capital structure. However, given the lack of knowledge concerning the
capital investment of installed capacity and operating costs it cannot be considered an upper limit to
how much wave power may cost.

1

All costs and value estimates are levelized nominal costs.
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The Scenario Two cost is $218.80 per MWh. This scenario assumes a federal incentive, a low per
kilowatt installed capital cost, an aggressive capital structure and lower cost of equity. This capital
structure and cost of equity most likely would only be attainable with significant risk assumption by
parties other than the developer (e.g. federal loan guarantees). Given the number and magnitude of
these aggressive assumptions this is probably a low‐probability scenario at this stage of technological
development and practical experience. Even so, it cannot be portrayed as a lower bound to the cost of
wave power as additional incentives, better operational metrics, and technology improvements could
alter the calculation substantially
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Value of Wave Energy  Model Documentation
1. Model Documentation
1.1. Introduction
The centerpiece of the value and cost calculation is an Excel 2003‐compatible financial model that
uses multiple sheets. References are cited for information provided by third parties that was
sufficiently generic for use in the model. In many cases information is simply not available
publically. In other cases, particular assumptions would be clearly representative of a particular
technology which would violate a technology‐neutral look at wave power. Therefore, in most cases
assumptions are based on experience, rules of thumb, and/or forecasted market values. The intent
is to arrive at a reasonable starting point for discussing value and costs so that policies can be
explored and an eventual contractual middle‐ground can be reached.
There are two versions of the model: one for valuation that assumes recent forecasted market
prices and a second version that changes the market price to a breakeven point in order to
determine the cost of the project. The two methodologies are best accommodated by using
different versions of the same basic model. Differing assumptions between the models are
identified and explained where appropriate in the documentation.
1.1.1. Using the Model
The model is a typical excel workbook and does not employ any macros. Each sheet in the
workbook represents a set of factors that feed into the valuation model. There are four colors
that are explained on the KEY sheet: input cells (green), calculated cells (blue), exported cells
(yellow) and imported cells (red). Of most importance are the user‐defined green fields which
are the user‐defined assumptions. Some cells have two colors which indicate that multiple
operations are affecting a cell. For instance, a blue‐yellow cell signifies a calculation is taking
place in the cell, the value of which is referenced in (or exported to) another sheet.
The documentation assumes that users have a working knowledge of excel functions. For those
users interested in probabilistic outcomes, the model can be easily adapted to Excel simulation
add‐ons such as @RISK.
1.2. Assumptions
There are several overarching assumptions that are relevant across the entire workbook. These
assumptions drive many of the more detailed assumptions in the spreadsheet. Detailed
assumptions are made and described in the model documentation section.
Changes to any of the core assumptions require a systematic and holistic inspection of the model by
the user and careful audit of all inputs. This should be possible by one with modest skills in Excel
1.2.1. Project Assumptions
The model assumes a 100MW wave farm with two hundred 500kw units deployed over two
consecutive summers. Changing the scope of the project will have far‐reaching repercussions to
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other portions of the model, for example how many employees are needed to service
equipment and how many boat‐days are necessary each month.
The project assumes a stand‐alone company life of 20 years and an asset life of 15 years.
Construction and installation occurs in the middle of years three and four and the assets are
removed in year 19. When assets are deployed or removed changes when certain expenses will
be experienced.
1.2.2. Return on Equity
A major assumption in determining the cost of wave power is that Return on Equity is paid as a
dividend and that the company returns capital to investors (shareholders and bondholders alike)
at the termination of the project. In reality this is highly unlikely to happen (especially in the
short‐term with debt covenants), but this form of modeling assures that there is not a massive
amount of retained earnings accumulating in the company that will cause incentive‐providers to
balk and simultaneously protects the expected return for investors who are absorbing the
uncertainty in the project. There is more on this assumption and related assumptions in the
FUNDING and COST CAP sheets.
1.2.3. Rates
Integration and Transmission rates and costs are all based on Bonneville Power Administration
practices and Schedules.
1.3. Value Inputs and Calculations
Value is the first focus of the model because Value is a subset of information that also affects cost of
the project. The ten sheets that substantially contribute to the value calculation are:
•
•
•
•
•
•
•
•
•
•

COST CAP,
RESOURCE&ABSORBER,
PRICES,
CONNECT,
GEN IMB,
ANCILLARY,
TRANSMISSION,
OPEX&COR,
REVENUE, and
VALUE,

1.3.1. COST CAP sheet
The Cost of Capital sheet contains assumptions about the cost of capital, discount rates and
capital structure of the wave project. These assumptions permeate almost all portions of the
workbook and substantially influence the economics of the project.
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1.3.1.1.

Weighted Average Cost of Capital

A weighted average cost of capital (WACC) calculation is often performed in order to value a
firm. In this case, the calculation is suggesting a WACC for those parties interested, but
more importantly to supply WACC‐based inputs for use elsewhere in the spreadsheet.
WACC is typical defined as:
WACC=y*c+x*i*(1‐t), where
y = portion of equity in the capital structure,
c = cost of equity (after tax),
x = portion of debt in the capital structure,
i = cost of debt,
t = tax rate.
The portion of debt in the capital structure is an input field (cell E29); the equity percentage
(cell E30) is calculated as the remainder. The model assumes a 60% equity, 40% debt
project based on capital market conditions in mid‐2009. As these are atypical market
conditions, this figure may fluctuate widely between now and the time that an actual
project is launched. Historically, leverage could be as high as 70‐80% particularly with
proven technologies and long term purchase agreements with high‐quality credit regulated
utilities, but even proven wind technologies faced Debt to Equity ratios of near one i before
the Financial Crisis of 2008.
The cost of equity is described two section below, and the tax rate was imported from the
TAXES worksheet.
The cost of debt was assumed to be the corporate 20‐year A‐rated composite bond index. ii
Assuming the above factors, the WACC for the project is 13.3%
1.3.1.2.

Risk Free Rate

The risk free rate is defined as the 10‐Year Treasury yield which at the time of the initial
worksheet design was 3.50%. This figure is instrumental in determining the Cost of Equity
and is also used elsewhere in the workbook to discount cash flows as an appropriate
opportunity cost.
1.3.1.3.

Cost of Equity

The cost of Equity is the market risk premium times the equity's Beta plus the risk free rate.
The Beta was determined by using two the closest comparables for which data could be
found: wind manufacturers Vesta Wind Systems and Nordex AG. Their average Beta is
1.91. iii
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The cost of equity in this project could vary widely depending on the contract price, the
maturity of the technology, the amount of financial leverage desired, and project risk
sharing arrangements with other parties.
The market risk premium is the 1926‐2002 average risk premium of 8.4%. iv This is a
relatively high figure versus other periods that have been calculated. v
Based on these assumptions, the cost of equity is 19.5%.
1.3.1.4.

Transmission Builder's Cost of Capital

The Transmission Builder's Cost of Capital is used to determine the total capitalized cost of
investments made by the transmission provider, in particular the interest incurred, on
behalf of the developer. Keeping in mind that BPA is a Federal Agency with special
accounting rules, BPA's cost of capital of 3.94% was determined by adjusting debt figures
from the annual report and then dividing the interest expense by the adjusted total debt
figure. vi Note that this is an average cost of capital and not a project‐ or asset‐specific cost
of capital.
1.3.1.5.

Inflation Rate

The inflation rate is used throughout the workbook to forecast increases in costs. This
means that the pro forma financials are in nominal and not real dollars. An average inflation
rate of 2.82% from the 1999‐2008 Consumer Price Index (CPI) was used. vii
1.3.2. RESOURCE&ABSORBER sheet
The Resource and Absorber sheet contains information about the resource, the generating
characteristics of the machine exploiting the resource, and resulting calculations of energy (and
REC) production by month by Heavy‐Load Hours (HLH or on‐peak) and Light‐Load Hours (LLH or
off‐peak).
The following subsections are in order of what can be seen in the sheet from top to bottom.
1.3.2.1.

Nameplate Capacity per Unit

This is an input field that captures the nameplate capacity of the units in the project. The
number is expressed in kilowatts (kW). 500 kW was assumed based on the size of units
currently being contemplated in the marketplace by manufacturers, though there is a wide
range above and below this figure. The model does not accommodate multiple
technologies or capacities without alteration.
1.3.2.2.

Number of Units Operational

This input field shows the number of units assumed to be deployed and generating on a
month by month basis. The analysis assumes crews (and two workboats later on in the
model) working in May and June of Year 3 but actual connection of the first 20 units
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occurring on July 1. The build‐out is also not as aggressive in Year 3 as in Year 4 as a learning
curve is expected, and there are no deployments in the winter as it is assumed that the
weather is too rough for plant build‐out during the resource‐peak season. Maintenance and
Repair work does take place in the winter at a more intensive pace.
1.3.2.3.

Unit Deployments; calculated field

Unit deployments is a calculated field that makes it easier to see the incremental additions
of units from month to month.
1.3.2.4.

Plant Nameplate Capacity

This calculated field multiplies the number of operational units times the capacity per unit
to give a plant total nameplate capacity in megawatts (MW).
1.3.2.5.

Maintenance Schedule

The maintenance schedule is the average number of units offline each month. This affects
plant generation and other overhead costs, so it is an important factor to determine. It is
assumed that all units need a 10‐day maintenance each summer and all units cycle through
maintenance once per year. A figure of 17 units off‐line for a month actually means that
roughly 17 (units on average) * 3 (30 days per month/10 days per unit turnaround) =51 units
are actually serviced in the time period referenced.
1.3.2.6.

Mean Resource

Figure 2‐‐ Mean Resource from Coquille RiverMon
Buoy
th Data 1984‐1996

1.3.2.7.

Resource Percent of Mean Resource
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The mean resource is an input field assumed to be the average kW/m readings from the
Coquille buoy that was in 64 meters of water off the coast of Oregon. This site was selected
for its representative depth and the time in service. viii
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This is a calculated field that normalizes the resource for further calculations; an average
monthly resource is established herein as 100% or 1.
1.3.2.8.

Annual Expected Capacity Factor

This is an input field that captures the monthly average capacity factor of the unit over the
period of a year. This is defined as the average hourly amount of energy generated for the
year divided by the nameplate capacity of the project. For example, if 28 MW per hour on
average are produced by the project and the nameplate capacity of the project is 100 MW,
then it would be described as 28/100 = .28 or 28%. The base case assumes a 35% capture of
the resource for all years and account for deviations from this figure through scheduled and
forced outages and monthly resource capture rates.
1.3.2.9.
Monthly Capacity Factor
The monthly capacity factor is a calculated field that multiplies the percent of mean
resource times the annual expected capacity factor to arrive at a monthly capacity factor for
the project. In essence, this is backing into an energy production schedule by doing these
calculations in this manner. There is room for improvement for this methodology by
incorporating more granularity with specific unit knowledge and how the technology
interacts with various sea states.
1.3.2.10.

Forced Outage Rate

The forced outage rate is the percent of time that the project is out of service after
accounting for scheduled maintenance. This is an aggregate project number and includes
both partial and full outages. This figure also accounts for outages due to very high‐energy
sea states when units de‐rate themselves or go into a survival mode, explaining the high
variability of this figure from winter (7%) to summer months (1%).
1.3.2.11.

Monthly Peak Generation

To the right of the large, calculated field is a small input field. The input field is the
maximum generation one can expect from the resource for a single hour on a monthly basis.
Although these monthly calculated fields are not currently used elsewhere in the workbook
for determining cost or revenue, they could be under some scenarios, especially if rate
structures change. The annual figure is used for determining the amount of firm annual
transmission purchased and is exported to the TRANSMISSION sheet.
1.3.2.12.

Hours per Month

To the right of the large, calculated field is a small input field for entering the numbers of
days per month. These figures are multiplied by 24 to arrive at the number of hours per
month. Note that leap years are not included.
1.3.2.13.

HLH per Month
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Every hour of the year is defined as a Heavy‐Load or Light Load Hour (HLH and LLH). The
calculated small field to the right of the larger calculated field determines the HLH to Total
Hours ratio. Heavy Load Hours are Monday through Saturday from 6 a.m. to 10 p.m. except
NERC holidays. ix For those months with NERC holidays, the average occurrence of the
holiday coinciding with a weekday is assumed if the holiday can fall on any day of the week.
In the cases of Labor Day, Memorial Day and Thanksgiving, the full 16 hours are deducted
from HLH hours. When actual years are used these figures can be updated with the actual
NERC schedule (an leap year) information. The larger field is calculated by multiplying the
ratios established to the right and multiplying by the total hours.
Though it is assumed that there is no diurnal shape to wave power in the analysis, the model
is able to handle simple (HLH and LLH) diurnal pricing if a user so desires.
1.3.2.14.

LLH per Month

Light‐Load Hours (LLH) are determined as Hours per Month less HLH per Month.
1.3.2.15.

Total MWh Production

This calculated field determines the total plant production per month in MWh. Total MWh
production is defined as the nameplate capacity of the plant less the planned outage
capacity times one minus the forced outage rate times the number of hours in the month.
In the actual workbook calculation there is a capacity translation into kW which is converted
back to MW by dividing by 1000.
1.3.2.16.

HLH MWh Production

This calculated field multiplies the total MWh per month figure times the HLH to Total Hours
ratio.
1.3.2.17.

LLH MWh Production

This field calculates the LLH to Total Hour ratio and then multiplies by the Total MWh in the
period to arrive at a monthly LLH MWh production figure.
1.3.2.18.

No Station Service

The model assumes there is no station service.
1.3.3. PRICES Sheet
The prices sheet captures information about market prices or market forecasts for energy and
RECs. This price forecast is from a combination of third party sources. The power market is
among the most volatile market in the world and users should expect to update and negotiate
with counterparties regarding valuations including the relationships of pricing between months
within a year and between LLH and HLH hours. Forward prices in lieu of forecasted prices should
be used when available. Carbon Dioxide (CO2) prices are not explicitly modeled and are
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assumed to be reflected in the price of energy as parties who offer carbon‐based energy into
the market will figure CO2 costs into their price bids and offers in the future.
1.3.3.1.

Forecasted Annual RTC PNW Westside Prices

Forward Annual Round‐the‐Clock (RTC) Pacific Northwest (PNW) Westside Prices are
expected prices for delivery to points on the western side of the cascades. This power
typically trades at a premium to the eastern side where the bulk of regional generation
resides.
These prices are those annual figures used in the Draft Northwest Sixth Power Plan. x
1.3.3.2.

Monthly Price Factors

The input field Monthly Price factors are the percentage of the annual price that each
month exhibits and is representative of the year 2011. Changes in later‐year figures are not
significant. These figures were supplied by a regional commercial interest that wishes to
remain anonymous.
1.3.3.3.

Forecasted Monthly RTC PNW Westside Prices

This calculated field is the result of combining the Monthly Price factors with the Forward
Annual RTC prices
1.3.3.4.

HLH Price Factors

HLH Price Factors are an input field is defined as the HLH price divided by the corresponding
total price. These figures were provided by the same source that prefers to remain
anonymous. In this case the figures for Year 1 correspond to the year 2011; the curve
provided only ran out to the year 2015 (Year 5 in the model) therefore all subsequent years
(post‐year 5) are assumed to have the same ratio relationships as the last forecasted value.
1.3.3.5.

LLH Price Factors

These figures for LLH hours were derived in the same way as the HLH Price Factors.
1.3.3.6.

Forecasted Monthly HLH Mid‐C Power Prices

This field is calculated by multiplying the Forecasted Monthly RTC PNW Westside Energy
Prices by the HLH Price Factors for each month.
1.3.3.7.

Forecasted Monthly LLH Mid‐C Power Price

This field is calculated by multiplying the Forecasted Monthly RTC PNW Westside Energy
Prices by the LLH Price Factors for each month.
1.3.3.8.

RECs / Green Tag Forecasted Prices
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The forecasted REC curve was derived from a verbal polling of market participants. The
market is illiquid and opaque. Consensus is that prices in 2009 to 2010 are in the $6‐$8
dollar range and some participants have modeled prices toward $20 per REC in 2020. The
model increases prices for RECs from $7.50 in years 1‐4 (corresponding to the Oregon RPS 1
of 5% from 2011 to 2014) to $15 in years 5‐9 (corresponding to the Oregon RPS of 15% from
2015‐2019) to $20 in years 10‐14 (corresponding to the Oregon RPS of 20% from 2020‐2024)
to $25 for all years beyond to the Oregon RPS of 25% from 2025 onwards).
This is all highly speculative because the only way to secure long‐dated RECs is to transact
with a long‐term generating facility. The issue there is that the number of RECs the utility
can expect to get from the projects is variable, which increases utilities' price and rate risk
greatly. RECs are volatile and opaque with considerable potential value and uncertainty.
1.3.4. CONNECT sheet
The Connect sheet accounts for substation capital costs incurred by third parties to connect the
project to the transmission grid. It also separately allows for connection to a distribution system
at the bottom of the sheet (not modeled in the base case). The current model assumes $5
million for the connection of a 100MW project directly to the BPA Transmission system, but the
actual costs and lead‐times will vary widely from site to site depending on existing
infrastructure, right‐of‐ways, and hardware needs. The Transmission connection costs can be
calculated in two ways for the project: either the entire costs must be funded by the Project
Owner up front (Advance Funding Rate) or if all or a portion of the upgrades are for benefits of
other parties then the Use‐of‐Facilities Rate can be applied which allows for investment by BPA
and payments by the developer to the utility to recoup costs over a longer period of time.
The selection for which of the Transmission rates is used is in sheet OPEX&COR cell B19 by
selecting "Y" or "N" in the cell in response to Use‐of‐Facilities charge. If the connection is
assumed to be advance funded ("N" in cell B19) this is considered a capital cost of the plant and
is captured in row 13 of sheet PLANT CAP. If the connection will be paid back over time, the
information is shown on sheet OPEX&COR cells C20:V20. The Advance Funding Rate is assumed
in the base case.
1.3.4.1.

Transmission Interconnection

The capital expenditures worksheet is mostly input fields of when capital expenditures will
happen. The size of the facility cell (D8) is not linked to any other factors. The "Year of
Funding for Advance Funding Rate" cell D27 is important if a lump sum is to be paid to the
transmission provider (affects PLANT CAP sheet). For the Use‐of‐Facilities calculations, the
model assumes that interest is accrued for these expenditures which becomes part of the
rate. The rate of interest is the cost of capital to BPA, currently calculated to be around
3.94% and is imported from sheet COST CAP. The facility life input in needed for further
calculations down the page.
1

For Large Electric Utilities as defined in the legislation
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1.3.4.2.

Use‐of‐Facilities Rate Schedule

The Use‐of Facilities Rate Schedule calculates the annual and monthly costs for the Use of
Facilities rate. Note that it provides a value for all 20 years even though in this instance it is
assumed that the rate only has a life of 15 years. There is a filter in the TRANSMISSION
sheet that performs the final calculations for the Use‐of‐Facilities charges so that only 15
years of payments are made. The rate calculation the payments for and annuity plus
assumed maintenance and G&A, adjusted for inflation (imported from sheet COST CAP cell
E60). Percent subscribed is the portion of the facility or the project deemed to be for
benefit of the developer as opposed to general grid or other party use. The base case
assumes 100% for use by the project.
1.3.4.3.

Distribution Interconnection

Costs to interconnect directly to a distribution system are captured in cell C73; all funds are
expected to be provided prior to construction, the year of payment indicated in cell C72.
1.3.5. GEN IMB Sheet
The Generation Imbalance (GEN IMB) Sheet calculates the cost of forecasting error based on the
forecast error of the project and the applicable BPA rate. The bands are the deviation between
the scheduled amount of energy and an the actual amount delivered. In general, the larger the
forecast error, the higher the cost per unit error. These differences and calculations are
accounted for in different size bands. The bands are defined in the BPA Generation Imbalance
Rate xi which in part states:
"Deviation Band 1 applies to deviations that are less than or equal to: i) ± 1.5% of the
scheduled amount of energy, or ii) ± 2 MW, whichever is larger in absolute value...
Deviation Band 2 applies to the portion of the deviation i) greater than ± 1.5% of the
scheduled amount of energy or ± 2 MW, whichever is larger in absolute value, ii) up to and
including ± 7.5% of the scheduled amount of energy or ± 10 MW, whichever is larger in
absolute value... Deviation Band 3 applies to the portion of the deviation i) greater than ±
7.5% of the scheduled amount of energy, or ii) greater than ± 10 MW of the scheduled
amount of energy, whichever is larger in absolute value."
Although there are potential risks and opportunities associated with forecast error, the base
case assumes non‐gaming behavior and assumes that forecasted prices are unbiased estimators
of future prices.
Intra‐day price fluctuations (which are accounted for as part the BPA rate) are not accounted for
in this model but could be substantial, as could a material difference between forecasted prices
and actual prices.
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1.3.5.1.

Energy Imbalance Price Premiums

The energy imbalance price premiums depend on the size of the deviations and are
published in the rate. These figures are used in determining the cost of the deviations.
1.3.5.2.

Forecast Error Deviations Band 1

A developer for simplicity's sake is assumed to have no financial exposure to band one
deviations for the following reasons:
•
•
•
•
1.3.5.3.

1.5% of the forecast is under 2 MW,
Band 1 errors can be returned in kind,
There is no financial penalty adder, and
There are no indications of over‐ versus under‐ forecasting bias.
Forecast Error Deviations Band 2 and Band 3

Combined, these two deviations suggest a 1.9% mean forecast error rate falling in the Band
2 or 3 areas. Note that large deviations in the summer months are much less likely since the
forecasted production is less. This is worthwhile remodeling when real resource
information becomes available. There is no current data to support these estimates, but
they are relatively modest cost components to the overall project.
A disaggregation into HLH and LLH errors is completed to the right of the main fields.
1.3.5.4.

Cost Deviations Bands 1, 2, 3

Cost Deviations in band 1 are not considered; bands two and three are calculated by taking
the number of forecast MWH in HLH and LLH periods and multiplying them by the
appropriate percentage penalty and forecasted price.
1.3.5.5.

Total Expected Generation Imbalance Charges

The total expected imbalance charges are the sum of the individual cost deviation bands
exported to the ANCILLARY sheet.
1.3.6. ANCILLARY sheet
Ancillary Services are those services that are necessary to support the transmission of capacity
and energy from resources to loads while maintaining reliable operation of the Transmission
System in accordance with Good Utility Practice. xii Ancillary Services in this analysis include:
•
•
•
•
•

Scheduling, System Control and Dispatch;
Reactive Supply and Voltage Control from Generation Sources;
Operating Reserve – Spinning;
Operating Reserve – Supplemental;
Energy Imbalance; and
Utility Market Initiative
Page 11

Energy Focused Resources

•

Wave Balancing Service

In some cases services may be supplied by BPA (assumed here), other providers, or self‐
supplied. The base case uses the BPA 2010‐2011 rates 2 for years one and 2 respectively, and
then increased the cost at the rate of inflation in two‐year increments as BPA typically performs
two‐year rate cases. Certain rates have historically and could in the future fluctuate differently
than inflation. The model also uses a standard calendar year as opposed to a government fiscal
year.
All output from this sheet is exported to the Operating Expenses and Cost of Revenue
(OPEX&COR) sheet which in turn feeds the VALUE sheet for determining the value of wave
power to the Developer.
Of particular note is the "Wave Balancing Service" which does not currently exist. Developers
should expect a rate like this to emerge sometime along the lifecycle of the wave power
business‐‐ much as wind has already experienced. If the rate follows the wind precedent it will
be large, it will be material, it will grow through time, and it will be potential source of long‐term
cost advantage or disadvantage.
Although the model benchmarks a mock wave integration rate against the current BPA wind
integration rate, it is not included in cost or value because it will not be applicable to the first
wave project installed. Near the end of the life of the project, however, and assuming the
technology takes off, the first‐to‐market projects may or may not be rate grandfathered.
1.3.6.1.

Scheduling, System Control and Dispatch

Scheduling, System Control and Dispatch Service is required to schedule the movement of
power through, out of, within, or into a Control Area. This service can be provided only by
the operator of the Control Area in which the transmission facilities used for transmission
service are located. This service is based on the amount of capacity installed
(RESOURCE&ABSORBER sheet) applied against the rate (see above for rate source and rate
inflation) to arrive at a total cost per month (far right field of cells).
1.3.6.2.

Reactive Supply and Voltage Control

Reactive Supply and Voltage Control from Generation Sources Service is required to
maintain voltage levels at transmission facilities within acceptable limits. In order to
maintain transmission voltages, generation facilities in the Control Area are operated to
produce or absorb reactive power. The Transmission Customer must purchase this service
from BPA if it the generation is integrating via BPA transmission.

2

A summary BPA transmission rate sheet can be downloaded at
http://www.transmission.bpa.gov/Business/Rates/documents/TR‐
10_Rates_Summary_Final_Proposal_Website_Posting.pdf
Utility Market Initiative
Page 12

Energy Focused Resources

The most recent BPA rate schedule did not charge for this ancillary service xiii and this
assumption was assumed to carry forward for all future periods.
1.3.6.3.

Operating Reserve – Spinning

Spinning Reserve Service is needed to serve load immediately in the event of a system
contingency. Spinning Reserve Service may be provided by generating units that are on‐line
and loaded at less than maximum output. Spinning Reserve Service is needed to serve load
immediately in the event of a system contingency xiv . Spinning operating reserve is capacity
which can be made available to a transmission system with ten minutes' notice and can
operate continuously for at least two hours once it is brought online.
The required reserves is 3.5% of the scheduled energy from the project; this is an input cell
G42. Multiplying this reserve figure by the total MWh production for the month yields the
amount of reserve that must be purchased. To the right of this field is the rate input field
inflated in the manner previously noted. These fields are then multiplied together to give
the total cost of spinning operating reserves.
1.3.6.4.

Operating Reserve – Supplemental

Operating Reserve – Supplemental Reserve Service is needed to serve load in the event of a
system contingency; however, it is not available immediately to serve load but rather within
a short period of time. Supplemental Reserve Service may be provided by generating units
that are on‐line but unloaded, by quick‐start generation or by interruptible load.
The required supplemental reserves is 3.5% of the scheduled energy from the project; this is
an input cell G59. Multiplying this reserve figure by the total MWh production for the
month yields the amount of reserve that must be purchased. To the right of this field is the
rate input field inflated in the manner previously noted. These fields are then multiplied
together to give the total cost of supplemental operating reserves.
1.3.6.5.

Energy Imbalance

Energy imbalance charges are calculated on and imported from the GEN IMB sheet because
energy imbalance requires a greater number of assumptions and more involved modeling.
Once in this sheet (far right field) the costs are summed and then exported to the
OPEX&COR sheet.
1.3.6.6.

Wave Balancing Service

A was noted earlier, the Wave Balancing Service and corresponding wave integration rate
does not currently exist and is not figured in the base economic case for wave power, but it
can be activated by inputting "Y" in cell B15 of the OPEX&COR sheet. This rate is assumed in
the spreadsheet to be exactly the same as wind balancing service, and is consistent with the
rate inflation methodology described and applied elsewhere. Note that the wind
integration rate is actually composed of three different sub‐rates:
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•
•
•

Regulating Reserves,
Following Reserves, and
Imbalance Reserves

BPA has extensive documentation on the creation and determination of these and other
rates on‐line. xv The most important of these reserves, and potentially the most volatile in
the future, is the Imbalance Reserve which is the capacity counterpart to the generation
imbalance energy charge.
In the workbook, the three constituent rates and associated fields below the wave
balancing service fields are inputs to the calculated Wave Balancing Service Rate field. The
annual grand totals for these costs in cells AW95:AW106 are exported to the OPEX&COR
sheet.
1.3.7. TRANSMISSION sheet
The transmission sheet holds the assumptions for expenses related to delivering energy to the
power grid.
1.3.7.1.

Long‐Term PTP Transmission

The model assumes that the developer will pay for one Point‐to‐Point (PTP) transmission leg
to deliver energy to an acceptable point of delivery to the buyer. Further, it is assumed that
that the reserved amount is for Firm annual transmission for the maximum amount desired
for the year. These assumptions are based on the precedent that many other renewable
generators subscribe to transmission in this manner because they wish to avoid the risk of
Unauthorized Increase Charges xvi These assumptions are quite expensive and the developer
and others should investigate the need for and risks associated with for firm transmission at
particular sites.
Transmission costs may also be borne by the buyer and Network Transmission delivery
options may also benefit projects.
The calculation for PTP costs assumes that firm transmission is purchased for the entire
year, is applied to the rate, and the resulting total costs are exported to the OPEX&COR
sheet.
1.3.7.2.

Use‐of‐Facilities Charges

The TRANSMISSION sheet is where the actual payments for the Use‐of‐Facilities option (a
Transmission rate) described in the CONNECT sheet are determined. The model assumes
that the developer will make payments on the asset for as long as the generating plant is in
service, but no longer. If the developer produces from the plant at any point during the
year, it is assumed that the developer will pay the costs for the entire year. This assumption
is subject to negotiation with the Transmission asset builder.
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The OPEX&COR sheet cell B19 determines whether these Use‐of‐Facilities charges or
Advance Funding Rate payment are used. The Advance Funding Rate is used as the base
assumption.
1.3.8. OPEX&COR sheet
The operating expense and cost of revenue sheet warehouses operating expense such as
salaries paid to employees, research and development costs, legal fees, accountant fees, bank
charges, office supplies, utilities and rent. Depreciation, also typically an operating expense is
calculated elsewhere and accounted for as an operating expense on the INCOME sheet. Cost of
Revenue is the expense a company incurs in order to manufacture, create, or sell the product
including the purchase price of the raw material as well as the expenses of turning it into a
product. Some costs identified in the OPEX&COR sheet impact the Value of wave power to the
Developer as they are direct costs to bring the generation to a saleable form. All of the
expenses are part of the cost of wave power.
1.3.8.1.

Cost of Revenue

There are three areas in the Cost of Revenue section: ancillary services, transmission and
maintenance costs. Ancillary services and Transmission services are part of the Value to the
Developer measurement and its values are passed along to the VALUE sheets; all three are
pertinent to the cost of power and are part of the Income Statement (INCOME sheet).
The user can specify whether or not the individual Ancillary Services or Transmission costs
should be included in cost and value calculations by selecting "Y" to include the expense or
"N" to exclude the expense in cells B10:19.
Maintenance costs, including M&R, Services and direct Labor Costs are imported from the
property and equipment (PROP&EQUIP) sheet, services sheet (SERVICES), and labor
(PERSONNEL) sheets, respectively.
1.3.8.2.

Operating Expenses

Operating expenses include Selling and Marketing, Research and Development and General
and Administrative costs. All of these expenses impact the cost of power and are passed on
to the Income statement; none are assigned to the value of power. Selling and Marketing
and Research and Development are imported from the PERSONNEL sheet. General and
Administrative is the sum of the four items immediately below it in the spreadsheet: Direct
General and Administrative (from PERSONNEL sheet), Other Expenses (training, travel, etc…)
which is a user defined input increased at the inflation rate, Facility costs (rent), and
Utilities.
1.3.9. REVENUE sheet
The REVENUE sheet is where the income from sales of energy and attributes is calculated and
ultimately passed on to other sheets for valuation (the VALUE sheet) and cost calculation (net
revenue in the INCOME sheet).
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1.3.9.1.

Revenue Summary

The revenue summary gathers all sources of income for the project and states them as a Net
Revenue number that is transferred to the INCOME sheet. The two revenue streams are
from energy sales and REC sales. The energy and REC sales figures are sent to the VALUE
sheet.
1.3.9.2.

Monthly HLH Revenue Projections

This field imports monthly HLH price and volume data from the PRICE and
RESOURCE&ABSORBER sheets and multiplies them together to yield a monthly HLH energy
revenue projection.
1.3.9.3.

Monthly LLH Revenue Projections

This field imports monthly LLH price and volume data from the PRICE and
RESOURCE&ABSORBER sheets and multiplies them together to yield a monthly LLH energy
revenue projection.
1.3.9.4.

Monthly Power Revenue Projections

This field sums the above two HLH and LLH figures and then transfers the yearly sum to the
Revenue Summary section above.
1.3.9.5.

Monthly REC Revenue Projections

Similar to the energy projections, this field imports and multiplies REC prices and volumes to
arrive at monthly and annual REC revenue figures that are transferred the revenue summary
above.
1.3.9.6.

Capacity Revenue

The model assumes there is no capacity value in wave power.
1.3.10. VALUE sheet
The value of wave power is expressed in two ways: the value to utility and the value to the
developer. The value to the utility is the sum of the energy and REC revenues expressed as a per
MWh figure. The value to the Developer is the value to the utility less the direct costs of
integration and delivery of the products.
1.3.10.1.

Revenue

Revenue figures are imported from the REVENUE sheet and the MWh figures are imported
from the RESOURCE&ABSORBER sheet. These are in turn used as inputs in the calculations
further down the VALUE sheet.
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1.3.10.2.

Direct Integration and Delivery Expenses

Direct Integration and Delivery expenses are imported from the OPEX&COR sheet and are
used further down in the sheet to determine the Value to the Developer.
1.3.10.3.

Value to Utility

The goal of the Value to Utility calculation is to arrive at a single per MWh (includes REC)
contract price that takes into account the forecasted prices and the time‐value of money.
To accomplish this forecasted prices are discounted by the risk‐free rate against a baseline
year for discounting. Note that the Years Discounting row is a user‐defined input and it was
assumed that the first year of delivery is the undiscounted baseline year. This should be
altered to correspond with any changes in the first year of delivery assumptions. It is
important to leave this field blank in the years of non‐delivery for the logic to work
elsewhere in the sheet.
The Flat Price field is an single price input that is transferred to and discounted in the PV Flat
Price field immediately below it. This discounted price is then multiplied by the volume to
arrive at a discounted value for a flat‐priced contract.
To actually figure out what the flat price should be, the user can either manually input
values until the two figures under the Total column to the right of the fields balance or
alternatively the goal‐seek function can be used. To use goal seek (excel 2007) go to
Data...What‐If Analysis...Goal Seek to the following parameters:
Set c ell: click on cell X43
To Value: (type in the number in cell X39
By changing cell: click on cell D41
Then hit OK. The breakeven value should now appear in cell D41.
1.3.10.4.

Value to Developer

The value to Developer section follows exactly the same procedures and methodologies
described in the previous section with the exception that direct integration and delivery
costs are subtracted from the value.
1.3.10.5.

Difference between Utility and Developer

The difference between the Utility and Developer price per MWh is actually simply the
average price per MWh to integrate and deliver the energy and RECs. This figure is called
out separately because it is an item of interest in terms of both public policy and ultimately
may be a source of competitive advantage for wave vis‐a‐vis other renewable technologies.
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1.3.10.6.

Wave Energy Premium to Block Energy

The Wave energy premium to Block Energy calculation describes the ratio of the price
premium for wave energy delivered in the particular Monthly (and HLH/LLH) configuration
of the resource versus the price for an identical number of MWh block of energy delivered
equally over the entire year for all periods. Odd‐lot liquidity is not considered in the
calculation of this value. Notice that the years of partial operation have skewed
percentages as delivery is a function of deployment in addition to the resource. Also note
that the scheduled outage and forced outage rates also impact this calculation.
1.4. Cost of Wave Power
The following documentation describes the rest of the inputs, processes, and procedures necessary
to derive a cost of wave power. Cost is broadly defined as the breakeven contract price per MWh
necessary to satisfy all of the expected financial business requirements of the project.
1.4.1. PLANT CAP
The Plant Capacity sheet contains plant capital expenditure assumptions. In turn, these figures
feed the Balance Sheet (BALANCE sheet) and the depreciation schedule (DEPR sheet).
Renewable plant investments are assumed to benefit from the Modified Accelerated Cost
Recovery System (MARCS) for depreciation and tax purposes. Many of these items could
arguably be expenses rather than capitalized costs.
The top fields of the sheet are single‐line summaries that bring in values either from fields below
or from other sheets. The following descriptions refer jointly to the summary fields at the top of
the sheet and the corresponding source fields further down the sheet.
1.4.1.1.

Machinery and Equipment

Machinery and Equipment refers to the generation and absorber hardware costs of the
project.
1.4.1.1.1.

Absorber Units

The absorber unit costs are the delivered cost of the absorber assembly and in this case
an integrated power take‐off and accumulator. This is the cost per absorber unit, not
the cost per kilowatt. The base case assumes a $1.5 million cost per unit (500kw), or
$3000 per kilowatt. The cost per kilowatt lowers over the course of the project as
economies of scale and the experience curve take hold. The change in cost over time
assumptions are important for inventory, maintenance and repairs, and working capital
computations in addition to the original capital expenditure calculation.
The large field imports the units deployed from the RESOURCE&ABSORBER sheet and
multiplies by the dollars per unit figure to come up with the capital expenditure.
1.4.1.1.2.

Power Take‐Off / Accumulator
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The power take‐off (PTO) and accumulator is an input field for the costs of the physical
accumulator(s) and power take‐offs. The model assumes that there is no PTO or
accumulator separate from the units in the base case.
1.4.1.1.3.

Moorings

Moorings are the per‐absorber unit cost of the mooring materials, not including
installation. The base case assumes $125,000 per buoy with an expected life of 15
years.
1.4.1.1.4.

Electrical Interconnection

Electrical interconnection is the cost to gather the power from the individual units and
transmit the power to shore. The base case assumes a 138kv line extending five miles at
a cost of $1.17 million per mile.
1.4.1.1.5.

Advance Funding Rate (BPA Substation)

If the Advance Funding Rate is required by BPA, this is where the cost is capitalized. To
activate the Advance Funding Rate go to the OPEX&COR sheet and type "N" in cell B19,
the Use‐of‐Facilities charge. Only the Advance Funding rate or the Use‐of‐Facilities tariff
will apply to the developer, not both.
1.4.1.1.6.

Communication, Command and Control

Communication, command and control is a user defined field to capture the hardware
costs of a control system for the project. This includes real‐time monitoring, data
gathering, system tuning and product delivery as applicable to the technology.
1.4.1.2.

Services

Services are those expenses incurred by hiring third parties to install capital goods that are
considered part of the goods and are therefore capitalized. These are broken down into
three areas: Design, Other Contractors and Internal.
Design and Build are those expenses associated with the general contractor and its
subcontractors, as applicable. Other Contractors covers direct‐hired third parties not under
the general contractor. Internal includes company resources and perhaps third‐parties
expenses associated with capitalized activity previous to the hardware Procurement and
installation (e.g. licensing work performed by contractors).
1.4.1.2.1.

Design and Build

The following capitalized costs are associated with a design and build contract.
1.4.1.2.1.1. Unit Assembly
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Absorber installation is the cost of assembling the absorber units on land in
preparation to deploy.
1.4.1.2.1.2. Absorber and Power Take‐Off Installation
Absorber installation is the cost of installing the absorbers, accumulators and power
take‐off at sea. This figure does not include Transportation and Towing (including
the crews) expense but does cover divers and technicians.
1.4.1.2.1.3. Mooring Installation
Mooring installation includes the positioning and anchoring of mooring hardware.
1.4.1.2.1.4. Electrical Interconnection
Electrical interconnection is the direct costs associated with the gathering and
transmission of power to shore. the base case assumes these costs are covered in
the above Machinery and Equipment section.
1.4.1.2.1.5. Design Engineering
Design engineering is performed prior to installation and is the engineering game
plan taking into consideration owner specifications, materials, regulations and
physical conditions.
1.4.1.2.1.6. Field Engineering
Field engineering is the cost of having engineers at unit deployment, mooring and
electrical interconnection.
1.4.1.2.1.7. Commissioning
Commissioning includes expenses associated with documenting systems, training
and passing the plant from construction to operations.
1.4.1.2.1.8. Communication, command and control installation
These are expenses associated with installing a third‐party control system. The base
case assumes that these costs are included in the Machinery and Equipment
section, above.
1.4.1.2.1.9. Transportation and Towing
Transportation and towing is imported from the SERVICES sheet where all work boat
chartering assumptions are warehoused. These are only costs associated with the
installation of the plant and does not include regular Maintenance and Repair.
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1.4.1.2.2.

Other Contractors

Under other contractors are non‐core activities associated with construction project
oversight that probably will be outsourced by the owners, but may or may not be
included in the general contractor's duties. Given that this is a first of its size project
that will either be time and materials or be fixed price subject to substantial change
orders, it may be prudent to have some or all of these functions aided by a party other
than the general contractor depending on the owners' experience in dealing with
contractors and associated cost, scope, and schedule monitoring and decisions.
We only assumed a modest quality control effort in the base case.
1.4.1.2.2.1. Project controls
Independent evaluation of the cost, scope, and schedule performance metrics
during construction may be external to the
1.4.1.2.2.2. Quality control
Although there is a quality control function within the general contractor's group,
given the marine environment and depending on the complexity of the equipment,
it may be reasonable to have outside quality inspection.
1.4.1.2.2.3. Owner's Acceptance Review
In lieu of or in addition to external quality control it may be advantageous to have a
formal owner's acceptance before the plant (or phases of the plant) are handed
over from construction to operations.
1.4.1.2.2.4. Operational Readiness Review
Operational Readiness Reviews usually take place with third‐party regulatory
agencies before the owner is able to operate under the license. There may or may
not need to be such a review for a wave project.
1.4.1.2.3.

Internal

Internal cost are capitalized activities that will probably be undertaken by owner or
agents of the owner. In some cases employees' time may be assigned as a depreciable
capital investment rather than as an expense. The base case assumes that permitting
and licensing activities are depreciable expenditures.
1.4.1.2.3.1. Permitting and Licensing
Permitting and licensing activities are among the earliest in the project and may well
pre‐date the time horizon in the spreadsheet. Accordingly, the cell B385 is an input
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field that captures prior investment that is to be carried over to this financial model.
A corresponding capitalization status (Common equity, debt and carry‐over
Retained Earnings) should be reflected in the FUNDING sheet.
1.4.1.2.3.2. Owner's monitoring costs
Owner's monitoring costs are internal expenditures, such as salary, that needs to be
accounted for separately if it going to be capitalized versus expensed.
1.4.1.2.3.3. Testing and start‐up
Testing and start up costs, like monitoring costs, could be capitalized.
1.4.1.3.

Other

There may be other capital expenditures not captured elsewhere that can be input in this
field.
1.4.2. PERSONNEL
Employee assumptions and expenses are input and summarized in the PERSONNEL sheet.
Personnel expenses are broken down into Operating Expenses and Cost of Revenue. These
expenses are exported to other sheets such as OPEX&COR, finding their way ultimately to the
income statement.
1.4.2.1.

Personnel Operating Expenses

Personnel operating expenses include Sales and marketing, Research and Development
(R&D), and General & Administrative (G&A).
1.4.2.1.1.

Sales & Marketing

The base case assumes that by the time the project reaches this point that it would have
a power purchase agreement behind it, so a Sales and Marketing force in this timeframe
would indicate business growth external to this project and outside of the core
assumptions of how the model derives costs. There are also other expenses, like
Research and Development (R&D) that the policy‐makers and utilities may insist be
borne by the investors and excluded from this model. However, these expenses are
pertinent to the Developer and its shareholders or owner.
1.4.2.1.2.

Research and Development

Like Sales and Marketing, R&D is assumed to be zero in the base case.
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1.4.2.1.3.

General & Administration

There is assumed to be a CEO, CFO, accountant and secretary with an additional
administrative person added in year three. Benefits are assumed to be 30% of salary
and salaries are escalated at the inflation rate in sheet COST CAP past the first year (the
blue‐pink cells are functions of the green cell to the left).
1.4.2.2.

Personnel Cost of Revenue

Personnel cost of revenue are expenses that are directly attributable to the creation and
delivery of the product to market. Thirty percent of salary cost of benefits was assumed for
operating personnel.
1.4.2.2.1.

Operations Personnel

Operations personnel include one operations manager, one operations supervisor, one
material and logistics coordinator and one chief engineer.
1.4.2.2.2.

Hourly Personnel

The project anticipates nine hourly personnel who work on the considerable M&R work
expected with the project. This would probably break sown into two or three work
crews to service machinery under the supervision of the operations personnel.
1.4.2.2.3.

Scheduling Personnel

Scheduling personnel are expected to be a 24x7 operation that monitors and schedules
power from the project. Building this skill set does have value to the owner outside the
limited scope of this project.
1.4.3. PROP&EQUIP
Property and Equipment are assets acquired to run the business that are not part of the core
plant. These have different depreciation schedules and in the case of land, no depreciation at
all. These items are generally exported to the Depreciation (DEPR) sheet, the Balance Sheet
(BALANCE), and/or the Statement of Cash Flows (CASHFLOW).
1.4.3.1.

Land Purchases

The model assumes that facilities are leased and not purchased, so there is no land
acquisition assumption in the base case. The model can carry a balance for land (non‐
depreciable asset), but any gains or losses from the sale of land would have to be modeled
separately or require alterations to this model.
The total purchases for the year are exported to the cash flow statement (CASHFLOW) and
the land balance is kept on the balance sheet (BALANCE).
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1.4.3.2.

Office Equipment Purchases

Office equipment items are typically straight‐line depreciable over 3 years. These balances
are exported to the DEPR sheet. The base case assumes an escalation of costs over time
punctuated with larger than normal expenditures to upgrade computer systems and other
equipment.
1.4.3.3.

Maintenance and Service Equipment Purchases

These are large capital goods purchases, mostly to support M&R of the plant. The base case
assumes $2 million in equipment handling and repair systems depreciated over 15 years.
1.4.3.4.

Warehouse Parts

Warehouse parts is a field that is used to calculate the hardware costs for maintaining the
plant. This figure is the annual average product of the number of units in service times the
replacement cost per unit times an assumed (5%) fixed percentage of the generating units'
cost that has to be replaced each year. This is the single largest cost of revenue item and
also eclipses operating expenses.
1.4.3.5.

Property and Equipment (Non‐Generating)

These fields add together the non‐plant property and equipment balances and subtract out
accumulated depreciation to provide an input to the balance sheet.
1.4.3.6.

Property Plant and Equipment Summary

These imported and calculated fields hold gross and net property, plant and equipment
(PP&E) calculations. The Plant and Equipment field is taken from the PLANT CAP sheet and
passed to the DEPR sheet for depreciation accounting.
1.4.3.7.

Plant Disposal

The model assumes that disposal costs offsets scrap value.
1.4.4. DEPR
Depreciation (DEPR) is broken down into three categories with corresponding depreciation
schedules:
• Office Equipment ‐‐ 3 years straight‐line
• Plant‐‐ 6 year MACRS
• Maintenance and Service Equipment‐‐ 15 years straight‐line
1.4.4.1.

Office Equipment Depreciation

Three‐year depreciable office equipment figures from the PROP&EQUIP sheet are imported
into this calculated field. Note that the field does not automatically change to
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accommodate different years of depreciation. Such a change requires the user to change
the formulas in the imported field.
1.4.4.2.

MACRS Schedule

The Modified Accelerated Cost Recovery System (MACRS) xvii allows the plant to be
depreciated over five years at an accelerated pace. It bears repeating that the model only
keeps one set of books and so depreciation and asset values are treated as they are for tax
purposes and not for publically‐held financial reporting purposes.
1.4.4.3.

Plant Depreciation

Plant depreciation multiplies the periodic capital expenditures for the plant times the
depreciation matrix to calculate an annual depreciation expense. The model assumes that
the expenditures may begin being expensed in the year that they are incurred and not
beginning (or accruing interest) until the plant becomes operational.
1.4.4.4.

Maintenance and Service Equipment Depreciation

Maintenance and Service Depreciation is for non‐plant assets that have an assumed life of
15 years. Like the MACRS schedule and the Office Equipment Depreciation, the field does
not automatically change to accommodate different years of depreciation. Such a change
requires the user to change the formulas in the imported field. The total Depreciation figure
at the bottom is exported to the INCOME sheet for consideration in the income statement.
1.4.5. SERVICES
Services are work boat charters and utility expenses. Work boat charters can be cost of revenue
expenses associated with M&R and plant removal or capitalized costs when the charters are for
plant installation. Utilities are considered operating expenses in the base case, though some, or
even most, could arguably be cost of revenue.
1.4.5.1.

Work Boat Charter Expenses

The base case assumes that the during the winter boats will only be needed sporadically to
tow forced‐outage units to shore for repairs and back for deployment. During the
maintenance season it is assumed one full‐time boat will be needed to tow units to shore
for maintenance (moves roughly 45 generating units both ways per month).
Day rate costs are for fully staffed large offshore workboats and are escalated at the
inflation rate.
1.4.5.2.

Work Boat Capitalized Charters

The model assumes two full‐time boats working to install units. The number of units
installed increases with time but the number of boats remains the same as the base case
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assumes a learning curve. Smaller figures indicate lower unit deployment rates or
preparatory work just prior to deployment (e.g. mooring placement activity).
The dollar calculations are exported to the Transportation and Towing section in the PLANT
CAP sheet.
1.4.5.3.

Utilities

Utilities are, for example, water, sewer, power and gas. AS wan previously mentioned these
could be reclassified as cost of revenue with a slight change to the model.
1.4.6. LEASES
We assume an operating lease arrangements for office space, warehouses, and dock space.
Although property ownership or capital leases with right to buy the asset may be more
economical, the operating lease assumption is consistent with the limited‐life of the project.
The model assumes with the number of workboats employed, the maintenance schedule,
employees, and the size of the warehouse and dock space that this technology is being removed
annually from the water for shore M&R.
1.4.6.1.

Office Space

Before warehouse and dock space is needed an interim office will be needed. Once the
warehouse and dock space is secured it is assumed that the offices are on‐site at the
warehouse.
1.4.6.2.

Warehouse and Dock Space

We assumed a 170000 square foot facility at $.90 per foot per month as the base case (10
150'x100' workspaces for maintenance plus 20000 feet for office, infrastructure and
maneuvering space). This price is assumed to include adequate dock space.
1.4.7. FUNDING
The funding sheet contains financing activities with associated interest expenses and income
items. It is driven by the capital structure and cost of capital assumptions in the COST CAP
sheet.
Funding and the assumptions underlying it such as capital structure and corresponding rates and
resulting dividend calculation are major factors in the cost of wave power. Risk sharing or
amelioration in the project can radically alter these assumptions. Costs to float the issuances
are not explicitly calculated in the figures and these costs may influence the number and timing
of issuances.

Utility Market Initiative
Page 26

Energy Focused Resources

1.4.7.1.

Equity

The base case COST CAP sheet suggests a 60% equity, 40% debt capital structure. The
manual funding inputs strive to maintain a 60:40 balance in invested capital. Note that
retained earnings often becomes negative, typically the direct result of the dividend
assumption and cash comes perilously close to zero in the early years.
Debt covenants and other practicalities make it unlikely that this business will pay a dividend
in the early years, if ever. For modeling purposes, however, it is assumed that the dividend
is paid to avoid the accumulation of sums exceeding the amount to retire debt and equity in
the balance sheet and to avoid sub‐performing interest earnings. Therefore although total
equity including retained earnings may send the Debt to Equity ratio far above .67, in
practice this will not happen. Again, this is an artifact of the model and the desire to keep
only one set of books.
1.4.7.2.

Debt

Debt is made up for short‐term and long‐term debt. It is assumed that a short term credit
facility can be secured with an adequate equity investment. This facility is maintained
throughout the project. When the project begins plant construction two long‐term debt
issuances will take place in years three and four.
1.4.7.3.

Interest Rates

Short‐term debt is the assumed cost of short‐term borrowing, assumed here to be prime
plus 1% (manually input in green cell C31). Interest on cash and cash equivalents is
currently set at six‐month LIBOR. Long‐term debt rates are drawn from the COST CAP sheet
assumptions. Note there are not forward projections to these rates which could be
material, especially in light of current short‐term market conditions.
1.4.7.4.

Interest Expense

Interest expense simply multiplies the outstanding loans versus the applicable interest rate.
The sum of interest expenses are exported to the INCOME sheet.
1.4.7.5.

Interest Income

Interest income takes the weighted average cash and cash equivalents and multiplies it
times the interest rate for cash and cash equivalents. This is a circular reference that can
cause problems when using goal seek and other iterative functions. This feature can be
enabled or disabled in Excel Options... Formulas... Enable Iterative Calculation.
1.4.7.6.

Dividends and Retained Earnings

At the bottom of the sheet are calculations for dividends and retained earnings. Net income
is imported from the INCOME sheet. Dividends are assumed to be the cost of equity from
the COST CAP sheet times the amount of equity invested. Subtracting the dividends from
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the Net income yields the change in retained earnings for the period. Ending retained
earnings balances are transferred to the Balance sheet.
1.4.7.7.

Credit Support

The model currently assumes that there is no credit support requirements or associated cost
of credit support.
1.4.7.8.

Third‐Party Beneficiary Reserves

The model assumes that there are no escrow accounts or other set‐aside funds to cover
third party impacts (e.g. environmental remediation or fishing gear losses)
1.4.8. INCENTIVES
There are three federal incentives currently considered in the model: Investment Tax Credits,
Production Tax Credits and Federal Grants. Currently a project may only elect one incentive,
which in the model is user‐defined in cell B10. All credits are assumed in the TAXES sheet to be
available for future years if they are not used immediately. INCENTIVES are not explicitly carried
as deferred tax assets on the balance sheet to avoid balance sheet breakeven calculation
problems in determining the cost of wave power.
Although it is unclear how long these incentives will be available, the model accommodates all
three and the base case assumes that a Federal Grant is chosen because of the high capital‐
intensity of wave, the challenges in funding an emerging technology and the stand‐alone entity
base assumption. Larger entities that can use the tax credit immediately may strongly favor
credits in lieu of grants because the depreciable asset base is much larger and the credits can be
immediately applied against profits elsewhere in the company.
State incentives, such as the Tax Credit for Renewable Energy Equipment Manufacturers xviii are
also available, but none were assumed in the model as they are either suited for different
industries or technologies or would commit a developer to specific actions other than simply
investing in the project or producing energy and/or RECs.
The State and Federal incentive landscape is continually evolving. An excellent source for this
information is the Database of State Incentives for Renewable and Efficiency (DSIRE). xix
1.4.9. INV CREDITS
Investment Tax Credits are essentially tax vouchers for a portion of the investment made in the
plant. Currently developers are entitled to 30% of invested capital though this is a user‐defined
percentage (cell c12). Investments are imported from the PLANT CAP sheet and multiplied by
the percentage in cell c12. Credits are exported to the INCENTIVES sheet if "I" is selected in
INCENTIVE sheet cell B10 and then transferred to the TAXES sheet for final calculation with
taxes.

Utility Market Initiative
Page 28

Energy Focused Resources

1.4.10. PRO CREDITS
Production Tax Credits arise from the production of energy and are set as a dollar value per
MWh produced, in this case $21 per MWh in year 1, increased at the rate of inflation. There is
talk that this incentive will be phased out through time, but there is also a strong wind lobby to
keep this incentive. All other things being equal, production credits tend to be preferred over
investment tax credits the higher the ratio of MWh produced to capital invested per installed
kilowatt.
Production figures are imported from the RESOURCE&ABSORBER sheet. Credits are exported to
the INCENTIVES sheet if "P" is selected in INCENTIVE sheet cell B10 and then transferred to the
TAXES sheet for final calculation with taxes.
1.4.11. FED GRANT
The Federal Grant is a cash payment from the government that pays for a portion of the total
plant capital investment. Currently this figure is 30% of capital invested, similar to the
Investment Tax Credit. Grant accounting prevents the investor from taking depreciation on the
portion of the asset funded by the grant, but the grant provides funds for capital investment up‐
front.
Investments are imported from the PLANT CAP sheet and multiplied by the percentage in cell
c12. The grant figures are then exported to the INCENTIVES sheet if "G" is selected in INCENTIVE
sheet cell B10 and then transferred to the PLANT CAP sheet for deduction from invested capital.
1.4.12. TAXES sheet
The taxes sheet contains all state and federal tax‐related information and calculations for the
project. Property, local, and other taxes and fees are not considered in the model.
1.4.12.1.

Income Tax Rates and Taxes before Credits

Income tax rates are assumed to be 35% for federal taxes and 6.6% for Oregon. xx A
separate accounting and calculation is necessary to support appropriate tax credit
calculations. State taxes are passed through to the Net Taxes figure because no state credit
have been identified in the model.
1.4.12.2.

Production Tax Credits

Production tax credits calculations populate from the PRO CREDITS sheet if they are selected
on the INCENTIVES sheet. They are assumed to be able to be carried forward indefinitely,
but if they cannot be used by year 20, there is no tracked residual value.
1.4.12.3.

Investment Tax Credits

Like production tax credits, investment tax credits calculations populate from the PRO
CREDITS sheet if they are selected on the INCENTIVES sheet. They are assumed to be able
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to be carried forward indefinitely, but if they cannot be used by year 20, there is no tracked
residual value.
1.4.12.4.

Net Taxes

Net Taxes are calculated and passed to Income Statement.
1.4.12.5.

Local taxes

The model assumes there are no local taxes on the project.
1.4.13. WORKING CAPITAL
Working capital is composed of current assets and current liabilities, represents operating
liquidity available to a business, and is considered a part of operating capital. In this section the
spreadsheet accounts for non‐cash and non‐financial short‐term assets and liabilities; namely
accounts receivable, inventory and accounts payable. All three of these items directly impact
the statement of cash flows and the balance sheet.
1.4.13.1.

Accounts Receivable

Accounts receivable are sales made for which the Developer has not yet received cash
payments. Although the sale has been recognized in the income statement and earnings it
is not a cash item and is listed separately on the balance sheet from cash.
The model base case assumes a 8.3% (or 1/12) of a year's sales as receivables. If the year‐
end is December 31, one would expect this number to be higher as a direct calculation
against a high‐delivery month would be larger than the annual average. However, company
accounting periods can be determined by the company; this broad assumption can be
changed when a project operating and tax year is established.
1.4.13.2.

Inventory

Inventory is calculated as a fraction of the total number of parts during the year needed to
service the equipment. As time goes on it is expected that experience will allow closer to a
just‐in‐time inventory management system which is why the turnover figure in row 19
increases with time.
Again, depending on the time of year (e.g. summer maintenance season versus winter)
these figures and the accounting assumptions could change substantially.
1.4.13.3.

Accounts Payable and Accrued Expenses

Accounts payable assumes the same 30‐day cycle against annual total expenses from sheet
OPEX&COR. The Accounts receivable modeling comments also apply to these assumptions.
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1.4.14. INCOME
The income statement draws values from various sheets to calculate the earnings of the
enterprise.
There is not a worksheet for extraordinary items in the workbook, but there is a user‐defined
field for entry in the INCOME sheet. Keep in mind that if this field is populated it may require
additional information input elsewhere in the workbook to be reflected properly in the
statement of cash flows and balance sheet.
1.4.15. CASHFLOW
The cash flow sheet is a simple indirect method calculation of the statement of cash flows
which begins with Net earnings and applies cash adjustments by activity class.
The two Financing Activities that impact cost the most are the Federal Grant and Dividends. The
federal grant is a source of cash that only appears if the grant is selected ("G") in sheet
INCENTIVES cell B10. The dividends are a large use of funds and any efforts to lower the need to
equity fund the project will greatly help cost.
1.4.16. BALANCE
The balance sheet is a standard financial balance sheet with assets, liabilities and owner's
equity. All of the figures are driven by other sheets' calculations. Note that in the base case
owner's equity may be substantially negative because when valuing wave power (in the low
$100's per MWh) the costs overwhelm the revenues causing negative equity builds over time.
In the cost breakeven, bear in mind that the user is forcing the model to find the contract price
such that the final year's balance sheet equals zero, which translates into a higher contract
price.
1.4.17. Cost Model Procedures
The cost model differs from the value model in a couple of ways. First, all REC prices in sheet
PRICES cells C118:V118 have been set to zero‐‐ the breakeven cost in this model is assumed to
be for both the RECs and Energy prices in PRICES sheet cell C8. This assumption can be changed
by the user. Note that sheet PRICES cells D8:V8 all read from cell C8. This permits the user to
calculate a nominal price per MWh using the goal seek tool (Data...What‐if‐Analysis...Goal Seek.
The goal seek setting should be as follows:
Set cell: <BALANCE sheet, cell 31>
To value: 0
By changing cell: <PRICES sheet, cell C8>
On some machines the iteration calculation for the circular reference in sheet FUNDING cells
C42:V42 interferes with the goal seek function. in this event, the user must manually
interpolate prices until a near‐zero ending balance sheet solution is found.
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2. Strategies
Strategies are general plans of actions designed to bridge the gap between cost and value. There are
many kinds of strategies, some focused inwards towards the developer, others focusing on the market
and others probing regulatory opportunities. The following list is not exhaustive nor explicit but is
designed to provide some initial thoughts and a range of opportunities for developers, utilities and
policymakers to explore.
2.1. REC Multipliers and Certainty
Developers and utilities could both pursue favorable REC calculations from Wave. Solar has already
made headway into this realm by receiving two RECs for every one MWh produced. If regulatory
bodies would grant RECs on the basis of a percentage of nameplate capacity, thereby taking out
year‐to‐year variability of the resource (and machine performance), this would be of great value to
the utilities (and therefore developers) who dislike short squeezes.
2.2. Large Company Alliance
Probably not an initial favorite of the Developers who have labored long and hard, partnering with
or selling to someone large can jumpstart the wave industry which is behind both solar and wind.
Partnering may also help contract execution, lower costs by gaining access to in‐house
manufacturing, and perhaps lower the cost of capital.
2.3. Advertising
Enhancing public perceptions helps manage political capital requirements and regulatory margin. In
some cases, actions or policies that may otherwise consume political capital may actually create
political capital.
2.4. Asymmetric Valuations
Asymmetric valuations are the basis of trade. When two parties value something differently there
can often be an opportunity for both parties to win economically and for one party to select the
counterparty who offers the best transactions terms. For example, one utility may value wave
greater than wind for long‐term strategic integration cost reasons, or a local utility may value the
regional employment benefits from a project more than an inland utility.
2.5. Helping the Helpers
Part of the early success of wave power will be the ability of developers to receive aid from third
parties without spending much money. Sometimes parties want to help but are prevented from
doing so either by legislative or regulatory prohibitions or for lack of resources. For example,
government agencies are forbidden to lobby, but developers are not. Acquiring money for an
agency may make a pre‐planned resource placement become reality.
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2.6. Integrated versus Un‐integrated
The price to integrate power into the grid may be different for different parties affecting the deal
price and how the product is delivered. For example, if a plant can be combined with other
generating assets or load profiles there may integration cost financial opportunities.
2.7. Capacity Values
The base model assumes there is not any capacity value to wave power. If the accumulator or some
other technology allows the dispatch of wave power, additional revenue streams may be available.
2.8. Capital Structure
Capital structure plays a major role in the cost of wave power. Optimizing debt and equity and
finding the most advantageous transaction and partnering structures will consume a great deal of
developers' time as it is one of the major drivers to the cost of wave power.
2.9. Federal Loans
Federal loan can come in at least two forms: government issued bonds or government guaranteed
bonds. In the former, the government may actually pay the debt service to the debt holder in the
form of federal tax credit coupons or cash. In the latter, the government essentially provides a
letter of credit for the bonds, thereby making them AAA with a correspondingly low effective
interest rate. This is a game‐changing strategy that also influences capital structure / leverage.
2.10.

Wave Customization

Developers and utilities may seek special treatment for wave power because of its unique features.
For example, firm transmission rate relief may be in order for non‐peak months when the asset is
undergoing maintenance and the resource is small (see 3.2.9).
2.11.

Market Timing

When a developer chooses to enter a forward sales contract may substantially alter the value of
wave power to the developer and utilities. Currently it can be argued that market prices of power
are somewhat depressed due to wind penetration and REC prices have not yet reached price
equilibrium because the renewable portfolio standards are not yet in effect. The value spread
between wave and wind should also be constantly monitored and could be a basis for market
timing. That said, market timing in energy is much like timing the stock market; prices may go up or
they may go down. Even so, getting the timing right can be the difference between executing a
transaction and being sidelined.
2.12.

Integration Optimization

There are opportunities to lower costs to integrate the resource and avoid ancillary services and
perhaps even some transmission charges. Wind is already trailblazing this path. For instance, a
wave developer may choose to buy less firm transmission depending on the frequency that
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extremely high generation states actually happen coupled with the ability of the owner to forecast
generation well and pick up non‐firm transmission. There are definite cost savings in this strategy,
but there is a corresponding risk of unauthorized increase charges.
2.13.

Off Balance Sheet Financing

Strategies can also be implemented that require less cash investment up‐front. One example that is
explicitly modeled is getting access to the Use of Facilities rate (and have a large portion deemed to
be for the grid as opposed to the project) as opposed to the Advance Funding Rate.

3. Report and Model Support
There are no arrangements for model or report updating or support past delivery of the product.
However, feedback and general questions can be directed to: Baxter A. Gillette, General Manager,
Energy Focused Resources, 713‐417‐1969 or bagillette@energyfr.com.
There is a circular reference in the model for determining interest income in sheet FUNDING cells
C42:V42. This formula can cause problems when the breakeven calculation for . This feature can be
enabled or disabled in Excel Options... Formulas... Enable Iterative Calculation.
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Business Model for Utility and Industry Engagement
Report Purpose
This report outlines approaches to the sale of wave energy project power to northwest electric utilities,
while outlining key risks associated with the technology and provides an analysis of each power sales
approach relative to the risks. This is followed by a description of information that a wave energy
project developer (WEPD) should be prepared to present to the utility for use in evaluating the wave
energy project. This document is arranged in the following manner:



Attributes of Wave Energy Industry



Primary Project Risks



Two General Approaches to Power Sales



Analysis of Power Sales Approaches relative to Risks



Developer and Project Information Needed by Utilities

Attributes of Wave Energy Industry
As of the date of this report, wave energy is an emerging technology that is more expensive than other
forms of renewable energy, such as wind and biomass. Studies conducted by Electric Power Research
Institute (EPRI) indicate that the cost of wave energy will decline as installed capacity increases and will
ultimately be cost competitive with wind energy.
The following attributes of wave energy industry frame the discussion on marketing power from wave
energy projects.



High Initial Capital Cost – much like other forms of renewable, wave energy is projected to have
a relatively high capital cost even in commercial deployments.



Uncertain Operations and Maintenance Costs – as there have been no sizable deployments of
wave energy systems to date, the estimated operations and maintenance costs have not been
confirmed.



Unproven Technology – the early stage of the technology may make it difficult for projects to
obtain conventional project financing. Many demonstration programs are funded with 100
percent equity or with a combination of grants and equity.



Early Stage Developers – some of the companies developing wave energy projects may have
insufficient balance sheets to provide performance guarantees to utilities or to secure debt
financing.



Non‐competitive Versus Other Forms of Renewable Energy Projects – wave energy is an
emerging technology and is not currently be cost competitive with other forms of utility scale
renewables such as wind and biomass. Therefore, it may be difficult for wave to be cost
competitive in an RFP process.
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Primary Project Risks
More mature technologies have a clearer path to obtain project financing than wave energy
technologies because their costs and risks are more fully understood and predictable. Typically, a
project developer secures a power sales contract with terms including a price sufficient to cover project
development and permitting costs, operating and maintenance costs, debt service on any outstanding
loan(s) plus a reasonable return to the project developer and their equity partners for taking on project
development risks. This power sales contract is used as security for any loan to build the project. At the
present time, the wave energy industry has cost uncertainty and operating risks that complicate the
traditional financing model. These risks include:



PERMITTING COSTS: The regulatory process, the environmental and socio‐economic impacts,
and the potential mitigation requirements for this technology have not been fully tested.
Therefore, the amount of time and costs associated with securing all necessary permits,
licenses, and approvals for the rights to construct, operate, and maintain the project are not
fully known.



CAPITAL COSTS: WEPDs have estimates of project construction costs , however, these cost
estimates will not be proven until early units are operating for a reasonable length of time.
Therefore, the costs for procuring (or manufacturing) the wave energy generation equipment,
constructing, and installing the project are a risk.



OPERATIONS AND MAINTENANCE COSTS: WEPDs have estimates of the frequency and cost of
maintaining their technology. These estimates have not yet been proven. Costs will be
influenced by the impact of the marine environment on the equipment and by the access and
costs of marine vessels for transport and maintenance.



PERFORMANCE RELATIVE TO FORECAST: There is a risk that the project will not be able to
produce the amount of energy forecast by the WEPD. This risk covers situations where:
o the wave energy resource potential was not as expected, and/or;
o the wave energy equipment fails to extract and produce the forecast quantity of energy,
and/or;
o the wave energy equipment is forced out of service often and is not operational
consistent with WEPD forecasts.



ONGOING PERMIT COSTS: Permits might be issued with the ability to modify the project
requirements if impacts are different than anticipated (e.g. adaptive management) at the time
of permitting. Changes might include changes in operation or new/different mitigation
responsibilities which may include, decommissioning the project after its useful life.

The agreement(s) between the WEPD and the utility should address each of the above risks and identify
the party responsible to pay in the event that the costs associated with any risks turn out higher than
expected.
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Two General Approaches to Power Sales
Ownership Arrangements
An ownership arrangement is an approach where the utility would ultimately own the wave energy
project. Ownership could be transferred to the utility at various stages of project development and use
a variety of approaches. These approaches are often driven by the type of financing that the project
developer selects. Possible approaches include:



Joint project development by the WEPD and the utility



Project development by WEPD followed by its transfer to the utility at commercial operation



An initial purchase of power by the utility from the project with transfer of ownership at a later
time

Ownership arrangements are usually implemented through a series of definitive agreements. These
may include:



Purchase and Sales Agreement (PSA)



Guaranty by a creditworthy affiliate of the WEPD that would guarantee the WEPD’s obligations
under the definitive agreements



Power Purchase Agreement (PPA) for any power sold prior to the utility taking project
ownership

The definitive agreements would include detailed exhibits showing the project’s design, engineering,
and construction status. These exhibits may include:



Technical specifications



Performance guarantees



Major equipment and systems and vendors



Major subcontractors



Status of permit applications



Status of contractors' and vendors' obligations and warranties



Completion schedule and other related information and data

Closing the transaction would occur after receipt by the parties of all consents, authorizations and
approvals, and satisfaction of conditions precedent specified in the definitive agreements. At closing,
the utility would expect to purchase the project from the WEPD free and clear of all liens, charges,
encumbrances, and conflicting or competing claims.
If the WEPD retains the responsibility for project completion, start‐up, and commissioning, then
payment to the WEPD would likely be made in predetermined installment amounts often based upon
completion of certain milestones as outlined in the definitive agreements. The first such payment is
often at Closing.
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Power Purchase Agreements
A Power Purchase Agreement (PPA) is an approach where the WEPD retains ownership of the wave
energy project. The WEPD is responsible for securing all necessary permits, licenses, and approvals for
the rights to construct, operate, and maintain the wave energy project.
During the term of the PPA, the electric output from the project is sold to the utility at the point‐of‐
delivery. The WEPD is responsible for delivery of the energy generated by the wave energy project to
the point‐of‐delivery including all necessary electric transmission services. The WEPD is responsible for
all taxes, ancillary services, and all other charges on the energy produced and sold prior to the point‐of‐
delivery. The utility is responsible for taking the project output at the point‐of‐delivery and is
responsible for securing electric transmission from this point to the utility’s load. The utility is
responsible for any taxes, ancillary services, and all other charges beyond the point‐of‐delivery.
The utility is normally responsible for arranging all scheduling services necessary to ensure compliance
with applicable power scheduling regulations and protocols. However, it is likely that the WEPD will
need to communicate the hourly forecast amounts of energy expected to be produced by the project to
the utility at least daily and when there are expected material changes to hourly generation forecast
within the day. The responsibility of payment of any imbalance generation charges or other costs
stemming from the difference between the forecast and actual output would be part of the PPA
negotiations.
As part of the PPA, the utility and the WEPD would develop written operating procedures for the project
that would describe the protocols under which the parties will perform their respective obligations.
These protocols and procedures will likely include:



The method of day‐to‐day communications



Key personnel lists for WEPD and the utility, including an appointed authorized representative
for each party



Forced outage reporting and planned outage planning

During the term of the PPA, the WEPD would be responsible for operating and maintaining the project in
accordance with prudent engineering and operations practices. The WEPD would be required to
operate the project in a lawful manner and with safety, dependability, and efficiency in accordance with
any applicable practices, methods, acts, guidelines or standards and criteria of governing regulatory
bodies and electric reliability councils.
Payment for energy delivered would likely be based upon:



The amount of energy delivered, or;



A predetermined monthly amount independent upon the amount of energy delivered, or;



Some combination of the above.

Adjustments to the payment rates for changed regulatory conditions would be part of the PPA
negotiations.
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Analysis of Power Sales Approaches relative to Risks
The following analysis provides a high level overview of how risks might be allocated in the different
power sales approaches described above. Each of these business models could be modified through
contractual terms to change the risk arrangement. The table below outlines an initial concept of risk
allocation between the utility and developer.

Permitting
Capital
O&M

Performance

Ongoing
Compliance Costs

Joint
Development

Development
then transfer of
Ownership at
Commercial
Operation

Power Purchase
Agreement with
transfer of
Ownership at a
Later Date

Power Purchase
Agreement

Shared risk

WEPD carries risk

WEPD carries risk

WEPD carries risk

Shared Risk

WEPD carries risk

WEPD carries risk

WEPD carries risk

Shared Risk

Utility carries risk

WEPD then Utility
carries risk

WEPD carries risk

Depends on how
PPA is structured ‐
either party could
take risk or it
could be shared.

Utility carries risk

WEPD carries risk
until ownership
transfer then
utility carries risk

Depends on how
PPA is structured ‐
either party could
take risk or it
could be shared.

Depends on how
joint venture is
structured ‐ either
party could take
risk or it could be
shared.

Utility carries risk

WEPD carries risk
until ownership
transfer then
utility carries risk

Depends on how
PPA is structured ‐
either party could
take risk or it
could be shared.

Developer and Project Information Needed by Utilities
Before a utility will enter into any serious discussion on the sale of power from a wave energy project
the utility will need to fully understand the proposed project’s characteristics and will also need
information about the WEPD. Information in the WEPD’s proposal should be presented in a readable
way assuming that the reader has limited knowledge of the proposed wave energy technology and the
WEPD.

Utility Market Initiative
Page 5

Loren Baker Consulting

It is common for utilities and project developers to enter into a confidentiality agreement before details
of the project and technology are disclosed to the utility. Attached in Appendix A is a common form of a
confidentiality agreement.
Described below are the key elements of a WEPD proposal to a utility.

Development Team Experience
Provide a description of the WEPD – the entity that will sign the power sales agreement with the utility.
Briefly describe the legal form of the entity, its owners, the management team, and all relevant
experience in developing power projects. Be prepared to present financial statements and describe the
WEPD’s capability and willingness to provide collateral to ensure project performance.
Describe the outside consulting team that has been retained to bring the project from concept through
commissioning. Typically this team would include:



Environmental consultants who have prepared the license and permit applications



Key equipment manufacturers



Specialty consultants who are addressing the unique technical aspects of constructing the
project. e.g.: mooring and anchoring consultants, wave energy technology specialists, etc.



The legal team that represents the WEPD



If the WEPD plans on operating the project, describe the operations and maintenance team

The quality and reputation of the entire team will materially affect the enthusiasm that the utility will
have towards the project. The objective of this portion of the WEPD proposal is to clearly demonstrate
that the development team can bring the project into fruition as described in the balance of the
proposal – on time, on budget, and capable of solving unknown issues that may arise during the
development process.

Detailed Description of the Project
Describe the proposed project, including the project’s:



Site location, size, and the ocean area that it will occupy



Wave energy technology to be employed



Licensing status with a statement describing both completed and planned work



Expected power output



Proposed point‐of‐delivery and the interconnection to the local utility’s system



Proposed project schedule



Risks and the plan to mitigate them

Each of these topics is further described below.
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Project Location, Size, and Ocean Area
In a concise executive summary style, with maps and photographs as appropriate, describe the
proposed project’s:



Location



It’s nameplate rating and average annual energy output



The area of ocean that it will occupy



The local utility where it will interconnect



Any other pertinent information that the reader may need to better understand the remaining
parts of the proposal

Project’s Proposed Wave Energy Technology
Describe how the project’s proposed wave energy device operates to convert wave energy to electrical
energy. Describe the technology’s characteristics needed to maximize energy conversion from the wave
energy resource, and if the device can change its characteristics to match the naturally occurring
changes in the wave energy spectrum. The description should Include the:



Number, type and characteristics of the proposed wave energy devices, including their efficiency
curves



Minimum, most efficient and maximum generation outputs



Equipment required for monitoring and maintaining the project including methods, schedules,
costs and preferred vendors.



Proposed installation technique(s) for equipment placement, including anchoring systems and
related designs. Describe how the project’s design and installation ensures survival of
equipment in severe storm conditions.

Completed and Planned Work for Project Licensing
Include a statement as to the availability of a license from the Federal Energy Regulatory Commission
(FERC) and/or the Materials Management Service (MMS) at the proposed project location. Detail any
license application steps that have been completed toward either a preliminary permit and/or a formal
license application.
Identify the project permitting pathway, requirements, agencies, and schedule. Describe any
environmental monitoring programs required by the license or to be proposed as part of the licensing
process including methods, schedules, costs and preferred vendors.

Project’s Expected Power Output
Identify and provide the data source used as the basis for estimating energy production at the proposed
project site. Include the wave energy hourly raw data, describe how this data is translated to calculate
project output, and identify the expected forecasting accuracy.
Provide a graph showing the total energy available per linear meter at the project site for each day in
the dataset. Point out any gaps or other anomalies in the available data and how they are treated in
calculating project output.
Utility Market Initiative
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Provide the project’s estimated annual and monthly power duration curves as well as hourly output for
a typical, extreme, and low volatility week. Examples of this information are shown in Appendix B.

Proposed Point‐of‐Delivery and the Interconnection with the Local Utility’s System
Identify the local electric service provider and the location of where the project output will interconnect
to the existing utility grid. Describe the equipment required for project interconnection and describe
any power conditioning that is planned to be incorporated into the project. Describe planned and
completed steps to secure an interconnection agreement with the local utility. Discuss any expected
special project equipment or operating procedures required by the local interconnection utility.

Proposed Project Schedule
List all major project development milestones through project commissioning. List manufacturer's rated
"expected life" of all equipment, including turbines, pumps, generators, switching mechanisms, etc.

Project Risks
Describe any known or possible conditions that could impact the successful deployment and operation
of the proposed wave energy project. These may include competing uses of the location such as
shipping lanes, submarine cables and pipelines, ocean disposal sites, military exclusion areas,
commercial and sport fishing grounds, environmentally sensitive areas, and existing national parks or
marine sanctuaries. Describe the plan to mitigate the identified risks.
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Appendix A
A COMMON FORM OF CONFIDENTIALITY AGREEMENT
THIS CONFIDENTIALITY AGREEMENT (the "Agreement"), entered into and made effective as of the ___
day of ________________, is by and among _______________________________ with its principal
offices at _______________________ and _____________________________with its principal offices at
_____________________________________. _____________and _______________may be referred to
herein individually as "Party" and collectively as "Parties".
W I T N E S S E T H:
WHEREAS, the Parties intend to enter into confidential discussions concerning power generation project
development in the state of _______________________, transactions related to said development
activities and due diligence thereto which the Parties wish to discuss on a confidential basis (collectively,
the “Purpose”);
WHEREAS, the Parties have entered into this Agreement in order to assure the confidentiality of all such
information and the confidentiality of the discussions between the Parties to prevent the disclosure of
same to third parties except as permitted herein;
NOW, THEREFORE, in consideration of the mutual promises and covenants made herein, and with the
intent to be legally bound hereby, the Parties agree as follows:
1. Confidential Information
a. The term "Confidential Information" as used in this Agreement shall mean any and all
information of a Party, whether written or oral, regardless of form, disclosed in the discussions
among the Parties concerning the Purpose, except to the extent such information is excluded from
Confidential Information as provided in paragraph 1(b) or to the extent such information becomes
available to the general public as a result of the process in paragraph 3.
b. Confidential Information shall not include the following:
i. information which at the time of disclosure by a Party (the "Disclosing Party") is publicly
available, or information which later becomes publicly available through no act or omission of
the recipient (the "Receiving Party");
ii. information which is, prior to disclosure hereunder, already in the possession of the
Receiving Party and the Receiving Party can demonstrate that it has not previously received said
information from the Disclosing Party or from a third party who is under a confidentiality
obligation to the Disclosing Party;
iii. information received by the Receiving Party from a third party who, to the best of the
Receiving Party's knowledge, did not acquire such information on a confidential basis either
directly or indirectly from the Disclosing Party; or
Utility Market Initiative
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iv. information that the Receiving Party can demonstrate was independently developed by it or
for it prior to the signing of this Agreement and which was not obtained, in whole or in part,
from the Disclosing Party.
2. Obligations of the Parties
a. The Receiving Party agrees that the Confidential Information is to be considered confidential
and proprietary to the Disclosing Party, and Receiving Party shall hold the same in confidence, shall
not use the Confidential Information contrary to this Agreement and for other than the Purpose,
and during the Term as defined in paragraph 5 hereof, shall not disclose such Confidential
Information to any third party, except as otherwise permitted in this Agreement.
b. Notwithstanding the above, the Receiving Party may disclose such Confidential Information to
its representatives (“Representatives”), provided that such person(s) have a need to know such
information, have been informed of the confidential nature of such information and the restrictions
contained in this Agreement, and will use such information only for the purpose of evaluating
and/or furthering the scope of the Purpose. The Receiving Party shall limit the disclosure of the
Confidential Information to its Representatives reasonably necessary for them to evaluate the
Purpose or to perform their duties thereto. For the purposes of this Agreement, Representatives
shall mean “the representatives, employees, officers, directors, financial advisors, technical advisors,
legal counsel, equity investors, bankers, lenders, and auditors of any such person or their affiliates,
permanently employed or temporarily engaged to aid, advise, or otherwise participate in the
Purpose.” Each Party agrees to be responsible for any breach of this Agreement by its respective
Representatives.
c. Receiving Party agrees that, in complying with its confidentiality obligations under this
Agreement, such Party shall use the same means it uses to protect its own confidential proprietary
information, but in any event not less than reasonable means, to prevent the disclosure and to
protect the confidentiality of the Confidential Information received from the Disclosing Party.
3. Required Disclosure and Other Limitations of the Agreement
a. Confidential Information may be disclosed to any governmental, judicial or regulatory authority
requiring such information provided that: (1) such Confidential Information is submitted under any
applicable provisions for confidential treatment by such government, judicial, or regulatory
authority; and (2) prior to such disclosure, the Disclosing Party is given prompt notice of such
disclosure requirement(s) so that it may take whatever action it deems appropriate, including
intervention in any proceeding and the seeking of an injunction or a protective order to prohibit
such disclosure.
b. If, in the absence of an injunction, a protective order or the receipt of a waiver hereunder, any
Party is nonetheless, in the opinion of its counsel, legally required to disclose Confidential
Information received pursuant to this Agreement, then, in such event the Party so required may
disclose such information without liability hereunder, provided that the other Party has been given a
reasonable opportunity to review their own Confidential Information imbedded in the text of such
disclosure of Confidential Information before it is made.
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4. Return of Confidential Information.
a. Disclosing Party may elect at any time to terminate further access to the Confidential
Information to which it has title and/or proprietary rights. Upon written request of Disclosing Party,
the Receiving Party agrees to promptly return, or at their option, promptly destroy any and all
Confidential Information as well as any other information disclosed to it and its Representatives,
including all originals, copies, translations, notes, or any other form of said material, without
retaining any copy or duplicate thereof.
b. Subsequent to the return of Confidential Information, the Parties, agree that they will not make
any use and will cause their Representatives not to make use of Confidential Information received
pursuant to or developed under this Agreement without the express prior written consent of the
Disclosing Party.
5. Term.
Regardless of any termination of any communication between the Parties, the obligations and
commitments established by this Agreement shall remain in full force and effect for a period of _____
years from the date first written above (the “Term”).
6. Nature of Information.
a. The Parties each hereby accept the representations of the Disclosing Party that its Confidential
Information is of a special, unique, proprietary, extraordinary, and intellectual character and that
money damages would not be a sufficient remedy for any breach of this Agreement by Receiving
Party or its Representatives and that specific performance and injunctive or other equitable
remedies for any breach or threatened breach shall be available to it.
b. The Parties further acknowledge that the interests of the Disclosing Party in such Confidential
Information may be irreparably injured by Receiving Party’s disclosure of such Confidential
Information. The remedy stated above may be pursued in addition to any other remedies applicable
at law or equity for breach of this Agreement.
7. Expenses during the Term of the Agreement
The Parties recognize that during the Term of this Agreement, they may incur expenses while
investigating the commercial, financial, technical and regulatory aspects of the Purpose. Expenses
incurred by any Party shall be for its own account, and no Party shall have any right of reimbursement
from the other Party unless such Parties have otherwise specifically agreed in writing.
8. Governing Law.
The validity and interpretation of this Agreement and the legal relations of the Parties to it shall be
governed by the laws of the State of ___________, without regard to choice of law provisions.
9. No Representation or Warranties.
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a. With respect to any information, including but not limited to Confidential Information, which
Disclosing Party furnishes or otherwise discloses to Receiving Party hereunder, it is understood and
agreed that the Disclosing Party does not make any representations or warranties as to the
accuracy, completeness or fitness for a particular purpose thereof and no liability shall derive from
the use of any such information.
b. Neither this Agreement, nor the disclosure of Confidential Information hereunder, shall be
construed as granting or conferring any license or rights to any information or data now or hereafter
owned or controlled by the Disclosing Party to the Receiving Party and all such Confidential
Information shall remain the property of the Disclosing Party.
10. Final Agreement
This Agreement contains the entire agreement and understanding between the Parties as to the subject
matter of this Agreement, supersedes in their entirety any and all previous communications between
the Parties relating to the subject matter of this Agreement (including all previous versions of this
Agreement); and shall only be modified in writing by the Parties.
11. No Assignment
No Party may assign this Agreement or any interest herein without the prior written consent of the
other Parties, which consent shall not be unreasonable withheld.
12. Severability and Counterparts.
a. If any provision of this Agreement is held by a court of competent jurisdiction to be invalid or
unenforceable, then this Agreement, including all of the remaining terms, will remain in full force
and effect as if such invalid or unenforceable term had never been included.
b. This Agreement may be executed in one or more counterparts, each of which will be deemed to
be an original of this Agreement, and all of which when taken together, shall be deemed to
constitute one and the same agreement.
IN WITNESS WHEREOF, the Parties hereto have entered into this Agreement on the day and year first
herein above written.

ACCEPTED AND AGREED:
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Purpose
The Oregon Wave Energy Trust is supporting a study, the Utility Market Initiative, which has
the objective of bringing electric utilities and the wave energy industry together to better
understand each others’ technical and business issues. Outcomes of the initiative include a set
of model procedures, agreements, and technical tools that will help stimulate the wave energy
industry in Oregon.
As part of the initiative, Ecofys US has appointed experienced team members from Ecofys in
The Netherlands to deliver an overview of the international standards development with
respect to wave and tidal energy.
Definitions and Abbreviations:
IEC: International Electrical Commission
DNV: Det Norske Veritas
IEA-OES: International Energy Agency – Ocean Energy Systems
ISO: International Organization for Standardization
EMEC: European Marine Energy Centre
GL: Germanischer Lloyd
Current Status
Currently there are no internationally recognized standards which apply to wave and tidal
energy. In order to create international standards for marine energy, guidelines and
preliminary protocols are (currently) being drafted by five different parties. They are listed
below in order of international recognition and progress.
1.
2.
3.
4.
5.

IEC
EMEC
Carbon Trust and DNV
Germanischer Lloyd
IEA
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Development
1. IEC: TC 114: Marine Energy – Wave and Tidal Energy Converters
IEC has set up a technical committee, TC 114: Marine Energy – Wave and Tidal Energy
Converters (2007). Each participating nation will form a Mirror Committee. Ms. Melanie Nadeau
has agreed to take the Chair. The standards marked have been submitted as a suggested work
program for TC 114.
Goal: To develop international standards for wave and tidal energy technologies that
will help establish this promising source of renewable energy as a competitive form of
electrical energy production.
Focus: The primary focus will be on conversion of wave, tidal and other water current
energy into electrical energy, although other conversion methods, systems and
products are included. Tidal barrage and dam installations, as covered by TC 4, are
excluded.
Planning: TC 114’s inaugural meeting was in May 2008. The average development time
for IEC publications in 2008 was approximately 36 months
Development process:
1) Identification of the need for new standard
2) Preliminary study and preparation of draft outline
3) Establish a working group (existing or new)
4) Committee meetings and consensus building on the draft
5) Vote on the draft standard
6) Publication of the standard
Country Participants: Canada, China, Denmark, France, Germany, Italy, Japan, Korea,
New Zealand, Russia, Spain, Sweden, UK, US
Country Observers: Brazil, Netherlands, Poland, Ukraine

Standards developed by TC 114 will cover:
-

Performance measurement of tidal energy converters
Performance measurement of wave energy converters
Technical Reports on assessment of wave and tidal energy resource (2 documents)
Specification and design of grid interface for wave and tidal energy converters
Manufacture and factory testing of wave and tidal energy converters
Certification scheme for wave and tidal energy converters

2. EMEC guidelines for standards
EMEC has coordinated the development of a set of guidelines/draft standards, on behalf of the
marine renewable energy industry. Each document has been progressed by a working group
with individuals representing technology developers, regulators, academia, utilities, and
project developers – a true cross-section of the marine energy industry. These guidelines have
recently been launched (April 2009). They are available to download free of charge 1 .

1

http://www.emec.org.uk/standards.asp
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EMEC Guidelines
1. Assessment of Performance of Wave Energy Conversion Systems*
2. Assessment of Performance of Tidal Energy Conversion Systems*
3. Assessment of Wave Energy Resource*
4. Assessment of Tidal Energy Resource*
5. Guidelines for Health & Safety in the Marine Energy Industry
6. Guidelines for Marine Energy Certification Schemes*
7. Guidelines for Design Basis of Marine Energy Conversion Systems
8. Guidelines for Reliability, Maintainability and Survivability of Marine Energy Conversion
Systems
9. Guidelines for Grid Connection of Marine Energy Conversion Systems
10. Tank Testing of Wave Energy Conversion Systems
11. Guidelines for Project Development in the Marine Energy Industry
12. Guidelines for Environmental Appraisal in the Marine Energy Industry
13. Guidelines for Manufacturing, Assembly and Testing of Marine Energy Conversion Systems
*The standards marked have been submitted as a suggested work program for TC 114.
3. Carbon Trust/DNV guidelines for wave energy devices
DNV has prepared (by order of the Carbon trust) a set of guidelines on the application of
existing offshore standards to marine energy systems. DNV has investigated what knowledge
already exists in other industries and where it may be appropriate and advantageous to use it
for wave energy (May 2005).
Focus and Goal: The focus is on wave energy devices with relevant parts for tidal
stream energy as well. The goal is, primarily, to provide an aid to technology
developers. The guidelines do not represent new technical standards; they are a set of
‘signposts’ to existing standards, with guidance on why and how these may be useful.
The guidelines recognize that a wave energy device design will do a combination of the
following options:
a) Use novel technology;
b) Use existing technology in a novel setting; and/or
c) Use existing technology in a conventional setting.
As might be expected, option c) is generally most amenable to the application of existing
standards. Options a) and b) will require some interpretation, and may be best approached by
a process of technology assessment called “Qualification of new/unproven technology”. DNV
defines this as “The process of providing the evidence that the technology will function reliably
within specific limits”, and involves a mixture of technical analysis and studies, technical risks
and reliability assessments, laboratory testing and prototyping. The first part of the guidelines
explains Qualification further.
The guidelines then go on to cover major generic, and indeed some quite specialized,
component technologies and systems that a wave energy device may use. A complete list of
the systems, components and engineering disciplines covered in the guidelines can be seen in
the Guidelines’ contents list and is also shown below.
The full document is available to download for free 2 : the Carbon Trust (pdf, 1.4MB).

2

http://www.carbontrust.co.uk/NR/rdonlyres/E3270D26-447C-4ADB-A6C3-B7DB0CEAEBA0/0/WECguideline_tcm4181675.pdf
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Carbon Trust/DNV Main Document
-

Qualification of new and unproven technology
Failure mode identification and risk ranking
Value management and life cycle analysis
Reliability and cost
Risk assessment
Safety philosophy
Documentation
Material selection
Corrosion protection
Structural design criteria
Foundation design
Mooring system analysis
Stability and watertight integrity
Electrical and mechanical equipment
Fire protection
Instrumentation and control systems
Umbilical connections
Cable connection to shore
Manufacturing
Installation and retrieval, temporary phases
Commissioning and handover
In-service phase – operations and maintenance
Decommissioning
Statutory regulations

Appendices
-

Fatigue analysis methodology
Wave modelling and loads
Technical considerations for air flow turbines
Technical considerations for gearboxes
Inspection
Relevant electrical and mechanical items
Steel grade conversion

4. Germanischer Lloyd
In 2005 the draft “Guideline for the Certification of Ocean Energy Converters - Part I: Ocean
Current Turbines” was issued and has since been further developed.
GL Guideline for the certification of Ocean Energy Converters cover:
General conditions for approval
Safety System, Protective and Monitoring Devices
Requirements for Manufacturers, Quality Management, Materials, Production and Corrosion
Protection
Load Assumptions
Strength Analysis
Structures, Foundation
Machinery Components
Electrical Installations
Manuals
Testing
Periodic Monitoring
Marine Operation
- Condition Monitoring
-
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5. IEA-OES
The IEA-OES is attempting to address this problem through collaborative research with IEC. In
April 2006, the participating countries of the IEA OES agreed an agenda, under Annex 2 of the
Implementing Agreement, to develop internationally recognized practices for testing and
evaluating ocean energy systems and, in this way, improve the comparability of experimental
results and help stakeholders evaluate and select suitable technologies.
The relevant subtask of the work program is subtask 2.3: Guidelines for Open Sea Testing and
Evaluation of Ocean Energy Systems.
In view of the other initiatives described in this document which have progressed further, it is
expected that the IEA-OES will not continue with this ANNEX.
Subtask 2.3 Guidelines for open sea testing and
evaluation of ocean energy systems
- Monitoring and data acquisition Wave and Tidal
- Data preparation and presentation of results Wave and Tidal
- Guidelines on Design, Safety and Installation procedures Wave and Tidal
Guidelines in the design of the Ocean energy system will be compiled based on best
practice and experience from the Ocean Energy community. Practical experience that can
help future development will be listed. Guidelines developed by DNV and Germanisher
Lloyd can form the basis for this task.
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Marine Hydrokinetics Technical Standards (TC 114)
Introduction
The International Electrotechnical Commission (IEC), based in Geneva, Switzerland, is a global non‐
governmental organization that prepares and publishes international standards for all electrical,
electronic, and related technologies. The United States participates in the IEC standard‐setting process
through the U.S. National Committee (USNC). In 2007, the IEC created Technical Committee 114 (TC‐
114)—“Marine Energy‐ Wave, tidal and other water current converters”—and the USNC agreed to take
part in the standards‐setting process for marine energy converters. The Secretariat for TC‐114 is held by
the British Standards Institute.

Purpose of Standardization
The purpose of the standardization process is to create technically valid and globally relevant standards
with a single test of conformance to each standard. Setting international standards for wave and tidal
energy converters will (1) promote the interoperability and commercial acceptance of the technology,
(2) provide domestic manufacturers access to international markets, (3) promote consumer protection
by improving safety and health standards, (4) safeguard the environment, (5) guide engineers toward
robust designs, and (6) provide investors and insurance entities sufficient information to discern poorly‐
designed systems from those that conform to an international consensus.

Participants
In May 2008, TC‐114 had its inaugural meeting in Ottawa, Canada. Fourteen countries are participating
members of TC‐114: the United States, Spain, Canada, China, Denmark, France, Germany, Italy, Japan,
Korea, New Zealand, the Russian Federation, Sweden, and the United Kingdom. Four countries are
observers in the process: Brazil, Netherlands, Poland, and the Ukraine. However, not all countries have
appointed delegates yet.

Scope of TC‐114
The Technical Committee is to prepare international standards for marine energy conversion systems.
The primary focus will be on conversion of wave, tidal and other water current energy into electrical
energy; although other conversion methods, systems, and products are included. Tidal barrage and dam
installations are expressly excluded. Formal liaisons have been created with two other IEC technical
committees: TC‐4, “Hydraulic Turbines” and TC‐88, “Wind Turbines.”
As of November 2009, TC‐114 included five active working groups. Each working group is convened by
the delegation of a single member country, but all national delegations may contribute to the creation
of all standards and each working group includes professionals from multiple participating countries.

Active Working Groups
1. Terminology: Proposed by the U.K., this Technical Specification will provide definitions for all
terms relevant to TC‐114. Where appropriate, it will expressly adopt definitions already in use
by Canada and the International Energy Agency‐Ocean Energy Systems (OES) databases.
Proposed definitions will be vetted through all other working groups before being adopted. A
concerted effort is being made to retain definitions set out by other IEC technical committees
previously. A new definition will only be adopted if the existing definition is insufficient or
Utility Market Initiative
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inappropriate when compared to the common understanding of the term within the
hydrokinetics industry.
2. Design Requirements for Marine Energy Systems: Proposed by the U.S., this Technical
Specification provides the essential design requirements to ensure the engineering integrity of
wave, tidal, and other water‐current converters for a specified design life. Its purpose is to
provide an appropriate level of protection against damage from all hazards that may lead to
failure of the primary structure. This Technical Specification addresses the requirements for
subsystems of wave, tidal, and other water current converters such as control and protection
mechanisms, internal electrical systems, mechanical systems, and mooring systems as they
pertain to the structural viability of the device under predefined external environmental
conditions. It applies to wave, tidal, and other water‐current converters of all sizes to include
both floating and fixed devices. This Technical Specification will not cover the impacts of devices
to the physical or biological environment (unless specifically noted). It is not concerned with
functionality of the devices in terms of energy production, maintainability, personnel access,
ergonomic safety, or other operational issues.
3. Wave and Tidal Energy Resource Characterization & Assessment: Proposed by the U.K., this
Technical Specification establishes general principles and methods for assessing the wave
energy resource at a particular site so that it is useful for determining the productivity of wave
energy conversion systems (WECs). This specifications defined will be applicable to the
assessment of both the instantaneous wave conditions and the long‐term wave climate. This
Technical Specification is not intended to apply to the definition of the wave climate for
operational or design matters.
4. Assessment & Performance of Wave Energy Converters: Proposed by the U.K., 1 this Technical
Specification will establish general principles for assessing the power production performance of
WECs when deployed in open seas. It is applicable to WECs which generate electricity using the
action of wind‐generated waves in order to deliver that electricity to the onshore grid by means
of a cable connection. It is applicable to floating WECs both compliantly moored and taut‐
moored, and bottom‐mounted WECs. It is applicable to WECs operating in all open sea resource
zones both near shore and offshore. It is not intended to apply to testing in enclosed tanks or
test basins.
5. Assessment & Performance of Tidal Energy Converters: Proposed by the U.K., this Technical
Specification establishes general principles for assessing the power production performance of
tidal energy converters (TECs) when deployed in open seas. It is applicable to TECs which
generate electricity using the action of the tides in order to deliver that electricity to the
onshore grid by means of a cable connection. It is applicable to both floating and bottom‐
mounted TECs as well as TECs operating in all open sea resource zones. However, the members
of this working group have decided that in‐stream TECs will not be covered by this Technical
Standard. The decision to reduce the scope was made based on manpower and time
constraints. This Technical Standard is also not intended to apply to testing in enclosed flumes
or rivers.
1

In November 2009, the U.K. withdrew as convener of this working group. Pending approval of member countries
and the IEC, the U.S. will nominate Dave Tietje to take over as convener.
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“Parking Lot” Topics for Future Standards
Members of the first five working groups have identified several topics they believe are worthy of
independent standards. According to the members, technical specifications should be determined for
model basin testing, mooring systems, and ocean thermal energy conversion (OTEC) devices. A standard
certification process for all devices under TC‐114 is also necessary. However, because technical
expertise in wave and tidal energy devices is concentrated in a relatively small number of industry
professionals, and because not all participating nations have appointed representatives to the
committee, development of these standards will likely have to wait until the first five have been
completed and adopted by the IEC.
The decision to exclude in‐stream devices from the scope of the “Assessment & Performance of Tidal
Energy Converters” working group has raised another unanswered question: Will the technical
specifications for in‐stream devices be worked out in a separate working group, or will the TEC group
end up doing the work. If in‐stream devices are pushed off until later, a large gap will be left behind that
will create uncertainty for a potentially large segment of the market.

Standards‐Development Process
IEC & USNC Roles
The IEC is the official international standard‐setting body. The American National Standards Institute
(ANSI) is the United States’ official IEC member organization; and the U.S. National Committee (USNC) is
the committee that represents ANSI within the IEC. All final standards and technical specifications are
issued by the IEC after a consensus is reached between participating nations.

USNC Mirror Committees, Shadow Committees, & Reporting
Once the IEC announces the formation of a technical committee (e.g., TC‐114), the USNC decides
whether the United States will participate in setting the standard. If the United States will participate,
the USNC appoints a Technical Advisory Group (TAG) for that technical committee. The TAG’s
designation will mirror the IEC’s designation of the technical committee. (For example, when the IEC
formed TC‐114 “Marine Energy‐ Wave, tidal and other water current converters” the USNC created TAG
TC‐114 with the same name.) Therefore, the USNC’s TAG TC‐114 is known as the United States’ “mirror
committee” for the IEC process. The TAG administrator for TC‐114 is Walt Musial from the National
Renewable Energy Laboratory.
Members of the USNC TAG volunteer to participate on each of the IEC working groups described above.
Although multiple members of the TAG may participate in each of the working groups, each country
appoints a single member to lead U.S. participation in each working group. In order to complete the
tasks assigned by the working group, the U.S. representatives create ad hoc “shadow committees.”
These shadow committees do not have a formal role in the standards process and shadow‐committee
members do not “report up” within the TAG structure. Rather, the shadow committees consist of
specialists from across the country that provide input and offer expertise to the TAG member.
To facilitate the standards process, the IEC adheres to strict reporting protocols. Members of the mirror
committee may not directly engage the IEC; all reports to the IEC may originate from the TAG
Administrator but all communications must be channeled through the USNC.
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TC‐114 Final Product
Because the marine renewable energy industry is still in its infancy, the initial products of the TC‐114
process will not be international standards per se. International standards are reserved for mature
industries and technologies. Initial deliverables from the TC‐114 process will be the technical
specifications developed by the five working groups. When the IEC approves these technical
specifications, developers, insurers, and financial institutions will be able to assess risk according to
internationally accepted design requirements.

Timeline
Although the IEC process progresses according to rigid timelines, most of the five working groups in TC‐
114 have asked for extensions of up to twelve months on their first round of draft specifications. While
the process would normally be completed within 36 months, it is more likely that all technical
specifications will not be completed until sometime in late 2011 or early 2012.

Roadblocks for Industry
Standards with Few Corollaries Take More Time
Marine hydrokinetics is still a new field that boasts few technical experts when compared to other
technologies in the renewable energy sector. Although some information can be translated from other
standards (e.g., subsea transmission can be analogized from TC‐88 specifications for offshore wind), a
significant amount of new research is needed in order to reduce uncertainties to a level where insurers
and financial institutions are willing to assume the risk of putting a new technology in the water.

Expert Recruitment Must Be Expanded
TC‐114 will continue to experience delays if member nations do not expand the ranks of experts
contributing to the process. For the USNC, the fly in the ointment is finding specialists to contribute to
each of the TAG’s shadow committees. Recruitment is difficult, in part, because many companies
operating in the marine hydrokinetic space are not able to finance the participation of their employees.

Lack of Certification Standard
Although the USNC supports developing a standard for certifying individual technologies, the United
States believes that developers must be included in the process and no such process has been proposed
to date. A certification standard would provide the IEC a means to give its “seal of approval” to new
devices. Designers could look to the standard as a minimum safety and design threshold, and both
investors and insurers could look for compliance with the standard before committing to a project.
However, not all participating countries agreed that a certification standard is necessary or prudent at
this stage of the industry’s development. While a certification standard will likely be developed within
the next decade, participating countries’ resources are currently spread too thin on the existing working
groups to make it a priority for the near future.

Public Relations Effort Must Be Expanded
Some in the USNC TAG believe that increasing participation (and thereby accelerating the standard‐
setting process) depends in part on an expansion of public relations efforts around wave‐ and tidal‐
energy technologies. Public support for the industry can spur demand for the standards; and demand
for the standards can encourage smaller companies to appoint experts to advise the TC‐114 process.
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Task 4.0 grid integration
Objective
The result of this task will establish a set of effective tools and guidelines that will facilitate the future
integration of wave energy projects into the grid.

Background
Integrating wave energy into the regional power grid requires analysis and study. As the wind
integration issues in the Northwest has highlighted, integration of a variable renewable energy resource
has several considerations for the planning and operation of the electrical grid. The Northwest utility
community has been responding to new issues as thousands of intermittent MWs of wind have been
added to the Northwest system. These issues provide a roadmap for areas to evaluate and anticipate
prior to large scale implementation of the wave energy resource. Key integration elements to be
considered include the interconnection guidelines required by the jurisdictional utilities, the existing
transmission capability, and the scheduling, forecasting and other operational considerations.

Approach
Using the PEV team's industry expertise, to assimilate existing information and engage with
Transmission Owners and Balancing Authorities to create a comprehensive summary of Integration
Tools for wave energy. The effort will focus on synthesizing existing information, working with regional
partners to answer key questions related to wave energy integration, and forecasting future needs for
integration of a robust wave energy industry in Oregon.

Sub‐Tasks
4.1 Interconnection
Guidelines

4.1

Summary of Deliverables
Interconnection Guidelines

4.2 Integrated Systems
Analysis

4.2

Integrated System Analysis

4.3 Forecasting Tools

4.3.1 Forecasting Requirements
4.3.2 EPRI Review of WaveWatch III Forecast Tool and
EPRI Recommended Implementation Plan

4.4 Scheduling Parameters

4.4 Scheduling Requirements and Challenges

4.5 Utility Considerations

4.5.1 Technical and Operational Barriers
4.5.2 Integration and Balancing of Wave Energy

4.6 Telemetry

4.6

Telemetry
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Interconnection Guidelines
Purpose
The interconnection process requires early coordination with the utility to which the resource will be
connected. The process is specific to the utility but information requirements and timelines for
evaluation tend to be the same. Outlined below are summary documents developed under this project
and websites to guide early action on interconnection.

Definitions
•
•

Interconnection - electrical connection of a generator(s) to a transmission or distribution
systems
Integration - the electrical connection of a generator(s) into a transmission or distribution
system that is not owned by the Balancing Authority. Example: the generator is electrically
connected to Douglas Electric Coop which resides in BPA's Balancing Authority.

Resource Documents
If connecting to the Bonneville Power Administration System see:
• BPA Generation Interconnection Process Overview (next page)
• http://www.transmission.bpa.gov/business/generation_interconnection/
If connecting to Tillamook PUD, Central Lincoln PUD, Douglas Electric Coop, or Coos Curry Electric Coop
see
• BPA Generation Interconnection Process Overview (next page)
• http://www.transmission.bpa.gov/business/generation_interconnection/
If connecting to the PacifiCorp System see:
• A Brief Overview of Interconnection Rules in Oregon (attached)
• http://www.pacificpower.net/Article/Article71371.html
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BPA Transmission Interconnection Process Overview*
Project Licensing
Process

Generation Interconnection Process
BPA Transmission and/or Local Host Utility
Determine if connection is directly to
BPA system or to a host utility

Project
Concept

INITIAL
CONSULTATION
with BPA Customer
Service Engineer and
Host Utility

Preliminary
Federal Permit
Processing

DETAILED PROJECT
CONSULTATION–
with BPA Customer
Service Engineer and
Host Utility

Generation Interconnection
Application

Federal License
Application

Coastal
Transmission
Map
Preliminary
Project
Questions

Detailed Project
Questions

•Process
Summary
•Application

1. FEASIBILITY STUDY – determines if
interconnection is feasible and determines a
recommended facility option.
2. SYSTEM IMPACT STUDY - Detailed studies to
define specific electrical requirements for
recommended facility option.
3. FACILITIES STUDY - More accurate project cost
estimate and refined implementation schedule.
4. NEPA - National Environmental Policy Act Review.

Construction

Interconnection Agreement
*BPA Transmission Service is secured through a separate process

Consumer's Power, Inc.
Map Update: 11/24/09

BPA Generation Interconnection Process Overview
Preliminary Project Questions

1. What type of generation is being proposed (wind, solar, hydro, geothermal, wave, tidal, diesel
engine, gas engine, gas turbine, etc)?
2. What is the total amount of generation (Unit size and number of units)?
3. What type of Generator (Synchronous, Induction, Inverter, etc.)?
4. Where is the generation interconnection point and name of local serving electric utility?
a) What is the voltage level of the existing transmission or distribution system at point of
generation interconnection?
b) Identify the specific location of the generation interconnection to the existing
transmission or distribution system (one line diagram or sketch including information
on transformer location, impedance and connections (delta-wye, etc.) including the
generation step-up transformer between the generation and the BPA transmission
system).
c) Where is the point of interconnection with the BPA system (Point of Delivery or
interconnection point to another electric utility or load control area)?
5. What is the amount of radial load served by the transmission and distribution system at the
point of generation interconnection?
6. Are there existing generators (number, size and location) connected to the transmission and
distribution system served from the same point of interconnection with the BPA transmission
system?
7. What is the proposed "on-line" date for the generation?
8. Should this generation be considered a long-term or a temporary installation (If temporary,
when will the generation be removed?)?
9. Will transmission Ancillary Services be needed across BPA's transmission system?

BPA Generation Interconnection Process Overview
Detailed Project Questions
Single Generator Unit
1. What type of generator (Synchronous, Induction, Inverter)?
2. Is it a DC generator? If yes, what type of DC to AC inverter (conversion of DC to AC)
a) Adequate harmonic filtering
b) Inverter failure protection
3. What is the output voltage level?
4. Is the generator output three-phase or single-phase?
5. What is the method/equipment for synchronization with grid?
6. What is the method for voltage transformation?
7. Where will the transformer be located:
a) Integral with generator unit
b) Separate sea-floor or river-bottom
c) Floating
d) On-shore
8. What is the voltage for lines(s) to shoreline interface?
9. What type of generator governor system/equipment will be used?
10. Will there be Generator on-board controls, protective relays, or power output circuit
breakers?
11. What type of Generator telemetry/communications/SCADA is planned?
12. What is the communication method for remote alarm outputs?
13. Is there battery backup for relay and control systems?
14. How will the unit be isolated for required maintenance?
Multiple Generator Units
1. Will the units have common interconnection points?
2. Will the units have separate or common output voltage transformation?
Shoreline Interface
1. What is the distance from generator to shore-line interface?
2. What is the voltage rating for the shoreline interface?
3. What is the voltage rating vs. ampacity of the shoreline interface?
4. What type of submarine cable conductor will be used?
5. What is the conductor size versus the loading/generation block size?
6. Will the interface be double-ended/looped or single-ended/radial?
7. How will line maintenance be provided without generator shutdown?
8. What type of voltage drop or loss conditions are expected?
9. Will the shoreline interface use a simple conductor inter-connect?
a) Underground vault and splices - continued underground
b) Pole-top cable potheads - continued overhead open-wire
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c) Pole-top cable potheads - continued overhead space cable
d) Disconnecting means at shoreline interface
10. Will the shoreline Interface use a circuit breaker or fuse?
a) Pole-mounted fused disconnect
b) Pole-mounted 3-phase automatic circuit recloser
c) Pad-mounted fused disconnect
d) Pad-mounted 3-phase automatic circuit recloser
e) Remote indication of breaker/trip fuse
11. What type of step-up transformer will be used for the shoreline interface?
a) Simple pad-mount transformer with fuse protection
b) Existing substation near shoreline interface
c) New substation, complete with transformers
d) New substation tie to grid primary voltage line
Shoreline interface to Grid/Subgrid interconnection
1. Is there an existing powerline already serving loads?
a) How to prevent undesirable interaction?
b) Is new relaying/protection for existing loads needed?
2. Is a new powerline(s) dedicated for the generation needed?
a) Is radial or double-ended loop feed needed?
b) Are line switching provisions for no-outage maintenance needed?
c) Would it be standard overhead construction? Or would underground cable be
more appropriate?
3. Will the interconnection use an existing substation with upgrades and additions or will it
require a new substation, complete with transformers?
4. What requirements will be needed at the substation?
a) Transformer and line protection
b) Required protective relaying
c) Remote indication of outages
d) Real-time data telemetry
e) kWh metering with remote query for data
f) SCADA control and remote indication
5. What type of interconnection line tap requirements are needed?
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BPA Small Generation Interconnection Application Process
(for projects <= 20 MW)

Deposit
Required

Study
Process

NEPA
Process

BAASA*

$2,500 with
application
$5,000 (may
be waived)

Feasibility
Study

ire

$5,000
minimum
$5,000
minimum

System
Impact Study

$5,000
minimum

Facilities
Study

$22,500
minimum

NEPA
Review

NEPA Record
of Decision

Construction Agreement

Only required
for projects
greater than
3 MW located
within the
BPA Balancing
Authority

BAASA Agreement
*Balancing Authority Area Service Agreement
between BPA and the Interconnection Customer

Report for:
Oregon Wave Energy Trust – Utility Market Initiative
A Brief Overview of Interconnection Rules in Oregon
16 November 2009
Authored by:
Diane Broad, P.E., Sr. Consultant
and Kalin Lee, Associate Consultant
Ecofys US
A Brief Overview of Interconnection Rules in Oregon
The Oregon Public Utility Commission (OPUC) adopted the state’s small generator interconnection
rule, AR 521, in June 2009 and the rule became effective on August 26, 2009. Since only
investor-owned utilities in Oregon are regulated by the OPUC, they alone are subject to this rule.
Of the three investor-owned utilities in Oregon, only PacifiCorp has any transmission or
distribution along the Oregon coast. The state’s municipal utilities, electric cooperatives, and
people’s utility districts, as well as the Bonneville Power Administration (BPA) generally follow the
FERC rules for interconnection, which are discussed below.
AR 521 applies only to the interconnection of small generator facilities of 10 MW or less to the
transmission or distribution system of one of the investor-owned utilities governed by the OPUC. If
the output of the small generator is wheeled through the investor-owned utility’s system to
another system, AR 521 does not apply. In those situations the interconnection is governed by
FERC Order 2006, Small Generator Interconnect Procedures (SGIP). In general, AR 521 does not
apply if the project is FERC jurisdictional, and does not apply to net metering facilities. The
interconnection rules under AR 521 are not retroactive, although a project which had previously
submitted an interconnection request but not yet executed an interconnection agreement can reapply for consideration under the new rules and not lose its queue position.
The underlying technical basis for AR 521 is the IEEE Standard 1547 (2003), Standard for
Interconnecting Distributed Resources with Electric Power Systems. This standard has been
developed to address technical issues with interconnection of projects 10 MW and smaller. There
is a full family of daughter standards under development for IEEE 1547, including 1547.1 (2005),
Standard for Conformance Test Procedures for Equipment Interconnecting Distributed Resources
with Electric Power Systems. AR 521 dictates that the interconnecting utility must use IEEE 1547
and 1547.1 to evaluate small generator interconnection applications.
The interconnection process set out in AR 521 is tiered by size and other characteristics. The rule
covers construction, operation and maintenance, cost responsibility, insurance, record-keeping
and reporting, metering and monitoring, temporary disconnection, and arbitration of disputes.
The application process is tiered by project size:
Tier 1: 25 kW or less and not connected to transmission.
Tier 2: 2 MW or less and not connected to transmission.
1

Tier 3: 10 MW or less and must not export power beyond point of interconnection.
Tier 4: 10 MW or less and does not qualify or failed to meet tier 1, 2, or 3 requirements.
Each tier has different restrictions for design, capacity, current imbalance, fault current, wiring
configurations, and other specifications. If multiple generators are connected at one point of
interconnection, the combined nameplate capacity is used to evaluate the application.
Tier 1:
Only a simplified contract is required for Tier 1, 25 kW lab-tested, inverter-based generators.
There is a $100 maximum application fee. The interconnecting utility has 10 days from the date of
filing to notify the applicant that its application is complete or incomplete, and 15 days to notify
the applicant whether the facility meets approval criteria.
Tier 2:
A Tier 2 generator, for 2 MW or less, also requires that there is no connection to a transmission
line. The interconnection must be to a radial distribution circuit or to the only customer on a spot
network. A Tier 2 project must have a lab or field-tested interconnection. However, field-tested
interconnections also require Tier 4 documentation from a previously executed project. There is a
$500 maximum application fee. The interconnecting utility has 10 days from the date of filing to
notify the applicant that its application is complete or incomplete, and 20 days to notify the
applicant whether the facility meets approval criteria.
Tier 3:
A Tier 3 generator, for 10 MW or less and no power export, must not be connected to a
transmission line, but instead must be interconnected to a radial distribution circuit or to the only
customer on spot network. In addition, the generator must have low forward power relays or
other protection to prevent power flow onto the area network. There is a $1000 maximum
application fee. The interconnecting utility has 10 days from the date of filing to notify the
applicant that its application is complete or incomplete, and 15 days to notify the applicant
whether the facility meets approval criteria.
Tier 4:
A Tier 4 generator produces 10 MW or less, but will not qualify for Tiers 1, 2, or 3. There is a
$1000 maximum application fee. A scoping meeting is required for this study-based process. The
scoping meeting determines whether the utility should perform a feasibility study, a systemimpact study, or a facility study; however, none is required. If no studies are deemed necessary,
the interconnecting utility may proceed to offering an interconnection agreement.
For pilot-scale projects connecting to PacifiCorp distribution or transmission the state
interconnection rule, AR 521, applies. If the project is less than 20 MW and interconnecting to
BPA, and in circumstances where the output of the small generator is wheeled through an
investor-owned utility's system to another system, the FERC SGIP applies. The SGIP is similar to
AR 521 in several ways. For example, each is tiered according to generator size; AR 521 has four
tiers while the SGIP has three. In the SGIP, the first-tier projects cannot exceed 10 kW, and the
second-tier projects cannot exceed 2 MW. Both of these tiers allow for a more stream-lined “fast
track” interconnection process than the third-tier projects, which can be any size between 2 MW
and 20 MW. Third-tier projects are subject to a study process similar to a Tier 4 project under AR
521. Despite their similarities, the SGIP allows for some higher fees and longer timelines for the
various steps of the interconnection process.
Most of the electric co-ops, muni’s and PUD’s in the Northwest also follow the FERC
interconnection rules and procedures, although they are not required to do so. This means that
some publicly-owned utilities may have application fees, study fees, and/or study timelines that
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exceed what is allowed under the FERC rules. Some publicly-owned utilities that receive their
power exclusively through BPA contracts may have personnel at BPA perform any necessary
studies and handle the interconnection application entirely. Others have the capability within their
own staff to process the applications, or hire external consultants who perform the studies to the
standards of the utility.
Wave energy projects, like other generators, will need to negotiate for the best technical and
operational configuration for the interconnection. Figure 1 below illustrates the basic layout of a
typical utility interconnection, and identifies common points of study and negotiation.
- location of the POI (Point of Interconnection)
- identification of interconnection facilities to be owned by the project, and those to be
owned by the utility
- necessity for disconnect switches, circuit breakers and/or reclosers, and other
protection and control devices to ensure safe operation of the generator
For some wave energy conversion technologies, the generator, power cable and power conditioner
are all at sea. For other technologies, some of these components are on shore. In general, it is
assumed that the interconnecting utility will only accept a POI on shore.

G
M

Utility Substation
Transformer
(or Power Conditioner)

Transmission and
Distribution System
(radial configuration
is shown)

Point of Common
Coupling (or POI)

Owned by Customer

Owned by Utility

Figure 1. The Building Blocks of Interconnection
When wave energy technology is more fully matured and projects are built with output of 20 MW
or greater, the FERC Order 2003, Large Generator Interconnect Procedures (LGIP) will apply. The
LGIP does not have any tiers and requires studies for all projects. The LGIP is more complex, and
the time lines for interconnection are longer than under the SGIP. A scoping meeting is required
between the developer and the utility at the outset of the interconnection process, and feasibility
studies, system-impact studies, and facilities studies may be required. Each of these studies is
likely to be more complex and costly than those performed under the SGIP. The total
interconnection process for a large generator facility can take from 18 months to 2 years to
complete, and will typically cost over $100,000.
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Conclusion
Wave energy projects will encounter varying levels of ease with interconnection, depending on
may factors, possibly including converter technology, the interconnecting utility, the POI, and
potential need for upgrades to the utility’s electric system. The following points should be
understood by all parties involved in interconnecting a wave energy project to the electric grid.
•
•
•
•

Interconnection is a complex, highly regulated process
Utilities have constraints: long interconnection queues, limited engineering staff, evolving
regulations
Applicants have constraints: minimizing cost and time to interconnect and associated risks
(e.g., maintaining investor confidence, PTC expiration), uncertainty about generating
equipment, inter-related processes of project financing and utility agreements
Access to the utility grid for renewable projects is viewed as a top priority of Federal
regulators, US DOE, the Oregon PUC and industry
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EXECUTIVE SUMMARY
The proceeding grid scenario analysis was conducted to identify realistic wave energy resource
potential (with considerations for network interconnection and integration requirements) as well
as to determine various longer-term deployment targets. In both the context of the State of
Oregon and the Northwest electrical system, this study aims at assessing the potential for longerterm (year 2019) large-scale wave power generation, particularly focusing on the transmission
network.
In particular, this analysis estimates the amount of wave power that can be interconnected to the
electrical system at specific points without requiring any significant transmission infrastructure
additions. Though local reactive compensation resource additions would likely be needed and are
not trivial in cost, they do not rise to the level of transmission line additions in either scope or
cost. The study also estimates the transfer capability of the electric system eastward from the
coastal areas. However, depending on the amount of wave power being injected into the system at
any given location, local system upgrades would be likely and interconnection facilities would be
required to integrate the project. This baseline capacity limit accounts for the effects on the
electrical network as a result of wave power generation at multiple locations throughout the
Oregon coastline. Major constraining factors that may pose restrictions on further wave power
addition beyond this baseline capacity are also investigated. As a precursor to this step, a number
of target areas and points of interconnections are analyzed toward determining their respective
capacity limits and constraining factors.
In this high-level wave energy resource power grid integration study a set of six geographical
target areas, consisting of twelve points of interconnections have been assessed. Two power flow
base cases representing heavy summer and heavy winter conditions for the year 2019 have been
used. Known planned system upgrades prior to 2019 were included. Both steady-state and timedomain analysis were carried out. A set of conventional transmission planning techniques such as
transfer scenarios, “N-1” contingencies and violation criteria were used to identify network
bottlenecks, especially within the coastal areas. A model to characterize the dynamic
characteristics of a generic offshore wave energy conversion process was developed and
integrated into the scenario analyses. A scenario team, with representation from PacifiCorp,
Central Lincoln PUD, Tillamook PUD, PNGC Power, Douglas Electric Cooperative, and
Bonneville Power Administration (BPA) provided necessary input and guidance to the project.
The analysis evaluated west to east transfer capacity limits assuming simultaneous additions of
wave energy resources at each of the twelve points of interconnections. This approach identifies
system limitations at multiple points of interconnection and the results are summarized below in
the ‘Baseline Wave Power Capacity’ section. In addition, individual interconnection capacity
limits were evaluated at each Point of Interconnection (POI) by adding wave energy resources at
that POI without additions anywhere else in the system. This approach identifies the limits at a
specific POI and the results are summarized below in the ‘Evaluation of Points of
Interconnection’ section. It is important to note that these studies are illustrative and it is unlikely
that wave energy resource additions would be made in exactly this fashion. To be compliant with
the requirements of each individual transmission owner, resource specific interconnection studies
will be required to determine interconnection requirements before these system additions can be
made.
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According to this grid scenario analysis, the following conclusions can be deduced:

•

Baseline Wave Power Capacity: Considering simultaneous wave energy power generation
from selected target areas along the coast of Oregon, the aggregated capacity transfer limit
from west to east is found to be approximately 430 megawatts (MW). This threshold of
capacity addition is a conservative estimate. Further evaluation (refined/relaxed criteria &
contingencies), wave resource specific POI selection (as against considering all the POIs
simultaneously), and addressing the inherent network bottlenecks (as embedded within the
2019 network models) would undoubtedly indicate higher capacity for wave energy resource
additions.

•

Network bottlenecks: Under the scope of this study, with its underlying assumptions and
criteria, it has been identified that the primary limiting factor is line overloading. In order to
address these limits, several transmission lines and/or transformers near several POIs may
need reinforcement/addition. Also, addition of reactive compensation may be deemed
necessary at several substations in order to address possible voltage rise/decline issues. Such
requirements would be identified during the interconnection study and/or transmission
service study process associated with a specific wave resource addition.
It is noteworthy that issues of line overloading were experienced in the base case analysis
prior to the addition of any wave energy resources. These results indicate that localized
system upgrades will be needed to address already anticipated changes in load and resources.
Although it was not assumed in the studies, local transmission owners and distribution
utilities will make system upgrades necessary to address these issues. Those changes may
help to remove some of the limiting factors identified in this study and thereby increase the
individual POI and simultaneous capacity transfer limits.

•

Evaluation of points of interconnections (POIs): A set of twelve POIs were evaluated and the
capacity levels outlined below are representative of each of the POIs when considered
separately. (Note: The resulting simultaneous capacity transfer limit is discussed under the
‘Baseline Wave Power Capacity’ heading.)

Area name
Astoria
Tillamook
Newport
Reedsport
Coos Bay
Cushman

Substation (Owner)
Clatsop (BPA)
Astoria (PAC)
Tillamook (BPA)
Garibaldi (TPUD)
Toledo (BPA)
Newport (CLPUD)
Reedsport (BPA)
Gardiner (BPA)
Tahkenitch (BPA)
Hauser (BPA)
Bandon (BPA)
Wendson (BPA)

kV level
230
115
230
115
230
69
115
115
230
115
115
230
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MW capacity
5
10
140
10
400
60
180
80
320
120
40
480
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Future Planning Activities:
This work should not be considered as detailed support for interconnection request studies,
transmission service request studies, feasibility studies, cost assessments, or project deployment
activities. Further economic analysis and technical assessment (particularly focusing on the
distribution system and specific transmission reliability issues) should be conducted to support
those decisions. However, this analysis is based on detailed technical inputs, and can be
confidently treated as a reference for enabling longer-term wave power deployment targets and
associated policy mechanisms.
As a continuation to this study, further investigations may be deemed desirable, especially in the
following context: incorporation of newer network changes (such as in the I-5 corridor, McNary –
John Day, cross-border transmission resources), dynamic model development (device-specific),
effects of longer-term resource variability, integrated system impact considering the Pacific NW
coastal region (Washington, British Columbia, California, in addition to Oregon under longer
time horizons), as well as use of Flexible AC transmission System (FACTS) devices, and effects
of special contingencies & protection schemes.
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1.

INTRODUCTION

The ocean wave energy resources along the coast of Oregon bear tremendous potential
for generation of electricity in a clean and environmentally friendly manner. To date, a
number of resource assessment [1],[2], technology evaluation and permitting activities
have been conducted with a view to harnessing this untapped energy. These initiatives as
well as various other broader techno-economic, social and environmental impact
assessments are generating valuable information and guidelines that will aid the
progression of wave power into a mature industry. The global wave energy industry, in
general, is progressing at a fast pace and commercial deployment of such technologies
can be expected in near future.

1.1 Background
Powertech Labs executed a project titled ‘An Assessment of Variable Characteristics of
the Pacific Northwest Regions Wave and Tidal Current Power Resources, and their
Interaction with Electricity Demand & Implications for Large Scale Development
Scenarios for the Region’ in January 2008 to understand characteristics of various wave
energy conversion technologies being developed world-wide and to identify potential
opportunities and challenges that an electricity system could face in the longer-term for a
large-scale integration of wave energy [3].
A systematic approach that accommodates high level and generic electrical system issues
in an integrated manner will provide directions on how to facilitate inclusion of emerging
renewable resources such as, wave energy in the long-term resource and infrastructure
planning process. Considering the large available ocean wave energy resources along the
Oregon coast and the concurrent initiatives being undertaken to harness these renewable
resources for producing electricity, a high level electrical system scenario analysis
coupled with steady state and dynamic network investigations could determine a practical
level of ocean power that can be integrated and the corresponding system constraints
considering current and future generation characteristics, local distribution &
transmission control areas, cross-border networks, load growth, and future network
expansion plans.
As part of the Utility Market Initiative (UMI) project, funded by the Oregon Wave
Energy Trust (OWET), a high level system analysis of the Oregon electricity system was
carried out to examine the long-term opportunity for integrating wave power from the
coastal target areas to the network. The following sections of the report describe the
overall scope, methodology, and approach being used as well as the assumptions being
made, followed by a presentation and discussion of the results derived.
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1.2 Objective
In the context of the state of Oregon (as well as the Northwest electrical system), the
primary objective of this study is to assess the potential for longer-term large-scale wave
power generation. In particular, this work aims at
•

•
•

Identifying the ‘baseline wave power capacity’, i.e, the amount of wave energy that
can be added into the electrical system without requiring any significant transmission
resource addition
Determining the ‘network bottlenecks’, i.e, the constraining factors that may pose
restrictions on further wave power generation beyond the baseline capacity, and
Indicating the ‘suitable points of interconnections (POIs)’ i.e, the target areas,
substations, and buses that have significant capacity for wave power addition (from
an electrical system point of view).

It is expected that this work will be treated as a catalyst toward instigating necessary
discussions within the realms of wave power and electrical networks, but not as a
network planning study. Being a high-level analytical study, the underlying assumptions,
criteria, scope and approach need also be considered alongside the study findings.

1.3 Scope and assumptions
Given the current state of the ocean energy industry and associated trends, developments,
and uncertainties, this study is scoped such that longer-term large-scale wave power
scenarios can be analyzed. In particular, multi-megawatt wave power plants and their
effects on the transmission system are of highest relevance for this work.
A 10-year time horizon has been agreed to be the time frame of interest and it is assumed
that the wave energy technologies, in general, will be commercially available during this
period. For numerical model development purposes, only one class of generic ocean
wave energy converter (OWEC) has been considered.
It is assumed that the powerflow models are representative of the actual system as
identified by its time-tag (year 2019, in this case). This implies projected load growth,
generation growth, demand side management targets, network expansion/reinforcement
plans are embedded within the base cases.
The criteria violations existing in the base cases 1 (without any new modification, i.e
addition of new generation) are assumed to be subject to further scrutiny and mitigation
(by means of reinforcement or protection schemes) by the relevant authorities. Once
addressed, the electrical network is expected to be more robust (allowing greater share of

1

Having been investigated thoroughly, numerical convergence issues were ruled out as the sources of these
violations.
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wave power addition), which makes the outcome of this study to be of conservative
nature.
Even though the powerflow solutions are obtained by solving the western electrical
system as a whole, relevant parameters are monitored only for the Northwest area and the
state of Oregon, in particular.
1.4 Analysis approach
The integrated scenario analysis carried out under this project is expected to provide
input to a broad range of audience. While the underlying steps and analyses are of highly
technical nature, the results need to be interpreted on a broader holistic scale. Primarily
two approaches were followed in achieving these objectives:
Consultation:
At the onset of the project a scenario team has been formed, which consists of
representatives from relevant utilities along the coast of Oregon such as, PacifiCorp,
Central Lincoln PUD, and Tillamook PUD, PNGC Power, Douglas Electric Cooperative
as well as Bonneville Power Administration (BPA). The scenario team members
provided guidance toward identifying potential target areas, point of interconnection and
suitable time-horizons. Also, directions toward scoping the study scenarios and transfer
options have been received through multiple consultations. The scenario team played
instrumental roles in facilitating the exchange of powerflow base cases, dynamic data,
regional maps, single line diagrams, and substation information.
Assessment:
The investigation commenced with sanity checking of powerflow and dynamic data files.
Also, a set of suitable POI buses was identified for addition of wave power plants.
Subsequently, transfer scenarios, contingencies and criteria were established. The
investigation falls within two broad classes:
•

Steady-state analysis: This part of the study primarily aims at identifying the effects
of wave power addition in the forms of overloading and voltage deviations/collapses
that may occur in neighboring lines and branches.

•

Time-domain analysis: The time-domain study focuses on the angular stability and
dynamic voltage recovery characteristics under various transfer conditions and
contingencies. Development of dynamic numerical model of ocean wave devices is
also a pre-requisite for this analysis.

Powertech Lab Inc.’s commercial power system analysis software, DSAToolsTM (in
particular VSAT and TSAT), has been used in conducting this study [4].
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1.5 Report organization
This report consists of seven sections as well as four appendices. In section 2, the
description of the powerflow data is given. Section 3 contains details of wave device
modeling. Preparation of analysis scenarios are described in Section 4. Steady-state and
time-domain analyses results are given in Section 5 and 6, respectively. A summary of
these results is given in Section 7. Relevant references are cited in Section 8.
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2.

BASE CASE DESCRIPTION

A set of two powerflow base cases (Heavy Summer and Heavy Winter) was used
throughout this study. In general, North-American electricity consumption patterns are
exhibited through these dominant peaks, which coincide with seasonal variations. Given
that the electrical systems and associated components experience relatively higher stress
during these conditions, network models reflective of summer/winter conditions are
widely used for system planning study. These cases are of Western Electricity
Coordinating Council (WECC) year 2019 genre and reflect the projected load, generation
and network conditions. In addition, two dynamic data file sets were used for the
transient security analysis.
2.1 General highlights
Apart from these two datasets, one additional powerflow case from Central Lincoln PUD
has been used in analyzing the network configurations between Toledo and neighboring
coastal substations. This information has been merged into the WECC base cases as part
of case preparation activities. Highlights of these cases are given in Table 2-1.
Table 2-1: Summary of summer and winter powerflow base cases for year 2019
Elements in base case 2019
AC Buses
Generators
Loads
Fixed Shunts
Switchable Shunts
Lines
Adjustable Transformers
Three Winding Transformers
AC-DC & DC-AC Converters
Sectional Branches

Summer
16797
3470
8129
726
975
14828
6528
285
8
272

Winter
16799
3481
7993
578
975
14812
6540
278
8
270

The WECC 2019 heavy summer approved base case (June 10, 2009) and 2018-2019
heavy winter base case (August 7, 2009) consist of 21 Areas, 415 Zones, and 284
Owners. For the purposes of this study where the coastal region in Oregon is of interest,
area # 40 (Northwest) and zones 401 (Portland), 402 (Western Oregon) and 411
(PacifiCorp) are of highest relevance.
NW Balancing Authority – Loads and Resources:
The responsibility of a Balancing Authority is to maintain a balance between generation
& load within its control area, facilitate scheduled interchange with other areas, and
regulate the frequency of the electrical system in a real-time manner. Typically, these
areas are marked by geo-political boundaries and/or interconnected network
configurations.
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Table 2-2: Northwest Balancing Authority area loads and resources summary
Loads and resources
Loads (100% of summer peak)
AC Interchange
DC Interchange
AC Losses
DC Losses
Total Generation

Summer (MW)
28864.4
1822.3
2901.9
1366.3
100.4
35055.3

Winter (MW)
34651.0
3616.3
2511.6
1531.3
80.6
42390.8

As highlighted in Table 2-1 and Table 2-2, the WECC base models consist of both AC
and DC systems. For the Northwest area, the projected load for summer and winter
peaking periods are around 29 GW and 35 GW, respectively. Corresponding generation
capacities within this region are around 35 GW and 43 GW.
Area Interchange between Balancing Authorities:
The Northwest area is neighbored by six other areas, which are: BC Hydro, Idaho,
Montana, Pacific Gas & Electric, LA Department of Water & Power, and S Sierra Pacific
Power (Figure 2.1).

Figure 2.1: Northwest area and the neighboring Balancing Authorities
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Table 2-3: Northwest area interchange summary
Control Area
Net with BC Hydro
Net with Idaho Power
Net with Los Angeles D.W.P. (at N.O.B)
Net with Montana/ Northwestern Energy
Net with Pacific Gas & Electric
Net with Sierra
Total interchange schedule

Summer (MW)
-2300.0
601.0
2896.0
-1051.0
4368.0
210.0
4724.0

Winter (MW)
1200.0
-161.0
2522.0
-1113.0
3599.0
81.0
6128.0

With the exceptions for interchange with BC Hydro and Idaho, the scheduled area
interchanges are unidirectional (toward Northwest, except for Montana) for both summer
and winter peak conditions. Corresponding flow directions and their magnitudes are
listed in Table 2-3.

Figure 2.2: Projected mix of planned generation for 2008-2017 period [5]
In absence of a clear outline describing the contributions from various power sources for
the study cases, a 2008-2017 projection can be considered and a similar trend for the
current study can be assumed. This information can be found in WECC’s November
2008 information summary [5].
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2.2 Coastal regions
As reflected by the 2019 base case models, the coastal regions are characterized by little
or no generation sources. In other words, there is no expected or planned new generation
from the coastal regions within a 10-year time horizon.
The load centers along the coast of Oregon are primarily supplied by BPA’s 230 kV and
115 kV transmission network. Starting from the north-south 500 kV BPA backbone, the
power flow direction is toward the west. Along the coastline this flow is generally
directed to the south (Figure 2.3).
On a broader scale, generating stations in the north and in the northeast supply the major
load centers in Oregon, whereas the flow is primarily through the I5 corridor (northsouth) and cross-cascade south interfaces (east-west).
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Figure 2.3: Coastal regions and power flow directions
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As provided by the scenario team, the list of coastal substations is given in Appendix 1. It
has been observed that the projected accumulated coastal load is in the range of 600 MW
for the summer peak condition, and 850 MW for the heavy winter case.
With the addition of wave power based generating stations along the coastline (target
areas are indicated in Figure 2.3), the general direction of power flow is expected to face
a reversal (within the coastal network).
2.3 Significant changes
The documents accompanying the powerflow base cases provide various highlights of
significant network changes. Considering the study focus on the Northwest region,
significant additions from 2007 to 2019 period for this area are listed below:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Saddle Back Wind Generation Project 70 MW connecting the ALFALFA – N
BONNVL 230 kV line
Cherry Point combined cycle combustion turbine (CCCT) 560 MW Generation
connecting the CUSTER W – INTALCO 230 kV line
Outlook-Punkin Center 115 kV re-conductor, in service summer 2010
Cove-Cove Tap 69 kV Line, in service 2010
POWERDLE and CONDITPH plants will be retired effective 10/2008
230 kV transmission line (56 miles) will connect existing power substations at Walla
Walla, Wallula, and McNary, in service date late 2010
Covington-Berrydale 230kV
North King County 230/115 kV transformer addition at Novelty
Pierce County 230/115 kV transformer at Alderton
Jefferson County 115kV Upgrade, Phase II
Thurston County 230/115kV transformer addition at St Clair with a 230kV tap to the
S Tacoma-Olympia 230kV line
The IP line converted from 115kV to 230kV and terminated at Lake Tradition with a
new 230/115kV transformer and the Maple Valley-Klahanie branch looped into Lake
Tradition
Sedro Woolley-Horse Ranch #2 230kV
Hey Canyon Wind 200 MW Generation Project
Miller Ranch Wind 100 MW Generation Project

Additional key changes for the neighboring Balancing Authorities include:
•

•

Gateway West (Idaho Power & PacifiCorp): Eastern Wyoming - Two 500 kV AC
circuits from Windstar, near Dave Johnston, to Jim Bridger; Western Wyoming –
Double circuit 500 kV AC from Jim Bridger to Populus, southern Idaho; and
Southern Idaho – Two circuits of 500 kV AC from Populus to Hemingway, near
Boise
Hemingway Boardman (Idaho to Northwest): Single 500 kV AC circuit from
Hemingway, Idaho to Boardman, Oregon
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•
•

Hemingway to Captain Jack (PacifiCorp): Single 500 kV circuit from Hemingway
Idaho to Capt. Jack Oregon
Montana Alberta Intertie: Great Falls (MT) to North Lethbridge (AB) AC line

In light of various contemporary discussions on transmission system reinforcement and
new generation addition, following items were searched in the base cases. However,
these system reinforcements and additions could not be found and hence considered to be
absent in the study scenarios. The list of such reinforcements is given below:
•
•

•

•
•
•
•
•

I-5 Corridor Reinforcement (BPA): new 500-kV Substation near Castle Rock, WA, a
500 kV yard at the existing Troutdale Substation in Troutdale, OR, and a new 500 kV
transmission line between these substations
West of McNary Generation Integration (BPA): new McNary – John Day 500-kV
transmission line, construct a new 500-kV substation (“Station Z”) near Goldendale,
WA, a 500-kV line from Station Z to BPA’s Big Eddy substation near The Dalles,
OR
Canada to Northern California (PG&E, BCTC, Avista, PacifiCorp, etc.) : HVAC
from Selkirk to either Boardman area or Grizzly/Round Butte are via Spokane area
sub HVDC from either Boardman area or Grizzly/Round Butte area to Tesla/Tracy
HVDC converter stations in the Round Butte/Grizzly area and Tesla/Tracy and
potentially in the Round Mountain area
Canada to Northern California - Avista Interconnection (Avista): 500/230 kV
interconnection at Devils Gap, 230 kV Phase Shifting Transformers, 2-230 kV
interconnections to the Spokane Area 230 kV Grid
Southern Crossing (PGE): 500kV transmission lines and 500/230 kV substation
Northern Lights: Alberta to Pacific Northwest (TransCanada): HVDC transmission
line from Edmonton/Heartland area to Celilo, Oregon
Sea Breeze –HVDC link: Juan de Fuca - Pike (BC) to Port Angeles (WA) HVDC
link and OR to CA - Allston (OR) to San Francisco (CA) HVDC link
Mountain States Transmission Intertie: Townsend (MT) to Midpoint (ID) AC line

Further details of the base cases can be found through relevant authorities such as,
Western Electricity Coordinating Council (WECC) and Bonneville Power Administration
(BPA).
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3.

DYNAMIC MODELING OF OCEAN WAVE ENERGY CONVERTER
(OWEC)

Model development of ocean wave energy converter (OWEC) systems is largely a selfcontained task, independent of the grid-integration study paradigm. This section discusses
the underlying challenges, solutions, and implementation outline of a generic wave
energy system.

3.1 Modeling challenges and requirements
Modeling of ocean wave energy converters is a challenging task both for technical and
non-technical reasons. There exists a wide diversity of conversion systems at various
levels of technological maturity. Availability of public domain information is scarce, and
the industry has not matured enough such that model validation activities can be initiated
[6][3]. On the other hand, planning studies that focus on transient stability aspects of such
systems’ integration into the electrical networks, require these models to be responsive to
certain features, which includes (a) capability for fast simulation (b) representation of
electromechanical transients, and (c) similarity to traditional paradigms of modeling
[7][10].
In this context, wind energy conversion systems may play an important role where the
time varying resource (wind power) is integrated into the network through electrical
devices such as, induction generator, doubly-fed induction generator, and full-converterbased generator [10][8][9]. To date, there has been limited work done toward developing
numerical models for wave power devices that meet the unique requirements of bulk
power system analysis. International Energy Agency’s Ocean Energy System (IEA-OES)
Implementing Agreement- Annex III is at the forefront of this initiative [11]. Various
publications are also emerging only recently [12][13] and given the current status of the
ocean energy industry, any such modeling should possess the following attributes:
•
•
•

Generic: models that can be applied to a wide variety of ocean wave devices.
Simple: models that can accommodate the fundamental wave energy conversion
principles.
Functional: models that can be responsive to the needs of a typical time-domain
power system analysis software (electromechanical time-domain).

A look at the underlying conversion principle of various ocean wave devices indicates
that use of power-electronics and/or traditional electric machinery is expected to be the
norm, especially at the interface to the electric grid. Linear permanent magnet based
generators are also being considered in certain cases.
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Figure 3.1: Various ocean wave energy converters and their conversion processes [3]
On the other hand, wave induced motion at the front-end of various ocean wave devices
can be manifested through one or multiple degrees of movement, such as, pitch, heave,
sway, etc. [8]. Another unique aspect of most ocean wave devices is that, there exists an
intermediate conversion stage, which primarily operates as a buffer for energy storage
and translator for oscillatory-to-rotary motion (Figure 3.1).
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Figure 3.2: Generic outline of ocean wave energy conversion devices [3]
In principle, a high-level generic description of ocean wave devices can be given through
a cascade of front-end, intermediate, and grid-interface mechanisms. This is shown in
Figure 3.2, and will be relied upon heavily toward dynamic model development.
3.2 Generic dynamic model outline
Referring to the generic model outline given in Figure 3.2, an OWEC system to be
implemented within a power system analysis environment should contain a set of
subsystem blocks such as, wave field, front-end & intermediate converter, and gridinterfaces. The grid-interface blocks as shown in Figure 3.3, are to be implemented
through standard machine models (e.g, induction generator, doubly-fed generator, and
full-converter). However, for direct drive linear generator based OWEC systems
necessary modifications need to be incorporated.

Figure 3.3: High-level modeling outline
An OWEC model may take two parameters as its input, which are: significant wave
height ( H s ) and wave power period ( Tp ), as generated from a wave field block (Figure
3.3). The consolidated front-end & intermediate conversion stage provides mechanical
power ( Pm ) for driving the electrical machines, i.e, the grid interface end-blocks.
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Significant wave height H s (m) and wave power period Tp (s) can be defined as either
constant or time varying parameters ( H s = f H (t ) , Tp = fT (t ) ).

This time variation can be of a step, ramp, or stochastic type. Since transient stability
studies are typically conducted for a time range of ~10 seconds (with focus on post-fault
transients occurring within fraction of a second/several cycles), and variations of wave
conditions (height, period) will exhibit dynamic much slower than this window of interest
(Figure 3.4), for most practical purposes constant values will be sufficient.

Figure 3.4: Example of variations in wave height and wave period [14]

For the purposes of simplicity and generality, the assumptions made throughout the
model development activities are
•
•
•
•
•

Wave resource variation is considered to be reflective of fully developed, deep water
conditions
The wave energy device is modeled only to reflect the real power contributions,
whereas the end-block (containing the electrical machines/power electronics) will
accommodate the reactive power aspects
The wave energy converters are considered to operate as hinged contour type devices,
employing heave and sway motion to harness the oscillating wave power
The intermediate stage is considered to be a hydraulic system (reciprocating system
accumulating pressurized fluids, which can be regulated to drive a hydraulic motor
coupled to an electrical generator)
Multiple wave energy devices are assumed to be arranged optimally, such that their
cumulative spatial formation contributes toward smoothing out the overall output.
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Under steady-state conditions, the power output of a device can be considered to be
identical to the nameplate specifications. Typically, this information is provided in the
form of a ‘power matrix’, which essentially maps the electrical power output as a
function of significant wave height and wave period (Figure 3.5).

Figure 3.5: Power matrix of a wave power device [15]

A high-level outline of the OWEC system is given in Figure 3.6, which is reflective of
the generic modeling schematic presented in Figure 3.2.The model takes significant wave
height ( H s ) and wave power period ( Tp ) as input variables and produces mechanical
power output Pm ( n ) (t ) , which drives the grid-interface/end-blocks. These end-blocks are
essentially electrical generator/power electronics models such as, induction generators,
doubly-fed induction machines, or full-converter interfaces.

Figure 3.6: Generic dynamic representation blocks

While the wave energy device (front-end & intermediate conversion) determines the
magnitude of real power (MW), the end-blocks establish the reactive power injection
(MVAr) to the network. This step is devised within the power system analysis software
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based on the type of machine and method of control (voltage control, power factor
control or direct MVAr control) being practiced.
A critical element that ensures satisfactory operation of the wave energy converter is the
power control (such as, frequency tuning, latching control [16], etc.). Depending on the
sea-state and internal operational conditions, the control scheme adjusts one or more
control variables such as, damping, stiffness or effective mass. This, in other words,
determines the effective dimension of the wave device (capture width) that is being
utilized for energy harvesting.

Figure 3.7: Capture ratio control subsystem within generic dynamic model

In the control schematic presented in Figure 3.7 the non-dimensional capture width ratio
Cw stands as a measure of the wave energy device’s conversion efficiency. This quantity
is in effect the ratio of effective wave field to the physical length of the converter. When
the capture width ratio is multiplied with device length and is implemented in the power
equation stated above, overall power output in kilowatt is realized.
For a simplistic/high-level analysis, the control block can be assumed to be capable of
adjusting these parameters and the equivalent effect is reflected on the magnitude of the
capture width ratio Cw . Considering the control reference is identical to the power
matrix information (i.e, the device rating) as given by Pm* = f HT ( H s , Tp ) , a PI type
controller can be utilized in order to regulate the effective capture width ratio Cw .
It has been found that this high-level model, albeit simplistic in nature, is sufficiently
detailed and numerically robust to rely upon. However, there exists room for further
model refinement and validation, as well as development of models for other types of
OWEC, such as point absorber, oscillating water column, or overtopping devices.
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3.3 Implementation in power system analysis tool

Under the model descriptions, formulations, and assumptions presented in the earlier
discussion, the OWEC devices’ implementation methodology is outlined below. All the
interface variables (i.e, variables that interact between powerflow base case and the
dynamic model) are assumed to be the same as those of the end-blocks (induction or fullconverter, DFIG may not be suitable for this implementation). Only input to the endblock is real mechanical power, fed by the OWEC’s front-end and intermediate
subsystems.
While the outline of the generic OWEC model presented here can be used for almost any
type of wave energy device, for implementation within a power system analysis software
(DSAToolsTM, in this case), a particular device need to be pursued for the purposes of
having better insights.
Considering the availability of public domain information, in this exercise, a hinged
contour device [17] type has been chosen for modeling & simulation purposes. This
device essentially maneuvers using multiple degrees of movements (heave & sway) and
contains three identical power conversion units.
Multiple hydraulic rams capture these movements and direct pressurized hydraulic fluids
into an accumulator. The control manifold releases this fluid into hydraulic motors that
are coupled to induction generators. It has a physical length of 150m and power rating
around 750 kW [17]. The power conversion modules are connected to a step-up
transformer, which connects to a collection network for power delivery to the shore. The
power matrix of this device is shown in Figure 3.8.

Figure 3.8: Example power matrix of a hinged contour device [17]
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Presence of the intermediate conversion stage, as well spatial distribution of the joints, is
expected to contribute toward averaging the output power both through temporal and
spatial filtering effects.
Since the model description presented in the previous sections is of generic nature, this
hinged contour device (or any other device, albeit in a rudimentary form) can be
represented as long as sufficient caveats are provided.
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BUS8 345.
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BUS7 500.

1
11
OWTERM0.6
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9
BUS9 13.8

OWEC 100 MVA

BUS1 500.

Prior to implementing this model in the grid-integration study, a simpler 2-machine
network has been used in order to test the OWEC model Figure 3.9. Being an induction
machine (a reactive power consuming source) based wave device, a shunt compensator
has been added, which is set to have continuous control capabilities.

Figure 3.9: Test powerflow case and OWEC model

An individual OWEC type device is rated around 0.75 MW (0.833 MVA, assuming 0.9
lagging power-factor). In this implementation (as well as throughout this study) a wave
power farm having 100 MVA rating is assumed to consist of 120 individual devices
arranged in an optimum configuration throughout the ocean space, such that their
aggregated effect is identical to their algebraic summation.
With significant wave height H s = 5 m (changing to H s = 2.5 m at t = 30 sec) and
wave power period ( Tp = 10.5 sec) the performance of the modeled OWEC is shown in
Figure 3.10. In addition, at t = 10 sec, a three-phase fault is applied at bus #10 (Figure
3.9).
It can be seen that the dynamics associated with the contingency is typically within
several seconds, whereas the OWEC’s own dynamics is in the order of tens of seconds.
This is primarily due to the internal storage and filtering capabilities present within the
power take-off system of the wave power device.
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Figure 3.10: Test snapshots of the OWEC device and its interaction with the
network

While the model descriptions presented here reflect a set of high-level generic attributes,
further improvements need to be done, especially in the areas such as, accurate incident
wave power wave array, linear generators, and intermediate conversion scheme models.
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4.

SCENARIO SETUP

Prior to embarking upon the analysis, a set of sanity checking and case preparation
activities need to be undertaken. This includes POI identification, transfer scenario setup,
contingency definition, criteria evaluation, and monitor variable/parameter selection. The
term ‘Scenario’ is indicative of any combination of these POIs, transfers, contingencies,
as well as powerflow base cases.

4.1 Points of interconnection

Based on multiple rounds of discussions between the scenario team and the project team
a set of five target areas were identified for possible integration of wave power projects.
Subsequently, these areas were analyzed within the powerflow base cases and two (with
several exceptions) points of interconnection were established for each of these areas.
Additional POIs in Reedsport (Tahkenitch Substation) and Florence (Wendson
Substation) were implemented (totaling up to six target areas), considering their favorable
attributes solely from the network’s point of view.
In Figure 2.3, the target areas are indicated and in Table 4-1 further details of these POIs
are given.
Table 4-1: Target areas along the coast of Oregon and selected POIs
# Area
Area Authority (County)
Substation (Owner) POI
kV
name
Bus # level
1 Astoria
PacifiCorp (PAC) & BPA
Clatsop (BPA)
40243 230
(Clatsop County)
Astoria (PAC)
45013 115
2 Tillamook Tillamook PUD (TPUD) & BPA
Tillamook (BPA)
41075 230
(Tillamook County)
Garibaldi (TPUD)
40455 115
3 Newport
Central Lincoln PUD (CLPUD) & Toledo (BPA)
41083 230
BPA (Lincoln County)
Newport (CLPUD)
SS107 69
4 Reedsport Central Lincoln PUD (CLPUD) & Reedsport (BPA)
40877 115
BPA (Douglas County)
Gardiner (BPA)
41207 115
*
Tahkenitch (BPA)
41061 230
5 Coos Bay PacifiCorp (PAC) & BPA
Hauser (BPA)
40523 115
(Coos County)
Bandon (BPA)
40075 115
6 Cushman Central Lincoln PUD (CLPUD) & Wendson* (BPA)
41141 230
BPA (Lane County)
*
POIs added at the onset of the study

The process of POI identification reflects the collective views of the project & scenario
team, contemporary works (such as, [1][2]), as well as characteristics of the electrical
network (expected weak/strong points). In many cases, POIs closer to the shoreline are
owned by the host utilities, whereas higher capacity connection points are generally
further inland and owned by BPA (Appendix 1).
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4.2 Transfers

At any given instance, the total power generation must equal the total consumption (load
and losses). In order to add new generation in certain locations, it is therefore necessary
to decrease the power production in other locations (or to increase the loads) in order to
maintain the power balance.
Employing the concept of source and sink, in power system planning studies, transfers
allow addition of new generation or load. Also, by selecting groups of generators or loads
judiciously, these transfers can help analyze the power flow conditions at various
interfaces.
In the context of this study (with load levels pre-determined in the base cases), the
transfers are established such that gradual increase in ocean power generation along the
coastal POIs is balanced against similar decrease in conventional generation in a set of
remotely located plants.
These plants are selected based on various criteria: such as, plant location (relative to the
intended transfer directions) and provisions for eliminating greenhouse emissions. Also,
it is customary to select larger power plants for ease of defining the transfers.
Based on theses selection outlines, a set of coal and natural gas based power plants have
been chosen (Table 4-2, Figure 4.1). Typically the coal fired plants are expensive to
operate, emit greenhouse gases, and are older in operational age. Therefore, these units
are selected as priority units to be scheduled as shown in Table 4-2.
Table 4-2: Transfer description and sink system plants (units)
Plant (unit) for gen.
Fuel type
Order
Transfer type
reduction
East - West
Boardman
Coal
1
(EW) transfer
Coyote Springs (S2, G2,
Natural gas
2,3,4,5
S1, G1)
Hermiston Power Project
Natural gas
6,7,8
(S1,G1,G2)
Hermiston Generating
Natural gas
9,10,11
Project (1S,2G,2S)
North – South
Centralia (G1,G2)
Coal
1,2
(NS) transfer
Chehalis (S1,G1,G2)
Natural gas
3,4,5
Grays Harbor (S1,G1,G2)
Natural gas
6,7,8
Combined
Boardman
Coal
1
North & East
Centralia (G1,G2)
Coal
2,3
(CNE)

MW capacity

620
80,170,80,170
190,220,220
180,85,180,85
760,760
240,200,200
315,190,190
620
760,760

The ‘East-West (EW)’ transfer essentially represents flow along the ‘West of Slatt’ flow
gate, whereas the ‘North-South (NS)’ transfer represents that of the ‘South of Allston’
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interface. The ‘Combined North & East (CNE)’ interface consists of large coal powered
units belonging to both north and eastern locations. Under all transfer scenarios, the
increase of power generation is introduced through the coastal ocean power plants.
The selected units under each transfer are dispatched using a pre-defined order (as against
sharing the generation reduction amongst the units equally) as indicated in Table 4-2. An
initial estimate indicated that the total wave power generation would be around 2000 MW
and these units are selected such that this bulk power can be adequately consumed by the
overall system.

Figure 4.1: Transfers and point of interconnection

It should be pointed out that setting up various transfer scenarios is rather a requirement
for conducting the study and not a pre-condition for wave power generation. This method
allows a mean for absorbing the power generated from wave plants in a systematic
manner. In practice, various other factors (such as, cost, scheduling, ancillary services,
etc.) will determine which units are to be adjusted (if any) in case of newer wave power
addition. Also, the directions of power transfer are not expected to reverse and may only
show reduction in power flow magnitude as a result of addition of newer wave power
plants along the cost.
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4.3 Applied contingencies

In this study, in addition to the transfer scenarios discussed above, a set of contingencies
(single element outage, i.e, N-1 contingencies) are used. From the POI buses, N-1
contingencies are considered up to five tiers (i.e, five buses away from the POIs) of the
system. The contingencies include three-phase faults at buses cleared by single circuit
tripping, and single generator tripping without fault. The contingencies were applied for
lines rated at 69 kV and above, and for generators of 50 MVA and above. The list of
contingencies is given in Appendix 2.
Table 4-3: Typical relay and circuit breaker interrupting times [18]
Voltage Class (kV L-L rms)
Below 100 kV
100 kV to 138 kV
161 kV to 230 kV
345 kV and up

Rated Interrupting Time (Cycles)
14
9
7
4

In the transient security analysis, fault clearing time for the line outage contingencies are
specified using the information in Table 4-3, as found in BPA’s guideline on technical
requirements for interconnection [18].
4.4 Applied Criteria

Under the transfer scenarios and contingencies described earlier, the performance of the
network elements need to be analyzed against a set of criteria. The criteria applied on
steady-state (using VSAT) and time-domain (using TSAT) analysis is as follows:
Steady-state/voltage security analysis criteria:
•

Voltage deviation (Decline or Rise): For single contingency not to exceed 7% at
any bus.

•

Branch Overload: For heavy summer case 100% of Rate 1 (continuous) for precontingency and 100% of Rate 2 (emergency) for post-contingency conditions.
For heavy winter case similar ratings are used, except that Rate 3 and Rate 4 are
used for continuous and emergency conditions, respectively.

The branch overloading criteria are given higher priority than the voltage deviations,
especially if the latter violation takes place at 69 kV and 115 kV buses. However,
sufficient attention is paid toward evaluating the cause, effect, and extent of such voltage
deviations.
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Time-domain/transient security analysis:
•
•

Transient Stability: System remains stable for all the specified contingencies.
Transient Voltage Dip: For single contingencies not to exceed 20% for more than 20
cycles at load buses.

These criteria are inline with standard practices as specified by authorities such as
WECC, BPA.
In order to achieve the study objectives outlined earlier, the following approach was
taken:
1. Point of interconnection (POI) evaluation: Identify individual POI capacities
through steady-state analysis (in VSAT platform) under N-1 contingencies, defined
criteria (voltage rise/decline and branch overload), and one transfer scenario (East –
West transfer, Table 4-2).
2. Aggregated capacity evaluation (preliminary): Identify aggregated coastal
generation capacity from all POIs through steady-state analysis (in VSAT platform) ,
using the limits found in step # 1under N-1 contingencies, defined criteria (voltage
rise/decline and branch overload), and all transfers (EW, NS, and CNE transfer).
3. Aggregated capacity evaluation (final): Further evaluate the aggregated coastal
generation capacity from all POIs through dynamic analysis (in TSAT platform),
using the limits found in Step # 2 under N-1 contingencies, defined criteria (transient
stability and voltage dip), and one transfer (EW transfer). This step incorporates the
dynamic model of ocean wave energy converter (OWEC).
As part of powerflow base case analysis and sanity checking (data quality, convergence,
etc.), above set of criteria was used to identify the inherent violations existing in the 2019
heavy summer and winter files. These criteria violations are listed in Appendix 3, and are
independent of issues related to ocean power integration. From a system reliability
perspective, it is expected that these violations will be addressed by means of
reinforcement, reactive compensation, and/or protection schemes. This implies that the
2019 electrical network will be more robust than the base cases being studied, allowing
more wave power resources to be added into the system. In other words, the results of
this assessment, albeit realistic, will be of conservative nature.
4.5 Monitor

For all the scenarios and contingencies analyzed in this study, all the branches and units
included in the nearby system to the POIs (zones 401, 402 and 411) are monitored in
order to identify any violation of the aforementioned criteria.
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5.

STEADY-STATE/VOLTAGE-SECURITY ANALYSIS

The voltage security assessment is conducted in multiple steps under a number of
scenarios (using various transfer conditions and individual/aggregated POIs).
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At first, the powerflow base cases are modified to accommodate wave power generators.
A total of 12 POIs (10 originally-suggested and 2 considered as an outcome of
preliminary analysis) have been implemented. Each OWEC device is modeled as a
combination of a generator (with Qmax = 0 MVAr, Qmin = - 60% of MVA rating) and a
shunt capacitor (with continuous control capability up to 60% of generator’s MVA
rating).

1

-5.25

Figure 5.1: OWEC implementation in powerflow base cases

The OWEC output is at 600 volts, and is connected to the transmission bus using a 33 kV
collector bus (Figure 5.1). The list of POI buses are given in Table 4-1.
As a subsequent step, the transfer definitions are implemented in the VSAT platform.
Also, the contingencies, criteria, and monitor parameters are defined in accordance with
the aforementioned formulations.
5.1 Point of interconnection (POI) evaluation

For the purposes of indentifying the favorability and capacity of various POIs, at first the
west to east (WE) transfer (Table 4-2) is considered. It should be mentioned that as long
as the investigation is focused on the POIs themselves, the transfer option is immaterial.
Maximum generation capacity for the OWEC generators is set preliminarily around 300
MVA (exceptions: 500 MVA for Toledo & Tahkenitch, 700 MVA for Wendson POI).
During the transfer analysis, this generation is increased with steps of 20 MW and
corresponding impacts on the neighboring system are analyzed (with and without
contingencies).
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The results of the POI assessments are presented in Table 5-1, Table 5-2, and Table 5-3.
It can be seen that even though line overloading and bus voltage violations were taken as
limiting criteria, only overload conditions were reported in most cases.
Even though the existing level of coastal load is higher in the heavy winter case (Figure
2.3), the heavy summer case appears to be more constraining. Primarily this is due to the
fact that power flow directions are different and are more limiting to addition of new
generation, due to the fact that summer ratings are lower than the winter ratings (owing to
higher ambient temperature).
POIs such as Astoria (PAC), Clatsop (BPA), and Garibaldi (TPUD) have capacities in the
range of 5-10 MW. These areas have been reviewed in detail, and the corresponding
limits and observations are given in Table 5-1 (Remarks). A number of POIs such as
Toledo (BPA), Tahkenitch (BPA), and Wendson (BPA) have significant capacities
ranging from 300 MW to 500 MW. Other POIs such as, Tillamook (BPA), Reedsport
(BPA), and Houser (BPA) have limits around 120 MW to 180 MW. For the remaining
POIs (Newport, Gardiner, Bandon) the capacity limits are between 40 MW to 80 MW.
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Table 5-1: Evaluation of Astoria and Tillamook target areas and relevant POIs
Bottleneck (overloads)
Area

POI
Substation

Ctg.

From Bus

To Bus

#

#

Name

Zone

Rating
(A)

Load
(%)

ID

Name

Max.
Secure
Transfer
[MW]

Astoria
(PAC)

Summer

A 92

45011

ASTOR TP115.

45275

SEASIDE 115.

1

411

509.120

502.040

101.400

10

Winter

A 97

45011

ASTOR TP115.

45013

ASTORIA 115.

1

411

831.090

748.050

111.100

180

Clatsop
(BPA)
Garibaldi
(TPUD)

Summer
Winter
Summer
Winter
Summer

Pre-ctg.
A 17
A 28
A 28
A 92

45011
40243
40455
40455
40083

ASTOR TP115.
CLATSOP 230.
GARIBALD115.
GARIBALD115.
BEAVER 115.

45314
45314
41073
41073
41073

LWSCLARK115.
LWSCLARK115.
TILLAMOK115.
TILLAMOK115.
TILLAMOK115.

1
1
1
1
1

411
401
401
401
401

509.060
421.160
567.73
800.290
458.840

502.040
419.210
505.06
756.080
429.750

101.400
100.500
112.40
105.800
106.800

5
200
10
160
140

Winter

A 92

40083

BEAVER 115.

41073

TILLAMOK115.

1

401

549.010

530.160

103.600

260

Astoria

Tillamook

Case

Current
(A)

Tillamook
(BPA)

Remarks:
Rem. # 1 (Astoria)

Rem. #2 (Clatsop)
Rem. #3 (Garibaldi)
Rem. #4 (Tillamook)

Rem.

#1
#2
#3
#4

Max. transfer at pre-contingency is 70 MW for summer case but under ctg. A 92 the limit is reduced to 10
MW to avoid overloading of line identified. A voltage violation at similar transfer conditions under ctg. A
10 can be identified at bus # 40027 (ALBANY 230).
The 230/115 kV transformer at Clatsop substation and the stated line are the limiting factors.
The stated 115 kV line is overloaded under ctg. A 28 for both summer and winter cases. However, the
summer case indicates a significantly lower transfer capability (around 10 MW).
For both summer and winter case, the observed bottleneck is the stated 115 kV line, particularly under ctg.
A 92.
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Table 5-2: Evaluation of Newport and Reedsport target areas and relevant POIs
Area

Newport

Reedsport

POI
Substation
Newport
(CLPUD)
Toledo
(BPA)
Reedsport
(BPA)
Gardiner
(BPA)
Tahkenitch*
(BPA)

Summer
Winter

Pre ctg.
Pre ctg.

85998
85998

SS107
SS107

41081
41081

TOLEDO 69.0
TOLEDO 69.0

1
1

100
402

578.560
588.35

418.370
502.04

138.300
117.2

Max.
Secure
Transfer
[MW]
60
60

Summer

A 47

41083

TOLEDO 230.

41141

WENDSON 230.

1

402

504.200

489.990

102.900

400

Summer
Winter
Summer
Winter
Summer
Winter

A 44
A 42
A 7
Pre ctg.
A 45
A 42

40623
40623
41207
41207
40623
40623

LAKE SID115.
LAKE SID115.
GARDINER115.
GARDINER115.
LAKE SID115.
LAKE SID115.

40877
40877
41059
41059
40877
40877

REEDSPRT115.
REEDSPRT115.
TAHKNICH115.
TAHKNICH115.
REEDSPRT115.
REEDSPRT115.

1
1
1
1
1
1

402
402
402
402
402
402

543.630
662.690
530.87
715.160
530.760
664.750

530.160
650.150
530.16
660.190
530.160
650.150

102.500
101.900
100.10
108.300
100.100
102.200

180
240
80
140
320
800

Case

From Bus

Ctg.
#

Remarks:
Rem. # 5 (Newport)

Rem. #6 (Toledo)

Rem. #7 (Reedsport)

Rem. #8 (Gardiner)

Rem. # 9 (Tahkenitch)

Bottleneck (overloads)
To Bus

Name

#

ID

Name

Zone

Current
(A)

Rating
(A)

Load
(%)

Rem.

#5
#6
#7
#8
#9

This transfer is limited by maximum MW Capability on line SS107 - TOLEDO 69.0. In the winter case,
ctg. A 42 creates voltage violation at bus # 47164 (GRNACR 69.0) but is considered as an issue to be
resolved by adding shunt capacitor at corresponding substation
The winter case indicates that under ctg. A 42 a voltage violation would take place at bus # 47164
(GRNACR 69.0) at a transfer level of 40 MW. But this issue can be resolved by adding shunt capacitors
at corresponding substation, and has been ignored. No overloading is observed in the winter case.
The winter case indicates that under ctg. A 42 a voltage violation would take place at bus # 47143 (DETP
1 69.0) at a transfer level of 160 MW. Also, for the same ctg, under the summer case, a voltage violation
is observed at bus # 40701 (MARTINTP230) at a transfer level of 260 MW. But these issue can be
resolved by adding shunt capacitors at corresponding substation and has been ignored.
The winter case indicates that under ctg. A 42 a voltage violation would take place at bus # 47148
(ELKTON 69.0) at a transfer level of 40 MW. This issue can be resolved by adding shunt capacitors at
corresponding substation and has been ignored.
The winter case indicates that under ctg. A 42 a voltage violation would take place at bus # 47164
(GRNACR 69.0) at a transfer level of 240 MW. Also, for ctg. A 42, under the summer case, a voltage
violation is observed at bus # 40027 (ALBANY 230). But these issues can be resolved by adding shunt
capacitors at corresponding substation and has been ignored.
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Table 5-3: Evaluation of Coos Bay and Cushman target areas and relevant POIs
Rem.

Bottleneck (overloads)
Area

Coos Bay

Cushman

POI
Substation
Hauser
(BPA)
Bandon
(BPA)
Wendson*
(BPA)

Case

Summer
Winter
Summer
Winter
Summer

Remarks:
Rem. # 10 (Hauser)

Rem. # 11 (Bandon)

Rem. # 12 (Wendson)

From Bus

Ctg.

A 42
Pre ctg.
A 59
A 59
A 45

To Bus

Zone

Current
(A)

Rating
(A)

Load
(%)

Max.
Secure
Transfer
[MW]
120
120
40
200

Number

Name

Number

Name

ID

40469
41207
47273
40407

GLASGOW 115.
GARDINER115.
MORISON 115.
FAIRVIEW115.

40523
41059
40783
40783

HAUSER 115.
TAHKNICH115.
NORWAY 115.
NORWAY 115.

1
1
1
1

402
402
402
402

536.510
715.160
269.380
535.250

530.160
660.190
260.060
489.990

101.200
108.300
103.600
109.200

40877

REEDSPRT115.

1

402

532.470

530.160

100.400

40623

LAKE SID115.

480

# 10
# 11
# 12

The winter case indicates that under ctg. A 42 a voltage violation would take place at bus # 47148 (ELKTON
69.0) at a transfer level of 40 MW. This issue can be resolved by adding shunt capacitors at corresponding
substation and has been ignored.
The transmission bottleneck in this case is the voltage violation at bus # 40701 (MARTINTP230.) and bus #
40705 ( MARTN CR230.) under ctg. A 42 in the summer case. However, for winter case, the same ctg. A 42
causes voltage violation at bus # 47264 (YONCALLA69.0), which can be resolved by adding shunt
capacitors at the corresponding substation.
The winter case indicates a number of voltage violations for 69 kV buses for ctg. A 42. This issue can be
resolved by adding shunt capacitors at corresponding substation and has been ignored. No line overloading is
reported for the winter case.
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5.2 Aggregated capacity evaluation (preliminary)

A direct summation of wave power generation capacities (for each of the POIs, as identified in
the previous step) does not necessarily determine the aggregated capacity from the coastal
region, as a whole. This arises from the fact that with the addition of multiple plants throughout
the coast, the power flow direction and magnitude are altered in unique ways. This relaxes or
tightens the associated constraints on the network elements. Therefore a separate step needs to be
undertaken where aggregated capacity limit can be evaluated (to be further scrutinized under
dynamic study platform).
Under this step, the maximum capacity of ocean power plant at each of the POIs is set according
to their respective limits as identified in the previous step (shown in Table 5-1, Table 5-2, and
Table 5-3). The transfer scenario is defined such that generation increase along the coastal POIs
is incremented with steps of 20 MW, each POI reflecting a fraction of this generation based on
its maximum allowed capacity. Also, generation decrease is scheduled for all three transfer
scenarios (EW, NS, and CNE transfer, separately) as listed in Table 4-2.
The findings of this step are listed in Table 5-4. It can be seen that the first bottleneck in the
heavy summer case is exhibited in the form of line overloading in GLASGOW 115 to HAUSER
115 line under contingency A 44 : Outage Branch = ALVEY 500 DIXONVLE500 (Appendix 2).
Corresponding maximum wave power generation capacity is 420 MW. Under the precontingency condition, the same element is affected/overloaded. However, the maximum transfer
limit is 200 MW higher. The second limit in the summer case is due to the contingency A 44:
Outage Branch = ALVEY 500 DIXONVLE500 (Appendix 2) affecting the GLASGOW 115
41045 SUMNER C115 line (increase in generation is only around 20 MW compared to the first
limit). Similar observations can be made for the heavy winter case as given in Table 5-4. It can
also be observed that the transfer scenarios do not affect the underlying findings and the
bottlenecks are primarily localized within the coastal region (between SUMNER C115 and
HAUSER 115).
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Table 5-4: Aggregated wave power generation capacity assessment
Transfer

Limit
type

Combined North
& East (CNE)

OR

First
limit
Second
limit
Pre-ctg.
limit
First
limit
Second
limit

North – South
(NS) transfer

Pre-ctg.
limit

OR
East - West (EW)
transfer

Remarks:
Rem. # 13
Rem. # 14

Case

Ctg.

A 44
Summer

A 44
None
A 42

Winter

A 42
None

Limiting Contingency (Overloads)
From Bus
To Bus
#
Name
#
Name
GLASGOW
HAUSER
40469
40523
115
115
GLASGOW
SUMNER
40469
41045
115
C115
GLASGOW
HAUSER
40469
40523
115
115
GLASGOW
HAUSER
40469
40523
115
115
FAIRVIEW
SUMNER
40407
41045
115
C115
40469

GLASGOW
115

40523

HAUSER
115

ID

Zone

Current
(A)

Rating
(A)

Load
(%)

Max. Secure
Transfer
[MW]

1

402

533.840

530.160

100.700

430

1

402

534.37

530.16

100.8

450

1

402

534.000

530.160

100.700

630

1

402

657.91

650.15

101.2

630

1

402

653.83

650.15

100.6

670

1

402

651.66

650.15

100.2

810

Rem.
# 13

# 14

Contingency A 42 causes voltage violation at 580 MW transfer at bus # 40701 (MRTINTP230). But, this is of lesser concern as the overload issue (first
limit) appears at a much lower MW level.
Contingency A 42 causes voltage violation at 280 MW transfer at bus # 47264 (YONCALLA69.0). But, this is of lesser concern as this can problem can be
addressed by adding shunt capacitors at suitable substation.
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6.

TIME DOMAIN/TRANSIENT SECURITY ANALYSIS

The transient security analysis was performed using the time-domain analysis tool TSAT with a
view to gaining further insight into the capacity limits determined through steady-state analysis
(in VSAT platform).
6.1 Case preparation

In this step, for both summer and winter powerflow cases two different scenarios were analyzed.
These are
Base case without wave power plants:

This scenario is analyzed with an intention to identify existing transient security problems
(irrespective of addition of newer/wave power plants) in the neighborhood of the selected POIs.
Powerflow case considering maximum generation from POIs:

This scenario considers the maximum transfer capacity identified in the steady-state study (430
MW considering wave generation at all POIs simultaneously). This scenario analysis is
performed with a view to identifying any new potential contingency that could cause transient
security criteria violation (as a result of addition of the wave power plants). Dynamic model of
the OWEC device is considered in this step.
The selected transfer for the transient stability study is the NE transfer (considering only coal
fired plants). The contingencies and criteria used in the step are discussed in Section 4.3 and
Section 4.4.
6.2 Aggregated capacity evaluation (final)

Based on the results form TSAT, it can be concluded that the heavy summer case does not
exhibit any criteria violation with addition of wave power plants along the coastal POIs
(maximum aggregated capacity 430 MW). On the other hand, the winter case indicates only one
contingency that causes voltage criteria violation. Also it has been observed that this voltage
criteria violation can be solved by adding additional shunt compensation at the critical buses.
This contingency is further analyzed in the following discussions and reflects observations only
in the winter case, considering a maximum generation capacity of 430 MW from ocean power
plants.
Figure 6.1 shows the bus voltage criteria violation for contingency 3PHBF FAIRVIEW230 ROGUE230 and the weakest voltage recovery is characterized by a rise up to 0.8 p.u. in 23
cycles (considered criteria is ≤20 cycles). Also, the post-contingency steady-state voltages
magnitudes are below 0.9 p.u. for the selected buses as shown in this figure. Additional shunt
compensation on one or some of these critical buses can be an option to solve these voltage
violations.
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Bus #

Bus voltage magnitude (pu)
1.20

1.00

Bus Name

Buf.

47048 GLDBCHL1115.

2

47064 GLDBCHL2115.

2

40631 LANGLS T115.

2

40847 P ORT ORF115.

2

40894 ROGU-SVC115.

2

40893 ROGUE 115.

2

40895 ROGUE 230.

2

0.80

0.60

0.40

0.20

0.00
0.00

0.40

0.80

1.20

1.60

2.00

Time (sec)

Figure 6.1: Bus voltage criteria violations observed at selected bus under contingency
3PHBF FAIRVIEW230 - ROGUE230
Bus #

Generator speed (Hz)
60.10

60.08

60.06

ID

Buf.

99997 Garibaldi6

Bus Name

1

3

99995 Tillamok6

1

3

99993 Astoria6

1

3

99991 Clatsop6

1

3

99980 Wendson6

1

3

99978 Gardiner6

1

3

99976 Bandon6

1

3

99974 Tahknich6

1

3

99972 Reedsport6

1

3

99970 Toledo6

1

3

99968 Houser6

1

3

86001 Newport6

1

3

60.04

60.02

60.00
0.00

0.40

0.80

1.20

1.60

2.00

Time (sec)

Figure 6.2: Ocean wave generator speed observed at all POIs under contingency 3PHBF
FAIRVIEW230 - ROGUE230

With regard to the implementation of OWEC device models, a set of generator speed curves are
presented in Figure 6.2, which indicates successful model performance (~60 Hz rotor speed).
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Bus #

Generator angle (degrees)
89

78

68

57

Bus Name

ID

Buf.

40309 COWL CCP 115.

1

3

40671 LONGVIEW230.

1

3

47675 MNTFRM G18.0

1

3

47676 MNTFRM S13.8

1

3

47290 WAUNA 13.8

1

3

47290 WAUNA 13.8

2

3

47023 CRESWELL115.

1

3

40344 DETROIT 13.8

1

3

40344 DETROIT 13.8

2

3

40015 ADAIR 115.

1

3

41303 BIG CLIF14.4

1

3

40344 DETROIT 13.8

1

3

40344 DETROIT 13.8

2

3

43486 ROUND B113.8

1

3

43490 ROUND B313.8

3

3

47

36
0.00

0.40

0.80

1.20

1.60

2.00

Time (sec)

Figure 6.3: Generator relative rotor angles for units located near the wave power units
under contingency 3PHBF FAIRVIEW230 - ROGUE230
Bus #

Generator angle (degrees)
170

Bus Name

ID

Buf.

40309 COWL CCP 115.

1

5

47676 MNTFRM S13.8

1

5

47023 CRESWELL115.

1

5

40015 ADAIR 115.

1

5

43486 ROUND B113.8

1

5

142

114

86

58

30
0.00

0.40

0.80

1.20

1.60

2.00

Time (sec)

Figure 6.4: Generator relative rotor angles for units located near the wave power 3PHBF
SANTIAM 230 - CHEMAWA230

Figure 6.3 and Figure 6.4 shows the generator relative rotor angles for a set of units located in
the neighborhood of the wave power units under the contingency 3PHBF FAIRVIEW230 ROGUE230 and 3PHBF SANTIAM 230 - CHEMAWA230, respectively. It can be seen in
Figure 6.4 that the largest peak-to-peak angle oscillation is 84.1 degrees. Considering these
results it can be concluded that the transient stability margin is good enough for the addition of
430 MW wave power, as established in the steady-state study.
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7.

STUDY SUMMARY

In this high-level wave power grid integration study a set of six geographical target areas
(consisting of twelve point of interconnection) have been analyzed. Two power flow base cases
representing heavy summer and heavy winter conditions for the year 2019 have been used. Both
steady-state and time-domain analysis were carried out. A set of transfer scenarios, N-1
contingencies and violation criteria has been used to identify the network bottlenecks, especially
within the coastal areas.
According to this study, following conclusions can be deduced:
•

Baseline wave power capacity 2 : Considering wave power generation from all the six selected
target areas (generation in twelve POIs simultaneously, under a set of contingencies &
criteria), the aggregated capacity limit is around 430 MW. However, if the contingencies are
not considered, the total estimated capacity is 630 MW. Further evaluation (refined/relaxed
criteria & contingencies) and judicious POI selection (as against considering all the POIs
simultaneously) would undoubtedly indicate higher capacity for wave power addition.

•

Network bottlenecks 3 ’: Under the scope of this study and underlying assumptions & criteria,
it has been identified that the primarily limiting factor is line overloading. The list of such
lines are given below (relevant single line diagrams are provided in Appendix 4):
Table 7-1: List of network bottlenecks

Serial

1

2
3
4

From Bus

To Bus

Name

Name

(a)

GLASGOW 115

HAUSER 115

(b)

LAKE SID115.

REEDSPRT115.

(c)
(d)
(a)
b)
(a)
(b)
(a)
(b)

GARDINER115.
MORISON 115.
ASTOR TP115.
ASTOR TP115.
GARIBALD115.
BEAVER 115.
SS107
TOLEDO 230.

TAHKNICH115.
NORWAY 115.
SEASIDE 115.
LWSCLARK115.
TILLAMOK115.
TILLAMOK115.
TOLEDO 69.0
WENDSON 230.

Relevant POI (Contingency Number)

Single line
diagram

All (A 44)
Reedsport BPA (A 44) ; Tahkenitch BPA (A
45); Wendson BPA ( A 45)
Gardiner BPA (A 7); Hauser BPA (A 45)
Bandon BPA (A 59)
Astoria PAC (A 92)
Clatsop BPA (Pre-ctg.)
Garibaldi TPUD (A 28)
Tillamook BPA (A 92)
Newport CLPUD (Pre ctg.)
Toledo BPA (A 47)

Figure 12.1

Figure 12.2
Figure 12.3
Figure 12.4

2

Baseline wave power capacity: the amount of wave power that can be added (from all target
areas throughout the coast) into the electrical system without requiring any significant
transmission resource addition.
3
Network bottlenecks: the major constraining factors that may pose restrictions on further wave
power generation beyond the baseline capacity.
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•

Evaluation of points of interconnection (POIs) 4 : The POI evaluation conducted under the
steady-state analysis sub-task, indicates the following capacities for each of the points (Table
7-2):
Table 7-2: POI capacities for added new wave power

#

Area name

Substation (Owner)

POI Bus #

kV level

1

Astoria

2

Tillamook

3

Newport

4

Reedsport

5

Coos Bay

6

Cushman

Clatsop (BPA)
Astoria (PAC)
Tillamook (BPA)
Garibaldi (TPUD)
Toledo (BPA)
Newport (CLPUD)
Reedsport (BPA)
Gardiner (BPA)
Tahkenitch (BPA)
Hauser (BPA)
Bandon (BPA)
Wendson (BPA)

40243
45013
41075
40455
41083
SS107
40877
41207
41061
40523
40075
41141

230
115
230
115
230
69
115
115
230
115
115
230

MW capacity
(minimum)
5
10
140
10
400
60
180
80
320
120
40
480

These limits may require further evaluation by means of transient security analysis, refined
criteria and contingencies.
As a continuation to this study, further investigations are recommended, especially in the
following context: incorporation of newer network changes (such as in I5 corridor, McNary –
John Day, cross-border transmission resources), dynamic model development (device-specific),
effects of longer-term resource variability, integrated system impact considering the Pacific NW
coastal region (Washington, British Columbia, California, in addition to Oregon), as well as use
of Flexible AC transmission System (FACTS) devices, and effects of special contingencies &
protection schemes.

4

Suitable points of interconnection (POIs): the target areas, substations, or buses that have
significant capacity for wave power addition (from an electrical system point of view).
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9.

APPENDIX 1: COASTAL AREA SUBSTATIONS

Table 9-1: Coastal area substations
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10. APPENDIX 2: CONTINGENCY LIST
Table 10-1: Branch outage contingencies
Name
'A 1':
'A 2':
'A 3':
'A 4':
'A 5':
'A 6':
'A 7':
'A 8':
'A 9':
'A 10':
'A 11':
'A 12':
'A 13':
'A 14':
'A 15':
'A 16':
'A 17':
'A 18':
'A 19':
'A 20':
'A 21':
'A 22':
'A 23':
'A 24':
'A 25':
'A 26':
'A 27':
'A 28':
'A 29':
'A 30':
'A 31':
'A 32':
'A 33':
'A 34':
'A 35':
'A 36':
'A 37':
'A 38':
'A 39':
'A 40':
'A 41':
'A 42':
'A 43':
'A 44':
'A 45':
'A 46':
'A 47':
'A 48':
'A 49':
'A 50':
'A 51':
'A 52':
'A 53':
'A 54':
'A 55':
'A 56':
'A 57':
'A 58':
'A 59':
'A 60':
'A 61':
'A 62':
'A 63':
'A 64':
'A 65':
'A 66':
'A 67':
'A 68':
'A 69':
'A 70':
'A 71':
'A 72':
'A 73':

Cont. Type
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch
Outage Branch

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

Bus
40009
40011
40015
40015
40025
40025
40025
40025
40025
40027
40033
40036
40036
40038
40040
40040
40041
40041
40041
40041
40043
40043
40043
40043
40043
40043
40043
40045
40045
40045
40047
40047
40047
40047
40047
40047
40047
40047
40049
40049
40049
40049
40049
40051
40051
40051
40051
40057
47117
40061
40061
40061
40061
40062
40062
40062
40062
40073
40075
40075
40075
40083
40083
40083
47005
40105
40105
40107
40107
40107
40107
40107
40111

Bus
40947
40947
40025
41010
40161
40273
40494
45131
47531
40939
40899
40038
47137
40815
40492
40581
40339
47287
43776
43776
40355
40357
40672
40671
40671
43599
43601
40601
40774
40821
46213
46221
45115
41211
40759
40833
41013
47087
45093
40375
40627
40701
46291
45095
45095
40699
40699
40073
40175
40062
40499
40683
40989
40699
40699
40699
40699
40707
40407
47273
41269
40527
41073
41073
40105
41059
41139
40217
47484
47083
44055
44056
41311

ID
'2'
'3'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'4'
'1'
'1'
'1'
'1'
'3'
'1'
'2'
'1'
'1'
'1'
'1'
'2'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'2'
'1'
'1'
'1'
'2'
'2'
'2'
'2'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'2'
'1'

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

Comments
ABERDEEN230.
ABERDN 2230.
ADAIR
115.
ADAIR
115.
ALBANY 115.
ALBANY 115.
ALBANY 115.
ALBANY 115.
ALBANY 115.
ALBANY 230.
ALCOA
230.
ALDWD T1115.
ALDWD T1115.
ALDWD T2115.
ALDWD T3115.
ALDWD T3115.
ALLSTON 115.
ALLSTON 115.
ALLSTON 115.
ALLSTON 115.
ALLSTON 230.
ALLSTON 230.
ALLSTON 230.
ALLSTON 230.
ALLSTON 230.
ALLSTON 230.
ALLSTON 230.
ALLSTON 500.
ALLSTON 500.
ALLSTON 500.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
115.
ALVEY
230.
ALVEY
230.
ALVEY
230.
ALVEY
230.
ALVEY
230.
ALVEY
500.
ALVEY
500.
ALVEY
500.
ALVEY
500.
ANTLOP B69.0
ARIEL
115.
ASHE
500.
ASHE
500.
ASHE
500.
ASHE
500.
ASHE R1 500.
ASHE R1 500.
ASHE R1 500.
ASHE R1 500.
BAKEOVEN69.0
BANDON 115.
BANDON 115.
BANDON 115.
BEAVER 115.
BEAVER 115.
BEAVER 115.
BERRYD 115.
BERRYD T115.
BERRYD T115.
BIG EDDY115.
BIG EDDY115.
BIG EDDY115.
BIG EDDY115.
BIG EDDY115.
BIG EDDY500.
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SATSOP 230.
SATSOP 230.
ALBANY 115.
SOUTH M 115.
BURNT WD115.
CONSER 115.
HALSY T1115.
HAZELWOD115.
LOCHNER 115.
SANTIAM 230.
ROSS
230.
ALDWD T2115.
CHESHIRE115.
PARKER B115.
GRNBRYT2115.
JNCT CTY115.
DELENA 115.
NYS TAP 115.
RAINIER#115.
RAINIER#115.
DRISCOLL230.
DRISCOLT230.
LONGVANX230.
LONGVIEW230.
LONGVIEW230.
TROJAN 1230.
TROJAN 2230.
KEELER 500.
NAPAVINE500.
PAUL
500.
CURRIN 115.
DILLARDT115.
GOSHN
115.
HIDEAWAY115.
MT VER T115.
PLSTHILL115.
SPRING B115.
TENTH ST115.
DIXONVLE230.
E SPRING230.
LANE
230.
MARTINTP230.
MCKEN TP230.
DIXONVLE500.
DIXONVLE500.
MARION 500.
MARION 500.
BAKEOVEN69.0
CARDWELL115.
ASHE R1 500.
HANFORD 500.
LOW MON 500.
SLATT
500.
MARION 500.
MARION 500.
MARION 500.
MARION 500.
MAUPIN 69.0
FAIRVIEW115.
MORISON 115.
TWO MILE115.
HEBO
115.
TILLAMOK115.
TILLAMOK115.
BERRYD T115.
TAHKNICH115.
WENDSON 115.
CHENOWTH115.
K3 TAP 115.
SEUFERT 115.
TDA PH1 115.
TDA PH2 115.
CELILO1 500.
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'A 74':
'A 75':
'A 76':
'A 77':
'A 78':
'A 79':
'A 80':
'A 81':
'A 82':
'A 83':
'A 84':
'A 85':
'A 86':
'A 87':
'A 88':
'A 89':
'A 90':
'A 91':
'A 92':
'A 93':
'A 94':
'A 95':
'A 96':
'A 97':
'A 98':
'A 99':
'A100':
'A101':
'A102':
'A103':
'A104':
'A105':
'A106':
'A107':
'A108':
'A109':
'A110':
'A111':
'A112':
'A113':
'A114':
'A115':
'A116':
'A117':
'A118':
'A119':
'A120':
'A121':
'A122':
'A123':
'A124':
'A125':
'A126':
'A127':
'A128':
'A129':
'A130':
'A131':
'A132':

Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage
Outage

Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch
Branch

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

40111
40111
40111
40111
40119
40119
40119
40155
40155
40155
40155
40155
40155
40175
40175
40179
40179
40181
40181
40185
40185
40185
40189
40189
40189
40191
30005
30005
30005
30005
30005
30005
30020
30020
30020
40687
40687
40687
40687
40687
40687
45035
45035
45035
40009
40011
40027
40033
40043
40045
40045
40049
40049
40051
40111
40111
41341
40181
37565

41312
40585
40585
40809
46211
46255
46255
40489
40489
40699
40699
40989
40989
47015
40309
41320
41153
40185
41075
43527
41155
41155
40191
45163
40741
41208
30015
30015
30015
30015
30015
30015
30025
30025
30025
30005
30005
30005
30005
30005
30005
30020
30020
30020
40007
40007
40025
40031
40041
40043
40043
40047
40047
40049
41341
41343
40107
40179
30020

'2'
'1'
'2'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'1'
'2'
'2'
'2'
'1'
'1'
'1'
'1'
'1'
'1'
'2'
'2'
'2'
'1'
'1'
'1'
'4'
'5'
'1'
'1'
'3'
'1'
'2'
'3'
'4'
'5'
'2'
'5'
'1'
'1'
'1'

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

BIG EDDY500.
BIG EDDY500.
BIG EDDY500.
BIG EDDY500.
BLUE RVR115.
BLUE RVR115.
BLUE RVR115.
BUCKLEY 500.
BUCKLEY 500.
BUCKLEY 500.
BUCKLEY 500.
BUCKLEY 500.
BUCKLEY 500.
CARDWELL115.
CARDWELL115.
CARLTON 115.
CARLTON 115.
CARLTON 230.
CARLTON 230.
CASCADTP230.
CASCADTP230.
CASCADTP230.
CATH TAP115.
CATH TAP115.
CATH TAP115.
CATHLAMT115.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
OLINDA 500.
OLINDA 500.
OLINDA 500.
MALIN
500.
MALIN
500.
MALIN
500.
MALIN
500.
MALIN
500.
MALIN
500.
CAPTJACK500.
CAPTJACK500.
CAPTJACK500.
ABERDEEN230.
ABERDN 2230.
ALBANY 230.
ALCOA
230.
ALLSTON 230.
ALLSTON 500.
ALLSTON 500.
ALVEY
230.
ALVEY
230.
ALVEY
500.
BIG EDDY500.
BIG EDDY500.
BIGEDDY1230.
CARLTON 230.
OLINDAW 230.
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CELILO2 500.
JOHN DAY500.
JOHN DAY500.
OSTRNDER500.
COUGAR T115.
THURSTON115.
THURSTON115.
GRIZZLY 500.
GRIZZLY 500.
MARION 500.
MARION 500.
SLATT
500.
SLATT
500.
CARROLLS115.
COWL CCP115.
CARLTONT115.
WINDSHAR115.
CASCADTP230.
TILLAMOK230.
SHERWOOD230.
WINDSHAR230.
WINDSHAR230.
CATHLAMT115.
KNAPPA 115.
MIST
115.
GRAYS RV115.
TABLE MT500.
TABLE MT500.
TABLE MT500.
TABLE MT500.
TABLE MT500.
TABLE MT500.
MAXWELL 500.
MAXWELL 500.
MAXWELL 500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
ROUND MT500.
OLINDA 500.
OLINDA 500.
OLINDA 500.
ABERDEEN115.
ABERDEEN115.
ALBANY 115.
ALCOA
115.
ALLSTON 115.
ALLSTON 230.
ALLSTON 230.
ALVEY
115.
ALVEY
115.
ALVEY
230.
BIGEDDY1230.
BIGEDDY3230.
BIG EDDY115.
CARLTON 115.
OLINDA 500.
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Table 10-2: Generator outage contingencies
Name
'B 1':
'B 2':
'B 3':
'B 4':
'B 5':
'B 6':
'B 7':
'B 8':
'B 9':
'B 10':
'B 11':
'B 12':
'B 13':
'B 14':
'B 15':
'B 16':
'B 17':
'B 18':
'B 19':
'B 20':
'B 21':
'B 22':
'B 23':
'B 24':
'B 25':
'B 26':
'B 27':
'B 28':
'B 29':
'B 30':
'B 31':
'B 32':
'B 33':
'B 34':
'B 35':
'B 36':
'B 37':
'B 38':
'B 39':
'B 40':
'B 41':
'B 42':
'B 43':
'B 44':
'B 45':
'B 46':
'B 47':
'B 48':
'B 49':
'B 50':
'B 51':
'B 52':
'B 53':
'B 54':
'B 55':
'B 56':
'B 57':

Cont. Type
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation
Change Generation

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

Bus
43017
43017
43017
43017
43017
43017
43019
43047
40063
47588
47589
47590
40309
43111
43119
40344
40344
44071
44071
44072
44072
44073
44073
44074
44074
44075
44075
44076
44076
44077
44077
44078
44078
40671
46627
46627
43905
43907
43486
43490
44043
44043
44044
44044
44045
44045
44046
44046
44047
44047
44048
44048
44049
44049
44051
44051
46268

ID
'1
'2
'3
'4
'5
'6
'1
'1
'1
'1
'2
'1
'1
'1
'1
'1
'2
'01
'02
'03
'04
'05
'06
'07
'08
'09
'10
'11
'12
'13
'14
'15
'16
'1
'1
'2
'1
'1
'1
'3
'05
'06
'07
'08
'09
'10
'11
'12
'13
'14
'15
'16
'17
'18
'21
'22
'1

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

Comments
BEAVER 13.8
BEAVER 13.8
BEAVER 13.8
BEAVER 13.8
BEAVER 13.8
BEAVER 13.8
BEAVER 20.0
BOARD F 24.0
CGS
25.0
CHEH G1 18.0
CHEH G2 18.0
CHEH S1 18.0
COWL CCP115.
COYO G1 18.0
COYO S1 13.8
DETROIT 13.8
DETROIT 13.8
JDA 010213.8
JDA 010213.8
JDA 030413.8
JDA 030413.8
JDA 050613.8
JDA 050613.8
JDA 070813.8
JDA 070813.8
JDA 091013.8
JDA 091013.8
JDA 111213.8
JDA 111213.8
JDA 131413.8
JDA 131413.8
JDA 151613.8
JDA 151613.8
LONGVIEW230.
MOSSY RK13.8
MOSSY RK13.8
PORTW G116.0
PORTW S116.0
ROUND B113.8
ROUND B313.8
TDA 050613.8
TDA 050613.8
TDA 070813.8
TDA 070813.8
TDA 091013.8
TDA 091013.8
TDA 111213.8
TDA 111213.8
TDA 131413.8
TDA 131413.8
TDA 151613.8
TDA 151613.8
TDA 171813.8
TDA 171813.8
TDA 212213.8
TDA 212213.8
WEYCO 4 13.8
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11. APPENDIX 3: BASE CASE (BASE POINT) VIOLATIONS
Table 11-1: Base case 2019 heavy summer (voltage limit violations)
Load Level

Cont. Name

Bus
No.

Bus Name

Area

Base kV

Voltage
kV

p.u.

kV

p.u.

Base point

A

40027

ALBANY 230.

40

230.000

209.230

0.910

226.20

0.9835

10

Pre-Ctg Volt.

Low
Limit

High
Limit

Group

V-Drop

Violation

7.0 %

7.0 %

1

7.50 %

-0.50 %

Table 11-2: Base case 2019 heavy summer (thermal overload conditions)
Load Level

Cont. Name

From Bus

Base point

A

8

45475

SANTIAM 69.0

40939

SANTIAM 230.

1

40

472

221.390

188.270

117.600

Base point

A

28

40041

ALLSTON 115.

43776

RAINIER#115.

1

40

401

1135.180

849.960

133.600

Number

To Bus

Name

Number

Circuit ID

Area

Zone

Current (A)

Rating (A)

Load (%)

Name

Base point

A

28

40041

ALLSTON 115.

43776

RAINIER#115.

1

40

401

1135.130

1069.860

106.100

Base point

A

28

40599

KEELER 230.

43459

RIVRGATE230.

1

40

401

1778.370

1430.070

124.400

Base point

A

28

40651

LEXINGTN230.

40671

LONGVIEW230.

2

40

401

1226.420

1070.110

114.600

Base point

A

28

40899

ROSS

41161

WOODLAND230.

1

40

456

1443.530

1070.110

134.900

Base point

A

28

45442

NEHAL TP115.

45033

CANNON B115.

1

40

401

510.910

502.040

101.800

Base point

A

28

47270

GOBLE #115.

43776

RAINIER#115.

1

40

401

1106.750

849.960

130.200

230.

Base point

A

28

47270

GOBLE #115.

43613

TWR22-4N115.

1

40

401

1094.140

849.960

128.700

Base point

A

28

45011

ASTOR TP115.

45314

LWSCLARK115.

1

40

411

514.140

502.040

102.400

Base point

A

28

45011

ASTOR TP115.

45275

SEASIDE 115.

1

40

411

654.400

502.040

130.300

Base point

A

28

45033

CANNON B115.

45275

SEASIDE 115.

1

40

411

545.980

502.040

108.800

Base point

A

10

45475

SANTIAM 69.0

40939

SANTIAM 230.

1

40

472

209.610

188.270

111.300

Base point

A

91

45011

ASTOR TP115.

45275

SEASIDE 115.

1

40

411

507.530

502.040

101.100

Base point

A 131

40427

FOR GROV115.

40597

KEELER 115.

2

40

401

870.640

849.960

102.400

Base point

A

93

40427

FOR GROV115.

40597

KEELER 115.

2

40

401

902.370

849.960

106.200

Base point

A

93

45011

ASTOR TP115.

45275

SEASIDE 115.

1

40

411

532.940

502.040

106.200

Base point

A 120

45475

SANTIAM 69.0

40939

SANTIAM 230.

1

40

472

209.530

188.270

111.300
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Table 11-3 : Base case 2019 heavy summer (voltage limit violations)
Load Level

Cont. Name

Bus No.

Bus Name

Area

Base kV

Voltage

Pre-Ctg Volt.

Low Limit

High Limit

Group

V-Drop

Violation

kV

p.u.

kV

Base point

A

91

40181

CARLTON 230.

40

230.000

212.740

0.925

230.60

1.0026

7.0 %

7.0 %

1

7.74 %

-0.74 %

Base point

A 131

40179

CARLTON 115.

40

115.000

108.270

0.942

117.70

1.0235

7.0 %

7.0 %

1

8.01 %

-1.01 %

p.u.

Base point

A 131

41320

CARLTONT115.

40

115.000

108.270

0.942

117.70

1.0235

7.0 %

7.0 %

1

8.01 %

-1.01 %

Base point

A 131

47283

BAKER CR115.

40

115.000

107.700

0.937

116.58

1.0137

7.0 %

7.0 %

1

7.62 %

-0.62 %

Base point

A 131

41325

WALN TAP115.

40

115.000

108.250

0.941

117.09

1.0182

7.0 %

7.0 %

1

7.55 %

-0.55 %

Base point

A 131

41153

WINDSHAR115.

40

115.000

108.130

0.940

116.83
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Table 11-4: Base case 2019 heavy winter (thermal overload conditions)
Load Level

Cont. Name

From Bus
Number

Name

To Bus
Number

Circuit ID

Area

Zone

Current (A)

Rating (A)

Load (%)

Name

Base point

A

93

40427

FOR GROV115.
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2

40
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1049.770
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Base point
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162.000

Base point
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143.600

Base point
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1
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1371.990

809.800

169.400

Base point

A

20
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TWR22-4S115.

41137

WARREN 115.

1
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1162.690

809.800

143.600
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12. APPENDIX 4: NETWORK BOTTLENECK SINGLE LINE DIAGRAMS
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Figure 12.1: Network bottleneck single line diagrams for Tahkenitch to Bandon (ovals)
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Figure 12.2: Network bottleneck single line diagrams for Astoria/Clatsop (ovals)
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Figure 12.3: Network bottleneck single line diagrams for Garibaldi/Tillamook (ovals)
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Figure 12.4: Network bottleneck single line diagrams for Newport/Toledo (ovals)
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Forecasting Requirements
Utility Forecasting Requirements
It is recognized that the greater the variability and unpredictability of a resource, the higher the cost to a
utility to integrate the resource into their system. Therefore, developing and evaluating forecasting tools
that can provide appropriate levels of accuracy is an important element of the developing wave energy
industry.
The wave energy resource off Oregon’s coast is variable. However, based on analysis conducted by EPRI
and others and the nature of the resource (waves are created weeks in advance before coming to
shore), wave energy resources can be predicted. Outlined below are general utility requirements for
wave energy forecasts. The levels below are proposed measures of effectiveness for wave energy
forecasting tools.
• ANNUAL: Annual MWh production distributed over a 12 month period.
• WEEKLY: Week‐Ahead Hourly Average MWh Forecast with reasonable accuracy
• DAILY:
o Three (3) Day‐Ahead Hourly Average Forecast with no greater than a +/‐ 7.5% deviation
from forecast.
o Day‐Ahead Hourly Average MWh Forecast with no greater than a +/‐ 5% deviation from
forecast.
• HOURLY: One‐Hour‐Ahead Hourly Average MWh Forecast with no greater than +/‐ 1.5% of
schedule.

Wave Energy Resource Potential
The energy content of waves is function of wave
height and wave period.
Wave height is a measure of the amplitude of
oscillation of water particles, in the vertical
direction with respect to a fixed point. The
significant wave height is a commonly used term
and is approximately equal to the average height
of the highest one‐third of the waves.
Wave period is the time that elapses between
successive peaks or troughs of a wave passing a
fixed point. Like wave heights, waves exhibit a
range of periods. The zero up‐crossing period is
one such commonly used term and is the average
time interval.
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Wave energy is calculated by power flux. Wave power
density is defined as the flux of energy across a vertical
plane intersecting the sea surface and is calculated
using the following formula:
Power Flux = .42(Wave Height^2)(Wave Period)
Source: EPRI
Note: The 0.42 multiplier in the above equation is exact for any sea state
that is well represented by a two‐parameter Bretschneider spectrum, but it
could range from 0.3 to 0.5, depending on the relative amounts of energy
in sea and swell components and the exact shape of the wave spectrum.

Validation of NOAA WaveWatch III Wave Forecasting Model
•
•
•
•
•
•
•

WaveWatch III is a third‐generation wave forecasting model developed by NOAA and used by
many coastal water users (US Coast Guard, fisherman, etc.) to track swells and storms.
Wave Watch III provides forecasts for 4 different hours in the day for next hour and 1, 2, and 3
days out.
As part of the UMI effort, EPRI and SAIC analyzed the accuracy of WaveWatch III and its ability to
forecast wave size and wave period, the two primary components of wave energy generation.
The study evaluated a single buoy off the coast of the Oregon‐ California border which had a
database that included NOAA’s WaveWatch III forecasts as well as National Data Buoy Center’s
actual measured wave heights and periods.
The analysis was conducted for the time period of April 2008 through March 2009.
The EPRI analysis developed a mean absolute error (MAE) for each month of the year. An
annual average MAE was also developed. Relative to the annual average, the mean absolute
error for both wave height and wave period was approximately 15%.
At this time, without additional generation information, we cannot determine the accuracy of
this forecasting tool relative to utility requirements listed above.

Future Work to Improve Forecasting Accuracy
•
•
•
•
•

Continued evaluation of WaveWatch III to include multiple locations and multi‐year analysis.
Evaluate the effects and sensitivity of wave height and wave period error on expected
generation levels.
Enhance the frequency of forecasts from WaveWatch III.
Evaluate the benefits of adding advanced predictive techniques such as regression analysis and
neural nets.
Work with the Northwest National Marine Renewable Energy Center at OSU to align efforts and
explore deploying wave energy measurement instruments near shore.
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ABSTRACT
This study evaluated wave height and wave period forecasting accuracy as a function of the
forecast time horizon for a typical Oregon or Northern California wave power plant location at a
depth of about 50 meters (the depth currently favored by existing offshore wave power project).
The study compared the National Oceanographic and Atmospheric Administration’s (NOAA)
operational wind/wave model WAVEWATCH IIITM forecast results with NOAA National Data
Buoy Center (NDBC) St. Georges buoy (#46027) measured wave height and period. NDBC
46027 is located 8 nm west northwest of Crescent City, California (near the California-Oregon
border) in 48 meters of water depth
The NOAA WAVEWATCH IIITM model was found to predict the significant wave height and
peak wave period with an annual mean absolute accuracy of 0.3 to 0.35 meter and 1.4 to 1.5
seconds, respectively, for a forecast time horizon of up to 24 to 48 hours (1 to 2 days in
advance). This result is very positive given that the NOAA NDBC wave measurement accuracy
is a significant wave height measured to within +/- 0.2 meters and a peak wave period measured
to within +/- 1 second. We recommend further case studies increasing the time period from the 1
year time period of this case study, increasing the number of locations from this single location
case study, examining advanced predictions technologies such as regression analysis and neural
nets and investigating the use of shallow water wind propagation models to improve accuracy in
cases with significant bathymetric features.
Within a control area, the on-line generation of electricity must be instantaneously matched to
the consumption of electricity. If demand exceeds supply, then a ‘brown out’ or worse yet, a
‘black out’ may occur. In order to avoid under or over supply, the system operator must carefully
monitor the demand for power and then be able to aggregate a wide variety of generation assets
in order to supply the demand. Integrating renewable resources with poor forecastabliity
(minutes to tens of minutes) and high ramp rates (from full rated power to zero power in
minutes) such as wind turbines and solar concentrating electric has proved challenging. One of
the potential benefits of wave energy to grid operators is that it is much more predictable and
with much lower ramp rates than wind and solar.
A survey of the wave energy conversation community was conducted and found no consensus on
the wave height and period accuracy requirements. We postulate that it may turn out to be on the
order of 0.25 meter significant wave height and + 0.5 seconds wave peak period someday in the
future. From previous wind integration studies, we postulate that the required forecast time
horizon is 24 hours. Based on this forecasting accuracy study, we believe that WAVEWATCH
IIITM is capable of meeting these postulated requirements through employing statistical
techniques such as regression analysis and possibly learning techniques such as neural nets as
well as shallow water propagation models for cases where the wave energy is affected by
bathymetric features before arriving at the wave plant location.
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1
INTRODUCTION
Wind blowing over the ocean’s surface generates waves whose intensity depends upon the wind
speed, the area experiencing wind (the fetch), and the length of time the wind blows. A fully
developed sea generally has waves with all wavelengths up to the length whose propagation
speed equals the maximum wind speed. The waves then propagate away from the region where
they were produced at speeds proportional to the square root of their wavelength. However,
while propagating, local winds continue to generate additional waves. Propagation is very nearly
a linear process, with wave trains interacting very little with each other. Hence, except for
winds, propagation continues with little change in each wave train so long as the ocean’s depth is
greater than about one-half of the wavelength.
The resulting sea surface is often quite complex with high and low, and long and short waves
moving in different directions. An approximate specification of it can be given by considering
waves propagating into sectored compass directions and then defining the frequency spectrum
(i.e., wave height squared vs. frequency) of waves moving in that direction. Typically the waves
at a location can be identified as consisting of several wave fields each with its own direction,
wave height, and period. These fields may be further classified as swells and wind waves. The
former have originated elsewhere and after dispersive propagation appear as regular wave trains
with distinct periods; the latter have been generated locally and have a range of frequencies.
Weather driven renewable energy sources, such as wind and solar, are known to be both variable
and unpredictable from a minuet to minute and hour-to-hour time case. Wave energy is variable,
but, because the dominant wave energy that arrives at the coast of Oregon and Northern
California originates thousand pf miles to the northwest, it is expected to be predictable to a
forecast time horizon of a couple or three days.
Operators of power grids face a complex situation. They are normally expected to supply
customers with any amount of power demanded, but that demand is not controlled by operators
of the grid. In order to offer energy with level characteristics, e.g., constant voltage, and current
as required, sources supplying power must be very flexible. Broadly speaking, a mix of sources
is used such as nuclear reactor, coal-fired and gas-fired plants, conventional hydro power, more
recently wind powered generators, and in the coming years wave powered generators. The speed
with which output from these can be changed, and their limiting maximum power, depends upon
the type and the state in which they are held (cold, hot, spinning, etc.). In the case of winds and
waves the maximum power depends on the wind or wave intensity available.
For this reason it is highly desirable to be able to forecast wind or wave intensity a few hours or
days ahead. This study analyzed how well an existing forecast program predicts waves at a
location that is similar to what might be suitable to site a generating plant. The waves are
measured by NDBC #46027, moored in about 50 meters of water about eight miles west of
Crescent city near the Oregon-California border. The National Oceanographic and Atmospheric
Administration (NOAA) WaveWatch-IIITM model, developed by the National Center for
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Environmental Prediction (NCEP), calculates the wave characteristics to be expected 0 to 7 days
ahead at the location of many buoys including this one. Although forecasts have been compared
favorably with measurements for some years, the forecasting program has recently been
enhanced to predict waves in water shallow enough to affect their propagation. That is the
justification for this focused study.
The goal of this study was to evaluate the wave energy forecasting accuracy as a function of the
forecast time horizon for a Southern Oregon and Northern California wave power plant location
at a depth of about 50 meters (the depth currently favored by existing offshore wave power
projects). Rather than develop any sort of new wave forecast tool “from scratch,” EPRI chose to
evaluate an existing wave prediction model, namely NOAA WAVEWATCH IIITM, which is
routinely used by the National Oceanic and Atmospheric Administration (NOAA) for marine
weather forecasting and the U.S. Navy for fleet operations planning. So, the objective stated in
terms of a question is - Is the accuracy of the existing, operational NOAA WAVEWATCH IIITM
forecasts “sufficiently good” that any further development of a forecasting capability for wave
energy utility integration purposes should be based on this NOAA operational product?
In order to answer this question, a forecast accuracy target must first be established to define
“sufficiently good.” Section 1.1 below addresses this issue by first providing background
information on the integration of intermittent renewable energy supply sources into utility grid
operation and then proposing a forecast accuracy metric consistent with the industry’s present
accuracy in specifying wave power plant output as a function of wave height and wave period
parameters.
Also relevant is the “forecast time horizon” for which “sufficiently good” forecasts are required.
As explained in Section 1.2, having accurate forecasts out to 48 hours ahead would enable
reliable scheduling of utility grid resources for balancing supply and demand, as well as
establishing market confidence in generation schedules that would be furnished by wave energy
project developers in day-ahead and two-day-ahead markets.
The intermittent nature of wave power creates opportunities and challenges in grid integration
and management of system reliability. As has been demonstrated with wind power, developing
accurate forecasts can reduce operational grid integration issues. It also can lessen the need for
other mitigating measures and their associated costs. As such, wave forecasting is expected to be
an important tool for managing the variable nature of wave power and will be required to reliably
increase wave energy penetration at some future time when a large amount of wave generation
capacity may be connected to the power grid. Thus, accurate forecasts will improve the
efficiency of planning and procuring regulating reserves and load/supply following services, as
described below. Regulating reserves are fast-responding resources that are used in real time to
help maintain supply demand balance, typically within a 20-minute timeframe.
Before discussing the required forecast accuracy and time horizon, this first section begins with
an introduction to wave energy parameters and how they are used to calculate the wave power
flux. A reader who is familiar with wave energy and its terminology may skip this section and go
to Section 1.1 on required forecast accuracy. The energy content of waves is function of wave
height and wave period. Common terms used to describe the wave energy resource are from the
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UK Carbon Trust and are as follows:
(http://www.carbontrust.co.uk/technology/technologyaccelerator/ME_guide.htm


Wave height is a measure of the amplitude of oscillation of water particles, in the
vertical direction with respect to a fixed point. Since the oscillations exhibit a range of
values in real sea conditions. The significant wave height (Hs) is a commonly used term
and is approximately equal to the average height of the highest one-third of the waves.



Wave period is the time that elapses between successive peaks or troughs of a wave
passing a fixed point. Like wave heights, waves exhibit a range of periods. The zero upcrossing period (Tz) is one such commonly used term and is the average time interval
between successive crossings of the mean water level in an upward direction.

In real sea conditions, many wave heights and periods occur simultaneously. Data for a particular
site can be summarized on a scatter diagram. A sea state is a specific combination of wave height
and wave period. A scatter diagram is a record of the wave motions, showing the number of
occurrences of particular sea states.
Figure 1-1a shows a sinusoidal transverse wave which is the cross-section of the wave front
shown in Figure 1-1b. Waves that look like this can sometimes be seen in real seas, particularly
swells, but usually the sea surface is more complex. A cross section through a real sea would
look like that shown in Figure 1-2b. The way this diagram was drawn was by adding together
several sinusoidal waves that have different wavelengths and different amplitudes , as illustrated
in Figure 1-2a. Real seas are the composite sum of many individual waves that have different
wavelengths and different amplitudes.

Figure 1-1b
Sinusoidal transverse wave shown as 3D
wave front

Figure 1-1a
Sinusoidal transverse wave
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Figure 1-2b Result of sum of components
shown in Figure 2
Figure 1-2a Several sinusoidal wave with
different amplitudes and wavelengths
As well as having different wavelengths and different amplitudes, different waves travel in
different directions. When added together, there tends to be a predominant direction
corresponding to the direction of greater amplitude and longer period components. Figures 1-3a
and 1-3b show the summation of components in three dimensions. Note that these diagrams are
similar to Figures 1-2a and 1-2b, but the three dimensional images allow direction to be shown.

Figure 1-3b
Result of sum of components shown in
Figure 2b

Figure 1-3a
Several sinusoidal wave components with
different amplitudes, wavelengths and
directions

In deep water, the period of waves is proportional to the square root of the wavelength, and
therefore the frequency is proportional to one over the square root of the wavelength.
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Figure 1 4
Example trace of water surface elevations over time

The wave height in Figure 1-4 illustrates that a statistical process is needed to describe the wave
height of real seas. Significant wave height (Hs) is defined as four times the root mean square of
water levels relative to the mean water level; that requires:





Measuring the wave level a certain number of times (n) over a given time interval, with
the measurements equally spaced in time;
Squaring each value of wave level;
Adding the squared wave levels together; and
Dividing the total by n, square rooting, and multiplying by four

This gives a good 'representative' wave height for real seas.
We earlier introduced the term “zero up-crossing period”, which is the average time between
successive crossings of the mean water level in an upward direction. This requires:



Counting the number of times the water level crosses the mean water level during the
time interval of measurements; and
Dividing the time interval by this number

Figure 1-4 was produced from real sea data that was collected using a measurement device that
measures wave conditions and its data could be used to determine significant wave height and
zero up-crossing periods with the statistical processes described. Unfortunately, we cannot 'work
backwards from a trace like Figure 1-4 to find the components that were added together to form
it, i.e. break the wave down into several simple sinusoidal waves. Doing so would tell us more
about the energy content.
Instead, we can apply a process called Fourier Transformation. This translates the trace of wave
heights over time to a graph of power spectral density with respect to frequency, also known as
the “wave spectrum.” The graph tells us which frequencies carried most energy in the sea during
the time interval of measurements. An example wave spectrum is shown in Figure 1-5. It can be
seen that in this particular sea there is very little energy associated with low-frequency waves
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and also little energy associated with high-frequency waves. Most of the energy is concentrated
in a middle band of frequencies.
The value of measured zero up-crossing period (or zero up-crossing frequency)is marked as a
vertical line. This falls to the right of the middle band. Two other types of period or frequency
can be defined; namely:


Peak period (or peak frequency) is the period of the component that has the highest
energy content. It coincides with the point of highest spectral density, as illustrated.



Energy period (or energy frequency) is the period of a simple sinusoidal wave that
would carry the same energy as the sea. In Figure 1-5, the energy period lies in the
middle of the power spectral density.

Wave power density is defined as the flux of energy across a vertical plane intersecting the sea
surface and extending to the depth of no sub-surface orbital motion (which is about half the
wavelength of the longest harmonic component) and is illustrated in Figure 1-6. For a 16-second
wave, this depth is 200 m, which is the approximate depth of the continental shelf edge

Figure 1-5
Example wave spectrum (power spectral density)
Wave power flux is calculated from the equation power flux (kW/m of wave crest width) = 0.42
times the square of the significant wave height multiplied by the peak wave period. This is an
approximate formula for wave power density, based on statistically derived sea state parameters.
P = 0.42 * Hs2 * Tp

Equation [1].

1-3

Figure 11-6
Illustration of the Definition of Wave Power Density or Flux (kW/m)
The 0.42 multiplier in the above equation is exact for any sea state that is well represented by a
two-parameter Bretschneider spectrum, but it could range from 0.3 to 0.5, depending on the
relative amounts of energy in sea and swell components and the exact shape of the wave
spectrum. Although such an estimate, based solely on the parameters H s and Tp, is not exact, it
was deemed adequate for the 2004/2005 EPRI wave resource assessment projects [Ref 1] and is
deemed adequate by the author for this small scale wave forecasting accuracy study.
Furthermore, Hs and Tp forecasts for 2008 and the first four months was all that what was
provided by NOAA NCEP to EPRI.
The relationship between the zero up crossing period and the peak wave period is approximately:
Tp = 1.2 Tz

Equation [2].

We are aware that Tp can be a poor metric for comparing wave forecasts and measurements,
particularly off the Pacific Northwest where sea states typically contain 3 to 6 substantial
component wave trains. WAVEWATCHIIITM could have an excellent match to the forecast
spectrum but simply be off on the height of one of the peaks and yield a poor correlation for the
highest Tp or any Tp-based formulation of wave power density. Improved forecasting accuracy
may be possible using the wave energy period and there is a recommendation in section 5 to
evaluate the forecast accuracy as a function of forecast time horizon using the energy period as
derived through the wave spectral data
The annual electrical energy produced by a wave power plant is the sum of the product of each
cell in the scatter diagram multiplied by the corresponding cell in the developer’s power curve.
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1.1. Required Forecast Accuracy
A survey of the wave energy conversion community was conducted and at this very early stage
of wave power development in the Pacific Northwest (and elsewhere), no standards have been
established for wave forecasting accuracy or forecast time horizon. There exists no established
metric against which to judge the accuracy of WAVEWATCH IIITM operational forecasts for the
planning and procurement of load/supply following services.
For purposes of this study, EPRI suggests that to be considered useful for utility grid integration
of wave power, a wave forecasting tool should be at least as accurate as the wave energy project
developers’ ability to accurately specify the electrical output of a wave energy device as a
function of wave height and period parameters.
Unlike wind turbine power curves, which specify wind turbine output power as a function of
only one variable (wind speed), wave energy device power is a function of two sea state
variables: a wave height parameter and a wave period parameter, and so the power curve is often
referred to as a “power matrix.” An example of such a power matrix is given in Figure 1-7 for
the Pelamis wave energy device (their 1st prototype designated as “P1”)..
Based on emerging wave energy device performance characterization protocols in Europe
(References 2 ), such characterizations should use sea state bins with a wave height increment of
0.5 m and a period increment of 0.5 or 1.0 second. This suggests that as long as a wave forecast
error is within +/- 0.25 m for significant wave height and +/- 0.25 sec for energy period, the
degree of device output uncertainty associated with the forecast error is within the same degree
of device output uncertainty as would exist with a perfect forecast.
Note in Figure1.7 that device power output changes much more dramatically between wave
height bins than between wave period bins. Although this example power matrix is for the
Pelamis wave energy device, the same trend holds true for other wave energy devices, due to the
fact that the incident wave power per unit width of any device is proportional to the product of
wave height squared and wave period. Therefore, sensitivity to wave height is much greater.
For this reason, Reference 2 adopts a broader definition of the wave period bin increment (1.0
second) than Reference 2 (0.5 second). Therefore, EPRI suggests that a wave period forecast
error of +/- 1.0 seconds represents an appropriate accuracy goal for this feasibility study.
Figure 1-7 is the wave power matrix for the 750 kW Pelamis prototype unit as tested at the
European Marine Energy Centre in 2003 and installed off the coast of Portugal in the summer of
2007. Note that “power period” is the same as energy period, and this is the preferred sea state
period characterization in emerging wave energy ocean test protocols.
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Figure 1-7
Wave power matrix for the 750 kW Pelamis P1 prototype unit

1.2. Required Forecast Time Horizons
As described above, wave energy forecasts would be used to optimize operational management
of the utility grid, informing operator decisions about economic dispatch, unit commitment,
hydro storage planning, and power exchanges with neighboring systems. The required forecast
time horizon depends on the size of the system and the type of conventional units. For large
interconnected systems with “slow” units (e.g. steam turbines), this is typically 48 to 72 hours.
Wave energy projects will be expected to meet their contracted generation schedules, while
deviations from such schedules will incur financial penalties. Accurate wave forecasting would
minimize the risk of such penalties. The time horizons of interest will be defined by prevailing
market rules, but usually lie within 48 hours ahead.
Although not directly relevant to grid integration, it should be mentioned here that accurate wave
forecasts for longer time horizons (i.e. 3 to 7 days ahead) will be useful for scheduling project
installation activities, as well as offshore service visits for inspection, maintenance, and repairs.
While climatology would be used for long-term planning of such activities months in advance,
the day-to-day mobilization of equipment and personnel will require accurate forecasts up to a
week in advance. This also is true for scheduling responses to any forced outage situations that
will require previously unscheduled access offshore.
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1.3. Report Organization
The data sources are described in Section 2 of this report. Section 3 describes the analysis
methodology. Section 4 presents the results and Section 5 presents the conclusions. Section 6
makes recommendations for future work. Section 7 provides a list of references. Section 8
contains a couple of recent and relevant news articles.
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2
DATA SOURCES
The forecast data source for this project is an operational forecasting model developed by the
National Environmental Prediction Centers (NECP) of the National Oceanic and Atmospheric
Administration (NOAA), known as WAVEWATCH IIITM which is routinely used for NOAA’s
marine weather forecasts and has been adopted by the Fleet Numerical Oceanographic Center at
Monterey to support U.S. Navy operations around the world. WAVEWATCH IIITM is also used
in hindcast mode by the U.S. Army Corps of Engineers for the design of coastal engineering
projects such as piers and breakwaters. Section 2.1 describes the operational forecast products
supplied by this NOAAWAVEWATCH IIITM model as used in this study.
For this study we chose data from St. Georges Station, Buoy #46027, moored about 8 nautical
miles west northwest of Crescent City, CA in 47.9 meters of water. See details at
http://www.ndbc.noaa.gov/station_page.php?station=46027 . It’s near real time hourly data are
published on the Web, and the processed data have been archived for many years. This location
with a depth of 48 meters is suitable for a power generating stations as being studied today. The
ocean floor, although shallow, is fairly regular so that the forecasting algorithms are expected to
apply. Section 2.2 describes the NDBC measured wave data products used in this study.
Furthermore, NOAA NCEP provides forecasts at this buoy location.
2.1. NOAA WAVEWATCH IIITM Forecast Wave Data at NDBC 46027 Location
NOAA’s National Centers for Environmental Prediction, NCEP, http://www.ncep.noaa.gov/ ,
develops predictions on a variety of timescales of environmental data including atmospheric
weather tailored for different purposes, space weather, and ocean characteristics. The
Environmental Modeling Center, http://polar.ncep.noaa.gov/waves/index2.shtml , has developed
models over a period of years to predict ocean waves. The latest operational program is NOAA
Wave Watch IIITM Version 3.1. is described in Reference 3. The Web reference
http://polar.ncep.noaa.gov/waves/wavewatch/ gives details and references. Forecasts are hourly
and extend up to or more seven days in advance.
Figure 2-1 shows the multi grid global model and the various levels of resolution. For purposes
of this wave forecasting study offshore Southern Oregon and Northern California, we are
interested in the Eastern North Pacific (ENP). The resolution is shown in Figure 2-2.
Global ocean wave forecasts are produced at the NCEP by using WAVEWATCH IIITM to
generate directional wave spectra in 24 directions and 25 frequencies. Each directional spectrum
consists of the sea surface variance density over 24 directions beginning at 90 degrees to the east,
with a sector resolution of 15 degrees. Model documentation and testing, as well as the
availability of operational forecast products, are described at http://polar.ncep.noaa.gov/waves/.
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The model uses observed and forecast winds to generate waves, which are then propagated away
until meeting a shoreline. Most of the ocean is deep compared with wavelength, but NOAA
Wave Watch IIITM has evolved in recent years to calculate propagation into water as shallow as
50 meters taking account of various irregularities. Wind fields are the only driving force used in
the model and are constructed from spectral coefficients of the lowest sigma-layer winds from
the NCEP analysis and forecasts of the Global Forecasting System (GFS) with no interpolation
to the model grid required. The winds are adjusted to a height of 10 m by using a logarithmic
atmospheric boundary layer profile corrected for stability based on air- sea temperature
differences. GFS wind fields are used to produce wave forecasts at 3-hour intervals out to 180
hours ahead of the forecast issue date and time. WAVEWATCH IIITM forecasts are issued four
times daily at 0000, 0600, 1200 and 1800 Greenwich Mean Time (GMT).

Figure 2-1
NOAA Wave Watch IIITM Global Coverage
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Figure 2-2
NOAA Wave Watch IIITM Resolution for the United States– Grid Resolution given in Minutes
For this study NOAA NCEP provided a file of WAVEWATCH IIITM forecasts of significant
wave height and peak wave period data for the location of NDBC 46027 made every 6 hours
from April 1, 2008 through March 31, 2009. The forecasts were made 0, 1, 2, and 3 days ahead,
and for a few months for 5 days ahead. Each month and its advance times were considered
separately so that 12 X 4 = 48 data sets were analyzed. In each monthly set there were 28, 30 or
31 X 4 sample pairs of buoy data and forecast numbers for Hs and Tp.
The format of the data provided is as follows:
NCEP <buoy name> <int flag> <year> <month> <day> <hr> <U10 (m/s)> <dir
of wind (deg N)> <Hs (m)> <Tp (sec)> where U10 is the wind speed in m/s. Direction is based on
met convention (i.e. winds blowing from the N have 0 degrees), Hs is wave significant wave height
and Tp is peak (or dominant) period.

Significant wave height, WVHT or Hs is calculated using:

where m0 is the variance of the wave displacement time series
Dominant or peak wave period, DPD or Tp is the period corresponding to the frequency band
with the maximum value of spectral density in the nondirectional wave spectrum. Dominant
period is representative of the higher waves encountered during the wave sampling period.
EPRI was warned by NOAA NCEP that the WAVEWATCH IIITM forecast model is intended
for deep water forecasts and although it recently has been extended to shallow water locations of
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50 meter depth with a low resolution bathymetry, any complex bathymetry may cause shoaling
and refraction which would not be modeled.
The time-series files provided by NOAA NCEP take the daily raw archive files and for each time
step of the month they find the data from the relevant files so that they make a direct comparison
of model versus data. So for a particular time step say 20090704 00 the nowcast data will be
taken from the 20090704 0z cycle run, the 24 hour forecast data will be taken from the 20090703
0z cycle run. And so on and on.
For example; for file NCEP_0903_000 and for the buoy of interest, in this case, #46027, a file
and a row in that file is as follows:
"NCEP 46027 0 2009 3 17 18 *** **** 3.7 12.5 **** *** **** **** 1"
where
46027 is the buoy number
0 is the days ahead forecast a nowcast)
3 is month (March)
17 is the day of the month
18 is the GMT time (6 pm)
3.7 is the significant wave height in meters
12.5 is the peak wave period in seconds
This is the nowcast for March 17, 2009 and 18 hours GMT (Hs = 3.7 m and Tp = 12.5 sec)
File NCEP_0903_024 and for the same buoy and time, the following row is the forecast for
March 17 at 18 hours GMT that was made a day before, on March 16, 2009 at 18 hours GMT
(Hs = 3.8 m and Tp=12.5 sec)
"NCEP 46027 24 2009 3 17 18 *** *** 3.8 12.5 **** *** **** **** 1"
2.2. NOAA NDBC Measured Wave Data for NDBC 46027
The National Data Buoy Center (NDBC) deploys and maintains a variety of moored buoy
platforms, including 3-m, 10-m, and 12-m diameter discus hulls, and 6-m long boat-shaped
(NOMAD) hulls in coastal and offshore waters in longitudes ranging from the western Atlantic
Ocean to the Pacific Ocean around Hawaii, and in latitudes ranging from the Bering Sea to the
South Pacific. On an hourly basis, NDBC’s moored buoys measure and transmit barometric
pressure; the direction, average speed, and gust speed of local winds; air and sea temperatures;
and wave energy spectra from which sea state parameters are calculated, including significant
wave height, peak or dominant wave period, and average wave period.
Wave measurements are derived from accelerometers on board the buoys, which measure the
heave acceleration or the vertical displacement of the buoy hull during the data acquisition time,
which is either 20 or 40 minutes for buoys off the Pacific Northwest. A Fast Fourier Transform is
applied to the accelerometer time series data by the processor on board the buoy to transform the
data from the temporal domain into the frequency domain. Response amplitude operator
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processing is then performed on the transformed data to account for both hull and electronic
noise and derive the non-directional wave spectrum.
NDBC wave measurement accuracy is reported at www.ndbc.noaa.gov/rsa.shtml, which
indicates that significant wave height is measured to within +/- 0.2 m, and dominant wave period
is measured to within +/- 1 sec. Significant wave heights of less than 0.25 m are reported with
zero height and period. Frequency resolution on wave measurement systems can vary from
0.005 Hz at low frequencies to 0.02 Hz at high frequencies. Note that in the analyses conducted
for this report, our estimates of measured significant wave height and peak or dominant wave
period were derived directly from the NOAA website archival historical data
Typical power plants are current being sited in about 50 meters of water depth. Only a single
buoy in the Northern California and Oregon region met this criteria and had both NOAA
WAVEWATCH IIITM and NDBC buoy measurements, namely, 46027 St. Georges located 8 nm
west northwest of Crescent City as shown in Figure 2-3.
The St. Georges buoy is owned and maintained by NDBC. It is a 3-meter discus buoy
with an ARES 4.4 payload and is shown in Figure 2-4. It is located at coordinates 41.850 N
124.381 W (41°51'1" N 124°22'52" W) in a water depth 47.9 meters.

NDBC 46027
St Georges

Figure 2-3
East Northern Pacific NDBC measurement buoys
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Owned and maintained by National Data Buoy Center
3-meter discus buoy
ARES 4.4 payload
41.850 N 124.381 W (41°51'1" N 124°22'52" W)
Site elevation: sea level
Air temp height: 4 m above site elevation
Anemometer height: 5 m above site elevation
Barometer elevation: sea level
Sea temp depth: 0.6 m below site elevation
Water depth: 47.9 m
Watch circle radius: 122 yards

Figure 2-4
St. Georges Buoy, NDBC 46027

Standard meteorological data from the archival file was used. The description of that data is
available athttp://www.ndbc.noaa.gov/measdes.shtml#stdmet
#YY MM DD hh mm WDIR WSPD GST
#yr mo dy hr mn degT m/s m/s
2007 04 15 13 50 120 4.0 6.0

WDIR

WVHT
m
0.4

DPD
sec
3

APD MWD
PRES
sec degT
hPa
MM MM 1023.4

ATMP
degC
20.6

WTMP
degC
22.5

DEWP
degC
10.8

VIS PTDY
nmi hPa
MM +1.7

TIDE
ft
MM

Wind direction (the direction the wind is coming from in degrees clockwise from true N) during the same
period used for WSPD. See Wind Averaging Methods

WSPD Wind speed (m/s) averaged over an eight-minute period for buoys and a two-minute period for land stations.
Reported Hourly. See Wind Averaging Methods.
GST

Peak 5 or 8 second gust speed (m/s) measured during the eight-minute or two-minute period. The 5 or 8
second period can be determined by payload, See the Sensor Reporting, Sampling, and Accuracy section.

WVHT Significant wave height (meters) is calculated as the average of the highest one-third of all of the wave
heights during the 20-minute sampling period. See the Wave Measurements section.
DPD

Dominant wave period (seconds) is the period with the maximum wave energy. See the Wave
Measurements section.

APD

Average wave period (seconds) of all waves during the 20-minute period. See the Wave Measurements
section.

MWD

The direction from which the waves at the dominant period (DPD) are coming. The units are degrees from
true North, increasing clockwise, with North as 0 (zero) degrees and East as 90 degrees. See the Wave
Measurements section.

PRES

Sea level pressure (hPa). For C-MAN sites and Great Lakes buoys, the recorded pressure is reduced to sea
level using the method described in NWS Technical Procedures Bulletin 291 (11/14/80). ( labeled BAR in
Historical files)

ATMP

Air temperature (Celsius). For sensor heights on buoys, see Hull Descriptions. For sensor heights at C-MAN
stations, see C-MAN Sensor Locations

WTMP Sea surface temperature (Celsius). For sensor depth, see Hull Description.
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DEWP Dewpoint temperature taken at the same height as the air temperature measurement.
VIS

Station visibility (nautica miles). Note that buoy stations are limited to reports from 0 to 1.6 nmi.

PTDY

Pressure Tendency is the direction (plus or minus) and the amount of pressure change (hPa)for a three hour
period ending at the time of observation. (not in Historical files)

TIDE

The water level in feet above or below Mean Lower Low Water (MLLW).

The EPRI wave Forecasting Study used only two parameters from the NOAA NDBC Standard
meteorological data table; namely, WVHT and DPD. Greater detail on the processing of NDBC
wave data can be found in: http://www.ndbc.noaa.gov/wavemeas.pdf.
It should be noted that the significant wave height Hs of the NOAA NCEP data set was
calculated from spectral properties whereas the significant wave height WVHT from the NOAA
NDBC data set was calculated at the average of the highest third of the waves for a 20 minute
record and then three WVHTs for any hour was averaged.
2.3. Bathymetry off Crescent City California
The seabed will affect the wave height and period when the depth becomes less that about one
half of a wavelength through shoaling and refraction.. For a 16 second wave, that depth is about
200 meters. Figure 2-5 shows the location of Crescent city, California miles south of the
California-Oregon border. The St Georges buoy is located 8 nm west northwest of Crescent City
as shown in the bathymetry map of Figure 2-6. At this resolution, the bathymetry seaward of
NDBC 46027 looks regular and smooth. and we expect that the forecasting algorithms will apply
even though the long-period waves will be affected by the seabed.

Figure 2-5
Crescent City California
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The bathymetry off Crescent City California was obtained from the NGDC Coastal Relief Model
US Central Pacific Coast Grids (http://www.ngdc.noaa.gov/mgg/coastal/grddas07/grddas07.htm)
and retrieved on June 30, 2009.

NDBC 46027
(41°51'1" N 124°22'52" W
8 NM WNW of Crescent City

Crescent City, CA

Figure 2-6
Bathymetry off the coast of Crescent City California
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3
RESULTS
3.1. NOAA NDBC St Georges Buoy Wave Power Flux
The first analysis performed after downloading the hourly data from the NDBC 46027 website
(www.ndbc.noaa.gov/station_page.php?station=46027) for the time period of April 1, 2008 to
March 31, 2009 was to calculate the average monthly and average annual power flux (note that
the buoy was not functioning from mid Nov 2007 to mid Mar 2008). The data contained about
1% bad data (entered as “99” in the NDBC archives and the bad data was eliminated by
interpolating between the previous and next data points).
The hourly NDBC wave significant height (WVHT) and peak wave period (DPD) were used to
calculate hourly power flux values using equation [1]. Monthly averages and a yearly average
was then calculated and the results are displayed in Figure 3-1.
Year to year variations in wave energy require that a minimum of ten years of wave data be used
to calculate a climatologically representative power flux. This analysis does not represent itself
to be providing a climatologically representative wave power flux. The focus of this analysis is
forecast accuracy as a function of forecast time horizon. It therefore is not a resource assessment.
The Jan 2009 monthly average appears to be low. An examination of the hourly NDBC records
show that the last third of the month had low period wind-wave type sea states
St Georges NDBC Buoy 46027 Power Flux (kW/m)

Avg Monthly Power Flux (kW/m)

60.0

Annual Average Power Flux = 26.5 kW/m)

50.0
40.0
30.0
20.0
10.0
0.0
Apr- May- Jun08
08
08

Jul08

Aug- Sep- Oct- Nov- Dec- Jan- Feb- Mar08
08
08
08
08
09
09
09
Month

Figure 3-1
Wave Power Flux for NDBC 4602 from Apr 1, 2008 to March 31, 2009
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Figures 3-1 and 3-3 show Hs and Tp measured by NDBC Buoy 46027 from 1985 to 2001, and
organized by month (http://www.ndbc.noaa.gov/images/climplot/46027_wh.jpg). In the figures
the black dots are mean values, the red bands show the standard deviation, and open dots at the
end of vertical lines are extreme values observed. This wave climate data, prepared and
published by NOAA NDBC at the above URL, is similar at other locations along the west coast.

Figure 3-2
Monthly Averages of Significant Wave Height, April 1985 to December 2001

Figure 3-3
Monthly Averages of Dominant Period, April 1985 to December 2001
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3.2. Evaluation of NOAA WAVEWATCHIIITM Forecast Skill
The differences between buoy measured and forecasted data (buoy Hs less forecast Hs and(buoy
Tp less forecast Tp) were calculated and were called errors in Hs and Tp in the corresponding
sample pair. Then the absolute value of each error was calculated. Then, four measures of the
forecast skill were calculated:
1) The mean value of errors (ME) for the month.
2) The mean of absolute values of the errors (Mean Absolute Error or MAE) for the month,
which is also a measure of scatter of the errors away from zero.
3) The Standard Deviation (SD) of the error values is a measure of scatter from their mean.
If the scatter is normally distributed (Gaussian distribution), approximately two-thirds of
the individual error values are within one standard deviation of the mean.
4) The linear correlation coefficient (LCC) of the measured and forecast values would be
unity if the pairs were perfectly related by a straight line. A scatter diagram of the pairs
of values, such as is shown in Figures 3-3 and 3-4 would show all the points on a line.
Table 3-1 displays all summary data for Hs and Tp by month during the entire year.
Summary of results April 2008 to March
2009, four samples per day.
Advance

Mean Absolute
Error

Mean Error

Standard
Deviation of Error

Linear Corr Coeff

MAE

MAE

ME

ME

SD

SD

LCC

LCC

Hs

Tp

Hs

Tp

Hs

Tp

Hs

Tp

Measured Mean
Value
Hs

Tp

Ap '08
0 days

0.338

1.703

0.030

-0.034

0.432

2.597

0.788

0.420

1 day

0.337

1.639

0.016

0.090

0.439

2.467

0.781

0.470

2 days

0.351

1.644

0.019

-0.091

0.454

2.532

0.770

0.441

3 days

0.429

1.686

0.08

-0.14

0.535

2.487

0.698

0.454

2.034

10.912

1.882

10.520

1.828

9.471

1.726

9.198

5 days
May
0 days

0.336

1.492

-0.001

-0.399

0.440

2.239

0.821

0.629

1 day

0.337

1.495

0.014

-0.383

0.439

2.241

0.821

0.628

2 days

0.366

1.510

0.016

-0.329

0.473

2.268

0.780

0.616

3 days

0.404

1.558

0.019

-0.320

0.507

2.306

0.739

0.602

0 days

0.401

2.149

0.241

-0.341

0.496

3.385

0.827

0.544

1 day

0.408

2.144

0.247

-0.311

0.522

3.349

0.801

0.555

2 days

0.426

2.280

0.261

-0.462

0.533

3.449

0.787

0.524

3 days

0.437

2.271

0.239

-0.560

0.553

3.508

0.767

0.507

5 days

0.522

2.130

0.250

0.088

0.650

3.325

0.648

0.537

0 days

0.438

1.616

0.188

0.026

0.565

2.896

0.833

0.473

1 day

0.441

1.469

0.128

0.087

0.568

2.707

0.828

0.530

2 days

0.458

1.465

0.123

0.123

0.593

2.709

0.790

0.533

3 days

0.466

1.457

0.108

0.121

0.600

2.615

0.782

0.561

5 days
June

July
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5 days
Aug
0 days

0.264

1.488

0.004

-0.496

0.354

2.314

0.809

0.445

1 day

0.276

1.508

-0.010

-0.518

0.364

2.319

0.799

0.441

2 days

0.292

1.528

-0.008

-0.500

0.379

2.349

0.536

0.349

3 days

0.300

1.561

-0.013

-0.509

0.390

2.413

0.769

0.409

0 days

0.379

1.438

0.379

1.438

0.394

1.829

0.877

0.305

1 day

0.363

1.362

0.363

1.362

0.388

1.774

0.866

0.305

2 days

0.360

1.130

0.254

-0.202

0.466

1.849

0.846

0.471

3 days

0.390

1.364

0.257

-0.360

0.507

2.166

0.797

0.292

1.675

8.800

1.929

8.970

2.247

11.388

2.569

11.813

2.786

11.942

2.174

12.284

2.749

12.950

2.544

11.624

5 days
Sept

5 days
Oct
0 days

0.325

1.311

0.066

0.356

0.438

2.422

0.856

0.558

1 day

0.310

1.306

0.054

0.358

0.424

2.418

0.465

3.053

2 days

0.332

1.313

0.052

0.348

0.446

2.414

0.848

0.562

3 days

0.375

1.379

0.004

0.315

0.487

2.453

0.819

0.543

5 days
Nov
0 days

0.321

1.179

-0.121

0.568

0.370

1.768

0.913

0.718

1 day

0.323

1.145

-0.127

0.581

0.383

1.713

0.907

0.737

2 days

0.362

1.129

-0.149

0.515

0.420

1.740

0.890

0.726

3 days

0.437

1.128

-0.235

0.491

0.484

1.706

0.868

0.738

5 days
Dec
'08
0 days

0.457

1.147

-0.236

0.151

0.493

1.585

0.919

0.757

1 day

0.456

1.068

-0.265

0.129

0.493

1.495

0.925

0.788

2 days

0.476

1.040

-0.311

0.218

0.518

1.434

0.925

0.807

3 days

0.537

1.080

-0.355

0.167

0.592

1.605

0.901

0.752

5 days

0.709

1.504

-0.301

-0.156

0.890

2.146

0.755

0.551

Jan
'09
0 days

0.358

1.277

-0.214

-0.244

0.389

2.002

0.876

0.681

1 day

0.359

1.285

-0.210

-0.240

0.406

2.008

0.871

0.680

2 days

0.399

1.293

-0.227

-0.294

0.448

2.021

0.852

0.669

3 days

0.436

1.337

-0.259

-0.317

0.493

2.047

0.826

0.657

5 days
Feb
0 days

0.353

1.516

-0.038

0.568

0.486

2.468

0.852

0.557

1 day

0.370

1.450

-0.052

0.619

0.502

2.289

0.848

0.626

2 days

0.405

1.541

-0.087

0.565

0.560

2.373

0.828

0.598

3 days

0.485

1.549

-0.129

0.436

0.617

2.426

0.779

0.571

5 days
Mar
0 days

0.360

1.094

-0.164

0.261

0.418

1.806

0.891

0.598

1 day

0.352

1.114

-0.186

0.317

0.404

1.866

0.900

0.568

2 days

0.380

1.065

-0.239

0.275

0.435

1.765

0.900

0.617

3 days

0.510

1.187

-0.333

0.082

0.589

1.965

0.832

0.524

5 days
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An evaluation of Table 1 results in the following conclusions:






The measured values of Hs and Tp fall near the longer term averages shown in Figures 32 and 3-3.
In general there is usually more scatter or error in Tp than in Hs, but as a fraction of
measured value it is not so different. Error could result either from an imperfect forecast
or from an imperfect measurement.
The ME (or bias) is between 1% and 10% of the measured quantities. It seems to vary
systematically with time. For example, it is larger in June than in earlier months.
The SD is usually larger than the MAE; they both measure scatter about a perfect
forecast. They may be as large as 50% of the measured value of the quantity. Recall that
about two-thirds of errors will be less than a standard deviation away from the ME.
The various measures of error increase only a little in going form 0 to 3 days advance. At
5 days, the forecast is showing a significant loss in accuracy.

A scatter diagram of the pairs of values, such as shown in Figures 3-4 and 3-5, illustrates that the
measured and forecast quantities are scattered about a straight line. If the linear correlation
coefficients were unity, the points would lie exactly on the line. .
These figures show the 6 hourly wave heights, Hs, measured during December versus the values
from forecasts made on the same day and 5 days previously. Values are in meters. The
difference is evident between scatter forecast 0 and 5 days in advance. Similar figures could be
made for other months, and advance times.
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1
0
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Fore cas t

Figure 3-4
Scatter Diagram, Nowcast (0 days in advance)
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Buoy Data
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Scatter

4
3
2
1
0
0

1

2

3

4

5

6

7

8

Forecast

Figure 3-5
Scatter Diagram, 5 days in advance

3.2.1. Mean Absolute Error – Hs and Tp – April 1, 2008 to March 31, 2009 – Nowcast to 3
Days Ahead Forecast Time Horizon
The forecast error is the difference between the actual measured value (i.e., NDBC 46027) and
the forecast value for a corresponding period. The mean absolute error (MAE) is the sum of the
absolute values of N forecasts errors divided by N.
Table 3-2 contains the mean absolute error MAE) for significant wave height and peak wave
period for the time period of April 1. 2008 to March 31, 2009 for NDBC Buoy 46027 as a
function of forecast time horizon
Table 3-2
Mean Absolute Error; WaveWatch IIITM Forecasts compared to NDBC Measurements
Apr 1, 2008 to
Mar 31, 2009

Nowcast

! Day ahead

2 Days Ahead

3 Days Ahead

Significant Wave
Height (meter)

0.36

0.36

0.38.

0.44

Peak Wave
Period (seconds)

1.4

1.4

1.4

1.5
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There is a slight rise in significant wave height MAE and no rise in peak wave period MAE
between 1 and 2 days ahead, however, after the 2 day ahead forecast, these is a noticeable rise in
both parameters. Section 3.2.3 examines the rise for 4 and 5 days advance forecasts.
Figures 3-6 through 3-9 show plots of the mean absolute error (MAE) for significant wave
height (Hs) and peak wave period (Tp) at 46027; two plots with the forecast time horizon on the
abscissa and two plots with the month of the year on the abscissa.
Significant Wave Height (Hs) Accuracy as a Function of
Forecast Time Horizon

Mean Absolute Error (meters)

0.60
0.50
0.40
0.30
0.20
0.10
0.00
Nowcast

1 Day Ahead

2 Days Ahead 3 Days Ahead

Apr-08
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Jun-08
Jul-08
Aug-08
Sep-08
Oct-08
Nov-08
Dec-08
Jan-09
Feb-09
Mar-09

Forecast Time Horizon

Figure 3-6.
Mean Absolute Error of WAVEWATCH IIITM forecast for significant wave height at NDBC
Station 46027 as a function of forecast time horizon during the period from April 1, 2008
through March 31, 2009 - shown with forecast time horizon on the horizontal axis
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Figure 3-7.
Mean Absolute Error of WAVEWATCH IIITM forecast for significant wave height at NDBC
Station 46027 as a function of forecast time horizon during the period from April 1, 2008
through March 31, 2009 – shown with month on the horizontal axis
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Peak Wave Period (Tp) Accuracy as a Function of
Forecast Time Horizon

Mean Absolute Error (sec)
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Figure 3-8.
Mean Absolute Error of WAVEWATCH IIITM forecast for peak wave period at NDBC Station
46027 as a function of forecast time horizon during the period from April 1, 2008 through
March 31, 2009 - shown with forecast time horizon on the horizontal axis
Peak Wave Period (Tp) Accuracy as aFunction of Forecast
Time Horizon
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Figure 3-9.
Mean Absolute Error of WAVEWATCH IIITM forecast for peak wave period at NDBC Station
46027 as a function of forecast time horizon during the period from April 1, 2008 through
March 31, 2009 – shown with month on the horizontal axis
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3.2.2. Measured and Forecasted Significant Wave Height and Peak Wave Period for the
Month of March 2009 as a Function of Forecast Time Horizon
Significant Wave Height
Measured and Forecast Significant Wave Height - Nowcast
March 2009
5
4.5
Measured Hs (meter)

4
3.5
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Forecast Hs (meter)

Figure 3-10.
Scatter Diagram of WAVEWATCH IIITM nowcast and NDBC Station 46027 measurements of
significant wave height during the period from March 1 - 31, 2009
Measured and Forecasted Significant wave Height Nowcast - March 2009
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Figure 3-11.
Line Chart of WAVEWATCH IIITM nowcast and NDBC Station 46027 measurements of
significant wave height during the period from March 1 - 31, 2009
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Measured and Forecast Significant Wave Height 1 Day Ahead - March 2009
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Figure 3-12.
Line Chart of WAVEWATCH IIITM 1 day ahead forecasts and NDBC Station 46027
measurements of significant wave height during the period from March 1 - 31, 2009
Measured and Forecast Significant Wave Height 2 day Ahead Forecast - March 2009
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Figure 3-13.
Line Chart of WAVEWATCH IIITM 2 day ahead forecasts and NDBC Station 46027
measurements of significant wave height during the period from March 1 - 31, 2009
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Measured and Forecast Significant Wave Height 3 Day Ahead Forecast - March 2009
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Figure 3-14.
Line Chart of WAVEWATCH IIITM 3 day ahead forecasts and NDBC Station 46027
measurements of significant wave height during the period from March 1 - 31, 2009
Peak Wave Period
Measured and Forecast Wave Peak Period - Nowcast March 2009
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Figure 3-15.
Scatter Diagram of WAVEWATCH IIITM nowcast and NDBC Station 46027 measurements of
peak wave period during the period from March 1 - 31, 2009
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Measured and Forecasted Peak Wave Period - Nowcast
March 2009
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Figure 3-16.
Line Chart of WAVEWATCH IIITM nowcast and NDBC Station 46027 measurements of peak
wave period during the period from March 1 - 31, 2009
Measured and Forecast Peak Wave Period - 1 Day Ahead March 2009i
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Figure 3-17.
Line Chart of WAVEWATCH IIITM 1 day ahead forecasts and NDBC Station 46027
measurements of peak wave period during the period from March 1 - 31, 2009
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Measured and Forecast Peak Wave Period - 2 Day Ahead March 2009
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Figure 3-18.
Line Chart of WAVEWATCH IIITM 2 day ahead forecasts and NDBC Station 46027
measurements of peak wave period during the period from March 1 - 31, 2009
Measured and Forecast Peak Wave Period - 3 Day Ahead March 2009
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Figure 3-19.
Line Chart of WAVEWATCH IIITM 3 day ahead forecasts and NDBC Station 46027
measurements of peak wave period during the period from March 1 - 31, 2009
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3.2.3. Mean Absolute Error – Hs and Tp – March 1 to March 31, 2009 – Nowcast to 5 Days
Ahead Forecast Time Horizon and Adjusting for Bias
A mean forecast bias was determined by summing the forecast errors for a given month and
dividing by the number of data points. The bias factors for significant wave height and peak
wave period are shown in Table 3-3
Table 3-3
Bias Factors
Mean
Forecast
Error

Nowcast 1 Day
Ahead

2 Days
Ahead

3 Days
Ahead

4 days
Ahead

5 Days
Ahead

Hs (meter)

-0.16

-0.19

-0.24

-0.33

-0.24

-0.28

Tp (sec)

+0.26

+0.32

+0.28

+0.08

+0.06

+0.14

The WaveWatchIIITM forecasts were then adjusted by subtracting in the case of Hs and adding in
the case of Tp the bias factor to the original forecast and then recalculated forecast errors and re
computing the MAE. The resultant MAE’s are shown in Figures 3-20 and 3-21. The adjustment
resulted in a reduction of the MAE for Hs of about 0.3 meters and a reduction of about 0.5
seconds for Tp (at least for the first couple of days of forecast time horizon)
Significant Wave Height - March 2009 - Adjusting for Bias
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Figure 3-20
Adjusted Mean Absolute Error of WAVEWATCH IIITM forecast for significant wave height at
NDBC Station 46027 as a function of forecast time horizon during the period from March 1
through March 31, 2009
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Peak Wave Period - March 2009 - Adjusting for Bias
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Figure 3-21.
Adjusted Mean Absolute Error of WAVEWATCH IIITM forecast for peak wave period at NDBC
Station 46027 as a function of forecast time horizon during the period from March 1 through
March 31, 2009

3.3.4. Mean Absolute Error – Hs and Tp – March 1 to March 31, 2009 – Nowcast to 5 Days
Ahead Forecast Time Horizon and Averaging NDBC Hourly Measurements
The previous analysis calculated the forecast error by subtracting the forecast value from
WaveWatchIIITM at a given time point (e.g., March 6, 2009 at 0600 GMT) with the NDBC buoy
measurement at that same date and time. The hourly NDBC measurements before and after this
date and time was discarded
This analysis calculates the forecast error by subtracting the forecast value from
WaveWatchIIITM at a given time point (e.g., March 6, 2009 at 0600 GMT) with the average of
the NDBC buoy measurement from 3 hours before to 3 hours after at that same date and time
(e.g., from 0300 to 0900 GMT on March 6, 2009)
Table 3-4
Mean Absolute Error; WaveWatch IIITM Forecasts compared to NDBC Measurements
Mar 1 - 31, 2009

Nowcast

Significant Wave Height (meter)

0.36

Averaged Hs

0.37

Peak Wave Period (seconds)

1.1

Averages

1.1

Table 3-4 shows that the averaging of the NDBC data did not result in reducing the MAE of
either the significant wave height or the peak wave period.
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4
CONCLUSIONS
The following conclusions are made from examining the results in section 3 and are made for
this specific case study of NDBC Buoy 46027 located in 38 meters of water 8 nm west northwest
of Crescent City, California and for the time period of April 1, 2008 to March 31, 2009:
The principal conclusion is that the error, the difference between forecast and actual sea state
does not increase very much as the forecast time horizon increases from 0 to 3 days. By 5 days,
however, the errors show a significantly trend to becoming larger. Both the MAE and the STD
of error lead to the same conclusion. For up to 3 days forecast time horizon, the accuracy of
WaveWatchIIITM significant wave height and peak wave power is about the same as the level of
uncertainty in the ground truth (in this case, the measured NOAA NDBC buoy data).
Other conclusions are as follows:
1) NOAA WaveWatch IIITM predicted the sea state (Hs and Tp) with an annual mean absolute
error (MAE) of 0.3 to0.35 meter and 1.4 to 1.5 seconds, respectively, for a forecast time
horizon of 24 to 48 hours (1 to 2 days in advance)
2) As expected, the MAE of both the significant wave height and the peak wave period are
lowest for the nowcast and the MAE increases with increasing forecast times
3) There was no trend in wave height MAE as a function of the higher wave energy winter
months (as compared to the lower wave energy summer months) although from a
percentage viewpoint, the percentage error in the higher wave energy months would be
lower than in the lower wave energy summer months
4) There is a trend in wave period MAE to be lower in the higher wave energy winter months
as compared to the lower wave energy summer months.
5) The low January 2009 average monthly power flux (i.e., lower than the average January) did
not show up as an anomaly in the MAE results
6) The high June –July 2008 wave height MAE is not understood; we would have expected it to
be low as is the other summer months
7) The high December wave height MAE is not understood
8) The NOAA WaveWatch IIITM nowcast to 2 days ahead forecasts were found to have a bias
of about a +20 cm in significant wave height and a – 0.3 seconds in peak wave period.
Adjusting the forecasts for this bias allows the MAE values to be reduced by this amount.
9) Instead of using the NDBC hourly measurements to calculate a forecasting error against the
6-hourly WaveWatch IIITM forecasts, the NDBC hourly measurements +3 hours from the
nominal were summed; averaged and compared to the WaveWatch IIITM forecast. No
change to the calculated MAE values for either wave height or period resulted.
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The following general conclusions are made from stepping back from the analysis results and
interpreting the meaning of the results to grid operation:
1

Procurement of load/supply following services would be based on wave forecasts and
associated wave forecasting accuracy standards, as likely would be applied to wave power
interconnection agreements. Use or dispatch of load/supply following services would
depend on which resources (additional supply, load-shedding services, or inter-control area
dynamic exchange) would best meet technical operating or reliability requirements in the
most cost-effective manner within established energy market rules.

2. Due to the much greater inertia of water relative to air, wave conditions change more slowly
than wind conditions. Therefore, it is expected that regulating reserves procured to address
short-term load variability may be adequate to mitigate the effects of short-term wave
variability over time scales of several tens of minutes to hours.
3.

The NOAA WaveWatch IIITM predictions of the sea state (Hs and Tp) with an annual
mean absolute error (MAE) of 0.03 to0.35 meter and 1.4 to 1.5 seconds, respectively, for a
forecast time horizon of 24 to 48 hours (1 to 2 days in advance), did not meet the postulated
MAE requirements of on the order of + 0.25 meter significant wave height and + 1.0
seconds wave peak period. However, we believe that WAVEWATCH IIITM is capable of
meeting these postulated requirements through employing statistical techniques such as
regression analysis and learning techniques such as neural nets.

4. It is obvious that the wave forecasts reflect the wind forecasts upon which they are based.
Given that for the near term wave energy siting targets of opportunity (California and
Oregon) the winds which produce the high-energy, long-period, swell-type waves are
thousands of miles from the California and Oregon coasts upon which they will eventually
dissipate that energy. Since it can take 2 days or more for this wave energy to propagate
across the sea, the forecasted wave energy is based on actual wind data and therefore a good
wave forecast is expected
The errors presented in this report represent the overall spectral properties of the waves which
arrive at the coast of Oregon and are characterized as long period swell. In general, errors for the
still developing dynamic wind sea spectrum in comparison to the well developed swells will be
greater. NOAA NCEP is currently doing a validation of the WAVEWATCH IIITM model against
data for wind seas and swells which will be available by the end of 2009
Finally, we conclude with an answer to the question that we posed in the introduction
“Is the accuracy of the existing, operational NOAA WAVEWATCH IIITM forecasts
sufficiently good that any further development of a forecasting capability for wave energy
utility integration purposes should be based on this NOAA operational product? “
We believe that the answer is yes. The results of this analysis are within sufficient ranges to
indicate that the product is sufficient for further development.
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5
RECOMMENDATIONS FOR FUTURE WORK
We recommend further case studies using existing NDBC buoys in other locations be conducted
increasing the time period for the 1 year time period of this case study and examining advanced
predictions technologies such as regression analysis and neural nets.
We recommend that these studies evaluate the accuracy based on using the wave sea state peak
wave period parameter as used in this study and also evaluate the accuracy using the energy
period as derived from the wave spectral data.
We recommend the addition of satellite observation data to the NDBC buoy significant wave
height measurement for calculating the forecast error.
We recommend further studies to investigate whether the measured NOAA NDBC data, with its
uncertainty level, ought to be used as the “ground truth” for assessing the forecasting skill of
WaveWatvchIIITM or whether there are other “ground truth” measurements that should e used
(such as satellite altimetry, bottom mounted acoustic doppler radars, etc)
We further recommend that Oregon wave power projects (e.g., the OPT project in Reedsport,
the OSU Newport wave test facility, etc) deploy wave measurement instruments and start
collecting wave spectral data.
Lastly, we recommend investigating the use the output of WAVEWATCH IIITM forecasts as
input boundary conditions to a shallow water wave propagation model incorporating high
resolution bathymetry of the site area for shallow sites with bathymetric features seaward of the
wave plant location
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APPENDIX
A Recent and Relevant Story Published in Energy Biz Magazine
This article is republished with permission from CyberTech, Inc. EnergyBiz Insider is published
three days a week by Energy Central. For more information about Energy Central, or to subscribe to
EnergyBiz Insider, other e-newsletters and EnergyBiz Magazine, please go to
http://www.energycentral.com/.
May/June 2009 Edition of EnergyBiz magazine
Bill Opalka, Editor-in-Chief, Energy Central Topic Newsletters
It's 5 a.m. on a Monday and operations at the Puget Sound Energy trading desk are heating up. Actually,
like utilities everywhere, the Bellevue, Washington, operation is never quiet. This flurry of activity is
repeated from coast-to-coast as the desks gear up for that day's trades, and in this case, as the
company's power generation bids are prepared for the day-ahead market.
Expected production from thermal and hydro units are calculated along with the crucial weather forecast
and its projected impact on the anticipated load. And one other thing has arrived, a piece of the puzzle
that wasn't needed a decade ago: a detailed model of the expected production from well over 200 wind
turbines spread over two separate wind farms PSE operates scores of miles from its load centers on the
outskirts of Seattle. When bids are awarded, wind is part of the equation. The real-time market then
operates as it does on any other given day, with generation sources, not just wind, falling on and off the
system for unplanned outages.
Gone are the days that a wind forecaster described the energy as an "if it's there, we'll take it" source to
one that gives energy traders and planners some confidence of hours when wind can stand on equal
footing with more expensive coal and natural gas units. Now, these models are giving power companies a
leg up with their power portfolio predictions, not just knowing if the wind might blow strongly enough.
What the planning means, for example, is that traders may be told a wind plant in their area has a 90
percent chance of delivering 200 megawatts of electricity to the grid at 6 p.m. on Tuesday. Managing that
risk of a 10 percent absence of wind -- possibly with a backup hydro or natural gas plant -- is already in a
day's work.
"This has become very important because we're saving costs from not using any fuels and we're also
getting the value of the production tax credit (2.1 cents per kilowatt-hour)," said David Mills, PSE's
director of energy supply and planning. "Without this precision, it would be a lost opportunity."
As it is, two wind farms total 386 megawatts in its portfolio. Equivalent to a typical coal plant, the amount
of energy is no longer trivial. And with the equivalent capacity of two or three more coal units coming on
line from it its expanding wind portfolio in the next couple years, the share of renewable energy -- and its
availability -- are occupying an even more important place in trading operations.
The Bonneville Power Administration, for example, may have 4,300 MW of wind in its balancing area by
the end of 2011, the largest such concentration in the country. Also, consider that on February 18, the
New York Independent System Operator had more than 1,000 MW at 6 p.m., or 12 percent of load, the
largest penetration of wind ever on its system. Xcel Energy, furthermore, the largest owner of its own
generation, once had 35 percent of load in Colorado supplied by wind.
"With the wind profile it could be the most cost-effective generation in off-peak hours," said Eric Pierce,
Xcel Energy managing director of energy trading.
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Flip Side
But the flip side: swings of 500 megawatts of wind can disappear from a system in an hour or less,
creating scheduling havoc for system operators, as it did in Texas in February 2008. The system operator
relied on interruptible contracts with industrial customers to retain reliability in that event. Dramatic
events impact reliability and wild swings do also. Maximum change in Colorado over a 24-hour period was
743 MW increase and a 485 MW decrease. Minnesota saw a 517 MW increase to a 488 MW decrease,
Xcel's Pierce said.
While generation swings downward create operational challenges and price spikes if the utility needs to
enter the spot market, upward pressure on generation could cause transmission bottlenecks. "We have
the ability to anticipate generation and bypass the potential logjams in transmission," said PSE's Mills.
One benefit the system has in some seasons is the ability to integrate hydropower into the system when
the wind dissipates and the water resource can be ramped up in minutes.
"There's a tremendous amount of money to be made by generators if they have a reliable forecast that
allows them to operate in the day-ahead market. The nature of wind is that there is less opportunity for
them to bid into the shorter interval markets," added Pascal Storck, president of global operations for
3TIER, based in Seattle. The firm is approaching 10,000 megawatts across the country where its
forecasts are used by its clients.
One issue that wind forecasters and plant operators concern themselves with is a ramp event, a relatively
quick increase or decrease in wind speed in an area that can add or subtract possibly several hundreds of
megawatts from a system in a short period of time.
If the renewable energy is produced in geographically diverse areas, clouds or low wind speed at one site
may be mitigated by weather conditions so the total impact is less. For wind generators, larger areas are
seen as mitigation for intermittency: if one wind plant is still, another even a couple hundred miles away
but in the same multi-state transmission system might be operating close to capacity. The large area of
the Midwest Independent System Operator, with its 13 states and one Canadian province, is one model
wind generators see as benefitting the resource and one that makes integration easier.

As wind energy matures, the mechanisms to forecasts its predictability are also advancing. Getting
it right is getting to be big business.

RENEWABLE ENERGY: Bonneville charges wind-power
producers for intermittency (07/23/2009)
Wind power flowing onto the Bonneville Power Administration's electric grid has nearly doubled in
each of the past four years, taxing not only the existing transmission system with its intermittent
flow, but also the reliability of BPA's hydroelectric dams.
The surge in wind power onto the system has also forced the agency to juggle the needs of its
customers with the state-level mandates for renewable energy and its responsibility to protect
migrating salmon.
BPA's release Tuesday of a 541-page order on setting future rates seeks to transfer some of that
burden to wind producers, which will now be charged 90 percent more to absorb and smooth out the
intermittent power they send to the grid.
The increase may appear steep, but is a fraction of the 300 percent rate hike the agency announced
earlier in the year that drew loud protests from renewable energy advocates. "This is a cool breeze
on what could have been a very hot day," said Rachel Shimshak, director of the Renewable
Northwest Project.

Some said the Obama administration's campaign to integrate more renewable energy played a role
in BPA's new tack, while others credit the wind power industry's improved forecasting and
operational practices.
But some renewable advocates and members of Oregon's congressional delegation took exception
to the BPA order.
"At a time when everyone from the president of the U.S. to the folks in the tiniest timber-dependent
communities are looking at promoting green energy, our region cannot tolerate having the lead
player adopting policies that are decidedly unfriendly," said Sen. Ron Wyden (D) (Ted Sickinger
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Introduction
Within a control area, the on-line generation of electricity must be instantaneously matched to
the consumption of electricity. If demand exceeds supply, then a ‘brown out’ or worse yet, a
‘black out’ may occur. In order to avoid under or over supply, the system operator must
carefully monitor the demand for power and then be able to aggregate a wide variety of
generation assets in order to supply the demand. Integrating renewable resources with poor
forecastability (minutes to hours) and high ramp rates (from full rated power to zero power in
seconds) such as wind turbines and solar concentrating electric has proved challenging.
There are two parts to this prediction challenge. The first is prediction of the resource and the
second is the prediction of the electrical power produced by the wave energy converter (WEC)
plant.

Background
One of the potential benefits of wave energy is that it is more predictable than wind, as ocean
swells propagate for thousands of miles and its ramp rates (both up to and down from rated
power) are much slower than wind or solar. Recognizing this benefit, the Bonneville Power
Administration (BPA) funded the Electric Power Research Institute (EPRI) to initiate research in
the area of wave energy forecasting. EPRI’s 2007 research focused on using data from the
National Oceanographic and Atmospheric (NOAA) National Data Buoy Center (NDCB) and a
predictive tool called NOAA WaveWatch III Version 2.22 from the National Center for
Environmental Prediction (NCEP). Through comparing the forecast data with actual measured
data at far offshore NDBC buoys, we concluded that this approach could accurately predict (i.e.,
within a specific wave height and period sea state in a wave energy conversion power matrix) the
wave resource as much as 48 hours (2 days in advance) at the location of NOAA’s far offshore
buoys (100 to 200 miles off the coast) for the summer months of 2007. EPRI also extended the
prediction from offshore buoy locations to coastal buoy locations typical of planned wave power
plant locations (2 to 3 miles off the coast) and determined that a correlation of greater than 75%
was achievable for time lags between the two locations of less than 6 hours. For greater time
lags, the correlation coefficients decrease (e.g., 55% for a time lag of 16 hours). This work is
documented in EPRI Report WP-0012 available at www.epri.com/oceanenergy/

In 2009, EPRI was requested by Pacific Energy Ventures (PEV) to extend the BPA analysis from
the summer months of the 2007 to a complete yearly cycle as we had archived the NOAA
forecasts for the winter of 2007/2008. Upon initiation of the work, we learned that NOAA had
made significant changes to WaveWatch IIITM including a multi-grid forecasting system (now
called Version 3.1) that enabled forecasts to some locations only 2 to 3 miles offshore.
The NOAA WAVEWATCH IIITM Version 3.1 model was found to predict the significant wave
height and peak wave period with a mean absolute accuracy of +0.3 to 0.35 meter and + 1.4 to
1.5 seconds, respectively, for a forecast time horizon of up to 24 to 48 hours (1 to 2 days in
advance) respectively. This result is close to the NOAA NDBC specified accuracy of a
significant wave height measured to within +/- 0.2 meters and a peak wave period measured to
within +/- 1 second.
Based on this information, it is recommended that additional case studies be conducted that:
 Increase the time period for the 1 year time period of this case study;
 Increase the number of locations from this single location case study;
 Examine advanced predictions technologies such as regression analysis and neural nets;
and
 Investigate the use shallow water wind propagation models to improve accuracy in cases
with significant bathymetric features.
WEC developers are expected to communicate their expected power output using a power
matrix, as illustrated in the published Pelamis P1 power matrix shown in the figure below. Power
levels are in kW

Pelamis P1 Power Matrix

Objective
The objective of the work reported in this white paper report was to develop a plan for validation
of the WaveWatch IIITM wave forecasting methodology for two locations of proposed wave
power projects in Oregon (OPT’s Reedsport site and the NMREC site in Newport). It is desired
in the future to compare the predictions of WaveWatch IIITM (and possibly other forms of
predictions) with the data being measured and collected independently by NMREC and OWET
under its proposed Wave, Current, and Sediment Transport project. This work started in July
2009 and will conclude in December 2009. Additional funds will be required to complete an
annual cycle of data validation.

Analysis
There are two primary sources of buoy measurement data as shown below
1. Blue Squares - National Data Buoy Center (NDBC) of the National Oceanic and
Atmospheric Administration (http://www.ndbc.noaa.gov),
2. Red Triangles - Coastal Data Information Program (CDIP) of Scripps Institution of
Oceanography (http://cdip.ucsd.edu/).

Wave Measurement Buoys in the Eastern Pacific Northwest

There are at least four ways to predict wave energy parameters at Reedsport and/or Newport
wave energy locations at this time
1. NOAA WaveWatch IIITM forecast at a NDBC location for which forecasts are made
coupled with a shallow water wave model to propagate those forecasts to the Reedsport
and/or Newport wave energy locations
2. NOAA WaveWatch IIITM forecast at a NDBC location for which forecasts are made
coupled with a simple time delay correlation given the wave direction and speed to
forecasts to the Reedsport and/or Newport wave energy locations
3. Use a far offshore NDBC buoy as the input shallow water wave model to propagate
those forecasts to the Reedsport and/or Newport wave energy locations
4. Use a far offshore NDBC buoy as the input to a simple time delay correlation given the
wave direction and speed to forecasts to the Reedsport and/or Newport wave energy
locations
From the figure of buoy locations shown above, the farthest offshore buoys are
1. Station 46006 - SE PAPA - 600NM West of Eureka, CA at a water depth of over 4,000
meters
2. Station 46036 - South Nomad Owned and maintained by Environment Canada 48.353 N
133.950 W (48°21'9" N 133°57'0" W and not quality checked by NDBC
3. Station 46005 - WASHINGTON 315NM West of Aberdeen, WA in 2,780 meters of
water
For a 10 second wave, the phase speed is 15.6 m/sec (see table below) and given that the group
speed (i.e., the speed at which the energy travels) is one-half of the phase speed, the group speed
is 8.8 m/sec of 17 nm/hr and at distance of 600 nm, the advance time is of the order of 35.3
hours or about a day and a half

Since there are no wave measurements instruments at Reedsport or Newport at this time, there is
no way to measure actual wave parameters at this time

Recommended Implementation Plan
1. Wave Measurement Instruments
First and foremost, both Reedsport and Newport wave sites should be instrumented with
wave measurement instruments (WMI) to be located at or near the proposed locations of the
each of the WEC plants/devices as soon as possible. This will provide a method to assess the
prediction accuracy as a function of forecast time horizon of the wave spectra based on WMI
located at some distance from the WEC or on WaveWatchIIITM forecasts. The following are
some of the type of WMIs that may be considered for use at Reedsport and/or Newport:
1. An example of a surface style wave buoy that can provide wave height, period, and
direction is shown below. The wave rider style of buoy could be deployed similarly
as a marker buoy. These buoys typically transmit data to shore via a wireless link.
2. Wave height and direction can be measured using a radar system. The radar system
would be located on shore. The typical range of a radar system is two nautical miles,
and can cover a two-dimensional space.
3. An example of a bottom mounted ADCP wave measurement system is shown below.
This system also has the capability of being buoy mounted. The bottom mounted
system would have to store the data for later retrieval or have a cable to shore.

Example ADCP Bottom Mounted System
Example Wave Measurement Buoy

The installation of the buoys supporting wave measurement can be done using a small boat,
nominally 50 to 60 feet in length. The boat will be able to tow the devices out and launch
the instrument from the stern. The installation vessel will need to have a small crane or
boom to handle the anchors and instrumentation. The recovery will be done using a similar
vessel. Equipment that is bottom mounted will use an acoustic release recovery system (or
similar). This will provide a recovery line to be deployed from the bottom using a remotely
operated acoustic release as illustrated below

Example Bottom Recovery System

2. Wave Forecast Archives
Any future study of the forecast accuracy as a function of forecast time horizon will
require archiving real time NOAA NCEP forecasts since NOAA NCEP does not archive
their forecasts. For example, if it is desired to do a forecast accuracy as a function of
forecast time horizon for 2010 at allocation that is both a location of WaveWatchIIITM
forecasting and a measurement buoy, real time forecasts will need to be archived by
some entity starting on Jan 1, 2010; that is, the 6-hourly forecasts from NOAA NCEP
will need to be downloaded from their website and stored by that entity. Then in early
January, that entity can compare that forecast data base against the measured archival
data (if this is not done, an alternate approach would be to do what EPRI has done for its
2009 PEV Wave Forecasting Study, that is, ask NOAA NCEP to put together a special
archive file in the future)

6

3. Wave Forecasting Accuracy Study
Once a few months of actual measured data from the on site WMIs are available, a study
should be instituted to evaluate the accuracy of the forecast to the “ground truth” as
represented by the measured data from that WMI. We recommend that all four
approaches discussed in the analysis section be evaluated as part of this study.

4. WEC Electrical Power Produced Verification
Once WEC devices are installed and operating, a study should be instituted to verify the
predicted electrical power performance curve of the WEC device against that predicted
based on sea state

5. Wave Resource and WEC Device Electrical Power Production Forecasting User
Requirements
Lastly, as comparisons of predicted versus actual power and energy are being developed,
the users (grid operators, utilities, project developers and WEC device developers)
should be surveyed about the user requirements for forecasting wave power resource
accuracy as a function of forecasting time horizon and the user requirements for
forecasting WEC electrical power output as a function of resource input.
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Overview of Scheduling
Electric utilities have control, directly or indirectly, over a wide variety of generation
resources at any moment in time. Balancing Authorities and utility power managers
must receive regular schedules from each of the generation resources to determine
which resources are available, and what the expected power output is from each.
In the Northwest each Balancing Authority schedules power on an hourly basis. The
power output schedules are submitted on a day-ahead basis (also referred to as a
preschedules), with the opportunity to adjust the schedule at a specified time
interval (e.g., 30 minutes) in advance of any given hour.
Utility power managers require preschedules in order to determine what resources
will be available to meet load and optimize the operation of their resource portfolio.
Depending on how and to whom the wave energy is being sold, the project operator
may be asked to submit a schedule to a scheduling agent, the utility, or directly to
the Balancing Authority.
The table below outlines the two major types of schedules and how they are used.
Type
Preschedule
Hourly Schedule

To Whom
Utility power
manager and/or
Balancing Authority
Balancing Authority

When
Day prior
30 minutes prior to
hour

Purpose
Allow for resource
optimization and
system planning
Manage electrical
reliability of the
system

The purpose of this report is to identify the typical scheduling methodology of the
Northwest utilities, and what the expectations may be for scheduling wave energy
resources both at the pilot stage and at full commercial-scale operation. Challenges
in scheduling that are specific to wave energy will be identified. The report
concludes with a brief discussion of possible changes in the Northwest electricity
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market and associated requirements for scheduling generation, and how these
changes could affect implementation of wave energy.
Project Size and Scheduling
Given both the size and the expected power sales arrangements for wave energy,
the preschedule requirements will likely be the most important for wave energy. The
details of what information to be provided, to whom, and under what timelines will
be defined in the power sales agreement.
Small generators are not of significant concern to the control center operators,
because they are seen essentially as negative load. In the past, the hour-by-hour
operation of generators below 10 MW has been ignored by the control center
operators. However, with more small generators (renewable and non-renewable)
expected to come online in the coming decades, the balancing authorities are
concerned that the aggregate effects could become significant enough to affect the
economic and reliable operation of their portion of the grid.
In Oregon, the Public Utility Commission recently approved AR 521, Small Generator
Interconnection Rules. These rules require that any generator 3MW or larger have
real-time telemetry to communicate the operational status and power output to the
appropriate control center. The OPUC Rules govern only the investor-owned utilities,
but Bonneville Power Administration (BPA) has also adopted the 3MW minimum for
telemetry requirements. With telemetry installed, it is expected that the control
center operators will require scheduling from these small generators.
The wave energy industry in the United States is still in the technology development
phase. Individual wave energy converters are being tested and improved. We will
likely see the first pilot-scale projects in the waters off the Oregon Coast in the next
two years. The pilot-scale projects are expected to be less than 3 MW. If this is the
case, no scheduling would be required. If the pilot-scale projects are 3MW or larger,
then hourly schedules will most likely be required to be submitted to the appropriate
balancing authority.
When wave energy projects grow to the scale of “large generators”, defined by the
FERC as greater than 20 MW, scheduling will certainly be a requirement.
Project Location and Scheduling Procedures
The designated balancing authority is determined by both the point of
interconnection and the purchaser of the power from the wave energy project.
Option 1: Interconnection Directly to BPA
BPA has significant transmission resources along the Oregon Coast, and several
points of interconnection that look highly desirable for wave energy development. If
a wave energy project were to interconnect directly to BPA’s transmission system,
the day-ahead schedule, and any necessary hour-ahead adjustments, would be
delivered to the BPA control center.
Option 2: Interconnection Directly to PacifiCorp
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PacifiCorp also has areas of load served on the Oregon Coast, and a 115-kV
transmission network to reach these loads. If a wave energy project were to
interconnect directly to PacifiCorp's transmission system, the day-ahead schedule,
and any necessary hour-ahead adjustments, must be delivered to the PacifiCorp
control center.
One aspect to be considered, as wave projects grow in size, is that PacifiCorp’s
transmission system exists in pockets that are in all cases interconnected to BPA’s
transmission system. PacifiCorp has indicated that its largest load served along the
Oregon Coast is in the Coos Bay area, and it is 30 MW. To take this area as an
example, if wave energy interconnected to PacifiCorp reached a level nearing or
exceeding 30 MW, PacifiCorp would at times need to export this power across BPA’s
transmission system. A schedule might need to be submitted to BPA’s control center
as well, in this case.
Option 3: Interconnection to a Coastal Electric Co-op or PUD
Most of the Oregon Coast is served by electric co-ops or Public Utility Districts (PUDs).
Wave energy projects interconnected to these entities are part of BPA’s balancing
area. Therefore, ultimately the day-ahead schedule, and any necessary hour-ahead
adjustments, would be delivered to the BPA control center. Depending on the
preferences of the local interconnecting utility, the schedule may go through them to
BPA, or directly from the project operator.
Scheduling Requirements
As stated previously, the requirements for when and where to submit hourly
generation information from a wave energy conversion device will be defined in the
power sales agreement. Outlined below is a summary of requirements that typically
apply to utilities that are part of BPA's Balancing Authority.
Type of Schedule
Preschedule
Weekend Preschedule

Adjusted Preschedule
Hourly Schedule

Information Required
Hourly Schedule for Hour
Ending 1 through Hour
Ending 24
Hourly Schedule for Hours
Ending 1 through Hours
Ending 24 for Saturday,
Sunday, and Monday
Adjusted Hourly Schedule
for next hour
Hourly Schedule for next
hour

Submission Deadline
NLT 2:00 pm day prior
NLT 2:00 pm on Friday

NLT 30 minutes prior to
the start of the hour
NLT 30 minutes prior to
the start of the hour

Minimum Information Required For All Schedules
• What - MW amount of schedule.
• When - Starting and ending times of each schedule. Scheduled hourly values
shall be referenced by the “hour ending” time on the 24-hour clock (e.g., the
schedule between 2:00 p.m. and 3:00 p.m. is referred to as the schedule for
the “hour ending 1500”, commonly referred to as the schedule for the “1500
hour”).
• Where - Identification of the point of receipt/delivery and the bus voltage
where necessary.
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Scheduling Challenges in Practice
Nothing about the scheduling of the output of wave-energy projects is fundamentally
different from that of any other variable resource, such as wind or solar. A reliable
forecast must be obtained. Site resource measurements must be available, in the
case of wave energy from local buoys. The power output of the project as a whole,
and the operational status of individual generators, must be monitored in real time.
Finally, the communications systems must be in place to transmit the schedule to the
relevant balancing authority’s control center.
Of all these requirements, those that represent the highest risk for failure are the
monitoring of the status of individual generators, and the gathering of resource data
from local buoys. The data source for these is offshore, perhaps quite a long
distance depending on the particular installation. Communications systems that can
be deployed far from shore, in the challenging marine environment, without the
benefit of a stable platform, and still reliably deliver minute-by-minute data need to
be proven. The experience of BPA with integrating wind energy has shown that the
most accurate forecasts are not good enough, if the real-time performance of the
generating equipment and the local resource conditions are not taken into account
before submitting the schedule.
Future Developments
How close to the hour the adjustments to the day-ahead schedule can be made has
been shown to be a key factor influencing the economics of integrating intermittent
renewable energy sources like wind energy. Compared to wind energy, wave energy
is expected to be less intermittent and more predictable, but this remains to be
proven as the industry gains experience with operating plants. In other regions of
the US, the electricity markets operate on smaller time increments, such as 10minute or even 5-minute markets. In general, these markets with short-time
scheduling have been shown to result in more effective market participation for
renewable generators, and lower system-wide costs for the necessary ancillary
services.
The BPA Wind Integration Team has recognized this, and is studying the possibility of
creating within-hour markets for the Northwest, initially for wind generation, possibly
extending to associated ancillary services in the future. Accordingly, the current BPA
Wind Integration Work Plan includes an important task: Sub-hourly Scheduling. The
purpose of this pilot is to provide the ability for wind customers to submit schedules
on a sub-hourly basis. BPA will implement systems and processes that will enable
purchasing and selling entities to schedule excess wind generation from the BPA
balancing authority area on the half-hour. The Business Practice was posted on
September 8, 2009 for review, followed by a customer comment period of a few
weeks. The phase 1 pilot will be implemented December 1, 2009.
If within-hour markets and sub-hourly scheduling are in place and widely accepted
by the time wave energy reaches full commercial scale implementation, these will
facilitate more effective participation in the electricity market for wave energy.
Balancing and integration costs will be reduced. Moreover, if wave energy proves to
be as easily forecasted as is currently hoped, wave-energy projects could even be
suppliers of balancing reserves, adding an additional income stream for the projects.
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Data Necessary for Scheduling
Although the process and techniques of wave energy forecasting are outside the
scope of this report, it is wise to keep in mind what the underlying data needs are to
produce a useful, reliable schedule. Typical data requirements for scheduling would
include:
1. 10 minute data
2. Power Generation of the facility as a whole
3. Number of wave energy converters on line
4. Site wave resource data from local buoy
5. FTP or Secure FTP data
For other renewable energy technologies, such as wind energy, regional forecasting
and scheduling providers are in operation to collect all the necessary data and submit
the schedules to the appropriate balancing authorities. In the near term, this task is
likely to fall to the individual operators of wave-energy projects. However, BPA is
willing to discuss the merits of providing regional wave energy forecasting and
scheduling. These discussions could lead to a cost-effective solution for scheduling
wave energy in Oregon.
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Introduction
The purpose of this task is to identify the characteristics of wave energy and the
potential technical and operational barriers they may pose to the utility integration of
the wave energy projects. The analysis identifies both the potential issues facing
wave-power integration and the applicable standards for addressing those issues.
This report is organized into five sections:
I.
II.
III.
IV.
V.

Wave-Energy Resource Characteristics
Potential Interconnection Issues
Technology Review
Applicable Standards and Technical Provisions
Conclusion

The analysis does not assess the technical and economic potential of wave power
generation and, hence, does not quantify the scale of development that may be
expected in the future. Of course, strict, specific requirements may be inappropriate
as long as wave-power generation is a niche technology with limited impact on the
network. However, technical regulations must not discriminate (also from a
technology point of view), and must anticipate further development in order to avoid
frequent amendments.
Finally, the analysis does not provide a comparative assessment of the particular
wave-power technologies discussed or, more specifically, their electrical concepts.
Such a detailed analysis goes beyond the scope of this task. Rather, the generic
analysis set out here provides the proper basis for individual developers to further
elaborate on their electrical concepts.

I. Wave Energy Resource Characteristics
During the last decade it has been acknowledged that the increasing number of
distributed and renewable based generators has introduced new challenges for the
safe, reliable, and economic operation of power systems. Generally, the challenges
can be related to four characteristics frequently associated with distributed
generation, particularly when the generation is based on renewable resources.
•

•

•

•

Different electrical behavior: The electrical machinery used in distributed and
renewable-based generation is limited in unit size. For a variety of technical
reasons these generation technologies in most cases do not rely on conventional
synchronous generators, like those used in large-scale power generation. Due to
both of these aspects, distributed generators respond in a different way to
system disturbances than large power plants. A prominent example is the issue
of low voltage ride through capabilities. In recent years, this issue has been
addressed and resulted in specific requirements for distributed generation.
Electrically remote: Often distributed and renewable-based generation are
implemented far from load centers. For obvious reasons, wave energy can only
be installed in coastal areas. From there the power has to be transmitted to end
users. The infrastructure has to facilitate the resulting load flows. Additionally,
protection schemes must be adjusted and the impact of the additional
transmission assets on the dynamic behavior of the overall network has to be
managed.
Fluctuating (renewable) resources: Fluctuations in the time frame of hours or
days, affecting plant scheduling, are discussed elsewhere in the report. However,
wave-power generation may also result in load flow fluctuations in the domain of
seconds and may cause enhanced flicker levels. In order to avoid stress for
network components or power-quality problems, these fluctuations have to be
managed adequately and have to be taken into account in the connection
process.
Limited accuracy of renewable-generation scheduling: This affects the
scheduling of all players in the market. It is a system-wide issue and does not
directly affect the connection planning and operation of transmission assets. This
issue is addressed in more detail in Task 3.3, Value vs. Cost of Wave Energy and
in Task 4.4, Scheduling Parameters.

II. Interconnection issues for wave-energy converters
Major potential issues related to network integration of wave-power converters are:
• Power quality - Introduction of the new generation must not result in
violation of voltage tolerances. Also, the tolerances for higher harmonics have
to be respected in order to avoid adverse effects, such as increased
transmission losses and stress for components.
• Reliable supply (also in case of congestion) - This means, among other
things, that minor network disturbances should not trigger a substantial loss
of generation. Additionally, the voltage stability of the network should not be
compromised by the additional assets.
• Safety - Adequate protection and anti-islanding schemes have to guarantee
safety of staff and the general public.
• Cost - Adjustment of the existing infrastructure to the changes triggered by
introducing new generation may also imply some extra investments, not
strictly related to the generation itself.

These issues are somewhat interrelated. Harmonic distortion may be mitigated by
investments in filters. Additionally, adequate measures may affect generator design
or network design and operation. In some cases, solutions may be found at both
sides.
The following table indicates how these issues are related to the specific
characteristics of wave-power generation as discussed in the previous section. The
table also illustrates that the renewable, and more specifically fluctuating, character
of wave power interacts only with some of the issues to be considered.
Different electrical
behavior of
equipment
Power quality
Harmonics

Reactive power control

Reliable supply
Fault currents
Voltage ride through
capability
Voltage stability

Safety
Protection schemes

Unintended islanding

Fluctuating
generation

Electronic power
converters

Flicker
Voltage control

Electrically remote

Charging currents for
offshore transmission
(switching operations)
Overvoltages related to:
- switching operations
- long transmission
distances
- reactive power control

Power fluctuations

May be higher than
usual, conventional
network planning task
Control and design of
generator and
electronic power
converter
Reactive power
response to network
disturbances

Limited short circuit
capacity of generators:
differential protection
may be required
Generator protection
scheme (state of the
art)

Potentially long cable
sections may adversely
affect voltage stability in
the network
Generation in underlying
network sections:
differential protection
required

Cost
Table 1. Interconnection Issues for Wave-Power Generation
Only the aspects in the first column are related specifically to the wave-power
generation technologies and, in particular, the electrical concept applied. The issues
in the second and third columns concern generic aspects of proper network planning
triggered by distributed generation. They are discussed only briefly here.

Wave-energy projects in Oregon have a limited number of electric utilities to which
they can interconnect. Not all of these utilities have an interest in purchasing the
energy, so a natural consequence many wave-energy projects will face is wheeling.
There are both technical and economic implications of wheeling the power output of
a wave-energy project across the system of one or more utilities to reach the end
customer.
From a technology point of view, wheeling raises several of the issues identified in
column two of the table above. Sending power long distances over transmission
lines that were not initially designed for this task can lead to voltage control
problems and potentially higher fault currents. Particularly in Oregon, if waveenergy installations reach the scale of hundreds of megawatts, transmission
operators will likely see power flows reverse at times on the transmission lines
between the coast and the load centers in Portland and the Willamette Valley. Since
wave energy is known to vary seasonally, the operators of the transmission systems
that wheel the power will face the typical challenges of monitoring for congestion and
providing for adequate system protection schemes, made more complicated by the
need to change procedures and possibly even equipment configurations in response
to the varying output of the wave-energy projects.
These additional actions required of the system operators do not come for free.
Taking wind power as a reference, the typical rural electric co-op in Oregon charges
~ 0.5 cents/kW to wheel the output of a wind farm over their system. Depending on
the coastal utility providing the wheeling service, this figure may be considered a
good rule-of-thumb for developers. But the operational characteristics of waveenergy projects have yet to be fully understood, and only experience with real
projects will prove the full extent of system impacts.
In general, wheeling power adds another layer of complexity to the interconnection
process which often extends timelines and adds cost. The wheeling utility may have
different operational strategies from the purchasing utility, which need to be worked
out contractually. The interconnection studies will likely involve personnel from both
the wheeling and the purchasing utility, which necessitates extra communication and
harmonizing of approach. Finally, in addition to the fee for wheeling the power
produced by the facility once it is operational, developers may need to pay for
additional system upgrades to the wheeling utility as part of the interconnection
agreement.
III. Technology review
Before reviewing the potential interconnection issues related to wave-power
conversion, it is helpful to distinguish between the distinct technology concepts.
General categories are:
•

Oscillating water column in a near shore structure. Examples are the Wavegen
devices of Voith Hydro and the technology developed by Ocean Linx. Typically
these devices are constructed close to shore and, consequently, grid connection
does not require cabling of a significant length. For full-scale commercial
converters, the capacity of each unit will be in the range of some hundreds of
kW to a few MW. Linear arrays of several units are possible, but the extension of
generation sites may be limited because of the implications of the civil
constructions associated with this technology approach. The electrical concept

•

•

relies on conventional rotating machinery. Still, the fluctuating input combined
with the technical code requirements will strongly encourage application of
electronic power converters.
Hydraulic concepts with onshore power conversion. Examples are the CETO
devices of Carnegie Wave Energy Limited and Aquamarine Power’s Oyster®
wave-energy converter. These devices are placed a reasonable distance from
shore as well, but because power conversion is located onshore, transmitting
power to a connection point with the network includes only conventional assets.
The capacity of each unit will be in the sub-MW range, but array configurations
are an inherent feature of the technology concept. The hydraulic transmission
allows for integrating short-term energy storage and thus enables the smoothing
of power output to a larger extent than just the natural effect of combining a
number of devices. The electrical concept is based on conventional rotating
machines. From the perspective of interfacing with the grid, these power
generation concepts are quite conventional.
Offshore devices with electrical power conversion offshore. Examples of this
technology approach are the buoy type converter of Columbia Power
Technologies, the PowerBuoy® of Ocean Power Technologies and the linear
converter arrangement of Pelamis Wave Power. These concepts use customdesigned electrical generators, e.g. linear generator arrangements, possibly with
permanent magnets. These generation technologies regularly use electronic
power converters. Because power generation takes place offshore, the concept
may imply longer cables for transmission.

The information published by the technology developers does not describe the
electrical configuration in detail. For that reason, the options and implications are
described only generally here.
•

Synchronous generators directly coupled to the grid: These generators are
applied in large power plants. For various reasons, their suitability for wavepower generation is limited. They have to be operated with constant speed
and, with conventional design, power fluctuations in the drive train are
translated directly to fluctuating power at the terminals. As a result the
machinery is exposed to high mechanical loads and conversion efficiency
cannot be optimized for changing power input. Hydraulic, variable-speed fluid
couplings (e.g., those manufactured by Voith) overcome this disadvantage.

•

Synchronous generators with full-capacity electronic power converters: By
adding a power converter between the generator and the terminals of the grid
generator, speed and network frequency are decoupled. This allows for
smooth and optimized operation of the drive train without compromising
conversion efficiency. Synchronous generators may be excited electrically or
by permanent magnets, and they may have a circular or a linear geometry.
These design choices do not interfere with the aspects to be considered when
integrating to the network.

•

Induction generators / asynchronous generators: These generators are widely
used in the wind industry. State of the art generator concepts include some
electronic power conversion (e.g., ‘doubly fed induction generators’ / DFIG).
Due to patent-infringement issues, several wind turbine manufacturers still
supply induction generators directly coupled to the grid for use in North
America, but even with advanced controls they have obvious technical

limitations. This will apply for wave-power generation, too. DFIG concepts
allow for highly efficient, variable speed operation.
Of course, the operation and maintenance of electrical equipment in a moving,
possibly submerged structure represents an engineering challenge. This applies to
rotating machines or linear generators as well as to power electronic converters.
Accessibility offshore is limited. In order not to compromise yield, availability and
reliability of all components has to be extremely high. As similar challenges apply to
offshore wind, the wave-power community can profit from the lessons learned in this
slightly more advanced business.
IV. Applicable standards and technical provisions
Important standards related to the grid integration of wave energy conversion
devices are IEEE 519-1992 (Harmonics) and IEEE 1547-2003 (Interconnection of
Distributed Resources). Additionally, the technical requirements defined in FERC
Order No. 661-A “Interconnection for Wind Energy” will most likely apply to
industrial-scale wave power. At the very least, the requirements will serve as a
starting point for more dedicated provisions once large-scale development of wavepower conversion starts.
The following list of issues highlights some, but not all, of the aspects requiring
special attention.
•

Of course, the rating of the power lines must ensure that the load flows can
be managed without violating the voltage tolerances or the thermal
ratings of particular assets. The correlation of the output of several wavepower facilities in an area may be significant. Additionally, there may be a
correlation in the output of wave-power plants and wind farms in the region.
From this perspective, respective grid connection studies may need to include
larger network sections.

•

The reference point for voltage and reactive-power considerations is the
point of common coupling (PCC) with the existing distribution or transmission
network. In the case of wave power, this implies that the voltage profile in
the offshore part of the generation site is subject to the design considerations
of the developer. Consequently, no capabilities with respect to voltage or
reactive-power control are required from the individual devices. Additionally,
experience shows that respective control tasks can be implemented less
expensively and more efficiently with conventional components at the PCC.
¾ A generating plant shall maintain a power factor within the range of 0.95
leading to 0.95 lagging, measured at the Point of Interconnection, but
only if the Transmission Provider’s System Impact Study shows that such
a requirement is necessary to ensure safety or reliability. On the other
hand the standard (IEEE 1547-2003) clarifies that active power control at
the PCC is not allowed.

•

The grounding design must ensure that no overvoltages are caused that
exceed the rating of the equipment at the PCC and in the underlying network.
Additionally, the design shall not disrupt the coordination of the existing
grounding fault protection in the existing network. Because wave-energy

generation may cause a temporary reversal of power flows in particular
network sections, the protection scheme must be reviewed anyway.
•

The common rules for synchronization and protection against
unintended islanding apply.

Low Voltage Ride Through (LVRT) The most important challenges will result from
low voltage ride through requirements as defined in FERC Order No. 661-A
“Interconnection for Wind Energy.” In the current regulatory environment, these
requirements do not apply to small scale projects with a cumulative capacity less
than 20 MW. For wave-power demonstrators in the near future this means that the
technology does not need to meet the specifications. However, when wave power
becomes mature, respective requirements will certainly apply. Additionally,
implementing substantial amounts of distributed generation at lower voltage levels
creates a need for similar provisions in distribution codes. These requirements have
direct implications for the design of the electrical equipment and for generator
control.
Voltage ride through capabilities have to ensure that generators do not trip as a
consequence of a network disturbance that is cleared regularly. The objective of this
requirement is to avoid minor events that may result in a short-term voltage
disturbance, in turn tripping large numbers of generators. This might result in
substantial loss of generation, and as such the lack of LVRT capabilities creates a risk
for system stability.
The first LVRT requirement implemented by the Federal Energy Regulatory
Commission (FERC), was Order No. 661 (June, 2005). It specified a voltage–drop
duration curve describing the system’s response after a fault. For operational states
above the curve, generators are not allowed to trip or to cease generation. The
voltage is measured at the high voltage terminals of the plant transformer. Wind
generators were not required to stay on line if system voltage dropped below the
bottom of the curve (15% of nominal voltage), even momentarily. The requirements
of FERC Order No. 661 are illustrated in the figure below.

Figure 1. FERC Order No. 661 – Low Voltage Ride Through requirements

Not long after issuing Order No. 661, FERC issued a revision, Order No. 661-A
“Interconnection for Wind Energy” (December, 2005). FERC Order No. 661-A
requires that new installations must remain online for voltages as low as zero, lasting
up to 9 cycles (0.15 seconds). Order No. 661-A does not specify the requirements
during the post-recovery period, as Order No. 661 did. (Requirements during the
post-recovery period are allowed to vary depending on electrical system
characteristics.) These two details have caused heated debate between the wind
industry and regulators, but the Order stands and is the LVRT requirement that is
enforced by utilities before allowing interconnection of a wind farm larger than 20
MW.
This standard is not retroactive, but is required for all new wind farms coming online
after the issue date of the Order. Since implementation of Order No. 661-A for wind
farms, FERC has stated that the requirement should be implemented for all large
generators, regardless of technology. The North American Electric Reliability
Corporation (NERC) seems to be backing up this interpretation, and is incorporating
the requirements of Order 661-A into the upcoming NERC standard PRC-024,
Generator Performance During Frequency and Voltage Excursions, currently in the
final stages of approval. An important difference between the two regulations is that
the NERC PRC-024 will provide definition on how generators are required to respond
to specific voltage levels during the recovery period. With the NERC standard being
technology independent, other industries including conventional generators and solar
photovoltaics are engaging in the development of this next critical requirement for
LVRT. Some important questions must be answered, such as “How do auxiliary loads
stay online during the zero voltage period?” and “If the entire power output of the
generator passes through a power electronic converter, what exactly does ridethrough mean?” These questions are applicable to some of the existing wave energy
technologies as well.
Capabilities that are covered in other international grid codes or that are under
consideration are:
• Voltage support / reactive power control in case of voltage drop
• Generator response to frequency excursions
When accepted and adopted by the industry, similar future requirements may also
apply to wave-power generation. Nevertheless, at this time the specific
characteristics of wave power have to be taken into account and may lead to slightly
differing provisions. One illustrative example of justified deviations between the wind
code and requirements for wave-power generation is the reference point for voltage
measurement. Offshore installations (e.g., the PowerBuoy® of Ocean Power
Technologies) have the plant transformer offshore and are connected to the onshore
network via submarine cables. In such a case it may be more reasonable to measure
the voltage drop associated with a network fault at the point of common coupling
onshore.

V. Conclusions
•
•
•

•
•

There are no fundamental problems associated with grid network connection
and system integration of wave-power generation.
Granularity and overall size of generation facilities in a mature stage will be
similar to offshore wind farms. This is a proven technology and industry
solutions are available.
With some exceptions, technical standards similar to (offshore) wind will
apply to wave power generation. These standards are still developing and,
hence, the current framework represents only a starting point for further
elaboration and evaluation of technical designs.
Some of the wave-power generation technologies are less challenging from a
grid integration perspective because they rely on near-shore or onshore siting
of the electrical equipment.
Most likely, knowledge transfer from the wind community to the wave-power
community will help to avoid mistakes and minimize development costs.
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Wave Integration and Balancing
Wave power naturally varies on many levels. On the order of seconds, voltage flicker
or power quality effects may occur, which is an issue that the technology and
correcting devices will be required to correct. Variation on the order of minutes and
hours affects the scheduling of power. This intermittent nature of wave power is
shared by wind generation, a more mature technology. The tools used for integrating
wind power into the electric grid can be used as a model for wave power.
Bonneville Power Administration, the region's largest supplier of electricity, launched
two wind integration services in 2004: a network wind integration service and a
storage and shaping service. The network service utilized the flexibility of the hydro
system. BPA would meet and follow the customer's load at all times, with no regard
to wind output. The customer was charged a fee of $4.50/MWh, at the onset of the
service, for all scheduled energy integrated into the BPA system. The BPA storage
and shaping service would take the hourly output of the wind projects, integrate and
store the energy in the Federal hydro system, and redeliver it later in blocks to the
customer. The base charge for the storage and shaping service was $6/MWh.
These BPA balancing services were discontinued in 2008, lasting only 4 years. BPA
determined that the federal power system may not have the capacity to provide the
services. In part, court decisions had reduced the flexibility of the hydro system. And
while natural gas is used for balancing in some regions, it was not considered due to
its carbon footprint. The hourly schedules being predicted by wind operators were
deemed by BPA to be not sufficiently accurate. Particularly problematic were large
ramp events that would occur, both up and down, but were not shown in the
schedules. The size of the wind fleet together with the large ramps required a larger
reserve from the hydro system than was forecasted.
Currently BPA requires a Wind Balancing Service rate for all wind plants (excluding
those 20MW and less until late 2010). Initially BPA proposed a rate of $12/MWh, but
eventually dropped it to $5.70/MWh. The wind integration rate represents a 5-10%

adder to the delivered cost of wind on BPA’s system. This rate compensates for
regulating reserves (moment-to-moment generation-load differences), following
reserves (larger differences occurring over longer periods of time during the hour),
and imbalance reserves (differences between the generator's schedule and the actual
generation during an hour) distinctly. Wind plants that have implemented their own
balancing may be exempted from the rate. An excerpt from the Rate Adjustment
Proceeding, regarding the Wind Balancing Service, is included as an appendix.
The implementation of balancing and integration for wind power in the region could
be a predictor for wave power, as they are both renewable resources with inherent
variability. However, if it is possible to provide more accurate forecasts for wave
power than for wind power, then fewer resources will be needed for balancing wave
energy. The most expensive aspect of wind balancing, approximately 60% to 75% of
the cost, is the hour-to-hour scheduling inaccuracy. While both wind and wave
resources are variable, waves are believed to be more predictable. Further research
and validation regarding forecasting are ongoing by EPRI, NOAA and the wave-power
industry.
Questions pertinent to wave-energy producers, and in some cases to all market
participants, include:
1) How accurate will the wave forecasts be? Over what time periods? Is overall
accuracy the most important, or is it the ability to predict ramps and other
extreme events (e.g., cutout due to storm conditions)?
2) Will there be geographic diversity of installed wave-power plants, enough to
effect some smoothing of the variability of individual projects?
3) Will the Northwest continue to have many balancing areas, with limited
trading, or will there be consolidation? If there is consolidation, will it be
physical or “virtual” consolidation?
4) Will the scheduling requirements remain the same, or will there be shorter
scheduling periods and more ability to adjust schedules before the next sale
period?
5) Will there be integration costs assessed specifically to wave-energy
producers? In order to do so, research must be done to quantify:
a. Required operating reserves necessary only because of wave energy
b. Cost due to uncertainty (imperfect forecasts)
c. Costs due to variability (natural variation in the resource)
6) Will there be wide-spread deployment of flexible, controllable loads in the
grid, such as smart appliances and electric vehicles, which can assist system
operators to accommodate ramping and cycling of variable resources like
wave energy?
The outcomes of these various developments will determine the relative ease and
cost of integrating and balancing wave power.

APPENDIX:
Excerpt from
2010 Wholesale Power and Transmission Rate Adjustment Proceeding (BPA -10)
Administrator's Final Record of Decision
Appendix C
2010 Transmission, Ancillary Service and Control Area Service Rate Schedules (FY
2010-2011)
(Pages 65-67)
E. WIND BALANCING SERVICE
The rate below applies to all wind plants in the BPA Control Area except as
provided in sections III.E.3 and III.E.4. Wind Balancing Service is comprised of
three components: regulating reserves (which compensate for moment-to-moment
differences between generation and load), following reserves (which compensate
for larger differences occurring over longer periods of time during the hour), and
imbalance reserves (which compensate for differences between the generator’s
schedule and the actual generation during an hour). Wind Balancing Service is
required to help maintain the power system frequency at 60 Hz and to conform to
NERC and WECC reliability standards.
1.

RATE
Except as provided in section III.E.4.ii, the total rate shall not exceed
$1.29 per kilowatt per month. Each component of the rate shall not
exceed the following:

2.

(i)

Regulating Reserves

(ii)

Following Reserves

(iii)

Imbalance Reserves

$0.05 per kilowatt per month
$0.26 per kilowatt per month
$0.98 per kilowatt per month

BILLING FACTOR
The Billing Factor is as follows:
(i)

For each wind plant, or phase of a wind plant, that has completed

installation of all units no later than the 15th of the month prior to
the billing month the billing factor will be the nameplate of the
plant in kW. A unit has completed installation when it has
generated and delivered power to the BPA system.
(ii)

For each wind plant, or phase of a wind plant, for which some but
not all units have been installed by the 15th day of the month prior
to the billing month, the billing factor will be the maximum
measured hourly output of the plant through the 15th day of the
prior month in kW.

3.

EXCEPTIONS
(i)

This rate will not apply to a wind plant, or portion of a wind plant,
that, in BPA’s determination, has put in place, tested, and
successfully implemented no later than the 15th day of the month
prior to the billing month, the dynamic transfer of plant output out
of BPA’s Balancing Authority Area to another Balancing
Authority Area.

(ii)

Any component of this rate will not apply to a wind plant, or
portion of a wind plant, that, in BPA’s determination, has put in
place, tested, and successfully implemented in conformance to
criteria specified in BPA-TS business practices, no later than the
15th day of the month prior to the billing month, self-supply of that
component of balancing, including by contractual arrangements for
third-party supply.

(iii) Through September 30, 2010, this rate will not apply to any wind
plant with a nameplate capacity of 20,000 kW or less.
4.

RATE ADJUSTMENT

(i)

On 30 days’ written notice posted on BPA-TS’s OASIS, BPA may
increase the rate as set forth in section III.E.4.ii, with a
commensurate increase in the amount of balancing reserves set
aside for Wind Balancing Service, if
a.

one or more participants in the Pacific Northwest utility
industry, including regional organizations, asks the
Administrator to increase the amount of balancing reserves
set aside for Wind Balancing Service in order to reduce the
frequency or magnitude of BPA’s implementation of
Dispatcher Standing Order (DSO) 216; or

b.

because of a legal challenge to DSO 216, BPA is prevented
from implementing DSO 216 or is required to amend it
materially.

(ii)

The new total rate shall not exceed $1.58 per kilowatt per month.
Each component of the rate shall not exceed the following:
a.

Regulating Reserves $0.05 per kilowatt per month

b.

Following Reserves $0.27 per kilowatt per month

c. Imbalance Reserves $1.26 per kilowatt per month
ci.
SECTION IV. ADJUSTMENTS, CHARGES, AND OTHER RATE PROVISIONS
A.

RATE ADJUSTMENT DUE TO FERC ORDER UNDER FPA § 212
Customers taking service under this rate schedule are subject to the Rate
Adjustment Due to FERC Order under FPA § 212 specified in section II.D of the
GRSPs.
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Project Overview
Bonneville Power Administration (BPA) has provided funding through their Technology Innovation
group to enable the development of a new, more cost-effective monitoring and communications
system. The project is lead by the Oregon Department of Energy, and includes a team of
subcontractors: Portland General Electric, Factory IQ, Community Renewable Energy Association,
and Ecofys US. The telemetry project will develop a uniform monitoring and communications
system to integrate the rapidly increasing number of distributed energy resources within the BPA
balancing area or other balancing areas in the region. Developers of distributed energy projects
are often required by the interconnecting electric utility to install highly complex and costly
monitoring systems as part of the interconnection agreement (costs of $150,000 and higher are
typical). The utilities believe that these systems, as currently specified, are the only acceptable
method to transmit the required real-time operational data from the small generators to the
system control center (SCC), in a way that is reliable and meets all regulatory requirements,
specifically those of the North American Electric Reliability Corporation (NERC) and the Western
Electricity Coordinating Council (WECC). The project will identify standards, requirements and
protocols common to utilities in the Western Energy Coordinating Council (WECC), and establish
prioritized data-structures and protocols for integrating distributed resources (DR).
The demonstration intent is to use conventional and existing hardware, software, systems
languages, protocols and applications adaptable to this use and available in the market.
The software side of the project will build upon “GenOnSys,” the PGE-developed Invensys(R)
application currently utilized to monitor, control and provide dispatch capability for PGE’s SCC.
GenOnSys allows PGE’s SCC to start 45 megawatts of distributed customer-owned generation via
the utility’s Dispatchable Standby Generation program. As part of these 45 megawatts, GenOnSys
monitors renewable generation at solar and biogas sites for their owners.
Although a proven system for PGE’s remote generator operations, GenOnSys has not tackled the
key problem of communications system integration with the WECC, BPA system or with other
system control centers in the region. This project will result in the demonstration of the

monitoring and communications necessary to integrate no fewer than three distributed
generation, renewable resource projects, into one or more of the electric grid system control
centers in Oregon.
Objectives
This system will
1. Define a standardized interface/protocol for linking to any independent system operator
(ISO) or utility system control center (SCC),
2. Define a standardized naming convention and data structure simplifying the application for
all forms of DR, and
3. Provide an affordable monitoring and communication equipment package for distributed
generation projects.
Major objectives are:
•

Detailed review of research recently completed with ISOs, several RTOs, and several
SCC operators identifying issues, methods, data-structures, and protocols for
integrating distributed resources into their working systems completed under a GridApp
grant.

•

Identify the common elements with these organizations and prioritized data-structures
and protocols with BPA and PGE essential for integrating DR with BPA and PGE.

•

Select a Control Center reporting method, hardware/software data-link structure and
data-reporting structure that would be acceptable to WECC System Operators.

•

Integrate this Control Center reporting method link into the GenOnSys kernel and
complete a test link into BPA’s System Control Center or another utility’s Control Center
besides PGE.

•

Work with at least two DR project developers and their generator controller
programmers to conform to this standard data structure in projects that are currently
under development in the region.

•

Complete a sample data-push of DR information to the BPA EnergyWeb and Oregon
Department of Transportation website. (Note: Many DR advocates would like to see
web-based information. The challenge is meeting FERC/NERC cybersecurity standards
for generation needed for SCC linkages. These security requirements are currently at
odds with the public information on the World Wide Web.)

The project is organized into four tasks.
Task
Task
Task
Task

1
2
3
4

Control Center Representatives’ Interest and Alignment
Definition of system hardware and software requirements
Standard method of procedure for data transmissions
Implementation at Demonstration Sites and Control Center Demonstrations

One of the goals of this project is to identify an alternative hardware design that can provide realtime telemetry for the variety of small generators that are seeking interconnection to the
electricity grid, whether the resource is wind, solar, hydro, biomass, wave or any other generating
technology. The hardware will be easily adaptable to the wide range of generators in the market,
low-cost, robust, reliable and adaptable to various communications methods.
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Figure 1. Overall Hardware Concept
It should be noted that the directives from the reliability councils have been for collection of a
very small amount of data from each generator. Specifically, the following points are required at a
minimum:
-

Generator Status (ON/OFF)
MW Output
MVar Output
System Heartbeat
Generator Breaker Status (OPEN/CLOSED)

If a substation or switchyard is part of the generator interconnection, then the following points are
also required:
- Circuit Breaker or Recloser Status (OPEN/CLOSED)
- Line-side Disconnect Switch Status (OPEN/CLOSED)
Project Progress
The project underwent a milestone review by BPA in October 2009. This review demonstrated the
completion of Task 1 and Task 2. Task 3 is ongoing through December 2009. This includes
system requirements, programming, database structuring, and website programming. Task 3 is
on-schedule. Task 4 covers demonstration site selection, customer agreements, and site
demonstration. Telemetry systems for three sites, consisting of a photovoltaic, a hydro, and a
wind generation site, will be designed, installed, demonstrated, and data will be collected and
analyzed. The telemetry systems have been designed and commissioned for the photovoltaic and
hydro generation sites, with demonstrations scheduled for November and December, respectively.

Data collection and analysis will be ongoing through June 2010. The wind generation site has
been selected. Design and setup will commence in early 2010. Task 4 is on schedule.
Summary
This project will develop an efficient, standardized, and low-cost telemetry procedure for
distributed generation. The intent is to encourage distributed generation and support data
acquisition for all involved parties. Three distributed sites, each using distinct technologies, were
chosen for demonstration. This will support feasibility with photovoltaic, hydro, and wind
generation.
For most projects, the data that is gathered by the telemetry system is collected at the point of
interconnection with the utility. In the case of wave energy, this point is onshore and represents
no particular challenge. If individual generators need to be monitored, this could present a unique
challenge. As was mentioned in Task 4.4, Scheduling, the data source for the performance of
individual generators is offshore, perhaps quite a long distance depending on the particular
installation. Communications systems that can be deployed far from shore, in the challenging
marine environment, without the benefit of a stable platform, and still reliably deliver minute-byminute data need to be proven.
Although the current BPA development and demonstration project does not address wave energy
projects in specific, there are no technical or operational reasons why this telemetry system will
not be applicable to wave generation.

