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ABSTRACT

Wave Energy Converter Performance Modeling and Cost of Electriciigsament

Dmitri Jarocki

California is experiencing a rapid increase in interest for thengiat of converting ocean waves
into clean electricity. Numerous applications have been submittéldef@ermitting of such
renewable energy projects; however the profitability, practi¢gbélind survivability have yet to
be proven. Wave energy conversion technology has steadily maturedsimaissance in the
1970’s, several wave energy power installations currently exist, and nunptainagor
commercial power plant are in the works on the shores of multiple cotstifénis study aims to
assess the economic viability of two proposed commercial wave energy plameprojects on
the Central California Coast. A theoretical 25 MW capacity veneargy plant located at a site
five nautical miles off of Point Arguello, in Santa Barbara Countpmpared to a site five
nautical miles off of Morro Bay, in the County of San Luis Obispo. The P&#gand Electric
Company and Green Wave Energy Solutions, LLC have proposed full-scaleeooaiiwave
power plants at these sites, and are currently undergoing the fedenilipg processes.
Historical wave resource statistics from 1980 to 2001 are analyzed wibhnpance
specifications for the AquaBuOQY, Pelamis P1, and WaveDragon wave amernggrters (WECS)
to calculate the annual electrical output of each device at eaclSgjihisticated computer
modeling of the bathymetric influence on the wave resource at each gigsented using the
program Simulating Waves Nearshore (SWAN) developed by the Delfekditiy of
Technology. The wave energy flux, significant wave height, and peak periochgpated at

each site for typical summer and winter swell cases, using seafldbrrdepsurements at a 90



meter rectangular grid resolution. The economic viability of comialegtectricity generation is
evaluated for each WEC at each site by the calculation of the nehpvesue of an estimated
25-year project life-cycle, the internal rate of return, and thdanesjoost of electricity for a 10-
year project simple payback period. The lowest required price ofieiycts $0.13/kWh and
occurs at the Point Arguello site using the AquaBuOY WEC. The highest arapaality factor
is 18% using the Pelamis WEC. The net present value and internd retigrio calculations
suggest that the AquaBuOY WEC is profitable at both sites for ielgcprices above
$0.14/kWh. Shallow water wave propagation SWAN modeling demonstrated favora
energy flux states for WEC operation and power generation at both sites;pisti winter

energy fluxes of 30-37 kW/m.

Keywords: Wave energy conversion, site assessment, economic analysisnedeling.
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l. INTRODUCTION

Worldwide, a wave of transition has begun in the way electrical poweinig generated. For a myriad of
geopolitical, environmental, economic, and practical reasons, the bensfitsstituting former fossil

fuel dependent power generation technigues with new renewable emetigyds has recently been
realized. Policy makers, industry leaders, and many researcbaectiaely pursuing measures to
capitalize on this paradigm shift and produce efficient, cost eféeatid renewable energy technologies.
Although much attention has been brought to the recent growth of solar, wdridipafuel industries, the
technology for generating electricity from ocean waves has been quadtlyimg and is on the cusp of

implementation in coastal areas worldwide.

Through various thermal processes and energy transformations, muclsaitttiasolation incident
upon the Earth’s surface is ultimately concentrated into the ode@angh the creation and propagation
of ocean waves. Global temperature gradients drive atmospheric whids,when interacting with the
surface of open ocean, creates waves. The duration the wind blowstdheealiscovers (fetch), and the
speed it blows determines the wave size created. Wind generates! thaw travel in groups called wave
trains to distant shores at various energy states dependent upentiseafloor bathymetry and the
presence of ocean currents. Ocean waves provide an untapped esmugieraith the potential to
provide a power-dense, predictable, environmentally-friendly, and widellable source of renewable
energy. The global estimate of attainable wave power productipprexamately 2 terawatts (TW), a
significant portion of the world’s current installed electric @yaof 3.5 TW (1). Since 37% of world’s
population lives within 60 miles of a coastline, it is no surprise that r@denest in wave energy

conversion (WEC) technology has spiked, tempting many to capture thengemesource (4).

California exemplifies this match of resource and demand, featuhigihanergy wave climate and

soaring energy demands. In 2006, California required a power capacity of r8@glijawatts (GW) to
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meet its energy needs (2). California’s energy usage isntiyriecreasing at rate of 1.25% annually,
while peak demand is increasing at 1.35 percent per year (3). Additidhel California Global
Warming Solutions Act of 2006 requires that California reduce greenhosisenigssions by 25% by
2020, with caps on significant sources of emissions beginning in 2012 (4). Redepthranalysis and
modeling of the entire California wave energy resource found an averagenengy density of 25 kW
per meter coastline, a quantity considered sufficient for competiivenercial electricity production
using emerging WEC technology (5). The California Energy Commigsitimates that California’s
1200 miles of usable coastline holds a theoretical potential of 38 GWawkestimated technical
potential of 7 to 8 GW, or roughly one quarter of California’s 2006 energy denfjndsdtionally,
recent estimates assess the rest of the U.S.’s wave respusigaificant as well, as much as 6.5% of
current electricity consumption, a capacity equivalent to all oukdeS. conventional hydropower

installations (6).

This study aims to evaluate two coastal sites in California far élsenomic viability of the
implementation of wave energy conversion for electricity productioa.cbist of electricity (COE)
produced at each site will be calculated for the operation of threetédB@ologies, providing a
comparison of the two locations and their optimized WEC electricagépproduction. This evaluation is
meant to provide up to date estimates of economic metrics that inttiedesasibility of such an
endeavor, and the findings are presented with the expectation that stich mast be judged against
current market conditions and regulatory factors to determine thaatiai. Background information
including the detailed objectives of the study, an introduction to the topic @h @ceve generation, and a
brief overview of WEC device development is also included to provide somextémt this assessment.
WEC designs and characteristics are further discussed in Sectiordlfir@avide technical information
about the mechanics of the three WEC devices included in this studpnI&G¥WAVE RESOURGE
provides background information and methodology used to calculate the avaiael@ower at both of

the sites. Section \ROWER PRODUCED AND ECONOMIQO%ovides equations and methodology
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used to calculate the economic metrics computed in this study, assviie# methods used to calculate
the expected power output of each WEC. In SectioiREIGULATORY HURDLES general description
of the wave energy regulatory process is included for referencegcartdipectly related to the economic
analysis of this study, but extraordinarily pertinent to the overallimehtation of wave energy
conversion. Sections VII through IX include the results, discussion, and conclusienreport findings

and supplementary data and supporting figures are contained in Appendixeaghtbr

Il. BACKGROUND

The main focus of this study concerns the WEC performance and economic oaf¢beiedeployment,
the details of which are outlined in the following Study ObjectiveBm@eclo better understand the
significance of the stated objectives, the subsequent Wave Genenad WEC Development History

sections have been included to provide some background information.

Study Objectives

Two Central California locations have been identified for evaluatiadheir economic viability for the
commercial generation of electricity by ocean wave energy cooverBie areas identified in this study
are in the general vicinity of actual proposed commercial projectydprojects analyzed are
hypothetical and do not reflect the exact parameters of proposals by the Gasiand Electric
Company or Green Wave Energy Solutions. This study aims to evaluateteachcginomic viability for
wave energy conversion, independently of any actual proposed projects. Baeesiechosen to include
an element of comparability, and although each site has many unique attbbthdscations exhibit
very similar parameters. The site areas were chiefly cltigeto their significant probability of future
commercial WEC development, demonstrated by several fadierprésence of pending permits with
Federal permitting agencies, recent findings of the Califomé&dy Commission’s repo@enerating

Electricity from Ocean Waves in Californiand independent analysis of historical wave resource
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statistics (1)(5). The two sites selected for analysi$arautical miles off the coast of Morro Bay, CA

(Site A) and 5 nautical miles off the coast of Point Arguello, CAe(B).

On May 1, 2009, Green Wave Energy Solutions, LLC received a preliminaryt fiemmithe Federal
Energy Regulatory Commission (FERC) to study the feasibility of conial@vave energy conversion in
the general vicinity of Site A. The eventual full scale projecedibed called for 100 megawatt (MW) of
electrical to produce an expected 250,000 megawatt-hours (MWh) perifeaFERC preliminary
permit is valid for three years and provides the opportunity for primrithe commercial licensing
process required to build a commercial project. On December 11, 201fi; Basiand Electric
Company submitted an application to FERC for a preliminary permit forathergtion of electricity from
ocean waves in the general vicinity of Site B. Initial plans callice\@entual 100 MW of electricity to be
produced and sold directly to Vandenberg Air Force Base per a memorandum ofamuiegstigned
between the two parties. Proposed project information and maps of permaétiechad projects are
included in Appendix A. Figures 1-3 and Table 1 illustrate the site twsaéind list coordinates and site

specifications analyzed in this study.

Project center | Project center | Average water
Site Project latitude longitude depth (m)
Morro Bay Site A 35.3620 -120.9880 97
Point Arguello Site B 34.6380 -120.7300 75

Table 1.Hypothetical wave energy power plant center point coordinates and depths.
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Point Conception, Lompoc, CA 93436

m“GOOg[e

Eye alt 117.08 mi

Figure 1. Site A and B locations on Google Earth.

The study objective is to make accurate estimates of economic indiottibesviability of each site for
electrical generation at a commercial scale. A plant capacity MVEZ®f electricity is assumed, which
industry experience suggests would produce a predicted average of 65 GWarf@).yGeneral
specifications for each hypothetical plant have been made stmpaeserve comparability, and attributes
such as available grid connection points, size of nearby population ¢canigdistance to port can be
assumed to be equivalent for both sites. A distance of 5 nautical roitesifiore was chosen to reflect
the location of the proposed commercial project proposals, whiohreflects the regulatory boundary
between State and Federal waters, and allows for adequate depth teenimawe energy flux losses
from seafloor friction. Emphasis has been placed on comparison of WEC dekficenance at the
identified locations, and the wave power plant capital and operatiostal mecessary for production of

the targeted power plant capacity. Included in capital costs aralipfrastructure needs such as the
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sub-sea cable connection and WEC mooring installations. Comprehensive lidsmdrameters

analyzed are included in the POWER PRODUCED AND ECONOMICSasecti

j» Platformiirene
7

DestroyeriRock

2
int/Arguello,Lompoc Valley, CA

:

Figure 3. Detail of Site B location.
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Wave Generation

To better understand the wave resource potential and wave energy @xinaetinods described in this
study, the following is a brief review of ocean wave mechanics. idtyasf mechanisms can create
waves in the ocean, such as opposing current and the movement of boats, bilteosnéest common
means is the effect of friction on the water’s surface from the itinaeith wind. Wind events that
occur over bodies of water create an irregular wave field comprissadagsortment of wave
orientations, frequencies, and speeds. Waves created in a storm typalalihdotic, highly
unorganized, and are characterized by short-crested, short-periodthatve® often steep and varied in
height. Three determining factors dictate the wave charaaterliista wind induced wave creation event.
The fetch, described as the distance over which the wind blows withoutgednadirection, the duration
of the wind event, and the wind velocity can each potentially limit the wslaaecteristics created. If all
three of these factors are presently sufficient, there isxamaen wave height limitation due to the
dissipation of energy via wave breaking or “whitecapping” of the wavesorn event of this nature is

described as containing “fully developed seas.”

Figure 4. Fully developed sea state.
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The irregular nature of a wave field in a fully developed sea staif any other sea state containing
waves of variable frequency and direction can be accurately rema@dsnthe summation of a large
number of regular sinusoidal wave components using the method of spectrahaiggesaSpectral wave
analysis utilizes this model to accurately represent the resuléese parameters as a product of the

complete wave frequency, amplitude and directional spectrums. Figlustiftes the separation of an

irregular sea state into a variety of spectral components.

E

Figure 5. Irregular sea state separated into spectral wave compoggnts (

As long as nonlinear effects are insignificant, meaning that th&@peis consistent over a few
wavelengths in size, and if bottom and current effects remain cons&rth®varea, the individual wave
phases are assumed to be uncorrelated to each other. Spectral anadg$ig is determining which
frequencies and directions are significant in a complex sea stath, vaim then be used to determine

which frequencies have the greatest wave energy content.
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As waves propagate away from storm events, they begin to organizethesninto ocean swells, long
crested waves arranged with respect to frequency and speed. Groupksgiredaced from a common
storm event, called wave trains, travel great distances with miohaalge in wave characteristics when
crossing deep bodies of water. Open ocean swells closely resemblepleesaimsoidal or
monochromatic waves that are individually analyzed in spectral asafygure 6 describes terms related

to sine wave elements as they will be referred to in this study.

Sill-water line Crest

Wave
I : il height
VWavelength

Trough

Direction of
propagation

Ocean bottom

Figure 6. Sine wave element terminology (8).

It is important to realize that contrary to casual observation, open a@aas in deep water do not
transport any volume of water in their direction of travel. At tiiividual water particle level, or for
example, at a floating point on the surface of the water, movementibystria circular path. The wave

itself is a disturbance of the surface of the water created by the flemecdy, not the flow of water.
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e e

nagligible water movemant
below F wavelength

Figure 7. Water particle motion in ocean waves (8).

As water depth decreases near shorelines, the orbital oscillatihresweéater column begin to be
influenced by the ocean floor. The circular paths of water particld®iwater column begin to “feel” the
seafloor and become elliptical in shape. The depth of water at Wiisdinteraction begins is dependent
upon the magnitude and frequency of the wave, and is often characteriza@adepth one half of the
wavelength. For the purpose of ocean waves relevant to WEC, the 100m depth camtoeidefined as
this boundary (9). In the presence of the seafloor, bottom friction causepaditee oscillations
decrease in the vertical dimension, slowing the wave and beginning the wakmgprocess. This
process is known as “shoaling,” and results in the steepening of the wagasing the wave height and
decreasing the wavelength. The depth at which the seafloor generatéfethidedines the boundary
inside of which is referred to as “shallow water.” Additionally, seaflotinyraetry also induces wave
refraction, causing wave crests to bend and become parallel to the ghd@elte the wave height
reaches a critical point for a given wavelength, it becomes unstablereaks, dissipating its energy. The
wave period remains constant through the shoaling process, and brokenavarafsren and break

multiple times at incrementally lower energy states until thiéimate termination at shore.
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WEC Development History

Wave energy conversion in California can be traced back to 1898 when inw&filtians and John E.
Armstrong installed a wave actuated pump on the bluffs of Santa Cruz to faezeni@an elevated tank
used for filling water wagons that watered roads to keep down the dustr{X8gent decades, WEC
technology gained a brief spike in interest during the oil crisis of the<,9%@ by far has seen the most
exciting developments in the last ten years. Over 1000 patents haviddzbenthe last 50 years for

WEC devices, and over 100 companies have attempted commercial use afsiygis dvorldwide (1).

The first noteworthy WEC was invented in the 1970’s by Stephen Salter Bniversity of Edinburgh
and was known “Salter’s Duck.” Salter gained considerable attention angheyiboasting 90% energy
absorption from waves in tank testing (11). Design limitations and pngtdssociated with increasing
the scale of the device prevented Salter’'s Duck from large tesdileg or sea trials, and none of the

emerging commercial WEC designs today closely resemble ttez Back.

The first device installed to produce electricity from ocean wawes the Pico Power Plant, built in 1999
on the Island of Pico, in the Azores, Portugal. The Pico device was anesghtam that utilized

variable pneumatic pressures in an enclosed chamber to run a turbine, @WigQGration known as an
oscillating water column. The project has been in intermittent tperaver since, overcoming a series of
technical difficulties during its service life, and has jusergly achieved some great performance
improvements. In tests and trial periods from 2005 to 2006, a total of IMWtttfaite was produced.
However, after turbine reconfiguration, nearly 1MWh was produced in ongpéfibd alone during a

May 2009 test. Currently, the plant is still operational and is managée Portuguese consortium

called the Wave Energy Centre (WavEC).
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Figure 8. Oscillating water column wave energy converter at the European WavgyEenter, on the

island of Pico, Portugal.

The first commercial WEC plant connected to a utility grid wdarRis WEC designed and built by the
Scottish company Ocean Power Delivery (OPD) (OPD has since changathégo Pelamis Wave
Power). The device was first commercially launched at fallesat the Aqucadoura wave farm in
Northern Portugal. Three 750 kW P1-A Pelamis Wave energy convertersnstailed in October of
2006, and are now owned and operated by the Portuguese utility Energais de Portugat lattecof
intent from Energais de Portugal announced plans for the purchase of anatdd@MWw of Pelamis
WECSs, and according to Pelamis Wave Power’s website, the developmens ffoodkis extension is

currently underway.

A handful of other WEC manufactures have since deployed both scalellesidef prototypes in sea

trials and have successfully generated electricity. More debailgt these devices will be included later
in the WEC Design Characterization section of this report. At gieset to recent WEC development and
testing has been the recent availability of quality WEC testitilities. The most prominent of which is

the European Marine Energy Centre (EMEC), located in the Orkney IslaBdsttdnd. EMEC provides
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grid connected sea trial test beds as well as comprehensive weatherfanrdance modeling.
Prominent WEC manufacturers such as Pelamis Wave Power havel li#eC facilities for their

initial full scale prototype deployments and testing.

Domestically, wave energy research has been primarily been carrisd@nggon State University
(OSU), the University of Hawaii (UH), University of Washingi@iV), and the University of
Massachusetts (UM). The recent Energy Independence and Securify2R07qH. R. 6) includes
provisions for Federal funding to establish three new National l&@newable Energy Test Centers.
The three US test centers that have received resourcessadtdhe ruling have been OSU-UW, UH, and
UW. The US Department of Energy (DOE) awarded $6.5 million over figesylgeginning in 2008 to
fund the Northwest National Marine Renewable Energy Center (NNMRE&@)ti@ership between OSU,
UW, and the National Renewable Energy Laboratory. NMMREC'’s goals are to swgperand tidal
energy development in the US and function as a test center for domestiteainational WEC
developers. NMMREC also has goals to inform regulatory policy decision snakérclose gaps in
understanding of WEC deployment and operation. The DOE also awarded $5 milliom @@08 to be
paid over five years to fund the Hawaii Natural Energy Institute (H&BHe University of Hawaii
School of Ocean and Earth Science and Technology. HNEI research will &edeott research and

development of wave energy and ocean thermal energy conversion technologies.

In June of 2009, the DOE awarded $950,000 to the New England Marine Renewable Enexgy Cent
(NEMREC), located at the University of Massachusetts DartmouthreehTechnology and
Manufacturing Center. NEMREC is an organization of academics, igdastit government agencies
with the goal of supporting wave tidal, and offshore wind energy development orsteenBaS Coast.
NEMREC has plans for construction of a full scale WEC test and deratoistsite off the coast of

Martha’s Vineyard and Nantucket.
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As marine renewable energy industry momentum has built in the re@est geany industrial
organizations and interest groups have been formed to foster governso@piait, business segment
cohesion, and community stakeholder involvement. The Ocean Renewablg Eaalition (OREC),
founded in 2005, is national trade organization that promotes industry infevest wide range of
ocean renewable energy sectors including wave, tide, offshore wind, ocesnt,@gean thermal, and
marine biomass industries. OREC advocates for its member’s tsteiids political lobbying campaigns
and the hosting of industry conferences. An example of one of the many igtergst formed around
wave energy development is the Oregon Wave Energy Trust, a non-profitjmiNdie partnership
formed to provide a medium for collaboration between local stakeholdemaéplanners, and the

marine renewable energy industry.

M. WAVE ENERGY CONVERTERS

WEC Design Characterization

Wave energy converters can be categorized into three categoriéobdsmy they capture the
mechanical energy of ocean waves. The industry-accepted classes of Bli(S dee point absorbers,
attenuators, and terminators. Each design class uses a different methiaeating wave energy to a
useful form of mechanical energy. The wave energy industry has yet to gemvea single WEC design
class that is superior, and WEC manufactures are in the process elyaesting all three categories to

make that determination.

Point absorbers are characterized by device designs with vefyssinfiate areas in comparison to the
wavelength of ocean waves. Most designs consist of a moving buoytom $eat reacts with a

stationary component to create a pressurized displacement volumarthat ieadily utilized. Most point
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absorber devices take advantage of the vertical component of passingvagea, acting as a simple
pump, and translate the kinetic energy of the vertical movement $yupiang seawater or hydraulic
fluid. Energy is then extracted from the pressurized fluid using ayafipower take off (PTO)
mechanisms that will be described in better detail in a later sectierndving and stationary
components of a point absorber design can be located near the seadloivecsurface, and prototypes
from different WEC manufacturers are designed for a varietypthdeSome notable point absorber
WECSs under development are the AquaBuQY (Finavera Renewables) BRiowéOcean Power
Technologies), OE Buoy (Ocean Energy Ltd.), CETO (Renewable Energy H)ldrghimedes

Waveswing (AWS Ocean Energy Ltd.) and the Wavebob™ (Wavebob Ltd.).

Figure 9. Point absorber WEC, Finavera Renewables AquaBuOY.

Attenuator devices are relatively long in length (up to 150mpagpared to ocean wavelengths, and are
typically positioned in parallel to the general direction of wave prai@y Attenuators consist of

multiple buoyant segments that articulate as wave crests and troughsipalanical energy is extracted
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from the relative motion of each segment, usually though the compressifinidfia hydraulic pistons.
Attenuators can be designed to float freely and operate at the vgaidgese or can be arranged to
articulate in reaction to a fixed structure attached to the oaeam Notable attenuator WECs under
development are the Pelamis P1 (Pelamis Wave Power), By#tguamarine Power), bioWave™ (Bio

Power Systems), and Ocean Treader (Green Ocean Energy Ltd.).

Figure 10. Attenuator WEC, Pelamis P1.

Terminator wave energy convertors are designed to absorb the entiratge pdrtion of, energy content
of incident waves. Terminators are typically oriented perpendiculaave crests and can be designed
for open ocean or shore mounted deployment. In terminator WECs, wave isneosgyerted to useful
energy in one of two ways: overtopping, or through the use of an oscillatingoshiean (OWC).
Overtopping terminators are situated slightly above the watefacsuand have an elevated basin. As
wave crests approach, water travels up inclined troughs into the ramaddnd then returns through the
center of the WEC, on its way passing through a low-head turbine that £xtegiotential energy of the
elevated water. The low head water turbines used in overtopping dewedsdem adapted directly from

available technology in the hydropower industry and produce relatively Higierdies (1). Variable
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speed power conversion systemssuch overtopping systems allow for the convenidjusiment o
flow rate and variable power output, increasingghality ofthe electric poweproducec The most

notable overtoping terminator WEC is the WaDragon (WaveDragon ApS.).

Figure 11 Overtopping terminator WEC, WaveDragon.

OWC terminators are also located at the surfatkeoivater and consist of an air filled chamber \aitl
opening submerged under water. As waves pass timelsubmerged opening, the water height insid
chamber riseand falls with the associated crests and troughs.fllictuating volume of air inside tl
chamber creates alternating positive and negategspre gradients with the external atmosp
powering a pneumatic turbine pooduct readily accessible mechaal energy. A common turbine us
for OWC WECs is the bidirectional Wells turb, which converts the ldirectional air flow from the
OWC chamber into unidirectional output using symmioat aerofoil blades at spin in a constal
direction irrespectivefair flow. NotableOWC terminators under development are the Ocea
(Oceanlinx, formerly Energetech)and the shoreaounted Limpet (Wave Gen), and the Pico planta

European Wave Energy Center.
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TUREBINE

AIR IS COMFPRESSED
INSIDE CHAMEER

Figure 12. Oscillating water column WEC schematic, Pico, Portugal.

Power Take Off

Regardless of WEC configuration, all WECs require mechanisms to textercted wave energy into
electricity, or another readily usable energy form. The power take aff important component in the
efficiency train that greatly influences overall device efficig device cost, required maintenance
schedule, as well as the quality of electrical power. Attenuatokrs@me point absorber designs that
feature hydraulic power conversion systems are advantageous fial seasons. The high- pressures of
hydraulic systems minimize fluid dynamic losses, allowing for efiicgies of 70-80% in typical systems
consisting of volumetric displacement pumps and standard generatorsdlLhetfic displacement
pumps are used to convert the slow movement of WEC components into hydrauliceptiessiscan be
used to drive hydraulic motors, and ultimately an electric generator. ilipdsgistems also have the
advantage of allowing for hydraulic accumulators that can tailor dlotputs to meet power generation
component requirements, increasing the quality of the power produced. Most hyaliaelic

component technology is also readily available due to the offshore oil aintigasy (1). Several WEC
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designs utilize hydraulic PTO systems with working fluids other than otioval hydraulic oils. WECs
such as the CETO and AquaBuOY compress seawater using volumetric pumgdeemdlyextract

rotational mechanical energy by applying water flow to Pelton wheeltstydmes.

Despite the many advantages of hydraulic PTO systems, they are by nalmedgadsistry standard.
Pneumatic PTO systems are preferred by many in the WEC community, and mdreltiwd existing
WECSs are air driven (12). Although there are various other confignsathe most widely used air

driven system is the OWC. The Wells turbine utilizes the bi-directi@palilities of self —rectifying
turbines to attain maximum power conversion efficiencies of around 6QPoaverage efficiencies
between 25-40% (1)(12). Performance enhancing design measures sutdbdes pidch vanes can

further increase Wells turbine efficiency up to 70-80% (12). Wetlsites also have the added advantage

of relatively inexpensive manufacturing costs due to their syricatbiade geometry.

Figure 13.Bi-directional Wells turbine (14).

Emerging Commercial WECs

Although there are literally hundreds of WEC designs that hold patentside avaviety of countries, for
the purpose of this study three WEC devices were chosen for arffalyséveral key reasons. Each WEC
analyzed has successfully demonstrated or is near to fullgcadeype deployment in real ocean
conditions, has reasonable funding for continued development, has provided or ni@tieguatiable
expected performance specifications, and has publicly disclosed desi@stmates. These parameters

were chosen out of necessity for the information required to fulfighidy and narrowed the potential
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field of WECs to be considered to the AquaBuQY, Pelamis, and WaveDrHgjsrselection also
sufficiently represents WECs from each of the three designar&sgnentioned earlier. Although there
are many other promising WEC devices in existence, none others met thgamgceiteria and were
therefore excluded in this study’s site assessments. In an effort emptiee marginalization of other
promising WEC designs, several other WECs that fell just short the stradygtars are discussed at the
end of this section. The three WECSs selected for inclusion in this studytetwsimilar or more stringent

requirements in other published works, and are believed to be closest to cahsoeatei deployment.

AquaBuOY

Finavera Renewables acquired the AquaBuOY design form the AquaEnergy Gro0p.iif 28 point
absorber WEC is 6m in diameter, a draft of 30m, and rated to 250 kW depending andtatesdt floats
freely on a slack moored system, and is designed for deployment in water depths tiyan 50m. The
AquaBuQY consists of a submerged tube containing a mass of water, witbnig/ai piston assembly.
As waves pass, the piston/tube assembly reacts against the heaving buoyaitthe surface, acting as
a pump and pressurizing the piston. The pressurized seawater is then fedraichgccumulator

which smoothes the power output between wave cycles. The pressure headlisgharged into an
impulse turbine coupled to an internal electric generator. Grid symzhtmn for commercial arrays of
AquaBuOYs would be accomplished prior to power transmission to shore atrgedrsabstations,
using step-up transformers and variable speed AC-DC converters. TheuRQjvializes a steel

structure and is designed to be transported and serviced when flaatadharizontal position.

A significant design limitation of the current AQuaBuOY system isattimulator in the power take off
system. The method tuning the device for local wave conditions consisisvhyf adjusting the pressure
level in the hydraulic accumulator. Overall power absorption is thetell by only allowing for the
device to tune to the dominant wave periods, instead of dynamically adjtstach wave that passes

through, as some other WECs are capable of.
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In September of 2007, Finavera Renewables deployed an AquaBuQY 2.0p&atbéypilot project site
in Makah Bay, Washington. The prototype reportedly operated succgésfudl short period of time but
unfortunately sank shortly after its deployment in October of that yeare Stinavera Renewables has
turned its efforts to an improved design of the AquaBuQY 3.0, which isntlyrtender development. In
December of 2007, Finavera Renewables signed a 2 MW commercial waveppioevesing agreement
with the utility Pacific Gas and Electric Company at a site ofistof Humboldt, California. The Pacific
Gas and Electric Company has since secured a preliminary permit froeddéx@FEnergy Regulatory

Committee (FERC) and plans to generate power at the site in 2012.

Pelamis

Pelamis Wave Power (formerly Ocean Power Delivery) was foumd&@98 by Dr. Richard Yem, Dr.
Dave Pizar, and Dr. Chris Retzier, and is responsible for the develbpftbe Pelamis P1 and P2.
Pelamis WECs are of the attenuator design characterization and cohdistibular sections hinged
together that float freely at the water surface. Construgftetkel, the total device length is 150m and the
diameter of each tube is 4.63m. Each of three hinged connections betweensidiidas contains 3
digitally controlled hydraulic rams which convert the relativecatétion of each buoyant section into
hydraulic pressure. Internal accumulators and twin 125 kW generator setstdgmavaulic power into
electricity. Biodegradable hydraulic fluids are used in all reominimize environmental damage in case
of a spill. Overall device power output is rated at 750 kW depending on wadé#ions. Each device is
designed for a freely rotating 3-point slack mooring and is intended for deghbyn water depths
greater than 50m. Commercial wave power plant arrays would be codfigitheseafloor mounted
junction boxes interconnecting individual Pelamis WECs with flexiskr icables that linked each WEC
to the seafloor. Internally, each Pelamis features a frequencyenaeard step-up transformer for grid

synchronization.
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Three Pelamis P1 WECs were deployed in Northern Portugal in 2006 and and\catiltoperational.
Pelamis Wave Power plans for the first sea trials to the P2 WE@tmence sometime in 2010 for grid
connected testing at EMEC in Scotland. An additional three Pelamis AfEGHted to be permanently
installed at EMEC in a project lead by the Scottish Power Renewabigsin a project that will be

called the Orcadian Wave Farm.

WaveDragon

The WaveDragon is an overtopping terminator device invented by ErskMaisen and is constructed
using a combination of steel and reinforced concrete. Including its exteefiector arms, the device
measures 300m in width and 170m in length, including a central floatingrpiatiat is 140m wide and
67m long. It accumulates incident wave action within its reflector armmdgdirects water flow up into a
raised basin. The potential energy of the captures water is edttmttg a number of Kaplan Turbines.
The Kaplan Turbines have been adapted for variable speed operation andsiavéedéures such as
direct drive permanent magnet generators to reduce potential gearb@nmobhe raised reservoir has
a capacity of 8,000 cubic meters of seawater and the full scale deatedigt 4 MW, and requires
placement in 25m of water depth or greater. Onboard step up transformeeqaethdy converters are
used for grid synchronization and the device can adjust to variable aaées by raising or lowering
the waterline with adjustable ballast systems. The WaveoDriagne of the largest WECSs in capacity

and size that is under development, potentially providing an economy of scalthéradevices lack.

The Wave Dragon is the only WEC included in this study that has not yet destehs$treir design at
full scale. A grid connected 1:4.5 scale prototype was deployed in 2003 of theoCDaamark and
successfully completed over 2,000 hours of sea trials. Wave Dragoneastburaising capital for a 7

MW WEC deployment, with construction slated to begin in 2010.
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Required
WEC Manufacturer | Category | Power rating Dimensions deployment
depth
AquaBuOY Finarvera Point 250 kW Diameter: 6m >50 meters
Renewables | absorber Draft: 30m

Pelamis P1 Pelamis Wave Attenuator 750 kW Diameter: 4.63m >50 meters
Power Length: 150m

Wave Dragon| Wave Dragon| Overtopping 4 MW Width: 140m >25 meters
terminator Length: 67m

Table 2. Specifications of WEC designs included in study.
Other Emerging WECs

A number of additional WECs are at or beyond the development stages cE@=id¢luded in the
analysis of this study but were excluded for several reasons. Chieflyrmarfce specifications were
limited to that of devices whose performance specifications headgiibeen published. Due to the
emergent nature of the wave power industry, many manufacturensedktdi provide information when
contacted for participation in this study, citing concerns of prgienformation and the potential

compromising of competitive advantage.

Some notable emerging WECSs that were not included for this reason @ildthtd meet other selection
criteria mentioned earlier are (manufacturer listed in parenth€&3)O (Renewable Energy Holdings),
Wavebob (Wavebob Ltd.), PowerBuoy (Ocean Power Technologies), 8ygtgnamarine Power),
Archimedes Waveswing (AWS Ocean Energy), bioWave TM (Bio PoWéave Treader (Green

Ocean), OE Buoy (Ocean Energy Ltd.), and Oceanlinx (Oceanlinx).
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V. WAVE RESOURCE

Evaluation of the Wave Resource

An important parameter in determining WEC placement and performatievigve resource available
in the area that the WEC will operate. The wave resource at amylgoagion is the resultant of a
multitude of factors including seafloor bathymetry, seasonal seavat@tions, and the annual dominant
synoptic weather conditiongd. el Nifio evenjs Ocean waves are created at sea with widely variable
frequencies as a result of wind and storm events. The lower-frequameg vknown as swells, propagate
great distances in open ocean with very little or no energy loss. Wavebrg in the open ocean,
independent of seafloor conditions, are referred to as existing in @gep s swells leave the open
ocean environment, friction from interaction with the seafloor beginsishipdtion process that
ultimately results in a breaking wave. This condition typically becaaekent inside of the 100-meter
depth contour, commonly referred to as the shallow water region. In shaditmy, Wottom effects and the
associated refraction generates spatially inhomogeneous wave peaisattmat are highly bathymetrically
specific. Because the bottom effects play such a significant rdie iwdave parameters in shallow water,
and the fact that most WEC placements will likely be in less than 10@snoéteater to minimize
transmission and anchoring costs, any complete wave resource analysismsigs#r both open ocean
and near-shore wave and bathymetry conditions. To accomplish this goal, wavetpezanust be
accurately described at all depths from deep water into shore, utdiziagety of ocean modeling and

measuring methods.

Calculating Wave Power

The wave power available at a given location is a function of signifiwave height and the dominant
wave period, and can be characterized in terms of energy flux, or wave sy dTlypically

expressed in units of wave power per meter of crest, the wave energy ffroportional to the wave
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period and to the wave height squared. Equation 1 can be used to calculate wwlienge) in units

of kilowatts per meter of wave crgdb) (16).
E=0.42H1T, Equation (1)

Where T, is the dominant wave period alld is the significant wave height. The inverselgfis
defined by the peak of the average wave spectratHanid derived from the frequency spectra and is
approximated by four times the standard deviation of a wave buoy elevatiod. r€his definition for
H. is used instead of the historical time-domain definition of thesgecheight (crest to trough) of the
largest one-third of waves in a given time period. This definition is usedimbamaconsistency with

wave buoy and model data outputs that use the spectral definititin of

Deep Water Wave Statistics

As mentioned earlier, both significant wave height and dominant wave peeiddghly dependent
upon seafloor conditions when in shallow water. In order to set boundary conditions fora@mnput
models that describe shallow water conditions, deep water wave pasamegtibe established.
Primarily two means are available for obtaining these parametessrvation and modeling.
Observational means utilize either direct measurement via gaugtianstin deep water located on
buoys or offshore structures, or remote sensing methods using satétlietealt. Two resources
referenced in recent California wave resource studies for such basyiraments are the National Data
Buoy Center (NDBC) and the Coastal Data Information Program (CDIPmokewidely used global
ocean forecasting wave model has been developed by the Marine and Anagsis & the National

Oceanic and Atmospheric Administration (NOAA) and is called Wavekliit (NWW3).

The NBDC provides data from 60 buoys and 60 Coastal-Marine Automated NetvianksstAll

buoy stations, a large amount of which are located in 100m of depth or greasuyensea surface
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temperature, wave height, and wave period. Several of NBDC buoys arel locdéep water in close
proximity to both Morro Bay and Point Arguello. See Table 3 for coorelénand depths of NBDC

stations relevant to this study.

The CDIP maintains more than 80 wave monitoring stations nationally, aneraegbthrough the
Center for Coastal Studies at Scripps Institute of Oceanography, UtyieérGalifornia at San Diego. In
addition to wave height and period, some CDIP buoys also measure direatipeatips of the wave
field. See Table 3 for coordinates and measuring abilities of CDIP beleysnt to the locations

analyzed in this study.

NWWa3 is a sophisticated wind-wave model that can perform continuousfbseof wave climates
on a global scale. It numerically solves the spectral action density balgunation for directional spectra,
and takes wind and sea ice inputs from the US National Center for EnvirohRreatiation (NCEP).
NWWa3 is run continuously in real time for the Pacific, Atlantic, and Indiare@s@nd projections can
be obtained readily through the World Wide Web. NWW3 projections have bessierly validated by
sea buoy observations and remote satellite detection methods. For thepuoiibs study, historical

buoy data will be used for wave resource and WEC performance modeling.

Station Location Latitude Longitude Depth Data
(Degrees North) (Degrees (m) Coverage
South)

CDIP 0076 Diablo Canyor] 35.21 120.86 22.9 1983-2002

NBDC 46062 | Point San Luig 35.10 121.00 379.0 1197-2001

NBDC 46011 | Santa Maria 34.88 128.87 185.9 1980-2001

NBDC 46023 | Point Arguello 34.71 120.97 384.1 1982-2001

CDIP 0120 Pt. Arguello 34.57 120.63 5.8 1978-1979
Harbor Outer

CDIP 0019 Pt. Arguello 34.57 120.63 2.5 1978-1980
Harbor Inner

Table 3.NBDC and CDIP buoy records analyzed.
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Figure 14.Google Earth image of CDIP and NBDC stations used in study.

Shallow Water Wave Propagation

Once deep water wave statistics have been established for the boundadigreoatin WEC site,
great care must be taken to predict the wave characteristicsveavibe propagate towards shore.
Simulating Waves Nearshore (SWAN) is a wave model that esimeatee characteristics for coastal
waters with inputs for seafloor contours, wind field, current flows, andrvedévations. Developed by
the Delft University of Technology, SWAN is capable of outputs suchfi@tien, depth-induced
breaking, bottom friction, shoaling, wave generation by wind, blocking of waves lantuand

nonlinear wave to wave interactions.

SWAN was the model used for the determination of WEC site wave tér@stcs in this analysis
and was run with a variety of deep water wave boundary conditions in ordecutatathe expected

wave resources available at the Morro Bay and Point Arguelk site
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Bathymetry inputs for SWAN runs executed in this study have been pyimamprised of data
provided through the Southern California Ocean Observing System (SCCO®DS&)llected by the
National Geophysical Data Center (15). The data set obtained con24iB&721 data points at an
approximate 90 meter rectangular grid resolution and covered thieléatange of 35.5500 to 34.2500
and longitude range of -121.500 to -120.200. See figure 15 for an illustratiom lodthymetrical input

field used for SWAN wave propagation runs compiled in this study.

Figure 15. lllustration of SCCOOQOS data set input (15).

V. POWER PRODUCED AND ECONOMICS

The economic feasibility of wave power plants at the Point ArguatidMorro Bay sites were
investigated by the analysis of two primary metrics, the costeatricity (COE) for a simple payback

period of 10 years, and the 25-year life-cycle cost (LCC) for each WE@ghdestalled in a 25 MW
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capacity wave power plant. All efforts were made to be all inausi capital and operational costs,
however due to the present deficiency of WEC commercial deployment indupgrience, costs are
primarily expressed as approximations and include a margin of errornCimdtastry costs have been
cited when available; however the magnitude of error for such totadstistations for WEC
components is typically +35/-25% (4). The COE is defined as the reqosedezpressed in US dollars
per kilowatt-hour of electricity produced, to be received by the wawgepént in order to provide
sufficient accumulative revenues to equal the total capital expesslifarthe calculations and analysis
presented in the rest of the paper, the term Price of electrigify $Rall be used interchangeably with
COE, and reflect the wholesale market price for electricity genardathe LCC is the net-present value
of all costs minus all revenues over a 25-year period (14). The methpdm@gaching COE and LCC

metrics of economic feasibility are summarized in Figure 16.

Available Wave Directionality
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Figure 16. Economic assessment methodology (4).

To allow for comprehensive comparisons of economic feasibility betweerhgoBoint Arguello and
Morro Bay sites, components of all sectors in the methodology flow chartigueua each site and

WEC configuration. Components common between sites and independent of WEC typedraleft
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constant to preserve comparability. Constant parameters for economicnesgese the power plant
project life, permitting and environmental mitigations and costs treati®n period, financing
mechanisms, electrical transmission line losses, expectediopataind maintenance costs for each

WEC design, insurance costs, and decommissioning costs.

Power Produced

The energy production of each WEC design was calculated at both locationshgingrthe site
specific wave statistics with the WEC power specifications dea/by the manufacturer. A formal
request for information (RFI) was sent to the 11 manufacturers listeabla 8. The RFI, included in
Appendix B, asked for WEC output as a function of significant wave heighad peak period (J. Of
the 11 WEC manufacturers contacted, none of the manufactures providethpededata and the
majority declined to respond to the RFI completely. It was gatheredttittas point in wave energy
industry development, most WEC developers consider almost all desigmatifam extremely
proprietary and feel that their competitive advantages may be compdafeeformance specifications
are released. Personal conversation with Stuart Bensley, Board dbBir€bairman of Oceanlinx,
kindly confirmed this industry posture and correctly predicted the relietreny WEC developer to
respond to the RFI. In consequence, WEC device performance specificatierisnwted to that of
published sources and restricted WEC assessment to the AquaBuOY, PataivéaveDragon WECS.
WEC performance specifications were primarily founé&lectricity generation from wave power in
Canada(2008) ancEPRI E21 Offshore Wave Energy Conversion Devices Asseq2@h). Annual
wave statistics were compiled in scatter diagrams for the icistoieep water wave statistics for each
site, expressing percent occurrence gaitl T, energy bins in 0.5 meter wave height and 2.0 second
wave period increments. Annual wave statistics for each siteutittzed from the 2007 California
Energy Commission PIER Report compiled from time deep water-aac@DIP and NBDC buoy

measurements from 1980 to 2001. Annual statistics and number of observatichglsd in Table 4.
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1980 |

1og: | 1oe2 | qoez | 1ges | 1oze | 1067 | 1o | 1os0 [ om0 |

1991

WAVE (m)

Mo of Obsarvations: | 2025 | 7000 | 13428 | 14314 | 12221 | 43848 | 15288 | <1301 | 14142 | 15410 | 12740 | 5207
Mirimum 050 0.40 0.30 0.2) 030 0.50 040 060 0.60 0.60 060 0.5
Maximum 5 (.1 8.0 8.2 30 80U AU 540 b2 550 .00 B
Madizn 100 1.20 1.£0 200 220 1.80 1.00 180 1.0 1.80 1.80 1.30
Mean 109 2m 2.01 223 2.40 2.00 212 202 203 1.09 193 211
STD U rs U491 U 1.0 100 .81 L.y Uy U1 0.64 Uz Ut
Varancs 05 0.22 1.00 1.15 100 0.65 0.8 079 D.65 0.41 052 073

PERIOD (sce)

No.of Obssrvations: | 2026 | 7200 | 13225 | 14314 | 12331 | 15548 | 10288 | 1301 | 14148 | 15210 | 12740 | 45307
Mirinum 000 3.40 2.40 23) 370 2.90 .00 400 3.20 3.40 340 3.5
Maximum 000 2000| 9eco| 9900 | o900 | 9000 9e00| 2500 | 2500 @sc0| 9900 | 28O0
Madizn 280 000 | d0c0| 1003 | 0| 40| 1140 | 280 | 40| 40| 140 | 41dcC
Meari o3| 0s2 | t0ae]  i0er tae | 1rea | 1| crer | nez|  1i4e | oe2 | 1154
STD 282 2.9 399 517 436 3.66 .69 348 3.20 372 337 350
Varanes 633 gre | 50| 2871 | e | 1340 | 1ze2 | 24 124 | 1383 | 1133|1226

CIRCCTION (deg]

Nu. of Obszrvalions. o | o | o | o | o | ¢ | o | o | o | e | o | o
Minmum 000 0.00 0.00 0.00 0100 0.00 £.00 000 0.00 0.00 0.00 0.¢
Mazimtm nno non 000 nm 0o n a0 0 nno n o0 0o 0o
Mean 000 0.00 0.00 0.00 0.00 0.00 £.00 000 0.00 0.00 0.00 0.¢

| 1992 | 1993 [ 1984 | 1995 | 1998 | 1997 | 1998 | 189 | 2000 | 2001 |LongTem
1 1 1 1 1 1 1 1 1 1 T Avg. ¥rs.
WAVE (m)

No.of Chservations: | 13655 | 7565 | 7201 | 15762 | 8180 | 17385 | 25573 | 23974 | 23540 | 26074 | 2
Minimum 0.60 0.80 0.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.34
Maximum 5.60 5.70 6.10 7.00 5.73 7.10 8.15 7.45 8.10 7.68 7.8
Median 1.90 2.10 1.90 1.90 1.91 1.98 211 208 1.99 2.06 163
Mean 1.98 221 2.10 2.16 2.0 215 243 223 213 224 211
sTD 0.74 0.81 0.92 0.97 0.7¢ 0.90 1.08 0.98 0.87 0.96 0.£8
Varisnce 0.55 0.66 0.85 0.04 0.61 0.20 117 097 0.76 0.01 070

PERICD (sec)

No.of Coservations: | 13655 | 7565 | 7201 | 15763 | 8189 | 17285 | 25573 | 22974 | 23540 | 26,074 22
Minimum 3.80 4,00 0.00 3.30 0.00 0.00 0.00 0.00 0.00 0.00 2.11
Maximum 2600 | 2500| 2500| 2500| 2500 2500 2500 9900 2500 2500 51.45
Median 11.10 11.10 1000 | 1110|1250 1111 12.50 1250 | 1250 | 1250 11.35
Mean 11.36 1177 | 1084 | 1181 11.83 1.72 12.46 1216 | 1206 | 1207 11.52
sTD 3.38 3.38 3.65 340 3.27 340 152 173 167 349 357
Variznce 143 | 1144 1334 | 1155|1072 11.55 12.39 1300 | 1345 | 1215 1267

DIRECTION (deg)

MNao. of Chservations: | 0 0 0 0 0 0 0 0 0 0 0
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
Maximum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0

Table 4.NBDC historical deep water cell statistics 1980 to 2001 (1).
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The annual energy production.( of each WEC was then calculated on a monthly basis, per methods
used by K. Nielsen in Equation 2, as the sum of the product of the averagdsktdiysawer (E9 in each

sea state and the number of hours per year this sea state occurs (16).

Eqve = X Paps (Hg, Tpp) - dt(Hs, Typ) Equation (2)

Capital Costs

Wave energy power plants are inherently capital intensive. Tkl harine environment demands more
robust systems, as well as specialized operational and maintenard {&&niques. For the purpose of
this study, WEC device costs were approximated from available pubtisatnd cited accordingly, the
majority of which were acquired from Dunnett and Wallace (14). Dueetfect there is minimal industry
experience in the actual costs of O & M, rough comparisons may befroadanalogous industries,
such as offshore oil and gas or offshore wind energy. In this study, both imstalation and O&M

costs are either supplied from WEC manufacturers or estimatad&evant studies and cited
accordingly. Costs held constant for all site and WEC cases, mengmnadusly, are listed in Table 5.

A consideration to be emphasized is that the energy source for botmalieg=ed, and for all wave

energy plants in general, has no cost. Wave energy itself is innately f

Capital costs included Capital costs neglected
Site permitting and preparation Support infrastructure (ships, factkties)
WEC device Insurance
WEC moorings Income taxes
Subsea transmission cable Environmental mitigation
Overland transmission cable Power synchronization and substations
Project decommissioning cost Administrative/management costs

Table 5.Economic analysis capital costs.
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Operating and Maintenance Costs

Maintenance costs for WECs are expected to be substantial due to tieatichallenges of operating in
the marine environment. Seawater is exceptionally corrosive, andiilable loads and shock forces that
WECs will be subjected to will require continuous intervention angjatibn. Offshore oil and gas
operations have shown that offshore operation and maintenance costs ary &ydi@aimes higher than
similar onshore activities (2). Survivability and deviceueel are further issues that will drive up
operational costs and necessitate high safety factors and striahtas. Historical buoy data shows that
significant wave heights of 10 to 11m occur every few years in Cabfevaters and WEC devices will
incur significant costs and compromises to public safety and the envimoehmuld they fail during an
extreme wave event (2). Operation and maintenance costs for thisveredgcquired for the
AquaBuQY, Pelamis, and WaveDragon WECs from Dunnett and Wallace and assexjpin terms of

cost per kilowatt hour of electricity produced.

LCC and COE Calculation

The LLC and COE were chosen to provide a means of comparison between sitesGodnfiitiration,
as well as determine economic feasibility in relation to the preseket@OE. The methodologies used
were adapted from Dunnett and Wallace and Szonyi et al, and are relstirgehtforward. 2009 US
Dollars (USD) were used for all monetary calculations. The compleye&@5 25 MW wave power plant
life-cycle cost (CC), at net present value, is calculated as stated in Equation 3 and ekpre3@9
USD. Total power plant capital cost8(), total operating and maintenance co§t€), and total

revenuesR), are all also expressed in USD.

LCC=CC+0C—R Equation (3)
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Capital costs are calculated as stated in Equatigmepresents the number of WEC devices in the wave
power plant, andD is the cost of one single WEC device in USD. The cost of mooring bggs ¢ost of
subsea underwater transmission caligg)( and cost of overland transmission cabtgs)(are expressed
in terms of USD/km. The distance to be covered by underwater transmidslies @a), overland
transmission cablesl,), and the length of mooring lines per WEC devigg) @are all expressed in
meters. The wave power plant decommission c@3tsq expressed in USD at net-present value, with

consideration taken to compensate for interest to be earned duringaze nagiriod.

CC =qXx[D+ (cpyp X lyr) + (cyw X dyw) + (cor X do) + Z] Equation (4)

Total operating cost€(C) for the 25-year plant operational period are calculated using BguatUnit
operating and maintenance cast)( are included in the equation as a function of power produced, in
terms of USD per kilowatt-hour ($/kWh). Since wave power plant power cutplitbe calculated
annually for each site and WEC configuration, the total electpcguced in a yeak) will be used for
the OC calculation, in units of kilowatt-hours (kWh). To represe@as a present net worth value, the
term present worth factoPYWF,) is included for a cash flow oh) years from now, and defined by

Equation 8.

0C = YN(oc X k x PWE,) Equation (5)

Total wave power plant revenud®) (expressed in USD, are calculated using Equation 6. The price of
electricity Peied received by the wave power plant is expressed in USD per kilowatt-hoWHb/Reec

is susceptible to significant fluctuations depending on market conditiodshe exact value is
considered unknown. For the purpose of this study CC and COE will be calculated rtioiggleising a

range of likelyPee.values.
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R = Zrl\llzl(Pelec X k X PWE,) Equation (6)

The annual discount ratg)(is also a percentage and has been set to 4 percent for this studyregis

used to calculate the present worth fackRAM/VE) at year ).

1

PWE, = oo

Equation (7)

Equation 8 equates the payback perieH)( PP is function of the total electricity produced (K) in the 25
year operational period, expressed in kWh. The PP was calculated foeafdtg values for analyisis,

but is set to an assumed reasonable value of 10-years for comparisom etyews.

cc

PP = (PeleC_OC)K

Equation (8)

VI. REGULATORY HURDLES

The regulatory environment is a critical component of the project devetdpacision criteria, and as in
many other industries, can often be the deciding factor of whether or a pc @ pursued. Highly
involved permitting procedures can raise project costs, and permigiprevsuch as decommissioning
costs are critical to the financial planning of a project. The eegital costs associated with the
permitting of a commercial wave power plant are difficult to adelyauantify, and have been estimated
for the purposes of this study by comparison to estimates made by Badfand Electric Company’s

for their project. Additionally, the existing uncertainty surroundheglogistics and expense of securing
permits for wave energy projects has been prohibitive to develofgarentite some time. Due to the
nascent nature of wave energy conversion development in Californiayemgtilecently the explicit legal
provisions for installing and operating WECs had yet to be determinedtdrement the recent surge in

interest of harvesting power from ocean waves, numerous regulatory iestsuwere in place for both
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the building structures in coastal waters and for the productideaifieity, but none specific to
renewable marine energy. The following description of the regylatorironment is meant to provide
useful information relevant to the viability of wave energy dewelent, but is not necessary directly

related to WEC performance or economic projections.

FERC vs. MMS Dispute

Until April 2009, the largest contribution to the regulatory uncengaiegarding the domestic installation
of WECs was the initial dispute of jurisdiction between two Fedgeneies, the Mineral Management
Service (MMS) of the Department of the Interior (DOI) and theelFa Energy Regulatory Committee
(FERC) on the area known as the Outer Continental Shelf (OC®8)OTS is the US Territorial Sea area

beginning 3 nautical miles offshore of US coastlines and extending out to 12 Inailésaoffshore.

Inner Coastal U.S. Exclusize
Zone Boundary State Seaward Limit  U.S. Territorial Sea Economic Zone
(width varies) (3 nautical miles) (12 nautical miles) (200 nautical miles)

| | | |

1 | | 1

I | | |

| COASTALZONE | | |

| g | | I

| | |

I | |

Figure 17.Diagram of coastal regulatory jurisdictions (2).

This discrepancy over permittifydrokinetic projectsa term adopted by the MMS and FERC to
describe offshore wave, tide, and ocean current power generatingtappams resolved on April 9,
2009 through the issuance of a Memorandum of Understanding (MOU) which descripestdss by

which authorizations related to renewable energy resources in OCS wiltée developed. The basis of
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the dispute between FERC and the MMS concerns claims to r@yuatthority over OCS waters based
on opposing Interpretations of the of Part 1 of the Federal Powers Ac} éfdAection 8(p) of the Outer
Continental Shelf Lands Act, as amended by the Mandate of Energy Poliof 2@05 (18). The MMS
primarily asserted its jurisdiction based upon the EPAct of 2005, whtbbrizes the US Secretary of the
Interior to issue leases, easements, or Right of Ways on the OCShfitieadinat support production,
transportation, or transmission of energy from sources other than ai ¢19). FERC countered with
provisions from Section 405 and 408 of the Public Utility Regulatory PolatyoA1978 and other
wordings in Part 1 of FPA, which grants FERC exclusive jurisdictioisfuing permits or exemptions

for the construction and operation of hydrokinetic projects on the OCS.

A breakthrough in regulatory clarity was recognized on April 9, 2009 when thé b&@veen FERC and
the MMS was published. The agreement outlines provisions now establidaediesier DOI MMS 30
CFR Parts 250, 285, and 290 Renewable Energy and Alternate Uses of Exislitigd-acithe Outer
Continental Shelf (Docket ID: MMS-2008-OMM-0012) (18). The regulation¢h $kiat hydrokinetic
projects on the OCS will be required to secure a MMS lease firsthandhill be required to apply for a
FERC license before construction or operation of a wave energy powec@tamences. The MOU
further states that the MMS and FERC will work collaboratively to thatgst extent possible to ensure
that OCS hydrokinetic projects follow the public’s best interast,aaccount for adequate environmental
protection measures. Both the MMS and FERC also agree to facilitab@dd&nvironmental Policy Act

(NEPA) analysis necessary for MMS lease and FERC licessance.

MMS OCS Hydrokinetic Leases

There are two types MMS leases for OCS hydrokinetic projectsetirmind commercial leases. Both
leases include a project easement for necessary cables or pipelihesOCS. Limited leases are issued
for small scale WEC deployment, testing, and measurement efforts. WCserdaployed for a short

period only if they are considered experimental, and any electricity producedatagisplace electricity
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from or transmit electricity to the interstate electrical grignited leases require a $300,000 bond,
$3.00/acrel/year rental fee, and are issued for a 5 year term. Caaireases are issued for 25 year
terms, require an initial $100,000 bond for lease issuance, and additionel gegjiemmission bonding
depending on project size and characteristics. A $3.00/acrel/year eentabiso required as well as a
$0.25/acre/year minimum acquisition fee. The rental fee and projednaare in addition to acquisition
fees, which are determined during a competitive sale process. Baddliamd commercial leases are
issued by the MMS on a competitive basis if competition for hydrokinse is deemed to exist for an
area of the OCS. Wave energy power plant developers can initiatentipetitive lease sale process by
submitting an unsolicited request for a lease, or respond to a MMS Remjuastrest for an OCS area.
The competitive lease process begins when the MMS issues dfa D&rmation and Nominations,
where the MMS advertisement of the lease sale of the identifea is made public. MMS then accepts
bids from interested parties for the use of said OCS lands. If no othesstriseexpressed, a
noncompetitive lease process is initiated. If competitive interéstsdrr the area, MMS will award the
lease to the party with the highest acquisition fee bid, and with the avasable terms. Additional lease
approval processes are then begun, including comprehensive planning appronaipsemal
assessment and NEPA compliance, and technical feasibility reviews a0ease is issued, specific
planning benchmarks are required to be met, and MMS reserves the right toestlaediulnscheduled
inspections of the leased premises. Decommissioning of strutataded on OCS lands is required at
the end of the operational period, and an application stating the intent fonrgmachoval must be

submitted to the MMS 2 years prior to removal activities.

FERC Hydrokinetic Licenses

FERC has provisions for the issuance of three types of licenmeéiinary permits, pilot project
licenses, and commercial licenses. FERC maintains jurisdictiorati\emrokinetic projects that

displace energy from or transmit energy to the interstate elegridawhether on the OCS or in state
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waters. Under the MOU, FERC also will not issue a hydrokinetic licendeedd®@S until a MMS lease

has been obtained first.

Preliminary permits are issued on a “first-come, first-servesbasid do not authorize construction, but
allow developers to study a project site. During the 3 years that mnipaaty permit is valid, the permit
holder also gains priority for the site when applying for a commercaide. FERC began accepting
applications for preliminary permits in February of 2007 and since has issuegliBrary permits for

hydrokinetic wave projects.

Pilot project licenses are issued by FERC for short-term testiegparimental technology, and allow for
limited grid connection. Pilot projects must be small, have the alulite tquickly shut down or

removed, and must include certain environmental safeguards. FERGQyreoblished a Whitepaper
describing the pilot project licensing process, and first succhssfylemented the process in New York
City's East River with the Verdant Power in-stream tidal mtojeommercial licenses for hydrokinetic
projects allow for grid connected electrical generation and varyrimlergth from 30 to 50 years. The
licensing process is similar to that of hydroelectric projectsjrashddes rigorous project plan

verification, environmental protections and analysis, and techeigiaw. The only hydrokinetic wave
license granted by FERC was by Finavera Renewables for the MakalffBlagr® Wave Pilot Project,
which was awarded on December 21, 2007 and subsequently abandoned on April 21, 2009. No other

commercial hydrokinetic licenses have been awarded by FERC since.

California State Regulations

In addition to the robust Federal permitting process, comprehensive oeguégjuirements exist at the
state level for the construction and utilization of State ocean ssii@rwould be applicable to a wave
energy plant. An assortment of California legislative acts enactedhe/gears specifically address
requirements for projects in State waters. One such piece of legistathe Submerged Lands Act/

California State Lands Act, which requires a coastal development todireabfrom the California
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Coastal Commission before construction on submerged or tidal lands from the nietigehlige out to

the 3 mile limit. A list of applicable state regulatory requirataés included Table 6.

Local Governmental Authority

Wave energy power plant installations off the coast of Califorridikély also require cooperation and
approval from local city or county governments for successful construction aratiop. Shore side
infrastructure surrounding the cable landing, overland electriaakmission, and operational support
systems will all require local governments to administer permitsming amendments within their
jurisdictions. Such provisions are expected to vary considerably fratityao locality, and the details

of such miscellany are outside the scope of this study.
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Califormia State
Water Fesource

Any activity which may result in
discharge into State waters

Section 401 certification

Lands Commission

public trust lands

Control Board w ast_'e discharge
requirements

Regional Water
Quality Control
Boards
Califormia Any activity Consultation under
Department of Fish California Endangered
and Game Species Act

L | Countv/city Development within Coastal Zone Coastal development

0| goverminents {where local government has a certified | permit

C Local Coastal Flan)

A

L

5 | State and local Any activity that has the potential to CEQA assessment

T | agencies cause adverse effects to the human

A environment

T

E Califormia State Use of submerged,tidal lands or other General lease

Califormia Coastal Development within Coastal Zone Coastal development
permit
Commission (submerged tidal lands or other public E
trust lands; lands not covered by Federal consistency
certified LCP) review
Development that triggers a federal
permit, that may affect coastal resources
Califormia Air Any activity that may result in the Authority to Construct
Fesources Board roduction of air emissions
b P Permit to Operate
Air Quality
Management
Districts

Table 6. State and local government regulatory requirements (2).

FINDINGS AND RESULTS
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As the performance and economic modeling was completed for hypothetical weye poweer plants at
Sites A and B, every effort was made to accurately capture all pgararpertinent to the realistic
commercial deployment of WECSs. This task has been successthilved; however it must be made
clear that the nascent nature of the industry requires that numeroup@sssitnoe made. Assumptions

made are identified in their respective categories in thewoilg sections. Further enhancement of this




study could be attained by investigating these assumptions further apkbtiognfurther reiteration of

analysis; however the resources available to this study linsicdtse to the existing presumptions.

Wave Modeling Results

The historical deep water wave statistics gathered suggesietbminant swell conditions that prevail in
the offshore area that encompasses both Sites A and B. CDIP and NBDC buoy giedtithaga swell
condition of 3 meter significant wave height, 10 second period, at a 270°%uhrsdypical for winter
deep water conditions. Dominant summer deep water swell conditionstaafreisignificant wave height
of 1.75 meters, 10 second period, and 225° direction. These parameters wereamegantlusions
made in the 2007 California Energy Commission PIER Report, and represisticatdime-averages of
deep water wave statistics for the coastal zone between latitude 3n80®%.3000°. These two wave
conditions characteristic of the deep water wave resource in tleecdieterest were used as boundary
conditions for the shallow water wave propagation computer modelingo&gladithymetry inputs to
model were acquired from the file SantaMaria.xyz containing 2436721grid poimspp@oximate 90
meter rectangular grid resolution. SWAN runs were executed for the caiesialrelevant to Sites A and
B and propagate swells from 600 and 800 meters of depth to shore at SiteB Aespkctively. Color
plots were created using the program Matlab to illustrate the SWAN outadilda. Plots were
produced that illustrate significant wave height, peak wave period, divegition, water depth, and wave

energy flux.
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Zone B Wave Energy Flux: Typical Winter Condition
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Figure 18.Wave energy flux at Site B during typical winter swell conditions.
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Figure 19. Wave energy flux at Site A during typical winter swell conditions.
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Wave energy fluswas calculated by running a Matlab command filé thilized significant wave heigh
peak period inputs, and the calculation methodotbegcribey Equation 1Plotted results are includ
displayed in Figureand show interesting results. Consisteith CEC PIER Report findings, Site
exhibitedslightly higher wave energy flux in winter conditi® a result of the quickly increng water
depth directly off of Point @hception However, blockage from Point Conception twth of Site E
contributed to the slightly lower summer energxftlue tathe southwestern swalirection.Site B
displayed winter wave energy densities in t3-37 kW/m range and summer energy fluxe:10-12
kw/m. Comparatively, under the same deeter swell parameters, Site A displayed summer v
energy densities ranging from 12-kW/m and winter values ranging from-35 kW/m. Cros-sectional
analysis of the depth contours through both siss @oduced interesting results when wave enduy
was plotted as function of depth. Figures 18 and display wave energy flux values calculated at d&

from 200 meters to shore at Sites A ant

Wave energy flux as function of depth
Site A typical winter condition
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Figure 20.Energy flux calculated at depths from 200m to stai8ite A
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Wave energy flux as function of depth
Site B typical winter condition
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Figure 21.Energy fluxcalculated at depths from 200m to shore at Si
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Figure 22.Wave energy flux as a function of dejmeasured atbservation buoys in NortherrA (1).

At both sitesthe frictional effect of the seafloor is appa in the decrease @fave energy flu:
beginning just below the 100m depth contour. Thases highlight the optimal def for WEC
deployment, at the 80 to 10Gepth contour, to minimize wave energy dispersioa & interaction witl

the seafloor and to maximize cost savings by operan creater depthdein necessary. Sites A and B
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reasonably near this optimal depth, and all three WECs included inutiysasse designed to operate in
this range. SWAN model results indicate that at depth greater than h8@mave energy density does
not increase further with increased water depth and in the cases dktlAeaid B typical winter swell

conditions, and levels off at about 38 kW/m.

The effect of depth on wave energy flux illustrated in Figures 18-19 is dagdpxy a collection of
shallow water buoy measurements provided by Previsic and Wilson, et al.aidg.afergy flux
measurements for buoys at a variety of depths experiencing equal wavegas exhibit significant
losses below the 100m contour. These observations, illustrated by FigureyXighdly in respect to
the linearity of the relationship compared to that of the modeled dataoDue multiplicity of variables
influencing wave parameters at a particular location, comparisaiservational data from a variety of
locations must be used with caution. Extraneous variables such as segfliooafrcoefficients and local
bathymetry influences consequently dictate that such observatiosgth@s a general indicator of the

shallow water wave energy availability, which generally agreds S\WAN model predictions.

WEC Performance Modeling Results

Due to the findings of the shallow water wave propagation models, it waseab#uanh for the scope of
this study, historical deep water wave statistics supplied by the 200PER report for the study area
containing both sites A and B were adequate for the calculation of anmlpaiver output. The
differences in wave energy density between Sites A and B, as well e tthepghs considered to
experience near negligible wave energy losses from bottonofrjgiermit the use of deep water wave
statistics within tolerable degrees of uncertainty. Deep watee \statistics compiled from 1980 to 2001

and summarized in Table 7 were compiled intahtl T, bins in increments of 0.5mgldnd 2 second,T
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Tp(sec)

Hs |02 |21-]|4.1- |6.1- 8.1- 10.1- | 12.1- 14.1- | 16.1- | 18.1- | 20.1+ Total
(m) 40 | 6.0 8.0 10.0 | 12.0 | 14.0 16.0 | 18.0 | 20.0
0.0- | 8.76 0 0 0 0 0 8.74 8.7p 8.76 0 0 3504
0.5
0.5- 0| 8.76| 26.28 35.04 140.16 438 5256 87.6 35.04 0 429.24
1.0
1.0- 0 0| 148.92] 236.52 665.76 227.16 23652 306.6 20[L.28.28 0| 2049.84
1.5
1.5- 0 0| 113.88] 455.52 709.56 289.08 32412 262.8 16p.@8.04 0| 2356.44
2.0
2.0- 0 0| 17.52] 341.64 438 210 297.84 236|52 113.88 35.04 0| 1699.44
2.5
2.5- 0 0 0| 105.12] 236.52 113.88 20148 201[48 78.84 82p.2 0] 963.6
3.0
3.0- 0 0 0| 1752 12264 5256 96.36 1752 7884 17.52 550.64
3.5
3.5- 0 0 0 0| 5256 26.2¢ 5256 113.88 61[32 8.76 0 8153
4.0
4.0- 0 0 0 8.76| 1754 1752 26.28 52.56 438 876 0 2175.
45
4.5- 0 0 0 0 8.76 8.76 876 2648 26.p8 8|76 0 876
5.0
5.0- 0 0 0 0 0 0 8.76 876 1752 8.76 0 438
5.5
5.5- 0 0 0 0 0 8.76) g 8.76 26.28 0 0 438
7.0
7.0- 0 0 0 0 0 0 0 0 d ( T 0
9.0
9.0- 0 0 0 0 0 0 0 0 d ( ) 0
11.0

TOTAL 8760

hours per year

Table 7. Historical deep water wave scatter plot bins displaying houssafrrence per year.

WEC performance specification scatter diagrams presented in Appemdixeldit to the deepwater

wave resource data and the expected annual power output for each devidematedaccording to

Equation 2. WEC manufacturer specifications were made to fit the igawarce scatter diagram though

several means. In the case of Pelamis, performance specificationgiveera terms of Fower TrowerWas

converted to Fusing the conversionp.e= 0.9Ts, as done by Dunnett and Wallace (14). In the case of

Wave Dragon and Finaverag bins were merged to fit the wave resource scatter diagram bin widths.

Device capacity factors were also calculated and the resaliacluded in Table 8. Capacity factor is

defined as the percentage of time the WEC operates at its ratedycepa@adsheets used in WEC

performance calculations are included in Appendix D.
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WEC Annual power output (kwh) Capacity factor
(dimensionless)

AquaBuOY 374100 0.17
Pelamis P1 1177100 0.18
WaveDragon 7428900 0.12

Table 8. Annual WEC power output and capacity factor.

Economic Analysis Results

The net present value (NPV) of the 25-year project life-cycleC)l @iternal rate of return (IRR), and
payback period were computed for prices of electricity ranging from $0.04 to $0.8lopett-hour.

Cash flow computations were calculated yearly for a 25-year pitidgeasing Microsoft Excel
spreadsheets. NPV, IRR and payback period results were plotted a@nfprice of electricity, and

trend lines were added to identify rates of change when available plesanf calculation sheets and all
plots are included in Appendix E for reference. Due to the fachthabmmercial wave energy plants
with capital operational cost experience, several assumptions werdlraatimit the certainty of the
performed economic analysis. Two of such assumptions likely to have acsighéffect on the
comparative advantage of sites A and B regard the travel destaian industrial deep water port, and the
full installation cost of the subsea cable. All other cost palenhare listed for each WEC at both sites in

Appendix E.

Distance to Industrial Port

For the purposes of this study, it was deemed sufficient to assumeéhatian and maintenance costs
would be identical for both sites with respect to each WEC design. @peaatil maintenance cost
estimates were calculated as a function of electricity (kwh) pexjlare included in cost analysis
spreadsheets contained in Appendix E, and were acquired from values puitjishallace and Dunnett
(14). A significant contributing factor to the maintenance costooinamercial wave energy plant is

expected to be attributed to downtime and fuel costs associated withd@¥@ transportation to a haul
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out facility. Both Site A and B have intermediately sized harbors in the irateedcinity, Morro Bay
Harbor in the Case of Site A, and the Vanderberg Air Force Base lathercase of Site B. These
harbors would likely be adequate for support vessels such as megaahtigis and crew boats with
drafts up to 5 meters. However, the deployment and haul out of WECs williéaglire a deeper,
industrial harbor that can accommodate the draught of WECs such as the AjuyaBuh draws 30m

in its vertical position. The nearest such harbor is the Port ofdthuenocated in Ventura County. Site B
is approximately 155 kilometers traveling distance from Port Huenehike, Site A is approximately 85
kilometers further North, and 245 kilometers traveling distance from thjswater port. This added
distance will likely increase maintenance costs at Site A, but éigmitade of such increase would be

highly dependent upon maintenance schedules that have yet to be determined.

Subsea Cable Costs

A unique attribute of Site B is the close proximity to a variety of exjstifrastructure related to the
offshore oil and gas industry. It is assumed that the existing subsea oabipelines could be refitted
for the transmission of electricity from the wave energy plant atEstb shore. This assumption is was
confirmed during independent communication with industry experts, and would reéuzagpital costs
of a wave energy project substantially. Surveys of current subseaegtinelogy provide an expected
cost of $102,500 per km for installation of a cable capable of transmitting 25\pdiver. The savings
of reducing the distance necessary to install new cable is an esti#Ya5,000 and is included in the

cost analysis spreadsheets included in Appendix E.

Other Cost Parameters

To accurately depict the economic life-cycle of each site, seweaalcial instruments were utilized. It
can be expected that a significant decommissioning expense will beeceguthe end of the project life.
For this study, it was assumed that $100,000 would be an adequate costdoraya of each installed

WEC. It can also be assumed that decommissioned WECs would retainrasadviage value at the time
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of their removal. This study assumed that each WEC would retain 15% ofigtkdapital investment
cost after completion of its 25 year service life. To prepare foretipgired end of project life
expenditures, a sinking fund was implemented to accrue the necesstaly Egpal annual payments
were subtracted from annual revenues to account for the end of life expesnditcurring at the end of
year 25. In the case of Pelamis and WaveDragon, the WEC salvage vakgeexdecommissioning

costs, and the difference was added to year 25 revenue.

Additionally, mooring costs were calculated as a function of site depth &@id&'sign specification.
Mooring chain was estimated to be $20/meter, and a mooring scope of 3:1 wasldsssaek moored

mooring systems.

Overland transmission cable costs were neglected due to the dasgityrof utility grid connection
points. Site A is directly adjacent to the Morro Bay natural gas powast which provides a high
capacity grid connection. Site B has nearby access to high capacity pwsesupplying Vanderberg Air
Force Base, which are operated by the utility Pacific Gas and Eléxtiécto the close proximity of these
connection points, it can be assumed that the capital costs of additionahdwesthsmission cables are

negligible.

Site A Results

Several indicators of economic viability of wave energy plan&tatA are plotted on in the following
Figures 21-23. The net present value indicator is used to gauge the fwbelpmject LCC over its
expected life in 2010 US dollars. The AquaBuOY demonstrated a positiveeNE\At Of Rjec
$0.11/kWh, the lowest price of electricity of the three WECSs. Peleegisred the highest electricity
prices, requiring afR.of $0.19/kWh to provide a positive NPV LCC. WaveDragon required a

$0.16/kWh to produce a net positive investment.
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Figure 23. Net present values of 25 year project at Site A as function of treeqiredectricity.

The internal rate of return is a significant indicator of projecfifability, when used in conjunction of
net present value to determine not only the total value of the cap#atment over the project life-cycle,
but is also useful for comparison with other investment options. The annuesintge was assumed to
be 4%, and at Site A the AquaBuQY exceeded that value for prices tofcégleabove $0.11/kWh.
Economic analysis of Pelamis and WaveDragon at Site A found thaia@egrices of $0.19/kWwh and

$0.16/kWh provided an IRR of 4%.
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Figure 24.Internal rate of return for Site A as a function of the price of ébégtr

The payback period for capital investment in a 25-year operation liéecfy/commercial wave energy
plant at Site A decreased quickly as prices of electricity incdeasevever the AquaBuQY again
provided favorable results in comparison to Pelamis and WaveDragonstemdard 10-year payback
period, AquaBuOY required $0.13/kWh in comparison to $0.28/kWh and $0.26/kwh for Pelamis and
WaveDragon, respectively. The payback period for AquaBuQY leveletkaf 4 years for electricity
prices greater than $0.20/kWh. Pelamis and WaveDragon payback periods dveInaff kentil $0.26 -
0.28/kWh, and did not breach payback periods less than 9 years for any electdeignpityzed. The

payback period at Sit A as a function of price of electricity is @ioith Appendix E.

Site B Results

Economic indicators of profitability were slightly more optingsdt Site B in comparison to Site A due to

slightly discounted capital costs provided by existing infrastructure ardbtiieased water depth. The
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savings attributed to subsea cable averaged $744,000 in capital costs forogeat at Site B. Site B
produced the lowest required price of electricity for a 10-year payieadd with the AquaBuOY at
$0.13/kWh. NPVs of all three WECs were similar to that at Sjteofvever the rate at which the NPV of
AquaBuOQY and Pelamis projects increased was observed to be nearlyaidanticsignificantly greater
than the rate at which the NPV of WaveDragon increased in relatcamresponding increases in the
price of electricity. At $0.25/kWh and greater, Pelamis retainsaegrdlPV LCC, however for
electricity prices less than $0.25/kWh, WaveDragon provides for a giRtésecond only to the
AquaBuQY. The 25-year project life-cycle NPV is plotted asretion of the price of electricity in

Figure 23 for each WEC configuration.
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Figure 25. Net present values of 25 year project at Site B as function ofitteegérelectricity.

The internal rates of return for 25MW wave energy plants over a 25-ygacidife-cycle were slightly
higher than those at Site A, and for all three WECSs the IRR increasedapdgly with increased prices

of electricity than of Site A. As in the case of Site A, the relakipnsetween project IRR and price of
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electricity demonstrated a linearly positive correlation. Again thea8uOY provided an IRR equal to
the annual interest rate of 4% at electricity prices far belowrffeknd WaveDragon. The AquaBuOY
provided an IRR of 4.00% at $0.11/kWh, while Pelamis required $0.18/kWh andOWéges required
$0.16/kWh for an equivalent IRR. The plot of IRR as a functiongfi®included in Appendix E for
reference. The payback period calculations for Site B were veitastmthat of Site A. AquaBuOY

again displayed the quickest payback periods throughout the entire specelaatridity prices, while
leveling off at a payback period of 3-years for electricity grigesater than $0.29/kWh. Payback periods
at Site B of Pelamis and WaveDragon remained $0.06-0.07/kWh higher for therszenaf electricity.

The payback period at Site B as a function &f B included in Appendix E.

VIIl. DISCUSSION

Determining the economic feasibility of the wave energy plantsieted requires the combination of all
three of the economic measures examined and the comparison of rethdtsurent market alternate
investments. Due to the significant level of uncertainty associgitl the lack of operational wave
energy experience, economic projections must be particularly attréctivetivate the necessary capital
investments. Current plans for wave energy plant development at Bjté&sfeen Wave Energy Solutions
and also at Site B by the Pacific Gas Electric Company encourage fayan@bleions of investment in
wave energy’s economic viability. Results from this study support tHéntioel of wave energy plant

profitability, and also identify several parameters which iner¢laat probability.

Site B proved to demonstrate the most attractive measures of mtivfitproviding for the lowest &
required for a 10-year payback period at $0.13/kWh using the AquaBuOY WEC. Aithmugased
capital costs were required at Site A, the requirgdfBr a 10-year payback period changed very little,
increasing a maximum of only $0.01/kWh. AquaBuOY consistently provided the nrastiaé WEC

economic projections, while Pelamis and WaveDragon performed similachatreer, yet requiring
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nearly twice the price of electricity as the AquaBuOY. Neveegwlthe market price of electricity is the

benchmark which each proposed project must be judged by.

The US Energy Information Administration (USEIA) compiles stiaBsregarding the generation and
distribution of electrical power in the United States. End of use (rpt&bs for all electricity sold in the
US averaged $0.098/kWh in 2008 and $0.096/kWh in 2009. 2010 retail prices are grojesterage
$0.094/kWh in 2010 and increase slightly to $0.099/kwWh by 2015. Projections beyond 2015 are
considered highly speculative, but project an average 2.1% annual éitreakil electricity prices
resulting in prices of $0.171/kWh in 2035 (nominal US dollars) (20). End of icespn California are
several cents higher on average than the rest of the US, and av&0a68/kWh in 2009 and
$0.1256/kWh in 2008. However, the price of electricity that a power genefatiiity receives for the
sale of electricity is merely a fraction of what the retait@iis at the end of use. The USEIA estimates
that on average, 67% of the retail electricity price pays for el#gtgeneration, while the remaining
33% is directed toward the transmission and distribution of powes.aBsumption would provide a

current average wholesale cost of electricity generation in Gaéfof $0.09166/kWh.

Although this assumed average is three to four cents per kilowatt-hstindesthe required price of
electricity for a 10-year payback period, projects using the besrpentpWECs could be considered
profitable if investors accepted a longer payback period and a more modesiitfionally, these
figures do not take into account potential subsidies for renewable eoethg predicted increase in
electricity prices over the project lifespan. WEC performance aedyg conversion efficiencies are also
expected to increase as industry deployment experience accrues,dddimgy value to future projects.
Technology learning curves experienced by the offshore and terresiviglasi well as solar industries,
provide evidence that industry experience substantially lowers capdalperational costs as the
industry matures. Technology learning curves and their associated wnpaest reduction is discussed

in detail in the end of this section.
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A variable found to be significant to the economic profitability of a wavegp@ant is the project size.
An installed plant peak capacity of 25MW was selected for this studyrtorrtiie initial deployments
proposed for commercial development at each site. In some cases, theyecbaoate achieved by plant
size had a significant impact on project value. The AquaBuOY proved to be#iesensitive to this
variable, and rapidly increased in both NPV and IRR measures when thegpaaity was increased.
The NPV increased linearly as a function of plant capacity, whileRRericreased in a logarithmic
function, increasing rapidly initially and then leveling off at 200MW. Tle¢ ghown in Figure 24
illustrates the NPV LCC and IRR relationship with plant capatity R of $0.0100/kWh, a value that
provided a negative NPV when initially modeled at 25MW capacity. Thisaeship was evident with
both other WEC designs, albeit less pronounced. This result should be conssdamedhport variable in
the early stages of plant design, and may dictate the proposal of lajgetspin the future. Figure 25
excerpted from a 2009 marine energy industry report in the United Kingdom, indepgsdeptrts this

relationship.
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Figure 27.Cost of Marine energy (in British Pounds) as function of installed dgpadi).

Technology Learning —Curves

Technological learning, or learning-curves, are being increasingigedtto model the future costs of
new energy technologies, and their principles may be effectively applfatlite projections of the wave
energy industry. Learning curve estimates are useful in describipgdjeeted progress of a particular
technology as a function of the accumulative experience of an industry. Umédostions are non-
linear, and although cost typically does decreases over time, learnieg eue a function of
accumulative experience. Estimated learning curves for emergingydreehnologies are typically being
based on non-energy studies, however the historical records of the photoRdjaicdustry includes a
complete enough data set to be useful for establishing likely outcomes forestéeable energy

technologies (21). Over the last 40 years, PV efficienciesdtaaelily increased and module
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manufacturing prices have decreased, on the whole following a gerarhbfra 20% manufacturing

cost reduction for every doubling of worldwide production, or a 20% learning-¢Rgy.
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Figure 28.Learning curve estimates for PV unit manufacturing prices (5).

By 2002, the average cost of PV cells was reduced to $2.00 per watt, a 6@¥%oredver costs only 10
years prior, during which US PV production alone increased sixteen fold (22R0%héearning-curve
historical average achieved by the PV industry is at the upper limiogfcped learning rates for
emerging energy technologies which range from 16-19% (21). The excéjicimaological learning of
the PV industry did not occur spontaneously. However, the substantial inmeatmdendustry
experience accumulated swiftly, and the associated benefits abshiteduction became adjusted

accordingly.

The technology learning curve is particularly important when detémgnbreakeven points in economic
analysis of proposed technologies. The manufacturing capacity requiesttkoexperience levels such

that unit cost may be brought down to the competitive cost target is an econdorithfaiccan greatly
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influence investment decisions. Figure 27 illustrates the sensttifiearning rates on break even
capacity (21). The bars on the left represent break even cap#miteeBypothetical emerging energy
technology with initial capital cost of $2000/kW and a target unit pri&L000/kW. Break even capacity
is the capacity additions needed to drive unit cost down to the specifietidasg The bars on the right
represent investment capital required to reach the specified tasjeAs illustrated by Figure 27 the
significance of small variations in the learning rate can gradtitr required break even capacities and
technology maturing costs. In this example, an increase in learnirig 2286 from 10% would decrease

technology maturing costs from $16 billion to $2 billion, and reduce the break &vacity from 96GW

to 9GW (21).
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Figure 29. Sensitivity of break even capacities and technology maturing cdsesrting curve variations

(21).

The technological learning of the PV industry can be analogously comparedututieeof wave energy
with several caveats. Principally, the majority of cost reductshgeved in the last 40 years of PV

industry experience are derived from innovations in the silicon wafer prodycbcesses, a significant
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cost contributor to PV installations. In comparison, most WEC production preceesderived from

well established off the shelf technologies borrowed from vari@mmmapplications. The potential for
large cost savings in the production of WECs comes from efficiencessalif and mass production, but
most likely not due to significant production process innovations. Haes dinat may present the greatest
opportunity for WEC installations to capitalize on technological learaiagievice survivability and
part-load efficiency. As industry experience is earned, operation ancemeaiice costs will likely be

reduced due to improved WEC dependability, and WEC performance will suradgsecr

Specifically, there is great room for improvement of WEC performariiméegicies in part-load
conditions. Due to the high variability of incident wave directicegfiency and height, WECs must
efficiently accommodate a whole spectrum of sea conditions. Beyene asah\W@tail the mechanics of
the variable loads imposed on WECs during operation, and the highlight the paaveff @k a critical
contributing component to the overall WEC energy recovery rate (12)nfibient discrepancy with
rated kW capacity and actual average power output of installed VgE@shiy dependent on the local
deployment location conditions, as well as seasonal variations. As denmexhbirahe low capacity
factors calculated in this study, ranging from 12.1-17.9%, inefficésngieatly increase when sea
conditions fall outside of the design region of the WEC. All three WE@ssrstudy have a limited
ability be tuned to local conditions, and the efficiency improvenmaingsich which have not been
discussed in this study. However, the improvements in the ability taseMEC capacity factor is an

area in which industry technological learning has a significant opptyrtionimprove.

Additionally, it is worth the mention that WECs present the potemtibétcoupled with other
technologies, such as desalination, to increase functionality and inmést@hes. Some emerging WEC
designs such as the CETO, a WEC produced by Renewable Energy Holdings, ameasited to be
utilized for reverse osmosis desalination. Pressurized seawadter nioamally driven through a turbine to
run a generator is diverted to a system of membranes that purifiesese@wlaptations such as this

allow for the flexibility to create value in a variety of markets.
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IX. CONCLUSION

Both Morro Bay and Point Arguello sites proved show promise for commemialopment of wave
energy conversion. The wave energy flux at each location was calculmig&UWsAN software and 21-
years of historical deep water wave statistics. Modeling predactesve energy flux of 30-35 kwW/m for
the typical winter wave climate at Site A, and 12-14 kW/m in the tygis@mer wave conditions. Site B
was modeled to exhibit a wave energy flux of 33-37 kW/h in identical typicéémconditions and 10-12

kW/m in summer conditions.

Wave energy converter device performance was executed by matchisticatdiime-averaged bins of
wave height and period conditions with WEC performance specifications. aieDiagon WEC
produced the highest annual power output, at 7,429,000 kWh, while the Pelamis P1 Wit Edetkte

highest capacity factor, producing a full rated capacity of 750 kW I8be year.

The lowest necessary price of electricity identified that anceroial wave energy powered electricity
generating facility required, at an installed capacity of 25 MW, $@1300/kWh to provide a 10-year
payback period over the plant’s 25-year expected lifecycle. Thisgbnatilized the Finavera AquaBuOY
at Site B, near Point Arguello, California. The associated internabfagturn on the $24,343,000 initial
capital investment was calculated to be 9.05%, creating a net pregeat patue of $13,971,000. The
WaveDragon and Pelamis WECs performances were less favorajiieing $0.2600/kwh and
$0.2800/kWh respectively, for identical installed capacities, expeotgecplife lifecycle, and payback
period. Site A, near Morro Bay, California proved to require slightlipdrigapital costs, however
required prices of electricity were within $0.005/kWh of Site B fo\#ECs analyzed. Installed plant
capacity was revealed to be an important variable in the economidtyiab#ach project, and installed

capacities of 150-200MW are likely to optimize investment efficiency.

Required prices of electricity to be paid to a 25 MW wave energy flaithar site generating electricity

using the best performing WEC considered are $0.04/kWh more than current avieodegale costs of
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electricity generation in the State of California. At this timay&energy projects could achieve
economic viability at either location if the slightly higher electyiciosts were accepted by utilities
motivated to incorporate renewable energy into the grid, or if other teguiacentives encourage
development of California’s wave energy resource. Furthermore, theigmcbfsanticipated increases of
wholesale costs of electricity and the cost reductions created by tegicablearning of the wave energy

industry produced relatively conservative 25-year plant lifecycleasignates.

Proposed wave energy developments on the central California coaginfilin by experience the
economic viability of such projects if and when they materialize, howmegctions from this study
predict that such an investment would be attractive if any of the préviiated conditions were met.
Additionally, non energy applications such as desalination could potgcialple with wave energy

conversion to further increase the investment value of waveyepaijgcts.
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APPENDIX A: PROPOSED COMMERCIAL PROJECT DETAILS

| CENTRAL COAST WAVECONNECT
PROJECT STUDY AREA

. | PGRE WAVECONNECT PROGRAM
| SANTE BAREARA COUNTY. CALRORMIA

[Fo] Poine Comctpinn Propased Sute Marin Resins
A vandantang State Marine Fesare
[ Project &ia

Figure 30.Pacific Gas and Electric Company Central Coast WaveConnect ™t tomuie.

Permit status Project Approximate size| WEC manufacturer | Proposed date of
capacity | of project area specified construction
Pending FERC 10MW | 48 nautical square  Not yet identified 2012
preliminary permit initial, miles
application, submitted | eventual
12/11/2009 100MW

Table 9. Pacific Gas and Electric Company Central Coast WaveConnect™tptefads.
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GreenWave Morro Bay Wave Park
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Figure 31. GreenWave San Luis Obispo Wave Park project map.

Permit status Project Approximate size| WEC manufacturer | Proposed date of
capacity | of project area specified construction
FERC preliminary permit Initial
application issued on 5MW, 17 square miles Not yet identified 2012
5/1/2009 Eventual
100MW

Table 10 GreenWave San Luis Obispo Wave Park project details.
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APPENDIX B: WEC Manufacturer Requests for Information

The following RFI was adapted and sent to the following WEC Manufacturers:

Aquamarine Power Cean Energy Ltd. Oceanlinx

Green Ocean Pelamis Wave Power Wavebob Ltd.

AWS Ocean Energy Ocean Power Technolog ies Power Buoy Technologies
Renewable Energy Holdings Finavera Renewables Wave Gen

Example RFI, Finavera Renewables:

Finavera Renewables,

The California Polytechnic State University, San Luis Obispo (CPSUSLO), will be performing wave energy conversion site
assessments for several sites on the Central California coast as part of a graduate thesis research project. The study aims to
evaluate emerging commercial wave energy convertors (WECs) to determine the complete “wave to wire” cost of electricity
(COE) for a theoretical 25MW capacity power WEC plant. General Engineering Graduate Student Dmitri Jarocki will be
performing the analysis under the direction of Dr. Robert Crockett and Dr. James H. Wilson.

The analysis will be performed by matching performance specifications of several established WEC manufacturers with wave
energy resource modeling per methods used by J. H. Wilson and A. Beyene in the California Wave Energy Resource Evaluation
(2007). Annual WEC output estimations will follow methods used by K. Nielsen in Subtask 1.2 of the International Energy
Agency Implementation Agreement for a Cooperative Program on Ocean Energy Systems (2002). Economic analysis will include
all costs for a 25-year lifecycle of a 25MW plant, and will aim to determine the minimum COE at each location.

Locations include several sites being actively pursued by developers for federal and state permitting, and findings may be
influential in WEC selection for future full scale commercial ventures. Performance specifications for several prominent WEC
manufactures including Pelamis and Oceanlinx have already been obtained, and without performance specifications, the
AquaBuoy cannot be considered for comparison as an emerging commercial WEC. Due to the proprietary nature of WEC
performance, CPSUSLO and all investigators will voluntarily agree to sign a non disclosure agreement (NDA) with you to ensure
the specifications are not published or disclosed.

Information required for inclusion in the study is chiefly the expected power output of the AquaBuoy as a function of
significant wave height and wave period. Provided performance information would preferably be in the format of Capture
Width Ratios (CWR) for the significant wave heights and peak periods contained in the attached table. Methods for CWR
calculation can be found in the E21 Electric Powers Research Institute (EPRI) Specificationl, which can be supplied if desired. If
CWR data is unavailable, a power curve plot of power absorbed as a function of significant wave height would be sufficient.
Additionally, estimated device cost and mooring configuration parameters will be needed for a 25 MW plant capacity.

Requests for information have been extended to the following WEC manufactures: Pelamis Wave Power, Finavera Renewables,
Wave Dragon, Renewable Energy Holdings, Wavebob, Ocean Power Technologies, Aquamarine Power, AWS Ocean Energy, Bio

Power, Green Ocean, Ocean Energy Ltd., and Oceanlinx.

As research is being conducted, respect and protection of proprietary information will remain paramount. Specific performance
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specifications shall be excluded from any published materials if required, and if necessary, further intellectual property
protection options can be thoroughly discussed.

Thank you for your consideration and cooperation,

Dmitri Jarocki

Graduate Student

Department of General Engineering

California Polytechnic University, San Luis Obispo
djarocki@calpoly.edu

ph. (805) 234-7657

AquaBuoy CAPTURE WIDTH RATIO (CWR)

Hs Tp (seconds)

(m) 7 8 9 10 11 12 14 15 17

4.5

3.5

2.5

15

CWR =P,/ (JxD,)

Where :

CWR is the capture width ratio (dimensionless)

P, is the absorbed power in simulated or modeled seastate (kW)
Tp is the peak period (seconds)

Jis the incident power in simulated or modeled seastate (kW/m)

D, is the cross-wave dimension of the simulated device or test model (meters) which would be the diameter of a buoy or beam
of a rectangular raft

For further explanation of the CWR, please see E21 EPRI Specification for Guidelines for Preliminary Estimation of Power
Production by Offshore Wave Energy Conversion Devices (2003), E21 EPRI — WP — US — 001 (attached).
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APPENDIX C: Swan Plots
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Figure 32.Plotted bottom data input for SWAN modeling at Site A.
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Figure 33.Plotted bottom data input for SWAN modeling at Site B.
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Zone A Significant Wave Height: Typical Winter Condition

Figure 34. Significant wave height during typical winter swell, Site A.
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Figure 35. Significant wave height during typical summer swell, Site A.
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Zone A Wave Energy Flus: Typical Sumrmer Condition
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Figure 36.Wave energy flux during typical summer swell conditions at Site A.
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Zone B Significant YWave Height: Typical Winter Condition

Figure 37.Significant wave height during typical winter swell, Site B.
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Figure 38.Wave energy flux during typical summer swell conditions, Site B.
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Zone B Wave Energy Flus: Typical Sumrmer Condition
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Figure 39. Wave energy flux during typical summer swell conditions, Site B.
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APPENDIX D: WEC Performance Specifications and Power Productin Spreadsheets

1

2 |AguaBuly

3 | Power [KW})

4 Tp [sec)

5 Hs [m) 2 4 5 & 7 2 9 10 11 12 12 14 15* 16* 17
6 0.0-0.5

7 0.5-1.0 = 11 12 11 10 2 7

3 1015 13 17 25 27 26 23 13 15 12 7 7 7
9 1.5-2.0 24 30 a4 45 a7 a1 34 28 23 12 12 12
10 2025 27 437 &9 77 73 64 54 43 36 19 19 19
11 2.5-3.0 54 68 99 111 106 92 77 63 51 27 27 27
12 3035 g2 135 152 144 126 105 28 70 R 38 38
1= 3.54.0 122 176 138 b 164 137 112 91 43 45 43
14 4.0-4.5 223 250 239 208 173 142 115 62 62 62
15 4550 250 250 250 250 214 175 142 77 77 77
16 5.0-5.5 250 250 250 250 250 211 172 g2 92 92
17 5.5-7.0

12 7.09.0

19 9.0-11.0

20

21 |Annual occurance [hours)

22 Tp [sec)

23 Hs(m) @2 2140 41-60 6180 £.1-100 10.1-12.0 12.1-140 14.1-16.0 ' 16.1-18.0 18.1-20.0 20.1+ Total

24 |0.0-0.5 8.76 0 0 o 0 0 8.76 8.76 8.76 0 o 35.04

25 |0.5-1.0 [} 8.76 26.28 35.04 140.16 438 52.56 876 35.04 0 O 429.24

26 |1.0-1.5 [ 0 14892 236.52 66576 227.76 236.52 306.6 201.48 26.28 0 2049.84

27 |1.5-20 o 0 113.88 45552 T708.56 283.08 32412 262.8 166.44 35.04 O 2356.44

28 [2.0-2.5 1] ] 17.52 341.64 438 219 297.24 23652 113.88 35.04 0 1699.44

29 | 2.5-3.0 o 0 0| 105.12] 236.52 113.88 201.48 201.48 78.84 26.28 o 963.6

30 |3.0-3.5 [} 0 1] 17.52 122.64 52.56 96.36 175.2 78.84 17.52 0 G560.64

31 |3.54.0 [ 2 o o 52.56 26.28 52.56 113.88 61.32 8.76 o 31536

32 4045 o 0 1] 8.76 17.52 17.52 26.28 52.56 438 876 o 175.2

33 [4.55.0 1] ] o o 8.7¢ 876 876 26.28 26.23 876 o 7.6

34 |5.0-5.5 o 0 o o 0 0 8.76 8.76 17.52 8.76 o 43.8

35 |5.5-7.0 [} 0 1] o 0 876 0 876 26.28 0 o 4328

36 |7.0-9.0 [ 2 o o 2 [ [ [ o [ o 2

37 |19.0-11.0 o 0 1] o 0 0 0 0 o 0 o 0

38 TOTAL 8760 hours per year

Figure 40.Excel spreadsheet of AquaBuQOY performance specification and vedigtistscatter diagram.

40 | Annual power cutput (KWh)

41

42 Tp sec)

23 |Hz(m) 3 4 s " F 7 F 8 T s F 1o "1 " o1z 7oz T oae 15 16 17 TOTAL
44 |0.00.5

45 |0.5-1.0 14016 19272 84096 770.88 213 1752 18396 o o 0 0 2522.88
46 1015 193596 2010.42 29565 8987.76 B654.88 2619.24 216372 17739 1835.6 1073.1 1073.1 141036 364985
47 1520 273312 6832.8 1002144 1738422 16674.66 5026.14 491436 4537.68 30222 15768 1576.8  1997.28 77197.5
48 2.02.5 473.04| B028.54] 11786.58 16863 15987 7008 5913 6403.56 4257.36 2246.94 2246.94 2163.72 833777
49 |2.53.0 0| 3574.08| 5203.44) 13126.86 12535.56 5238.48 4384.38) 6346.62| 5137.74| 2719.98 2719.98| 2128.68| 63115.8
50 [3.03.5 81468 118326 9320.64 8830.08 331128 2759.4 4143.48| 6132 3328.8) 3328.8| 2995.92| 461477
513540 o o 5203.44 4940.64 215496 1800.18 2943.36 5181.54) 2790.06 2790.06 3004.68  30808.9
52 [4.04.5 976.74 2190 2093.64 182208 1515.48 1865.88 3022.2| 1629.36 1629.36) 2715.5 19460.3
53 |4.55.0 o 1095 1095 1095 937.32 7665 1865.88 101178 101178 2023.56 10901.8
54 |5.05.5 o o o o 0 92418 753.36 40296 402.96 1611.84 40953
55 |5.57.0 o 0 o o 0 o o
56 |7.09.0 0 o o 0 o o
57 |9.011.0 TOTAL | 374126 KWh peryear
58

59 Device Capacity

80 Device diamtster [m]; 3

31 Annualwave anergy per mater crest (KWh}: 232926

[5] Annual incident wave energy (kWh}: 1337557

63 Annual power output par WEC (kWh}: 374126

54 Conversion efficiency: 0.26770

85 WEC rated capacity kW) 250

86 Annual power rating (KWh) 2130000

&7 Capacity factor: 0.170834]

2

Figure 41 Excel spreadsheet of AQuaBuOY power production calculations.

Page 78 of 92



APPENDIX E: Economic Analysis Calculation Spreadsheets

A E
| |VEC POVER FLANT CI6TS
B ITE: Mooy
g NECT a3
i WEC RATNG
g N ol WEC UNITS:

8 WEC AMUAL OUTPAIT |k
7 LWHT ANRUAL FOVEF; QUTPAIT K
= | TOTAL MOORING CHAIM LENETH

VEL DOST 8ih: 31
EC UNT COST [ 90
WDOFE CONRIG:

C 1] E P i H 2 E PO T | T N I O B . L u 4 i | M| s
VEL ECINENIC ANALYSE: DNITRI JARCCK), CAL ALY UM LUS QRSP 2
DEFTH ) &

Tz

Salnage vahie % of parchase T
n
fl
4 Sile 1 MIRRO BAY
4 Compurest Uik specification Uit cosl [§] _ Uitz Yoars ol puichaza
B St A e ooan i FevEC : | { Cahlwodiwizs
M ED L] 1| TATAL MMM LT
iy ) 1| TOTAL ANMUAL OC
0 bn i% 1] TOTAL ANNUAL REVEME
Fambn 0 [l
B | Opeizicr sl e FiMbsh ] FifEESE
21 |DeorTrizscy FrmiE L]
prmEC 1] e dzioatfelloo: 46602
1] 2 g i i i 4 ’ 3 4 3 B ) z
] T Nng TR kg 3 el Dl DeRg D HE TR P
[ERA] i

LB IR

L HIE e #EOHF O HE fE s} 3
(=] EIENE ARl fE a3 T L N
. . . . 3 E nEAM

i 3 B

Figure 42 Excel spreadsheet containing AquaBuOY economic calculations.
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