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Abstract

This report summarizes Public Interest Energy Research Program-funded research in wave
energy conversion and discusses the program’s view on the next steps for research, as it relates
specifically to the California context. To study the potential for wave energy, the waters off the
coast of California were first broken into 10 one-degree latitude cells. For each cell, buoy data
were statistically analyzed and compiled into a database of wave characteristics including
significant wave height, wave period, and estimated wave energy potential. Seasonal and inter-
annual variations were also characterized.

The report also reviews wave energy conversion technologies; profiles several companies
briefly to illustrate different design approaches; provides information on actual wave WEC
devices and their commercial status; and discusses wave energy conversion economics. In
addition, the report looks at necessary permits that might be required, and the types of potential
environmental impacts at a high level. Finally, the report discusses conclusions along with next
steps.
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Preface

The Public Interest Energy Research (PIER) Program supports public interest energy
research and development to help improve the quality of life in California by bringing

environmentally safe, affordable, and reliable energy services and products to the marketplace.

The PIER Program, managed by the California Energy Commission (Energy Commission),
conducts public interest research, development, and demonstration (RD&D) projects to benefit
California.

The PIER Program strives to conduct the most promising public interest energy research by
partnering with RD&D entities, including individuals, businesses, utilities, and public or
private research institutions.

PIER funding efforts are focused on the following RD&D program areas:

e Buildings End-Use Energy Efficiency

Energy Innovations Small Grants

e Energy-Related Environmental Research

e Energy Systems Integration

e Environmentally Preferred Advanced Generation

¢ Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy Technologies

e Transportation
The information from this project contributes to PIER’s Renewable Energy
Technologies Program.

For more information about the PIER Program, please visit the Energy Commission’s
website at www.energy.ca.gov/pier or contact the Energy Commission at 916-654-5164.
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Executive Summary

This report summarizes PIER-funded research to assess the potential for ocean wave energy in
California. The main focus was to characterize the resource and provide a reasonable estimate
of the wave energy potential. In addition, the report assessed technology, economics, and
permitting requirements to provide a comprehensive picture of the potential for ocean wave
energy in California. It also reviewed the types of potential environmental impacts from wave
energy farms.

Project Objectives
The objectives of the PIER-funded research on wave energy included:

e Compile a statistical database of characteristics for waves off the California coastline
e Assess the potential magnitude of the wave energy resource off the coast of California

e Describe current and future wave energy conversion (WEC) technologies, along with the
companies developing them (non-exhaustive list)

e Assess potential environmental impacts of WEC technologies
e Study the agencies and laws involved in permitting a WEC project

e Estimate WEC system economics

Project Outcomes

Wave Resource Assessment

A database of deep water (depth >100 meters) wave characteristics has been assembled from
buoy data using representative buoys in 10 different regions off the California coast (Figure 1).
Wave height, period and average wave energy fluxes (in kW/meter of wave crest) were
calculated (Figure 2 and Table 1). The wave resources north of Point Conception are estimated
to be in between 26-34 kW/m. This represents a potentially attractive wave climate found
relatively close to shore. Although not assessed in detail here, one challenge involves finding
good sites for wave farms that are also close to onshore transmission lines.

Wave energy is estimated to be lower south of Point Conception because the Point and the
Channel Islands block swells. In order to access more energetic waves south of Point
Conception, it would be necessary to go farther offshore, which would increase the cost of wave
projects.
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Figure 1. Location of 10 one-degree latitude cells used for analysis
Source: PIER

The estimated deep water wave energy resource from the vast California coastline implies a
theoretical potential on the order of 38 gigawatts. However, not enough is known about
constraints to the development of wave energy in California to provide a realistic estimate of
how much of this potential could actually be developed. An initial estimate of the technical
potential shows that up to 20%, or about 7-8 gigawatts shows promise for development. Slightly
more than half of this potential is in primary sites, defined as locations with the following
attributes: reasonable permitting process (expected), good wave conditions and water depths
greater than 50 meters within 10 miles of the coast. Secondary sites were defined as locations for
which it is expected to be difficult to obtain permits (e.g., marine sanctuaries) or sites that have
to be located further offshore because of wave shadowing effects (e.g., Channel Islands in
Southern California). Secondary sites likely would be developed only in the longer term, if at
all, due to their higher costs and expected permitting constraints.

Factors that limit the technical potential relative to the theoretical potential include, device
spacing within wave farms and inter-wave farm spacing, exclusions due to sensitive marine
habitat, shipping lanes and other uses, and access to the transmission grid. Grid interconnection
constraints were not evaluated as part of this study, but are expected to present further
limitations as to where wave power plants could be located. In particular, access to the



transmission system is limited in parts of northern California where some of the better wave

resources can be found.

For smaller projects it may be possible to interconnect to the sub-transmission or distribution

grid, which may facilitate siting. These and other issues need to be better understood to provide
a more refined estimate of the ultimate potential for wave energy in California.

Figure 2. Summary of deep water wave characteristics (significant wave height and dominant
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Table 1. Deep water wave energy flux potentials for each cell

Cell Buoy’s Used Wave Energy Flux (kW/m)
1 Several 7
2 Several 13
3 NDBC 46011 26
4 NDBC 46028 30
5 NDBC 46042 30
6 NDBC 46013 30
7 NDBC 46014 32
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8 NDBC 46030 29
9 NDBC 46022 34
10 NDBC 46027 27

Source: PIER

Wave Energy Conversion (WEC) Technology and Economics

Several wave energy conversion designs and technologies were profiled, along with some of the
companies developing them (Table 2).! In general, the most advanced WEC technologies are
just now entering initial commercial deployment, in projects that are 2-3 MW in size
(representing the deployment of 1-4 devices). Most WEC technologies are still in the prototype
stage. Of the devices reviewed, the Pelamis from Ocean Power Delivery appears to be the most
mature, followed by the Energetech Oscillating Water Column (OWC).

Table 2. Examples of WEC technologies in development (not a complete list)

Apparent Commercial Status

Company & WEC Name Device Type & Size
pany Vi yp iz (Q1 2007)

AWS Ocean Energy

Archimedes Wave Swing Submerged point absorber, 2 MW | Refined/Commercial prototype

Energetech OWC Oscillating water column, 1-2 MW Commercial prototype
Ocean Power Deliver . . .
. y Floating, hinged attenuator, 750 kW | Market entry (3-4 unit “farms”)
Pelamis
Ocean Power Technologies . . .
g Floating point absorber, 40 kW Initial system prototype
PowerBuoy
Wave Dragon Floating overtopping, 29 kW Initial system prototype

As an emerging technology, wave energy does not have a commercial track record to aid in
estimating project economics. In 2004, the Electric Power Research Institute published detailed
economic analyses of two hypothetical wave farms in the 100-150 MW range. One is based on
the Pelamis, the other on the Energetech OWC, to be sited of the coast of San Francisco with a
wave resource of 21 kW/m. The studies” assumptions were for commercial scale plants based on
today’s technology but at a larger scale of manufacturing, i.e., they were not meant to represent
mature technology costs that could be expected from further development and deployment of
the technology over time. Uncertainties in the cost estimates were reported to be +35% / -25%.

The economic analyses showed a levelized cost of electricity (LCOE) in the range of 10-11
¢/kWh ($2004), assuming incentives similar to those currently available for wind power are

! The companies listed in Table 2 are examples only, and there are numerous other companies
developing WEC technologies.
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Figure 43. NDBC 46045 significant wave height seasonal variation

Figure 44. NDBC 46045 wave energy flux seasonal variation
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Figure 45. NDBC 46045 wave energy flux exceedance distribution

79



