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Abstract

Technologies exist that can capture and convert wave energy but there are few studies
examining systemic integration of wave energy devices. This work examines the
potential to use wave energy as a renewable energy resource on Vancouver Island,
specifically in the Tofino/Ucluelet area. A model of a wave energy conversion (WEC)
device was developed as a module within TRNSYS™ where it can be coupled to a load
as well as to a storage medium. For this particular study, wave profiles generated from
hourly average data for a location on the west coast of Vancouver Island are used as a
resource input. An analysis of the potential to use wave energy is carried out with an
emphasis on overall system efficiency and resulting device scaling. The results of the
wave energy conversion with and without storage, as well as the general economics of
these scenarios, are used to make recommendations regarding technical feasibility of

wave power projects on Vancouver Island.
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1 Introduction

Vancouver Island, with a population of approximately 665,000 people [1], is responsible
for 26% of BC’s yearly residential electricity demand [2]. Six hydroelectric facilities
totalling 450 MW exist on the island, as well as a 99.7 MW combustion turbine which
runs on diesel [3]. As Vancouver Island’s total load fluctuates between 1.2 and 1.8 GW
[4], the rest of the electricity comes from mainland British Columbia via submarine cables.
The cables linking Southern Vancouver Island to the mainland are now approximately 50
years old, and starting in late 2006, a program of cable replacement and equipment upgrade
will lead to the temporary decommissioning of certain cables [5]. This, along with a
demand for power growing at a rate of 1.6% per year, would lead to a shortage of power on
the Island [6]. Therefore, in October 2003, BC Hydro issued a Call For Tender (CFT) to
find a way to meet the demand for power [7]. As a result, on February 17, 2005, the British
Columbia Utilities Commission (BCUC) approved a plan to build a 265 MW natural gas
power plant at Duke Point on Vancouver Island [8]. Four months later, the project was

cancelled due to continuing appeals which made the process too risky for BC Hydro [9].

Given Vancouver Island’s dependence on electricity from mainland British Columbia, BC
Hydro has invited proposals from independent power producers (IPPs) on the island for
contracts to purchase electricity from these installations. Though BC Hydro has withdrawn
its backing of a joint venture for a demonstration wave power project near Ucluelet, it

continues to encourage the development of wave power projects on the Island [10].

Wave energy, like most resources, is not spread evenly throughout the world. In general,
equatorial areas tend to have weaker waves than areas closer to the poles. A sampling of

average wave power values is shown on the world map in Figure 1.1.



Figure 1.1 - Wave power values, given in kW/m crest leligth, in various locations worldwide [11]

Given Canada’s lengthy coastlines and northerly location, this gives Canada generous

amounts of wave energy resources compared to other countries.

While Canada has coastlines on three oceans — namely, the Pacific, Atlantic, and Arctic
oceans, all with potentially useful wave energy, this work focuses only on the Pacific
Ocean, and in particular the West coast of Vancouver Island. In the future, this case study

can be extended to larger areas of Canada.

BC Hydro has identified two locations on Vancouver Island that would be suitable for
wave energy installations: one at Amphitrite Point, near Ucluelet, and the other at Winter
Harbour in the Northwest of Vancouver Island. These two locations are indicated on the
map in Figure 1.2. In 20 years’ time, BC Hydro had anticipated that each site could be
developed to 100 MW of installed capacity, at a unit energy cost of $100/MWh at each
site [12]. By 2002, an initial demonstration project of 3 to 4 MW capacity was planned
for Vancouver Island [13]. In February 2002, BC Hydro signed a Memorandum of

Understanding with Energetech Australia Pty Ltd, an Australian company, to enter a joint
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venture in the development of 2 MW of wave power capacity on Vancouver Island [14].

By the end of 2003, BC Hydro had officially abandoned the project [15]. However, as of
June 2004, Energetech claimed to still be involved with the Vancouver Island project,

indicating that the project may still proceed independent of BC Hydro [16].

Figure 1.2 - Map of Vancouver Island showing two candidate locations for wave power installations -
Amphitrite Point (Ucluelet) and Winter Harbour (map modified from [17])

The objective of this research is to determine how much wave power can feasibly be
converted for use in servicing the residential load in the Tofino/Ucluelet area of Vancouver
Island, and the infrastructure required for such an undertaking. The problem has been
broken down into three sections, which address:

e The magnitudes of the energy resource and the residential load;

e The energy capture capability of current technology;

e The viability of such an endeavour, from the perspective of an investor.
If such a project could be undertaken, it could reduce Vancouver Island’s dependence on
transmission cables from the mainland, and the renewable nature of the resouce could
increase the likelihood of acceptance of a project, avoiding the lengthy succession of

appeals which ultimately caused the cancellation of the Duke Point gas-fired plant [9].



2 Status of the Industry

2.1 Introduction

To gain a better understanding of the rationale for wave energy conversion and the types
of devices chosen for simulation over the course of this thesis, this chapter presents
information which will be useful in placing the research in context. The first section
describes some of the wave projects which exist worldwide. The second section presents
the variety of storage options for electricity generated from intermittent resources such as
wind and wave, while the next two sections present reasons why the use of storage could
mitigate problems related to grid integration of renewables. The last section describes a

few economic studies which have been perfomed relating to wave energy.

2.2 Existing Wave Energy Conversion Projects

While both wave and tidal energy exist in significant quantities, wave energy conversion
technologies are not as well-known as those which capture tidal energy. Several large
tidal barrage facilities exist worldwide, and devices which capture energy from tidal
currents are also in development [18]. However, this thesis focuses only on wave energy

conversion technologies, which are summarized in this section.

There are nearly as many ideas for wave energy conversion (WEC) devices as there are
research groups, and it would therefore be a difficult and lengthy process to describe each
one in this thesis. Therefore, some of the larger projects will be briefly described in this
section, and Chapter 4 is dedicated to more detailed descriptions of the two major
technologies which will be simulated — the oscillating water column (OWC), and the

Pelamis, which is a heaving and pitching device.

A common type of WEC design is the point absorber, whose dimensions are small

compared to the wavelength of the incident waves [11]. One of these point absorbers, the



Salter Duck, was one of the original modern WEC device designs. Salter’s device, also
called a Nodding Duck, is a tear-shaped hydraulic device that converts the motion of the
waves into rotational motion, causing an internal fluid to run unidirectionally through a
specially designed pump to generate electricity [19]. This device is illustrated in Figure
2.1. Though the Salter Duck project ran into financial difficulties and never did get to the
commercialization stage, many other point absorbers exist which are based on the
concept of using hydraulics to convert wave motion into rotational motion and then to

electricity.

«
/ duck motion in waves

wave direction :)aun(:(ysancy <
=33 //"\ -~ duck body
\ ,’\ \ \\(/

N\

power canister (steel)

>R "\:\\_,/‘* /4
14 m diameter spine -~ \\y

duck cross section

Figure 2.1 - Salter Duck point absorber [11]

Another type of device is the overtopping device, of which the Wave Dragon is one. In
this type of device, waves are focused onto a ramp, such that the wave height increased
enough to spill water into a floating reservoir. Electricity is then extracted by using a low-
head turbine similar to those used in hydroelectric facilities. The Wave Dragon,
developed in Denmark, will eventually have a rated power of 4 to 10 MW. A 1:4.5 scale
prototype is currently in the water off the coast of Denmark, and is also one of the few

grid-connected wave energy devices [20].

OWCs are the most mature of the wave technologies, though they are still in their infancy
compared to other energy conversion devices such as photovoltaic arrays and wind
turbines. OWCs are pneumatic devices which convert water motion to air motion within
an enclosed chamber, and this reciprocating motion of the air is run through a turbine

attached to a generator to produce electricity. The principle will be described in more



detail in section 4.2. A floating OWC in Japan called the Mighty Whale was built and
moored in 1998, and its four generators have a total rated output of 120 kW. It was found

that the maximum efficiency, comparing electrical output with wave energy input, was
only 15% [21].

Further information on a number of other devices is available in Thorpe’s comprehensive

report “A Brief Review of Wave Energy” [22].

2.3 Storage Media

There are many options available for the storage of electricity, some of which are more
suited for short term events whereas others can provide larger and longer-term capacity.
These include:

e hydrogen

e Dbatteries

e flow batteries (such as VRB)

e supercapacitors

o flywheels

e pumped hydro

e superconducting magnets

e compressed air

Flywheels, supercapacitors, and superconducting magnets are very short-term storage

technologies and will not be considered in this study.

2.3.1 Flow Batteries
The vanadium redox battery (VRB) is one option for chemical storage of electrical

energy. It operates on a principle similar to that of a fuel cell, with an ion-selective
membrane separating the oxidizing reaction from the reduction reaction. The electrolytes

on both sides are contained in tanks and the fluid is circulated through the membrane



stack via pumps. As with a fuel cell system, electrons travel through an external circuit,
which produces electricity. Alternatively, the system can be run in reverse, allowing the
storage of energy in the electrolytes [23]. Figure 2.2 shows a general schematic of a VRB

system.

Figure 2.2 - Vanadium Redox Battery (VRB) schematic [23]

One of its main advantages over conventional lead-acid batteries is its tolerance for deep
discharge [24]. While its main application would be for load levelling, it is also suitable
for power quality control and the stabilization of renewable energy outputs, due to its
quick response and overload capacity, which allows it to provide more than its rated

output for short periods of time [25].

Since the storage capacity and power input/output of VRB systems are independent of
each other, unlike conventional batteries, the specifications of a VRB system are usually
given as rated output times the number of hours this output could be maintained given the
storage size. Therefore, multiplying the power output by the number of hours gives the

storage capacity.

Several VRB projects have been implemented in Japan, with the largest being a

semiconductor factory whose system includes a 3 MW/1.5s voltage sag protection system



as well as a 1.5 MW/1h load-leveling system [25, 26]. Sumitomo is also experimenting
with a 275 kW wind turbine, which includes a VRB storage system of 175 kW/ 6h [26].
VRB Power Systems, a Vancouver company, has installed a VRB system in Moab

Valley, Utah, rated at 350 kW with a storage capacity of 2 MWh [27], which appears to

be currently one of the largest installations in the world.

The VRB system will be used as the basic model for storage in this thesis, due to the
independence of storage capacity and power output, and also because of the relative
simplicity of basing the storage performance on a nominal efficiency. VRB power
systems has claimed a system round-trip efficiency of 70-78% [23], while HILTech uses
a more optimistic value of 85% [28]. A moderate efficiency within VRB’s range will be

used in this model, and will be discussed further in section 6.6.3.

2.3.2 Hydrogen system
Though VRB flow batteries are a promising method of energy storage, other methods

exist as well. Several attempts have been made to use hydrogen storage for renewable
energy systems, including the IRENE system at the University of Victoria [29] and the
Hydrogen Research Institute’s system at the Université du Québec a Trois-Rivieres [30].
Simulations for other similar systems have been attempted by numerous groups
worldwide [31-34]. One of the main concerns in designing a wave energy conversion
system with hydrogen storage is that the experimental results of the IRENE system, for
example, shows a round-trip efficiency of approximately 15%, far lower than is claimed
by literature based on simulations. There have also been difficulties in producing a cost-

effective system based on off-the-shelf components [29].

To date, no hydrogen-and-wave systems have been built, though the Scottish Fuel Cell
Consortium has made a proposal to the Highlands and Islands Enterprise for a project
combining a hydrogen storage system with the output of the LIMPET oscillating water
column (OWC) on the Isle of Islay in Scotland [35]. Currently, no further information is

available as the proposal is confidential.



2.3.3 Pumped hydro

Pumped hydro is a method of energy storage which converts energy in the form of
electricity into potential energy as water is pumped from a lower reservoir to a higher
one. The Rocky Mountain Institute in conjunction with BC Hydro agree that potential
pumped hydro sites exist on Vancouver Island [36], so this could be a viable alternative if
a wave energy project were to be built off the coast of the island. The round-trip
efficiency of this process is in the range of 75% [37], which is in the same range as the

VRB flow batteries.

2.3.4 Batteries
A large number of renewable energy projects use electrochemical storage in the form of

batteries (such as lead-acid), particularly in smaller-scale or off-grid applications. This is
mainly because batteries are a relatively mature technology, and are available in a variety
of sizes and capacities. The round-trip efficiency of lead-acid batteries is typically
between 65% and 80% [38], though in their study Perrin et al. claim it could be slightly
higher than 80% [39]. The efficiency is, however, dependent on the life cycle of the
battery and decreases over time, particularly in the case of deep discharging [40].

2.3.5 Compressed air
Excess energy from a renewable resource such as wind or wave can be used to compress

air. Depending on the amount of air, it can be stored in small containers, such as gas
bottles, or in large structures, such as underground salt caverns or aquifers. When the
energy is needed again, the compressed air can be used in conjunction with a turbine and
natural gas to generate electricity [38, 41]. Though a large amount of energy could be
stored depending on the availability of suitable geological features, the round-trip
efficiency of the process is approximately 40-50% [38], which is much lower than the
estimates for VRB or pumped hydro. Therefore, for the purposes of this study,
compressed air storage was not simulated, though it could potentially be an option for

future developments if a site proved suitable for this technology.

The next section describes the impacts of renewable energy on the grid. Problems

associated with grid integration provide an incentive to use storage in hopes of mitigating
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some or all of the problems encountered when attempting to integrate renewable energy

with an electrical distribution network.

2.4 Impacts of Intermittent Renewable Energy on Grid

Solar energy, like most renewables, is an intermittent resource, but has some
predictability due to patterns of night and day. Wave energy and wind energy, though
intermittent, are also more irregular, with energy levels fluctuating substantially from
hour to hour and even minute to minute. In the absence of large-scale wave energy
conversion installations, the inherent similarity between wind and wave resources leads
to the conclusion that any issues encountered with large-scale wind installations will
likely also be encountered with large-scale wave energy facility. To quantify the effects
of intermittent and irregular energy on transmission networks, the literature on grid-
connected wind energy installations was surveyed, as experience in these installations is
considerable. Following that, Section 2.4.2 describes what is known of wave energy

impacts on the grid.

2.4.1 Wind Energy

One important case study in wind energy is the Danish transmission network, where 50%
of the electricity generation in 2001 came from wind turbines and combined heat and
power (CHP) plants. According to Jensen [42], the only reason this system functions is
because of Denmark’s high-capacity transmission lines to other countries whose
electricity-is principally generated by other means. Costs were incurred from upgrading
the weak networks often found in areas suitable for wind power generation. Jensen notes

that Denmark requires a solution for the long-term, but does not suggest solutions.

Ostergaard [43] confirms that the present distribution network, originally meant for
unidirectial transmission of electricity from central stations, cannot support large-scale
integration of intermittent distributed generation sources such as wind. He concluded that

grid reinforcements in both Denmark and neighbouring countries would be necessary in
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order to be able to export enough electricity in times of peak generation, unless power-

balancing were to be applied.

The introduction of renewables such as wind into small or isolated transmission networks
also poses challenges [44, 45]. Weisser and Garcia [45] discuss the effect of introduction
of wind energy in isolated communities originally dependent on diesel power generation.
Wind penetration, which is the amount of electricity generated by wind as a percentage fo
the total grid capacity, is limited. High penetration levels require system management
changes and infrastructure upgrades, which are costly and can reduce overall system
performance. The solutions proposed for increasing penetration while reducing
disruptions include grid reinforcement, grid voltage-controlled wind power production,

inclusion of storage as wind output buffer, and better wind velocity forecasting.

Several other researchers [43, 46-48] have recognized the difficulties with reactive power
introduced to the transmission network due to the induction generators used in wind
turbines. While Ostergaard [43] identifies its negative impact on the quality of power in
the Danish distribution network, Tande [48] contends that current power system
simulation tools do not include models of wind farms, and the effects are therefore

difficult for utilities to anticipate and account for in their designs.

Jardan et al. [46] take the next step, recognizing that reactive power from renewable
sources could be used to the advantage of a distribution network, by providing power
factor correction that would normally have separate correction. This paper describes the
technical approach to the design of a converter which can be controlled to deliver the
proper amount of active and reactive power, to maintain an overall system power factor

close to unity.

2.4.2 Wave Energy

It is apparent that numerous issues exist in the integration of wind farms into distribution

networks which were designed for centralized plants. As previously mentioned, few wave
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energy projects are grid-connected, and only three studies have been identified which
address integration effects. Falcao [49] describes the development of a control strategy
for the Pico OWC, since the dynamic effects of turbine stall and power oscillations were
determined to be detrimental to the grid. Glendenning [50] recognized the potential grid
connection problems back in 1978, and proposed short-term storage as a requirement in
wave energy devices to even out the power fluctuations. The LIMPET OWC is grid-
connected through a grid protection system, and it was found that while the LIMPET has
never caused any grid faults, on numerous occasions faults originating from the grid have

caused the shutdown of the LIMPET [51].

2.5 Wave Economics

Several studies have touched on the economics of wave power conversion projects, but
due to the lack of data, these studies are, generally speaking, based on assumptions and
estimates. The following paragraphs describe the differing approaches of each of three

papers which focus specifically on economic aspects of wave energy.

The Danish Wave Energy programme uses a very rough estimation of structural cost
based on the quantity of materials and the unit costs of standard materials. The cost of

power take-off was calculated in general terms, using a common unit value per kW [52].

Stallard et al. at Lancaster University are developing a model which will predict which
type of device is suitable for a given scale of an installation, by determining the lifetime
costs of installation, maintenance, operation, and disposal. At present the model is not
complete but does provide a foundation for the connection between the number of

devices required and the overall cost of a plant encompassing them [53].

In Europe, the European Wave Energy Thematic Network (EWEN) examined some of
the economic aspects of wave energy, specifically focusing on the future scenario where
R&D challenges have been overcome and the technologies can benefit from economies

of scale [54]. While this is not currently the situation with wave energy technologies and
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is therefore not directly applicable to the economic overview which will be conducted for
this thesis, their conclusion that new OWCs and point absorbers are the least costly of the
devices they studied lends support to the choice in this paper to focus on these two types

of device.

2.6 Summary

This chapter gives an overview of the status of wave energy projects, and the similarities
between wind and wave resources highlight concerns which may be common to both.
The next step is to begin the process of examining a particular scenario for wave energy
conversion implementation. In the next chapter, the analysis of such a project on

Vancouver Island begins with a quantification of the wave resource available.
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3 Wave Resource Quantification

3.1 Introduction

To determine whether wave energy conversion devices would be suitable for power
production on the west coast of Vancouver Island, it is necessary to understand wave
formation and energy transport. Furthermore, it is important to understand the changes

which occur to waves as they enter shallow water and approach shore.

In this chapter, these points are covered as much as will be necessary for the purposes of
wave energy conversion simulation. The chapter begins with a discussion of how waves
are formed, and where the energy lies. Deep water waves, which are unaffected by
interaction with the sea floor are considered and the main governing equations are
introduced. This is followed by a discussion of the effects of shallow water on waves,
particularly regarding mechanisms by which waves lose energy in shallow water, which
will be important in the discussion of shallow water wave energy conversion devices such
as shoreline oscillating water columns. Finally, the specific wave climate near Tofino and

Ucluelet is examined, using data from BC Hydro and Environment Canada wave buoys.

3.2 Wave Formation

Ocean waves come in a variety of sizes and periods, from small capillary waves with a
period of less than a second, up to planetary waves, which are due to differential rotation
effects of the earth and whose periods are on the order of a hundred days [55]. The total
wave energy in the ocean is distributed among the waves of different wavelengths, as
shown in Figure 3.1. A significant amount of energy is transferred from the wind to the

ocean in the form of capillary waves, wind waves, and swell.
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Figure 3.1 - Schematic energy spectrum of ocean variability (the energy along the y axis is in
arbitrary units) [56]

While the exact interactions between the wind and the water can be complex and are not
always well understood, at least three different mechanisms are involved in the
development of wind waves [11]:
1. The wind exerts a tangential stress on the water surface of the sea, causing wave
formation and growth.
2. Near the water surface, air flow may cause further wave development if the
pressure fluctuations are in phase with existing waves.
3. When a wave is large enough, wind can exert more direct force on the upwind

side of the wave, leading to further growth of the wave.

3.3 Deep Water Waves

The behaviour of waves in water is often quite complex, particularly in shallow waters
where there are interactions between the water, the ocean floor, and the shore. For the
purposes of determining the behaviour of waves, water is considered deep when the depth
is over half the wavelength of the water [57]. In this case, the waves on the surface of the
water do not “feel” the ocean floor, and thus simplifications can be made to the equations

which characterize the wave motion. This section describes the behaviour of waves in
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deep water, and begins with a further simplification, assuming that the wave train is
monochromatic, or that all waves are of uniform height and wavelength. Later, in Section

3.3.2, the irregularities of oceanic wave trains will be discussed.

3.3.1 Energy in Deep Water Waves

Characteristic parameters of a wave include the wave height (H), the wave length (L),
and the period of the wave (T). These characteristics, as well as a few others which will
be touched on shortly, are illustrated in Figure 3.2 [55]. One important point to note in
dealing with water wave calculations is the use of wave height, which is the height from
trough to crest, while wave amplitude (a) is the height from the mean water level to either

trough or crest.

Figure 3.2 - Characteristics of a wave (modified from [55])

The wave number, £, is a measure often used in the quantitative analysis of waves. It is
the reciprocal of the wavelength or, in other words, the number of wave cycles per metre.
The following two equations for wave number are equivalent and both are commonly

used [58].
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The angular frequency in equation (3.2) is given by:

2

= (3-3)

@

The wave celerity, c, is the speed of propagation, and is given in equation (3.15).

The waves which are formed on the surface of the ocean vary in height, wavelength, and
period. To understand the properties of ocean waves, a monochromatic wave train is
assumed, where all waves are of uniform height, period, and wavelength. {(x,t), which

represents the height of a specific point on the wave surface, can be expressed as [59]:

¢ =acos(kx—wt) (3.4)
where
a = amplitude of the wave [m]
7= angular frequency [rad/sec]
k = wave number [m']

x = horizontal displacement in the direction of propagation of the wave [m]

The potential energy per unit horizontal surface area of the wave is given by [55]:

L

[E5¢ (3.5)

0

1
E”:Z

where
L = wavelength [m]
p = density of seawater, taken to be a constant 1025 kg/m’

Performing this integration and simplifying results in the following relationship:



18

2
E, = % (3.6)

If the wave height (H) rather than the amplitude is used, the equation becomes

pgH’
B B 3.7
S (3.7

The kinetic energy per unit surface area of one wavelength is given by:

B, =L
2L

]j‘(u2 +w)dzdx . (3.8)

where u and v are the horizontal and vertical components of the fluid velocity

respectively, and d is the water depth.

In deep water, « and w are given by:
u = awe” cos(kx — wt) (3.9)

w=awe” sin(kx—wt) (3.10)

Substituting equations (3.9) and (3.10) into (3.8) and solving, using the deep water limit
(water depth, d, tends to infinity) yields the following equation for the kinetic energy per

unit surface area:

2
E = pi" e (3.11)

This can be further simplified with the small amplitude assumption, which states that the
wave height is small compared to the wave length (H/L << 1). This reduces the

exponential term to 1 and brings the equation for kinetic energy to:

2
E, = PEZ or
4
H?_
E = Pél”6 (3.12)

The total energy in the wave is given by the sum of the kinetic and potential energies:
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E=EF+Ek:pg8H_ (.13)

The mean wave power per unit crest width over a wave period is simply the energy in the
wave multiplied by the rate of transmission, which is equal to the group velocity of the
wave, Cg.

P=E-c (3.14)

g

For deep water, the group velocity ¢, is approximately ¢/2, or half of the wave celerity,

which is the wave’s propagation velocity. The celerity in deep water is:

c=¥£ (3.15)
w

Inserting (3.15) and (3.3) into (3.14) yields the power per unit crest length:

2 2
p=PEHET (3.16)
327

This equation for wave power in deep water, as derived in [55], is also found either
exactly or in equivalent forms in several other sources [11, 38, 56, 60, 61]. This is
therefore the equation used in the simulations for this study, where wave height and

period are measurements gathered from a buoy.

3.3.2 Properties of Oceanic Waves

While the previous sub-section concludes with the power for a monochromatic wave
train, in reality, ocean waves are not monochromatic due to the superposition of waves
from different sources [11]. Figure 3.3 is an example of a typical wave record, showing

the irregular nature of the waves.
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Figure 3.3 - A wave record showing the irregularities in ocean waves [11]

To make calculations using wave data, statistical measures are used. Of these, the most
frequently encountered are the significant wave height, Hg;, (also denoted by H or Hs3),
and the significant period, T or T. The significant wave height is the average height of
the highest 1/3 of the waves, and roughly corresponds to the wave height as would be
estimated by a human observer [11]. The significant wave period is the average wave
period of the highest 1/3 of the waves. Other measures often encountered include the

average wave height (Hay.), and peak period (Tp).

For the work in this thesis, the significant wave height and significant wave period as
recorded by a measurement buoy are used in the hourly calculation of wave power

through equation (3.16).

3.4 Shallow Water Waves

Depending on the WEC technology used in a project, it may be necessary to determine
the wave conditions in shallow water. For example, both the Energetech and OSPREY
OWOCs are shallow water or nearshore devices, with the Energetech device operating

ideally in waters 5 to 50 m deep [62], and ideally 14 m deep for the OSPREY [22].
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One of the first considerations is determining whether the nearshore devices are within
the surf zone. A WEC device which is within range of breaking waves can be exposed to
large and potentially damaging forces from breaking waves [63]. Furthermore, the type of
wave breaking can affect the amount of energy dissipated during the breaking [64], and in
turn affect the amount of useful energy left in the wave by the time it reaches a near-shore
or shoreline WEC device. The following seetion briefly explains the wave breaking
phenomenon in general terms, and then indicates the specific conditions which could be

expected in the area near Ucluelet.

3.4.1 Wave Breaking

While the amount of energy or power in deep water waves can be relatively easily
appfoximated using equations (3.13) and (3.16), determining the power left in the waves
as they approach the shore can be much more difficult. The breaking of waves, which can
dissipate up to 85% of the energy in the waves [64], is a mechanism which is poorly

understood and difficult to quantify [65].

There are several categories of breaking waves, as shown in Figure 3.4. In the case of
spilling breakers, the bottom slope is usually quite shallow and the water continuously
spills down the front face of the wave [56]. Plunging waves usually occur when the
bottom slope is steeper — in this case, there is not enough water in the trough ahead of the
wave to fill in the oncoming crest [66]. The front face of the wave becomes concave [56],
leading to the curling and plunging of the wave. This type of breaker dissipates the most
energy [64], due to the large amount of turbulent activity.

While it is not a main objective of this study to look at the mechanics of wave breaking, it
is useful to know which type of breaking occurs in the Ucluelet area, and also the depth at
which breaking begins to occur. Knowing the type of wave breaker allows the use of a
parameter in the model to scale the power incident on a WEC device, according to the

estimated energy loss due to breakers. The depth at which breaking is likely to occur
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gives an indication as to which devices would be situated in the surf zone, and would

therefore be affected by these energy losses.
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Figure 3.4 - Three different forms of breaking waves [66]

In [67], Nicoll studied the bathymetry of the coastal waters at several locations between
Tofino and Ucluelet. At the area near BC Hydro’s Amphitrite Poiﬁt buoy, Nicoll
determined that the waves begin to break at a water depth between 13 and 15 m,
depending on the wave height and period. The waves were also found to be of the spilling
breaker type, and Kabdasli et al. [64] determined experimentally that approximately 40%

of the wave energy is dissipated in a spilling breaker.

3.4.2 Other Shallow Water Considerations

Other than breaking, several other phenomena contribute to the loss of energy in waves as

they enter shallow water. These include:
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Wind effects, where an opposing wind can attenuate waves
Bottom friction, caused by the development of a turbulent boundary layer near the
ocean floor due to the motion of the waves
Bottom percolation, where there is water flow in and out of a porous sea bed

Bottom movement, which is transport of sediment from the ocean floor.

The relative importance of these is dependent on the bottom geometry and composition,

bottom movement and bottom friction are the two main energy dissipation phenomena in

shallow water when there is no wave breaking involved [61].

3.5 Wave Resource in British Columbia and Vancouver Island

Figure 3.5 shows a plot of the wave climate of a typical year at the La Perouse Bank buoy

site. The colours indicate the number of hours per year that the wave conditions at that

point in the graph exist.

Wave height ()
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Wave Period (s)

Figure 3.5 - Wave climate for La Perouse Bank buoy, 2003
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The Electric Power Research Institute (EPRI) conducted studies of the potential for

wave energy conversion devices in five states, and produced system level design
reports for five states — Maine, Massachussetts, Hawaii, California, and Oregon. Of
these states, Orégon was deemed to have the most similar wave climate to Vancouver
Island, as it is geographically the closest state of the five and also has West-facing
shores. A similar diagram to that of Vancouver Island’s wave climate in Figure 3.5
was created, and is shown in Figure 3.6. While the overall shape is similar and also
shows a that wave periods of 8 to 11 seconds and wave heights of 1 to 2 m are most
commonly seen, Oregon sea states are less variable than Vancouver Island’s. For
example, for 471 hours of the year, the average wave height is in the vicinity of 1.5 m
and the average period is in the vicinity of 9 seconds, making that combination the
most frequent over the course of the year. For Vancouver Island, that same
combination is also the most frequent, but only 343 hours are spent in that state, or

73% of the Oregon maximum. Instead, the wave powers are more widely distributed.

Wave Height (m)
Hours per Year

4 8 8 0 12 14 16 18 20
Wave Period (g)

Figure 3.6 - Wave climate in Oregon, from EPRI data [68]
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Figure 3.7 shows the absolute difference between the Vancouver Island and Oregon
wave climates, which is generated by subtracting the values in Figure 3.6 (Oregon)
from those in Figure 3.5 (Vancouver Island). The areas in blue show where
Vancouver Island wave climates are less frequent than in Oregon, and the red areas
show where they are more frequent. From this figure it can be seen that Vancouver
Island tends towards longer wave periods and higher wave heights than Oregon. This
is important to note in the future when comparing studies made on wave energy
conversion potential based on U.S. wave data, such as the studies performed by the
EPRI.
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Figure 3.7 - Absolute difference (in hours per year) between La Perouse Bank and Oregon

3.6 Measurement of Wave Properties

The wave data used for the simulations in this study is taken from Environment Canada’s
buoy 46206, a 3-metre discus buoy moored at La Perouse Bank, roughly Southwest of
Ucluelet and Amphitrite Point. The coordinates of the buoy are 48°50°2” N, 126°0°0” W,
and Figure 3.8 shows its location relative to the shore. The buoy is approximately 30 km
offshore and sits in a water depth of 78 m (73 m until early October 2003) [69]. Also



visible in Figure 3.8 is Cape Beale, on the East side of Barkley Sound, the location at

which the wind measurements used in this thesis were taken.
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Figure 3.8 - Location of La Perouse Bank Buoy 46206 relative to coast of Vancouver Island [70]
(image adapted to remove items of no consequence to this study)

A data set is recorded hourly by buoy 46206, and each data set consists of the items as
listed in Table 3.1.

Name Description Units
STN ID Station ID. This is the buoy’s ID number — 46206 -
DATE Date and time in format MM/DD/YYYY HH:MM -

(Note that the time is UTC time, such that the local
time is 8 hours behind UTC)

Q FLAG

Quality code indicating validity of data. (The value is
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usually 1, meaning data appears valid and consistent)

For a full list of codes, refer to [71]
LATITUDE | Latitude of buoy — always recorded as 48.83 degrees North
LONGITUDE | Longitude of buoy — always recorded as 126 degrees West
DEPTH Depth of water m
VCAR Characteristic significant wave height m
VTPK Characteristic significant wave period s
VCMX Maximum zero crossing wave height m
WDIR Wind direction (from which wind is blowing) degrees
WSPD Horizontal wind speed m/s
GSPD Gust wind speed m/s
ATMS Sea level atmospheric pressure mb
DRYT Dry bulb air temperature °C
SSTP Sea surface temperature 0

Table 3.1 - Parameters recorded hourly by La Perouse Bank buoy 46206 [71]

From March 1* to November 4™ 2003, measurements are also available from a second
buoy in the area, owned by BC Hydro. This buoy, an Axys TRIAXYS, is located near
Amphitrite Point at coordinates 48°56’N and 125°36° W, roughly 2.2 km offshore, and
sits in approximately 55 m of water. Although this data was used in the preliminary
stages of this study, and is useful for estimating the power from waves in shallower
water, the data set available does not include the winter months, which would be crucial
information, given that the residential load in the area peaks in the winter months.
Therefore, the decision was made to use the information from the buoy at La Perouse

Bank, as year-round data was available from that source.

3.7 Tides

Another consideration when dealing with shoreline WEC devices is the pattern of the
tides in that particular location. It has been shown that the tides have an effect on the
power output of OWCs, as the incident wave power is higher with the higher tides and
thus deeper waters at the device [72].
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The tides and therefore the mean sea level at a particular location along a shoreline are

regionally dependent, and may or may not have the same pattern as a nearby location. For
example, Winter Harbour and Tofino, separated by just over 200 km have nearly the
same tidal pattern [73]. Victoria, which is almost the same distance from Tofino,

however, has a very different tidal profile, as shown in Figure 3.9.
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Figure 3.9 - Comparison of tidal regimes of Tofino and Victoria, January 1-11, 2003 [73]

While the tides may have an effect on the performance of shoreline OWCs, in the
simulation models developed for this study, the tides were not considered. This was done
to maintain the simplicity of the system model, particularly since the model can
accommodate both shoreline and offshore devices as the main WEC component. For

further details about this decision and the assumptions made, refer to section 6.6.2.

3.8 Storms

When undertaking a project such as the design and construction of a wave energy
conversion system, storms must be taken into account for at least three reasons — device

design, system design, and cost. Device design for survivability is not a focus of this
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thesis and will therefore not be covered here. System design and cost considerations are

each discussed in the following sub-sections.

3.8.1 System Considerations

A second consideration related to storms when considering wave energy conversion
devices is system design with regard to device availability. Availability is the percentage
of time the device is serviceable and can produce electricity if the renewable resource is
present. Since WEC devices are mainly still either in the research or prototype phases, a
survey of the literature on these devices has not produced any quantitative values for
either their experimental or estimated availability. However, issues related to the impact
of device availability in offshore applications have been encountered in offshore wind

turbine applications.

While commercial onshore wind turbines commonly have an availability of 98%, van
Bussel et al. [74, 75] determined that for an offshore wind turbine to have the same
availability, the turbine failure rate must be reduced by at least 25%, and the number of
maintenance personnel must also be increased. Otherwise, a significant decrease in
availability results, due to the inability of maintenance crews to safely travel to the
turbine location and conduct repairs during stormy periods with high seas. Therefore, any
failure occurring in these conditions incurs large penalties to availability because of the

increased downtime, as compared to similar onshore turbines.

This issue is also likely to exist for wave energy conversion devices, since the increased
downtime is not a function of the type of device that has failed, but of its location and the
method by which maintenance crews must access the device. To compensate for any
devices which may not be functioning, the device availability must be accounted for in a
system design. Since availability numbers are not known for WEC devices, a 100%
availability has been assumed as a simplification, meaning that the devices are assumed
to be operational at all times. Therefore, since availability can never realistically be

100%, due to preventative maintenance measures and any failures which may occur, the
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real-life scenario will have to account for these facts. Since the wave climate used in

these simulations is for one year only, and that climates change slightly from year to year,
the uncertainty in the actual climate from year to year is likely to overcome the
simulation errors caused by the small fraction of time that any particular device may be
out of service. Furthermore, since the system is assumed to be grid-tied, and the
likelihood of all devices failing at the same time is minimal, any fluctuations in output
due to a device failure is assumed to be an event which can be compensated for through

the grid connection, if necessary.

3.8.2 Economic Considerations

In [75], van Bussel indicated that the operation and maintenance (O&M) costs for
offshore wind farms could be responsible for as much as 25% of the final energy cost.
This is due to the fact that adverse weather reduces the ability of maintenance crews to
reach the offshore devices, and therefore extends the amount of time a device is out of
commission if a failure occurs during bad weather. Shoreline devices such as the
LIMPET would be able to avoid some of these problems, though it is likely that
depending on the type of failure and the severity of the sea state, the device may not be
approachable. For example, a severe storm hit the LIMPET device in 2001, taking out
several components and flooding the main equipment housing with 1.3 m of water, even

though this housing sits well above the water line [51].

3.9 Summary

In this chapter, the wave resource in both deep and shallow water was determined within
limits reasonable for the scope of this thesis. The next step is to identify technologies
which can convert this wave energy into a more useful form. These technologies are

identified and described in the next chapter.
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4 Wave Energy Conversion Devices

4.1 Introduction

Having described the wave resource in Chapter 3, the next step is to determine which
technologies might be useful in harnessing this wave energy. The following sections
describe the two main technologies which were examined in this study — the Oscillating
Water Column (OWC), and the Pelamis device. Although other devices exist, as outlined
in the literature review, these two are currently entering the commercialization stage and
would therefore be the most likely to be available for commercial purposes if a wave

energy project on Vancouver Island were to go ahead.

4.2 Oscillating Water Column

An OWC consists of a chamber that extends both under and above the water line, thus
containing a water surface that can move upwards or downwards as a result of the motion
of waves. This moving water surface causes the displacement of air. At the top of the
OWC is a horizontal-axis turbine through which air flows, driven by the movement of the
water. This turbine captures some of the energy transferred to the air by the water, and a
generator attached to the turbine shaft produces electricity from the rotational movement
of the turbine. This principle is illustrated in Figure 4.1, and the system power conversion

chain is shown in Figure 4.2.

Ar pushed through by incoming wave %Awpuﬂedbackaswaveretreats

Figure 4.1 - OWC principle of operation [76]
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Figure 4.2 - Typical wave energy conversion system (OWC) [77]

Many of the major OWC installations are onshore, though floating OWCs (such as the
Mighty Whale in Japan) [11] and tethered OWCs (the Port Kembla project currently
under construction) also exist and have been proven to work. This discussion will focus
mainly with onshore OWCs, as the experiences of onshore plants such as the Islay OWCs

and the Pico plant have proven to be an invaluable source of reference data.

Two of the leading onshore OWCs are the LIMPET on the Isle of Islay, and the Pico
device in the Portuguese Azores. Energetech also has an up-and-coming OWC design
verging on commercialization, the first of which has been installed at Port Kembla in
Australia. The next three sections briefly describes these designs before progressing to a

description of the Pelamis device.

4.2.1 Isle of Islay OWCs - LIMPET and its Predecessor

Two OWCs have been built on the Isle of Islay, which is an island off the West coast of
Scotland, due west from Glasgow. The original Islay OWC was built in 1988 and
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commissioned with a turbine in 1991, while the second Islay OWC, the LIMPET

installation, was operational in 2000 and still operates today. The original Islay OWC had
a 75 kW installed capacity, which is quite low, but useful for testing and research. The
LIMPET installation is much larger, with an installed capacity of 500 kW [78],[79].
Figure 4.3 shows an image of the LIMPET OWC.

Figure 4.3 - LIMPET OWC on the Isle of Islay [80]

The LIMPET uses a counter-rotating Wells turbine to convert the air’s kinetic energy into
rotational motion. Wells turbines are frequently used in wave energy devices because the
rotor (or rotors) moves in the same direction regardless of the direction of the airflow
through the turbine. Counter-rotating turbines, where two rotors travel in opposite
directions, are sometimes used to increase the operational range of the turbine, as stalling

can be a problem at higher airflows [77].

Many difficulties arose with this OWC, beginning with construction, which was difficult
and expensive as a result of the custom-fitting to the shape of the rock gully. Once the
plant was in operation, it was found that the generator, which had been sized to handle

the large storm waves, was usually operating at reduced efficiency due to the prevalence



34

of comparatively calmer seas. This led to the recommendation for the installation of a
smaller generator with blow off valves for protection from larger water column
oscillations. Another recommendation stemming from the variability of sea states was the
installation of a flywheel on the shaft connecting the generator and the turbine, to
maintain output despite variations in wave groups. This was especially important in the
case of the Isle of Islay, where the small grid capacity cannot tolerate large oscillations

[78].

It was also observed that the turbine rotors had been subjected to water ingestion during
operation. From this observation came the recommendation that the geometry of the
OWC structure be carefully designed in order to minimize sloshing of the water column

surface and/or the generation of surface waves [78].

In 2000, after the decommissioning of the original Isle of Islay OWC, the larger LIMPET
project was commissioned on the Isle of Islay. Designed by Wavegen in the UK, it is 6 m
long by 6 m wide, and has a counter-rotating Wells turbine. Each of the rotors in the
LIMPET’s turbine is attached to a 250 kW generator, giving a nominal capacity of 500
kW [81]. From operational experience, however, the conversion efficiency of the

LIMPET project was far lower than expected, as summarized in Table 4.1.

Table 4.1 — Annual Average Operational Data from LIMPET, Isle of Islay [79]

Units Initial Current Achievable
Estimate | Performance Target
- Incident Power kW/m 20 12 20
Pneumatic Capture Efficiency | % 80 64 80
Pneumatic Capture kW 336 161 336
Turbine Efficiency % 60 40 70
Turbine Shaft Power kW 202 65 235
Losses kW 0 - 22
Net Output kW 202 21 214




3D

The achievable target column indicates Wavegen’s expected performance of a next-
generation LIMPET, in which solutions to known problems are addressed. As shown in
the last row of the table, the actual net output of the current LIMPET OWC is roughly
10% of the expected value. The low turbine efficiency was attributed not to problems
with the turbine, but of high, idealistic values published in previous papers regarding the
performance of fixed-pitch Wells turbines. The achievable target of 70% was estimated
for a new design of variable-pitch Wells turbine being developed by Energetech.
Research into geometric configurations of the OWC and the surrounding seabed are

expected to lead to improvements in pneumatic capture and incident power [79].

Another Wavegen OWC is slated for the Faroe Islands [82], which are approximately
halfway between Iceland and Norway. Wave tank performance modelling has been
conducted for this project [83], and the power capture curve used in this thesis is based on

the results of these experiments.

4.2.2 Pico Azores

An OWC has also been built on another remote island, this time on the island of Pico in
the Portuguese Azores. Construction on this OWC began in the mid-1990s, and the plant
is currently operating. Its rated capacity is 400 kW and is expected to supply 8%-9% of
the island’s electricity requirements for the next 25 years [84]. Figure 4.4 is an image of
the Pico OWC, which is similar in many aspects to the LIMPET installation at the Isle of
Islay. A single-rotor Wells turbine provides approximately 0.6 to 0.8 GWh/year, if used

on a permanent basis [85].
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Figure 4.4 - OWC at Pico in the Portuguese Azores [86]

4.2.3 Energetech OWC

Energetech’s OWC is a nearshore device which includes parabolic walls to focus the
energy of the incoming waves into the opening of the OWC. The structure is not built
into the shoreline but rests on feet tethered to the sea floor, as shown in Figure 4.5 [87].
The first of these OWCs has been built in Port Kembla, near Sydney, Australia, and was
installed and tested in June 2005 [88]. Unfortunately, no academic papers have been
found regarding the design of this structure, and the performance will not be known until

results from the Port Kembla project become available.

Figure 4.5 - Tethered OWC design by Energetech Australia [16]
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4.2.4 Pros and Cons of Shoreline/Nearshore Technology

Avoiding the need for armoured subsea cables is one of the main advantages to building
nearshore or shoreline WEC devices. These cables are costly, on the order of US
$115,000 per km [89], and in the case of a farm of offshore devices, the distance between
the shore and the farm may need to be covered multiple times depending on the number

of WEC devices.

Another advantage to shoreline devices is the accessibility for maintenance and repair.
While little data on this topic exists for WEC devices, since so few are in operation, this

has already been identified as an issue for offshore wind farms [74, 75].

The major disadvantage to shoreline and nearshore technologies is the major decrease in
wave power which occurs as waves enter shallow waters and approach the shores. This
was discussed in section 3.4, and is the main reason that the trend towards offshore WEC

devices has recently been noted [90].

With this in mind, the Pelamis device, which is an offshore WEC nearing
commercialization, is described in the following section, and a model of this device is
used to obtain simulation data to be compared to the Energetech and LIMPET OWC

results.

4.3 Principles of Pelamis Operation

The Pelamis device, a design by Ocean Power Delivery (OPD) Ltd of Scotland, is made
up of four hollow steel cylinders which are linked by hinged joints. At each joint is a
power conversion module (PCM), which houses all the generation components, including
the hydraulic motor and electrical generators. When the joints flex, either heaving
(vertical motion) or swaying (horizontal motion), the motion is resisted by hydraulic

rams, and high-pressure oil is pumped through smoothing accumulators and then through
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a hydraulic motor. This motor then drives an electric generator, producing electricity

[91]. Figure 4.6 shows the design of the Pelamis device.

Wave_\direction

Figure 4.6 - The Pelamis wave energy converter [91]

The Pelamis WEC is slack-moored, with enough freedom for the device to swing in the
direction of incoming waves, though it is tethered at both the front and the back to
prevent any full 360° rotations. If multiple Pelamis devices operate in a cluster, they can
be daisy-chained together with jumper cables; thus, the Pelamis devices can be wired
such that only one connection is needed to a sub-sea junction box, where the connection
is made to a cable running along the sea floor. The electrical connections are made right
on the Pelamis device [91], avoiding the need for dive teams or automated underwater
vehicles once the initial connection to the sub-sea junction box has been made. In this
way, maintenance crews have easier access to most of the cables which interconnect the

Pelamis devices [89].

The overall length of the Pelamis device is optimized for the predominant wave
conditions at the site for which it is destined. In Scotland, where the first full-scale
prototype is already in operation, a length of 120 m was chosen as optimal for the
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conditions in that area. When given the data for several location in the United States,
however, increasing the overall length to 150 m achieved better results. In both cases, the
diameter of the device remained 3.5 m [91]. Since it has been demonstrated in section 3.5
that there are differences between the general wave climate in Vancouver Island and in
Oregon, both configurations were initially tried in the simulations for this thesis, to

determine which is more suited to the Vancouver Island wave climate.

OPD is just entering the commercialization phase of Pelamis development. The first full-
scale prototype has been built and is in operation off the Orkney Isles in Scotland [91]. Its
first commercial contract, for three Pelamis devices to be installed in Portugal, was
signed in May 2005 [92]. While these devices will be manufactured in the UK and towed
to Portugal, OPD has expressed a willingness to licence out the fabrication of Pelamis
devices to companies local to a project site [91], which will significantly reduce costs that
would have been associated with shipping Pelamis devices from the UK to the west coast

of North America.

The economics of a wave energy project based on the Pelamis WEC will be briefly
discussed in Chapter 8. The environmental implications of wave energy conversion

devices, while certainly important, are beyond the scope of this thesis.

4.3.1 Rationale for Offshore Technology

One of the main reasons for considering offshore technologies is that more energy is
available in deep water. This is because, as mentioned in section 3.4, energy is dissipated
when a wave enters shallow water, through the processes of wave breaking and sediment
transport. The Pelamis device was designed to take advantage of the fact that deep water
waves are more energetic, by being optimally moored in waters from 60 to 150 m in
depth [89]. The OWC devices mentioned in the previous section are limited to shallower

water and less of the useful energy in waves can be converted by them.
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On a related note, the survivability of the device is also impacted by the depth of the

water at its location. Shallow-water or shoreline devices such as the OWC may be

exposed to damaging breakers that deep-water devices would avoid.

The main disadvantage to offshore devices is the distance between the devices
themselves, and the load or the distribution network to which they are connected. Effects
include higher capital cost for longer cables, line losses which are related to the resistance
of the cables (and in turn, the length of the cables), and more travel for maintenance
crews. The Pelamis device has been designed to mitigate these disadvantages as much as

possible [89, 91], though they cannot be completely eliminated.

The advantage of higher-power waves for offshore devices is significant enough to
continue to consider these devices in a wave energy conversion project. Therefore, the
Pelamis device will be simulated in this study, and the results will be compared to those

from the LIMPET and Energetech OWC model simulations.

4.4 Preliminary Discussion on Comparisons between Devices

In this thesis comparisons are made between three different devices — the Pelamis, the
LIMPET OWC, and the Energetech OWC, with models based on the power capture
properties either measured or calculated for each device. The primary reason these
devices were compared, rather than simply focusing on a single device, was a desire to
determine whether a particular device might be more suitable to the geographic location
and wave climate than another device. Since very few commercial wave energy projects
currently exist, there is no obvious dominant technology in the field of wave energy.
Also, since a multitude of wave energy devices are in existence, it can be useful to see the
differences in behaviour and power output of different devices, given the same input. The
number of devices was restricted to these three, however, because simulating all known
devices would not only be a large undertaking beyond the scope of this thesis, but also
because very few devices are currently at a design stage where power capture curves are

readily known or available.
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In this study, the comparison between devices will be based on the the installed capacity
required to generate enough electricity to serve the Tofino/Ucluelet load over the course
of a year, and also the grid penetration caused by the output of the devices. The most
suitable candidate will be the device which minimizes both these factors — less installed
capacity typically leads to lower capital costs, and lower grid penetration reduces the
likelihood of problems occurring in a grid structure which was originally meant for one-
way power distribution [43]. Each device will be tested with the same inputs of

significant wave height and period, and residential load.

4.41 Comparison Conclusions from EPRI

The EPRI recently conducted a survey of offshore wave energy conversion technologies
[62], using information about eight different devices to come to a conclusion about which
device currently has the most potential for use in a commercial wave energy project. Of
these eight devices, only the Pelamis device was deemed to be suitable for selection in
any proposals for wave farms in the near future, though the Energetech OWC was short-
listed as a possible contender with some improvements to mooring, deployment, and
deeper water survivability. The LIMPET device was not part of EPRI’s comparison

because it is a shoreline device rather than an offshore device.

4.4.2 Information Availability

The amount of information available for each device used in the comparisons of this
thesis varies. The LIMPET OWC, though relatively new, had a 75 kW predecessor about
which several academic papers were written, both about the overall project [72, 78] and
about its components, such as the Wells turbine (for example, [77, 93, 94]). Wavegen has
also published several extensive reports on its website [82]. The power curves used in the
simulations for this thesis were taken from these reports, though the only available curves
were simulated output for a larger OWC than the existing LIMPET. Also, the curves exist

for only two wave heights — 1 m and 2 m — and therefore more interpolation is necessary
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for the LIMPET device model than in other models where a larger variety of wave

heights are characterized.

The Pelamis device is just entering the commercialization phase, and has few academic
papers written about it. Experimental and numerical results of its hydrodynamics were
recently published by Retzler and Pizer [95], and OPD has been very cooperative in
providing information to the EPRI for its studies of a potential Pelamis farm near San
Francisco [89]. Included in the information made available to the EPRI are schematics,

cost estimates, and the power capture curves used in this study.

Energetech has published limited data and specifications about its OWC, and because the
first device has only just barely begun operating at the time of this writing, no
experimental data are available upon which to base the simulations. Some information is
available through EPRI’s site design document for a hypothetical Energetech installation
in San Francisco [62], including the power capture curve upon which this simulation is

based.

4.5 Summary

The Oscillating Water Column (OWC) and Pelamis devices are both promising
candidates for a wave energy project near Tofino/Ucluelet. Given the wave resource
described in Chapter 3, and the wave energy conversion devices described in this chapter,
the next step is to examine the size and characteristics of the load which will be serviced
by these WEC devices. The next chapter provides a description and quantification of the

Tofino/Ucluelet load upon which these simulations are based.
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5 Load Profile for Tofino/Ucluelet Area

5.1 Introduction

One of the most important factors to be taken into account when sizing a wave energy
installation is the fact that the load is not constant and can therefore not be accurately
represented as an average number. The load characteristics change depending on the
season, the day of the week, and the time of day. In this chapter, these changes are
examined and characterized so that the input into the model is as representative of real

conditions as possible.

5.2 Purpose of Load Data Synthesis

The system model developed for this thesis calculates hourly results, and therefore
requires as input hourly load data for the community. Since hourly load data for the entire
Tofino/Ucluelet community was not available, other data sets were combined to
synthesize hourly data. Section 5.3 describes the known monthly load, and Section 5.4
discusses the known hourly load for an average Coastal BC home. Section 5.5 describes

how these two data sets were combined to synthesize hourly community data.

5.3 Average Monthly Load in Tofino/Ucluelet

For the combined areas of Tofino and Ucluelet, BC Hydro has collected data on energy
use for the years 2002-2003. Figure 5.1 shows the 2002 monthly figures, with separate

traces for the residential, industrial, commercial, and total loads.

In this thesis, the object is to assess the feasibility of servicing the residential electrical

load of the Tofino/Ucluelet area with wave energy devices. There are two main reasons



for choosing the residential load, rather than the commercial, industrial, or combined

loads for the area:

1. Of the three classes of loads (commercial, industrial, residential), the residential
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electrical sales are the most stable and predictable, since the rate of electricity use

grows at approximétely the same rate as the population [2].

o

substantially in the summer. The shape of this resource profile is similar to the

The wave resource, as seen in Chapter 3, is most plentiful in winter, and drops

shape of the residential load profile for Tofino/Ucluelet, where demand for

electricity is the highest in winter and dwindles in summer. Therefore the

residential load was the most suitable for a first attempt at load servicing through

wave energy in this area.
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Figure 5.1 - Actual electricity use for the Tofino/Ucluelet area in 2002, by sector [96]

Figure 5.2 is also based on the BC Hydro monthly data for the area, and shows only the

residential load values. The 2002 numbers are the values in the residential trace of Figure

5.1 divided by 1913, the total number of residential accounts in the Tofino/Ucluelet area.

The 2003 values are included for comparison. Note that data for November and

December of 2003 was not available and is thus absent from Figure 5.2.
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Figure 5.2 - Average energy use per residential account in Tofino/Ucluelet for 2002 and 2003

5.3.1 Load Growth

For Vancouver Island as a whole, BC Hydro projects that the average growth in
residential electricity sales from 1998 to 2025 is approximately 1.9% per annum, as
shown in Figure 5.3 [2]. This is slightly higher than the overall load growth (including
commercial and industrial sectors) for Vancouver Island, as mentioned in the introduction
to this thesis. In Figure 5.2, however, it is evident that there was a slight drop in
residential electricity demand between 2002 and 2003, though a similar drop exists in BC
Hydro’s records (Figure 5.3). Therefore, a 1.9% annual growth in electricity demand can

still be assumed when sizing a wave energy conversion system for the community.
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Figure 5.3 - Actual and predicted annual residential electricity sales on Vancouver Island [2]

5.4 Average Residential Hourly Load for Coastal BC

In British Columbia as a whole, 20% of households use electric space heaters; the
remainder use some form of non-electric heating. This percentage is higher on Vancouver
Island due to the limited availability of natural gas [2]. Whether a household is heated

electrically greatly impacts the use of electricity, particularly in the winter months.

Available for this project were two sets of hourly data compiled by BC Hydro for typical
Coastal BC households — one with electric heating, and the other with non-electric
heating. These two data sets had different trends in their load profiles, particularly in the
winter months when heating is necessary. Figure 5.4 shows the first two weeks of the

load data of a typical non-electrically heated Coastal BC home.
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Figure 5.4 - Two weeks' non-electric household load data for a typical Coastal BC home

This household load data formed the basis of the hourly synthesized community load data
for this study.

5.5 Generation of Synthesized Community Load Data

The hourly household load data was converted to monthly data by totalling the energy
use for each month. This was done for both hourly data sets — the typical household with
electric heating, and that with non-electric heating. Figure 5.5 shows the resulting plot for
the non-electrically heated home. In other words, summing a month’s worth of data

points as illustrated in Figure 5.4 gives that month’s point on the plot in Figure 5.5.
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Figure 5.5 - Monthly electricity usage for an average Coastal BC non-electrically heated household

Since the Tofino/Ucluelet area consists of over 2000 households, a scaling factor was
then applied to the single-household average values, adjusting the scaling factor to match
the actual community data as closely as possible. This allows the simulation of multiple
households based on the data for a single household. The result is shown in Figure 5.6.
The BC Hydro monthly residential data trace is the same as the residential trace in Figure
5.1, which comes from BC Hydro’s measured monthly load data for Tofino and Ucluelet.
The points on the scaled household (non-electric) trace are the product of the points in
Figure 5.5, multiplied by a constant factor representing the number of homes in the

community. In this case, the scaling factor of 2300 (homes) is used.
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Figure 5.6 - Comparison of actual monthly data with converted hourly data for electrically and non-
electrically heated households

Figure 5.6 shows that the shape of the load data for non-electric housing more closely
matches the shape of the actual recorded data for the region, meaning that the majority of
homes in the Tofino/Ucluelet area are non-electric. Therefore, the load data for an
average non-electrically heated Coastal BC home will be used as the basis for the hourly

community load data.

5.6 Summary

For the purposes of this research, the hourly load data for a non-electrically heated
average Coastal BC home is used and a constant scaling factor of 2300 homes represents
the approximate number of these households which make up the Tofino/Ucluelet
community. By multiplying the hourly household load data by the scaling factor, hourly

community load data can be approximated.
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6 Simulation

6.1 Introduction

With the wave energy resource, conversion technologies, and load properties now known,
this chapter introduces the system which will be used to perform the simulation and
generate the results seen in Chapter 7. Section 6.2 examines the Ucluelet area for
suitability as a wave energy site, and determines the site-specific information which will
be important to the simulations. Section 6.4 gives an overview of the wind resource
available in the area, which will be used for results comparisons later in the thesis.
Section 6.5 lists the assumptions made in the model development, and 6.6 gives the
overview of the model structure. The last two sections discuss the sensitivities which will

be examined, and the power capture curves used for these simulations.

6.2 Geographical Suitability of the Ucluelet Area

The area near Ucluelet was originally selected by BC Hydro as one of two favourable
sites for wave energy on the coast of Vancouver Island. The other site, at Winter Harbour
near the Northern tip of Vancouver Island, may also be well-suited to wave energy
conversion, but due to the remoteness of the area and the fact that two wave measurement
buoys are located in the vicinity of Ucluelet, this site became the focus of the present

study.

Figure 6.1 is a map of the Tofino/Ucluelet area with the location of the transmission lines
roughly plotted. LBH is the Long Beach substation, from which two feeders extend — one
towards Tofino, and the other to Ucluelet. Each of these feeders has a capacity of 15
MVA [97, 98]. Therefore, the grid capacity at the substation where the two feeders join is
considered to be 30 MVA.
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Figure 6.1- Tofino/Ucluelet area and location of transmission lines [97, 98], which generally follow
the main roads (image modified from [99])

Figure 6.2 is a bathymetric map of the waters in the Tofino/Ucluelet area. The location of
the Long Beach substation (code LBH) is shown. Since it is only at this location only
where a perceived grid capacity of 30 MV A could be achieved, it would be advantageous

to build a wave energy conversion system in a location easily accessible to the LBH.

Also shown in Figure 6.2 are the zones suitable for each device. The Pelamis device is an
offshore WEC device whose target depth is 60 to 150 m. The Energetech device, on the
other hand, is designed fof waters from 5 to 50 m in depth. The black arrows are
distances that have been measured for comparison in this study, and are of particular
concern for any Pelamis project, given that a minimum depth of 60 m is suggested by the
manufacturer [91]. Fortunately for Ucluelet, there is an undersea canyon near the shore in
proximity to the Long Beach substation, allowing a Pelamis device to be placed closer to
shore than would normally be possible. The total distance along that path is
approximately 6.2 km, with 2.8 km of that distance under water, and the remaining 3.4
km on land. A second arrow indicates a more normal distances of 24.2 km between 60 m
waters and the shoreline, all of which is undersea. Further transmission cables would be

required to connect from the shoreline to the grid connection point.



52

and potential sites for WEC

here Reserve,

iosp

Chart of Ucluelet area, buoys, Clayoquot Bi

2

ces (base map from [100])

Figure 6
devi



53
One potential constraint to the size and type of wave energy projects that could be
constructed in near Ucluelet is the presence of the Clayoquot UNESCO Biosphere
Reserve. This 350,000 hectare protécted area extends across most of the area between
Tofino and Ucluelet, and includes a marine area approximately extending to the 20 m
depth contour. The location of the reserve in relation to Tofino and Ucluelet is shown in
Figure 6.2. The biosphere reserve is in place to promote conservation, sustainable
development, and research/education [101]. While it may still be possible to have a wave
energy project within the boundaries of the reserve, WEC technologies deemed to have
high environmental impacts, such as shoreline OWCs, may likely encounter opposition.
Offshore devices such as Pelamis may not only be less invasive, but would be moored in

waters deeper than that found in the area enclosed by the reserve.

Noise is not expected to be a major issue for animals [22], though shoreline OWCs may
require design modifications for noise abatement. The average noise for the Energetech
OWTC turbine is 73 dB, for a distance 1 m from the turbine [102]. Since a breaking wave
at a distance of 10 m is 90 dB [103], the Energetech OWC is not expected to cause noise
problems for observers on shore. The LIMPET OWC required the installation of a noise
attenuation chamber due to noise caused by airflow through the ducts and the turbine

blades, particularly during stall conditions [104].

6.3 The Grid and the Concept of Grid Penetration

The physical location of the grid feeders and substation were described in Section 6.2, but
the importance of figures such as grid capacity centres around the concept of grid

penetration. In this thesis, grid penetration for each hour i of the simulation, is defined as:

Penetration, = _Lrnenare (6.1)
Capacity

grid
The grid penetration is calculated for each hour, with Penewabie being that hour’s power
output from either the wind turbines or the WEC devices. The grid capacity is taken to be

30 MVA in all cases, which is the capacity at the Long Beach substation.
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In addition to the hourly grid penetration just mentioned, two specific grid penetration
numbers are used in results comparison — maximum grid penetration, and average grid
penetration. These are both yearly values, and are calculated using the following two

equations:

Penetration_, =max(Penetration,) (6.2)
8760
Z Penetration.
Penetration,,, =-=! (6.3)
8760

In both cases i ranges from 1 to 8760, the number of hours in a year.

For renewable resources, which are usually intermittent and often difficult to accurately
predict, grid penetration is often an issue because the variations in the resource level
occur more rapidly than the ramping rates of baseload power plants, and often on too
large a scale to be handled by the grid’s infrastructure for handling short-term
fluctuations. For small proportions of the total capacity, this is usually not a problem.
However, as the average penetration level increases, unexpected changes in renewable
power output could cause, on a short-term scale of a few hours, problems such as
electricity shortage (if renewable power predictions were too high) or conversely, the
overloading of the system (if renewable power predictions were too low) [42].
Comparing wind and wave resources, Energetech’s Tom Denniss found that wind speed
and wave height have roughly the same variability, but since wind power is proportional
to the cube of the wind speed, while wave power is proportional to the square of wave
height, Denniss showed that there is a higher probability that wind power at a site is more
variable than wave power at a site [105]. Nevertheless, since wave power is still quite
variable when compared to other sources such as hydro or tidal, the grid penetration
tolerance level used in this thesis is based on that for wind power, which approximates a

worst-case scenario.
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This tolerance level is not clearly defined — in Denmark, the average grid penetration is
50% and some significant problems have been observed [42]. Weisser et al. [45] mention
in reference to wind that penetrations of 15-20% should not be harmful, while in
Northern Ireland a constraint of 10% was imposed on a recently proposed wind farm.
[106] For the purposes of this thesis, an intermediate value of 15% will be used.
Therefore, momentarily neglecting the effects of storage capacity, the maximum wave
and wind power input value should be no greater than 4.5 MW for Tofino/Ucluelet’s 30
MW grid.

6.4 Wind Resource Data for Comparison

To make a baseline comparison of the suitability of wave energy in the Tofino/Ucluelet
area, the simulation was first run using wind turbines as the producers of renewable

electricity, since their characteristics are better defined and understood.

Environment Canada has data sets [107] for three measurement sites in the general area of

interest, as described in Table 6.1. Figure 6.3 is a map indicating the locations of these

three sites.
| Location Measurement Dates Notes
Amphitrite Point | Jan. 14, 1970 — June 15, 1978 | No recent data
Cape Beale Feb. 16, 1968 — July 1, 1997 On opposite side of Barkley Sound
Tofino Airport Jan. 1, 1960 — Dec. 31, 2003 From 1978 onward, daytime
measurements only

Table 6.1 - Locations and characteristics of Environment Canada wind data in area near Ucluelet
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Figure 6.3 - Three Environment Canada wind measurement sites in the area of Ucluelet (map
modified from [108])

While data from the Tofino Airport is the most up-to-date and has been collected since
1960, after 1977 data has only been collected in the daytime hours, making the data set
useless for the purposes of this study. The Amphitrite Point data would have been the
closest and was indeed recorded 24 hours a day, but the data set ends in 1978, a full decade
before the beginning of the wave data collection at La Perouse Bank. Therefore, in order to

obtain both wind and wave data for the same year, wind data from Cape Beale was used.

To determine the magnitude of the differences between the available data sets, 9-year
averages for each of the three sites (see Table 6.2) were compared over the years 1969
(1970 for Amphitrite Point) to 1978, omitting 1974 due to large gaps in data. The mean
wind speed at Cape Beale is on average 24% higher than at the Tofino Airport. The mean
wind speed at Amphitrite Point, however, is an average of 11% higher than at Cape Beale.

These observations are consistent with the data available from the Canadian Wind Energy
Atlas (CWEA) models, which are numerically-simulated statistical averages of wind
speeds collected between 1953 and 2000 [109]. The mean wind speed values and the
averages of the differences between the Cape Beale data and that of the other two locations

are shown in Table 6.2. The mean wind speed values do not match exactly because the
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Environment Canada data are recorded at a specific location, while the CWEA data are

simulated for a 5 km x 5 km area.

. Average difference with
Location s e Cfpe Beale (%)
EC CWEA EC CWEA
Amphitrite Point 5.61 6.03 +11 % +11 %
Cape Beale 4.68 5.32 - -~
Tofino Airport 3.86 4.46 -24 % -19 %

Table 6.2 - Mean wind speed comparison between Environment Canada (EC) and CWEA
simulations

Since Amphitrite Point is the location closest to any potential wave project, the wind for
this area was of interest. The Canadian Wind Energy Atlas also shows that the wind speed
at Amphitrite Point is on average 11% higher than at Cape Beale [109].

However, no particular site had been identified for potential wind projects in the area.
Consequently, the choice of wind data for use in this thesis was somewhat arbitrary,
particularly since factors such as topography and land roughness [110] can play a large role
in wind characteristics at a given location. The Cape Beale data was deemed suitable for a
first estimate of wind energy, as the mean wind speeds there are roughly halfway between
those of Tofino Airport and Amphitrite Point. The simulations are therefore based on data
which is neither the best-case nor the worst-case scenario. Data for 1996 was used in the

first set of simulations.

6.5 Assumptions

A number of assumptions were made during the implementation of the model, and these

are described in this section.

1. The load profile used for this study was synthesized from the Tofino/Ucluelet

residential load, consisting of 2300 average non-electrically heated homes (see
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Section 5.5).

The waves near the coast of Ucluelet are likely to be spilling breakers, and thus
the energy dissipated during breaking is likely in the range of 40% of the total
wave energy [64]. However, since the actual energy left in the wave when it
reaches the WEC is conjectural at best, without experimental testing at that
particular location, the model errs on the side of caution and assumes a 50%
energy dissipation for the OWCs, which operate in shallow water. This 50%
energy dissipation was approximated by using the following modified value of the
significant wave height:

|

sig(shallow) = \/5 H.vig(deep) (64)

Inserting this value into (3.16), the wave power equation, produces the required
50% reduction since the power is proportional to the square of the significant
wave height. While the actual behaviour of the waves is significantly more
complex and this may not be representative of what actually happens to the wave
height, this rough approximation allows the simulation to account for a reduction

in wave energy in some form.

No energy dissipation was assumed in the case of the Pelamis device, as it

operates in water deep enough to be clear of the surf zone.

The placement of wind turbines over a large area tends to smooth some of the
sharpness of variation in wind power production [111], since the prevailing wind
conditions can vary substantially between regions. However, no attempt was
made in this model to smooth the wave power output from multiple WEC devices.
If in the future, multiple wave farms begin to contribute a substantial amount of
power to Vancouver Island, this type of smoothing could potentially occur, but by
that time, the effects of this will likely already be well known from studies on

wind farms.
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5. Finally, there were no transmission losses included in the model. Although any

transmission cable has a finite resistance and this will contribute to losses, since
there was no particular location in mind for the WEC devices in this project, the
length of cable required would be conjectural at best. In the event that a project of
this nature were to be considered, these losses would need to be accounted for.
This model, then, is a best-case scenario as far as transmission is concerned,

assuming no line losses and a power factor of 1.

6.6 Model Structure

TRNSYS was the software used to run the simulations for this study. Though originally
designed for modelling heat transfer in buildings, over the years it has been adapted to
also allow for the simulation of renewable energy systems. The building block of any
system to be simulated in TRNSY'S is the component, which is a generic model of a
particular system element that can be customized to match the exact characteristics of the
device to be simulated. These characteristics are defined by parameters of the component,
which do not change with time over the course of the simulation. Components are linked
to each other through their inputs and outputs. Version 16 of TRNSYS, the latest version
available at the time of this writing, incorporates several renewable energy components
including fuel cells, electrolyzers, photovoltaic panels, batteries, and wind turbines.
While many of the components proved useful, several components needed to be
developed specifically for this project. The overall model structure is described in the
following sub-section, and the structure of each of the custom components is explained in

further detail in the subsequent sub-sections.

6.6.1 Overall System Layout for Simulation

The system was laid out in TRNSYS as shown in the schematic of Figure 6.4. On the left
are the input files which include the hourly renewable resource data (wind and/or wave,
depending on the set-up), and the hourly load profile for a typical household. In these

simulations, as explained in Section 5.5, the BC Hydro data for an average BC coastal
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home using non-electric heating is used. On the far right of the diagram are the outputs of

the model, usually in the form of graphs with corresponding text files. In this example,
the wave resource file, which gives the significant wave height (Hs;e) and wave period
(Tsig) for each hour, provides the inputs to the WEC device model. The output of this
model is the amount of power generated by the WEC device. This power is then
multiplied by the number of devices to scale the output for multiple identical WECs. The
household load profile and the output power from the WEC device(s) are both inputs to
another set of equations, called “Resource/Load Balance Calculations” in the diagram.
Here the household load profile is scaled up to represent an entire community, and the
difference between the renewable energy input and the residential load is calculated. An
integrator/summation component, marked with “X”, uses these hourly values to calculate
the cumulative values of excess or deficit electricity over the course of the year. The
storage device also uses the net difference of renewable power and load to determine
whether there is excess electricity, or a demand. A detailed explanation of the structure
and behaviour of the storage component is given in Section 6.6.3. Since the storage
component acts as a buffer between the renewable resource and the grid, calculations of
the grid penetration uses output data from the storage component. If no storage is present,
the output of the load calculations becomes the input to the grid equation, which

calculates the grid penetration.
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Figure 6.4 - TRNSYS model structure for WEC system simulation

The following sections describe in detail the two important components in this system —

the WEC device, and the storage component.

6.6.2 Wave Energy Conversion Device Component Design

The WEC device component, shown at the top of the middle column in Figure 6.4, was a
key component necessary for this project, as it was the pillar for the simulation of
systems containing WEC devices. Since TRNSY'S did not come with a WEC device
component, it was necessary to design one for this thesis. Two options were considered in

the fundamental structure of the component.

1. It could be designed to calculate power output analytically using the fundamental

equations at each energy conversion interface.
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2. Power capture curves, which are tables listing the power output of a device for
specific significant wave heights and wave periods, could be given as a parameter
to the component. In this way, the specific energy conversion mechanism and its
corresponding equations are not important to the model. The component’s internal
process would therefore centre around interpolating power output values in the

power capture curves for the given wave height and period inputs.

Each of these possibilities was explored over the course of the thesis research, and these

are discussed in this section.

The original idea was to focus on the OWC and calculate power output analytically given
the equations for energy transfer within the device. The following code structure was

suggested:

1. Get wave data input from input of the model

2. Compute wave power from significant wave period (Tsig) and significant wave
height (Hsig)

3. Determine pneumatic power using non-linear scaling factor defining wave power
to pneumatic power conversion efficiency

4. Interpolate turbine efficiency from plot of efficiency vs. angle of attack (a)) on the
blades, for that specific turbine design

5. Determine power extracted from the air flow using efficiency from previous step

6. Determine electrical power generated using turbine power and generator
efficiency

7. Output the results of electrical power

The main difficulty with this code structure is that it is highly dependent on accurate and
site- or device-specific data. For example, one of the major stumbling blocks is
determining the angle of attack necessary in step 4, to look up efficiency on a graph of
efficiency vs. angle of attack. For the Wells turbine, which is the turbine most commonly

used in OWCs, turbine efficiency is affected by changes in blade sweep [112], blade
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pitch [93], airfoil shape, the presence of guide vanes [113], and the number of rotors [77].

To further complicate the matter, not all OWCs use Wells turbines. The Energetech OWC
uses a Denniss-Auld turbine which has variable-pitched blades [114], and thus the control
strategy of the blades would also need to be known in the model to determine the angle of
attack for efficiency calculations. Even if all this information were known, and the
simulation was possible, it is likely that the simulation results would need to be validated
against experimental data with the exact turbine configuration modelled. This validation

is not possible for this thesis.

Other steps also had uncertainty associated with them. Raju et al. [115] determined that
the entrance geometry of an OWC impacted the efficiency of energy absorption.

Also, since the data available from La Perouse bank was in the form of hourly averages
of key characteristics, a wave spectrum would be needed to synthesize a record of
individual waves to use as an input to the analytical model. No spectral model exactly
matches the real frequency spectrum of the sea state, and there is no one model which is

consistently the best approximation, depending on conditions and time of year [116].

The second option for the WEC device component design, which is implemented in this
research, is to use a known power capture curve as a parameter, treating the actual
mechanism for energy conversion as a black box. This has the advantage of being far less
computationally intensive, and it also allows the same component to be used for any
wave energy conversion device, OWC or otherwise. In TRNSYS, the wind turbine model
is similar in its dependence on a pre-existing power capture curve for a particular make

and model of wind turbine [117].

An external file defining the power capture curve(s) is specified as a parameter to the
component in the project. As the simulation runs on an hour by hour basis, the significant
wave height and wave period are passed to the component as inputs. If the specific
combination of wave height and period do not correspond to a given point in the power

capture parameter file, the power is determined by linear interpolation of the nearest
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values in the power capture file. This process is illustrated in Figure 6.5, showing the

calculations for hour 8668 (1:00 am, December 28).
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Figure 6.5 - Interpolation process within TRNSYS WEC component, showing process for hour 8668
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Earlier, in section 3.7, it was mentioned that tides can affect the operation of shoreline
devices such as OWCs. In the case of the LIMPET OWC, separate power capture curves
exist for low, mean, and high water levels [118]. Since it was the only device in this study
for which different files would have been necessary depending on water level, and since
it would have been necessary to also have a separate input for tide levels, it was decided
to use the power capture curve for mean water levels, leaving the tidal component out of
the model. In the future the model could be refined to include the effects of the tides, if

there is further interest in shoreline devices.

6.6.3 Storage Design

A component was designed for energy storage, based on the operation of the VRB Redox
flow battery. This technology was chosen due to its known round-trip efficiency values
and simple concept. In this way, the simulations could be distanced from the actual
mechanism of energy storage, depending instead on input and output efficiencies to
determine system sizing for both the WEC devices and the storage. If it were later

determined that a hydrogen system will be used for a wave energy project, a preliminary
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simulation could be done using either experimental or calculated efficiencies, and a more

complex model could be substituted into the system simulation once more specifics are

known.

The inputs, outputs, and parameters of the VRB storage component are shown in Table

6.3.

Input

Leftover power once load is serviced (W)

Outputs

Power exchanged to and from storage (W)

Energy stored within the storage component (kWh)

State of charge (%)

Overflow power exchanged with the grid (W)
Parameters

Storage capacity (kWh)

Maximum power in/out of storage at any given time (kW)

Input efficiency (%)

Output efficiency (%)

Off/On (storage or no storage)

Maximum state of charge (%)

Minimum state of charge (%)

In the list of parameters, the storage capacity is one of the main parameters which has

been varied during the simulations. The maximum power in/out of storage, or in other

Table 6.3 - Inputs, Outputs, and Parameters of storage component in TRNSYS

words the maximum rate of charge/discharge of the stored energy, can limit the amount

of electricity which can be provided to the load, even though there may otherwise be

enough stored energy to accommodate the demand. The product of the input and output

efficiencies gives the round-trip efficiency. Since VRB claims a round-trip efficiency of

70-78 % for its VRB flow battery [23], this value was retained for this experiment. Both

the input and output efficiencies were set to 87.5% so that the product, 76.5%, worked

out to be within VRB’s specifications. They were, however, separated into two

parameters in order to allow the flexibility of specifying different input and output

efficiencies.
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While the VRB flow battery is the basis for the storage model, both lead-acid batteries

and pumped hydro installations have similar round-trip efficiencies. Therefore, the results
from using this storage model should be good approximations to the results obtained if

the system were based on lead-acid or pumped-hydro storage.

Also specified by VRB were maximum and minimum states of charge, which were 85%
and 15% respectively. This was also used in the model, and means that the battery cannot
be charged to more than 85% of its capacity, or discharged to less than 15% of its

capacity.

The one input is the difference between the renewable energy produced in a given hour,
and the residential load for the hour. If the number is positive, an excess of renewable
energy exists, and the storage component attempts to store what it can of this excess. If
the number is negative, the load is greater than the renewable energy for the hour, and the

storage component attempts to discharge enough energy to meet the remaining demand.

Four outputs have been built into the storage component. The first is the output power,
which is the electricity exchanged between the storage component and the combination of
load and WEC devices. Unlike the input power, this value can be zero or positive, but not
negative. If there is excess energy from the WEC devices, the storage will attempt to
absorb the excess energy and therefore will not discharge any energy back towards the
load. In this case, the output power will be zero. If there is unmet demand from the load,
and there is available energy stored, the storage component will discharge enough
electricity to either meet the unmet demand, or until the resources of the battery are either
depleted or the discharge rate limit is reached. In these cases, the output power is the
amount of power discharged from the storage unit. This is measured in kW, though since
it is an averaged value over the course of an hour, the amount of energy released from the

battery can easily be converted to an energy value in kWh.

The second and third outputs are status indicator of the energy stored, and the state of

charge of the device. If the system model were to be expanded to more than one type of
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storage, or if for some reason an external system controller component is required, these
outputs can be used in the decision-making of that controller. However, at this point, the
storage component does its own control of charging and discharging, and does not require

an external component to make sure charge/discharge restrictions are not breached.

The last output indicates how much power cannot be accommodated by the storage
system, and is considered the overflow. Like the input power, this value can either be
positive or negative. A positive number indicates how much power remains after the load
is serviced and the storage is filled as much as possible. This is the amount which is fed
to the grid, and contributes to grid penetration. A negative number indicates that the
WEC and storage components together still cannot produce enough electricity to service

the load, so this number indicates how much power would be required from the grid.

This makes up the basic model for energy storage in these simulations. The following

sections provide background information also useful to this study.

6.7 Sensitivity

One of the main areas where the sensitivity of the system is measured is the size of the
storage. In one scenario, the storage capacity is set large enough to be considered infinite,
and the maximum input power limitation is varied to determine its impact on grid
penetration when connected to a wave farm and a load. In a second scenario, the
maximum input power is set large enough to be considered infinite, and the storage
capacity is varied. The two results together provide insight into the design of a storage
system which leads to acceptable penetration levels while minimizing the size of the

storage facility necessary, thus reducing costs.

6.8 Power Capture Curves
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As previously mentioned, the TRNSYS models of WEC devices are dependent on pre-

existing power curves as lookup tables for calculation of output wave power. Figure 6.6
to Figure 6.9 show graphically the power capture curves of each of the four device
configurations to be considered. Figure 6.6 shows the expected power capture curve of
the Faroese LIMPET OWC. Since this power capture curve is based on experimental data
rather than numerical simulation, only 15 combinations of wave height and period were
characterized. The matrix was divided into 15 sections, with each section represented by
a single wave power value. For this reason, the power capture curve for the LIMPET is
not as detailed as for the other devices. For wave periods of 12 — 15 seconds, linear
interpolation was possible for wave heights between 2 — 5 seconds; otherwise, no

interpolation was performed to obtain the matrix in Figure 6.6.

Significant Wave Height (m)
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Figure 6.6 - Power capture curve of Faroese LIMPET OWC [83]

Figure 6.7 is the power capture curve for the Energetech OWC, which shows that
maximum power is obtained from higher wave heights and longer periods. Figure 6.8, the
power capture curve for the UK Pelamis configuration, and Figure 6.9, the power capture
curve for the US Pelamis configuration, show the similar characteristic of better



performance for higher wave heights, though shorter wave periods generate the
maximum power than is the case for the Energetech OWC.

Significant Yave Height (m)

4 5 8 m 12 14 18 18 20
Wave Period (s)

Figure 6.7 - Power capture curve of Energetech OWC [62]

Significant Wave Haight (m)

5 6 7 8 9 10 1" 12 i3
Wave Period (5)

Figure 6.8 - Power capture curve for UK configuration of Pelamis Device [119]
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Figure 6.9 - Power capture curve of US configuration of Pelamis Device [91]

6.9 Summary

In this chapter, the important aspects of the simulation context and model design were
examined. Many assumptions were made to simplify the model, as well as account for
variables which are currently unknown due to lack of information. However,
experimental or numerical data are used whenever possible, such as for the power capture

curves. The following chapter discusses the results which were obtained using this model.



7 Results

7.1 Introduction

In this chapter, the results of the TRNSY'S simulation are presented. The first section lays

71

the foundation, using the wind resource to identify general problems when attempting to

implement renewable energy in this area. Once this baseline is analyzed, the wave

resource is then simulated and compared with wind, to determine the advantages and

disadvantages of wave energy conversion systems. Finally, the wave energy conversion

system is coupled with a storage medium, and its effects on grid penetration are

characterized. The eight main scenarios simulated are summarized below in Table 7.1.

| Resource Device Storage? Purpose I

Wind Enercon E40 No Determine number of devices required to
600/46 service load

Wave | LIMPET OWC No

Wave Energetech OWC No Determine number of devices required to

Wave Pelamis (UK) No service load

Wave Pelamis (US) No

Wave LIMPET OWC Yes Determine effects of storage on grid

Wave Energetech OWC Yes penetration, and determine storage

Wave | Pelamis (US) Yes required for maximum 15% penetration

Table 7.1 - Summary of simulations

7.2 Wind Only

The first step in this analysis was to analyze a system consisting of a grid-tied wind farm

servicing the Tofino/Ucluelet load. This forms the baseline to which wave energy can be

compared. The wind turbine parameters used were from the TRNSYS parameter file of

the Enercon E40 600/46 model, a 605 kW wind turbine. While TRNSYS comes with

parameter files for seven models of wind turbines ranging from 230 kW to 2 MW, the

Enercon E40 600/46 was chosen for its relatively mid-range properties. Figure 7.1 shows
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the power capture curves for all seven turbine models included with TRNSY'S, and in this

figure the Enercon E40 600/46 power curve is illustrated with a bold line.
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Figure 7.1 - Power capture curves for the seven turbine models in TRNSYS

Cape Beale wind data for 1996 was used as a specific test case, as it was the latest full
year for which data was available. Using this Cape Beale data, Figure 7.2 was obtained,
showing both the wind velocity (bottom trace and left axis), and the corresponding power

available from the wind turbines (right-hand axis).
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Figure 7.2 - Wind speed (bottom trace) and corresponding power output from Enercon 40 600/46

While the summer months in the middle portion of the plot show a slightly lower overall

power than in the winter, in general there is no marked summer and winter trends.

When this wind resource was simulated for servicing the Tofino/Ucluelet load, it was
found that considerable support from the grid was necessary to service the load.
Furthermore, when the percentage of annual load serviced is increased, the percentage of
time that the wind system can fully service the load does not increase at the same rate, as
illustrated in Figure 7.3. Even when the total energy produced over the year is equal to
the total energy required by the load, the grid must support part or all of the load 76% of
the time. This is likely due to the dominance of low wind speeds in this area — while the
mean wind speed for Cape Beale in 1996 was 3.6 m/s, the mode was 1.7 m/s, well below
the cut-in wind speed of 2.75 m/s for the E40 600/46. Even when the turbine model was
parameterized as an Enercon E30 230/36, a 230 kW turbine with a lower cut-in speed of

2.0 m/s, the results were not significantly altered.
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Figure 7.3 - Comparison of percent of load serviced with percent of hours of excess power

Figure 7.4 shows the difference between the load and available power for a farm of
Enercon E40 600/46 wind turbines, where excess wind power is positive (above the
horizontal line), and a power deficit is negative, requiring grid power to make up the
difference. Figure 7.5 shows the cumulative value of power transferred to and from the
grid, which is the sum of all the values in Figure 7.4 up to that point. In this thesis, wind
and wave plants are sized such that this cumulative power to and from the grid is as close
to zero as possible. In other words, as much power is transferred to the grid as is taken
from it, over the course of a year. In Figure 7.5, this balance has been achieved with 53 of
the Enercon E40 600/46 turbines. This represents 32 MW of installed nameplate capacity,
which is approximately 3.6 times the peak residential load of 8.8 MW, and over nine

times the average residential load of 3.4 MW.
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Even though it may seem theoretically possible to erect 53 of the turbines and arrive at an
energy balance through the grid, a further problem becomes obvious upon inspection of a
plot of the grid penetration, which is the amount of power fed to the grid as a percentage
of the grid capacity. Figure 7.6 shows the grid penetration plot for the 53 Enercon E40
600/46 turbines. As discussed in the literature review of Chapter 2, significant penetration
of intermittent renewable energies can cause grid disruption, particularly in the more
remote areas with weak grid infrastructure. This simulation represents the best-case
scenario, with:
e Unity power factor — a purely resistive load, meaning that none of the power is
inaccessible due to capacitive or inductive effects, and
e Connection at the Long Beach substation — this is the only location in the area
where the two 15 MVA feeders join to make 30 MVA accessible (see Section 6.2
for description of grid infrastructure).
The penetration of the wind energy averages 7%, and peaks near or even over 100%. This
means that at times, the wind farm is attempting to dump more power than the grid’s total
capacity, neglecting the amount of power which may already be on the lines from other
sources. If the wind farm connects to the grid at any location other than the Long Beach
substation, the penetration values would automatically double, as the feeders towards

Tofino and towards Ucluelet are each 15 MV A rather than the combined 30 MVA.
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Figure 7.6 - Penetration of 30 MV A grid by 53 Enercon E40 600/46 turbines servicing
Tofino/Ucluelet load

If the maximum grid penetration is limited to 15% (see section 7.4.1 for justification of
the use of this number), only 10 turbines can be installed before storage becomes

necessary to buffer the grid from the wind farm.

Clearly, a simple wind-only grid-connected solution is not acceptable due to the problems
with penetration. This area could likely benefit from the addition of a secondary
renewable resource for the times when the wind is calm, and some form of energy storage

is also likely to be a necessity to act as a buffer between the grid and the wind farm.

The next step in this research was to determine the characteristics of a simple wave-only,

grid-tied system, in order to compare the wind and wave systems.

7.3 Wave Only

A grid-tied, wave only system was simulated using the 1995 La Perouse Bank data. 1996

data would have been preferable in order to determine any correlation between wind and



78
wave resources, but the 1995 data set was among the most complete for the La Perouse

Bank buoy — 1996, for example, was missing seven weeks” worth of data.

The system in Figure 6.4 (page 61) was run with four different configurations of WEC
devices:

a) Pelamis (UK configuration)

b) Pelamis (US configuration)

¢) Energetech OWC

d) LIMPET OWC (Faroese)
In all cases, the cumulative total of energy exchanged to and from the grid was brought as
close to zero as possible, though integer numbers of devices were maintained. In the case
where an integer number of devices did not come reasonably close to zero, such as in the
case of the LIMPET, the number chosen was that which led to an excess of energy. Table
7.2 summarizes the results of the simulations. The last column indicates whether 50% of
the energy was assumed to be dissipated due to breaking waves in shallow water, as
discussed in section 6.5. The Pelamis devices operate in relatively deep water and were

thus assumed to be exposed to the full energy of deep water waves.

. . Number Installed 50% Ener
Device Raung Required Capacity Reductiong?y
Pelamis (UK Config.) 750 kW 23 17 MW No
Pelamis (US Config.) 750 kW 15 11 MW No
Energetech OWC 1 MW 12 12 MW Yes
LIMPET OWC 665 kW 16 11 MW Yes

Table 7.2 - Summary of results for grid-connected WEC devices with no storage

Figure 7.7 shows a plot of the output of 15 Pelamis devices of the US configuration, in
red, along with the residential load of Tofino and Ucluelet, in pink. Unlike the wind
resource, the power extracted from the waves shows a significant drop in the summer
period. This also corresponds with a drop in demand over the summer, as is also obvious
from the plot. The wave power is similar to wind, however, in that short burst of high

power output interspersed with periods of low production lead to a variability in power
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output which could be problematic to network operators needing to predict the amount of

generating capacity to have at any given time.
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Figure 7.7 - Output of 15 Pelamis (US configuration) devices compared to Tofino/Ucluelet load

A plot of the penetration, Figure 7.8, for the same system with 15 US-Pelamis devices
supports this claim. The maximum penetration level in this scenario is just under 32%,
which is significantly better than in the case of the wind farm, where penetration at times
theoretically exceeded 100%. However, given that any significant penetration to the grid
can have a negative effect, 32% is still considerable, and further efforts should be made to
reduce this penetration level as much as possible.
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Figure 7.8 - Grid penetration for 15 US-Pelamis devices on 30 MV A grid

Table 7.2 shows a broad range of values for installed capacity, depending on the device.

At the high end is the UK configuration of Pelamis, with approximately 17 MW of

installed capacity required to service the Tofino/Ucluelet load, whose average demand is

3.4 MW. The high number of required Pelamis devices of UK configuration was

anticipated, however, since the UK devices are tuned to different sea state conditions

[91].

On the low end of installed capacity are the LIMPET and the Pelamis (US) devices,

which both needed approximately 11 MW to service the Tofino/Ucluelet load.

Having a smaller installed capacity also means that in cases when the devices are at

maximum output and the load is minimal, the difference between the two, which must be

transferred to the grid, is lower. The penetration levels therefore are expected to be lower

for the LIMPET and US-configuration Pelamis devices, and this expectation was

supported by the simulation results, summarized in Table 7.3.
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; : Maximum Average
i e Penetration (%) Penetratio%l (%)
Pelamis (UK Config.) 17 MW 51.5 3.9
Pelamis (US Config.) 11 MW 31.8 3.6
Energetech OWC 12 MW 352 4.0
LIMPET OWC 11 MW 31.5 3.8

Table 7.3 - Penetration values for WEC devices without storage

Table 7.4 gives the expected approximate dimensions of wave farms with the number of
devices shown in Table 7.2. The Pelamis devices are spaced 150 m apart side by side, and
450 m apart end to end. [89] The Energetech OWCs are 35 m wide, and are also spaced
35 m apart. [62] The value for the LIMPET device is very approximate — the current
LIMPET is 21 m wide and this is the value used for the calculation of the low end of the
LIMPET range of dimensions. However, the power capture curves used for this
simulation are for a future LIMPET device in the Faroe Islands, and its dimensions are
not known. Wavegen has found, however, that a figure of 2-3 kW/m wavefront is the
average electrical output for many devices that they have studied [83]. Ignoring storage
and using the total requirement of the Tofino/Ucluelet area (30 GWh/year), the high
figure in the LIMPET range of dimensions was obtained.

Device Number of Devices Disachsions of Area (kmz)
wave farm

3 3300 mx 120 m 0.40
Felarnits (UK Contig) 23 1050 m x 1260 m 1.32

; 2100 m x 150 m 0.32
Pelamis (US Config.) 15 600 m x 1650 m 0.99
Energetech OWC 12 805 m wide --
LIMPET OWC 16 336 - 1700 m wide --

Table 7.4 - Dimensions of WEC farms

In the case of the Pelamis devices, two sets of dimensions are given. The first
corresponds to a case where the Pelamis devices are all in a single row, side by side. The
second corresponds to a farm containing three rows of devices, or in other words a 5 x 3

matrix of US-type Pelamis devices, or an 8 x 3 matrix of UK-type devices. The OWCs do
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not have calculated areas because the lengthwise dimension is negligible compared to the

widthwide (side-by-side) dimension.

The number of devices which can be deployed without storage, given a maximum grid
penetration limitation of 15%, is shown in Table 7.5. The corresponding value for the

wind turbines from the previous section is also listed for comparison.

Device Number Installed Capacity
Pelamis (UK configuration) 8 6.0 MW
Pelamis (US configuration) 7 5.3 MW
Energetech OWC 5 5.0 MW
LIMPET OWC 8 5.3 MW
Enercon 40 600/46 Wind turbines (see 10 6.1 MW
Section 7.2)

Table 7.5 - Number of devices permitted for maximum 15% grid penetration

When a grid penetration restriction is imposed, the WEC devices and the wind turbines
do not differ significantly in the allowable installed capacity. Therefore, like wind farms,
the WEC devices also require some form of storage to increase installed capacity while

maintaining relatively low grid penetration.

From this point, knowing the size of the wave farm required, simulations were performed
with system designs which included storage as a buffer between the renewable resource
and the grid, with the goal of reducing penetration which servicing as much of the load as
possible. Because the US Pelamis design fared better than the UK design in terms of
number of devices required and penetration levels, the UK design was not considered in

any further simulations.

7.4 Wave System with Energy Storage

The next step in the simulations was to add storage to the wave energy system. The major
part of this work was to determine the response of the system to changes in both the

overall storage capacity, and the maximum power input/output that the storage could
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tolerate. Fortunately, in the VRB flow battery the two are independent of each other, and

therefore each variable could be manipulated separately. The metrics used in the
evaluation of the response were based on the grid penetration of the system, and this was
further split into the yearly average penetration, and the maximum penetration — the

highest one-hour penetration value seen in the simulation.

The simulations whose graphs are presented here were performed using the 15 US-
configured Pelamis devices. The decision to use the Pelamis as the WEC for this
simulation was based on the fact that it is the only one of the three which operates in deep
water, and thus is the only one which does not have to contend with the uncertainty of the
energy loss and wave behaviour of shallow waters off the coast of Ucluelet. Nevertheless,
the results for the other two types of devices will be computed using the same process,
and the final results of the storage requirements for all three devices will be tabulated at

the end for comparison.

7.4.1 Varying Maximum Power Input to Storage

The first set of simulations were performed with the following conditions:
e Storage capacity was set to the total annual electricity generated by the wave farm
— thus making it infinite for the purposes of the simulation
e No changes to load, wave resource, device type or number of devices
e Maximum input power to storage was the independent variable
e Average grid penetration and maximum grid penetration were the dependent

variables

For each value of maximum input power to the storage device, the entire simulation was
run, and the average and maximum grid penetrations over the course of the simulated
year were calculated. These steps were repeated for all ten values of maximum input

power. The resulting plots are shown in Figure 7.9 and Figure 7.11.
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Note that the maximum input and the maximum output powers are assumed to be the

same, so any subsequent mention of maximum power input also implies the maximum
power output. This is based on the fact that VRB flow batteries can be charged at the
same rate they are discharged [40].

Figure 7.9 shows the linear relationship between maximum grid penetration and the
maximum power input level. As mentioned in Section 6.3, the maximum grid penetration
is the single highest penetration value over the course of the entire year. Since none of the
penetration in this set of simulations is due to storage being full, any hourly penetration is
due to a limitation of the power input to the storage. This is illustrated for a sample of 10
hours in Figure 7.10. Any increase in the maximum power input to the storage is
therefore matched by a corresponding decrease in the maximum penetration, producing
the linear effect. The slight deviation from the linear between the last two values on the
plot are due to the fact that the maximum penetration is reduced to zero at some point

between 9 and 10 MW, but is only measured at a value of 10 MW.
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Figure 7.9 - Effect of maximum power input on maximum grid penetration



85

12
Maximum Excess
g T e R g s (o s e S e R ] e Power (1 value in
Input to storage entire year)
reduces maximum
8 4 excess power up to

maximum power input
'

(=]
"

_| Maximum tolerable
grid penetration (4.5 MW)

o
"

Excess Power (MW)

Hour of year

Figure 7.10 - Effect of maximum power input on grid penetration

While the situation with maximum penetration is relatively straightforward, Figure 7.11
demonstrates that the response of average penetration is entirely different. The original

data shows an exponential decay relationship between the average grid penetration and

the maximum input power tolerated by the storage component. More specifically:

1
(MaxPowerInput)*

AvgPenetration o« (7.1)

When the curve in Figure 7.10 is fitted with a 4™-order polynomial trendline, the R? value

is unity, indicating a perfect fit.



86

N
o

- - N
o (¢, o

Average Penetration (%)
o
(6}

o
o

— N ™ < wn (o] N~ © D o
p==S

Maximum Power Input (MW)

Figure 7.11 - Effect of maximum power input on average grid penetration

The conclusion from these results is that the maximum power input should be set to a

level such that:

MaximumExcessPower — MaximumPowerInput < MaximumTolerableGridlnput

(7.2)

With reference to Figure 7.10, this means that the maximum power input should be at
least as large as the span between the two dashed lines. For Ucluelet’s 30 MVA grid, the
maximum tolerable input is 4.5 MVA, if 15% grid penetration is allowed. Also,
increasing the storage size is originally highly beneficial in reducing grid penetration, but
has diminishing returns as the maximum power input begins to approach the maximum

excess power production.

The choice of maximum power input for the storage component, assuming technical
feasibility, would mainly be constrained by the maximum penetration level as seen in
Figure 7.9, in order not to exceed the maximum tolerable penetration set by the utility
operating the grid. In this case, as described in Section 6.3, the maximum tolerable

penetration is 15%.
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7.4.2 Varying Storage Capacity

The second set of results looks at the effects of varying the storage capacity itself. In this
case, the maximum power input was set high enough to be able to absorb the largest
amount of excess power seen in the dataset, effectively making maximum power input
infinite. The results in this case were quite different from those of the previous section. In
Figure 7.12, the effect of the changing storage capacity on the maximum grid penetration
level is shown to be relatively ineffective until a threshold level is hit, at which point the
maximum grid penetration drops dramatically and quickly reduces to zero. The reason for
this sharp drop only becomes clear in the plot of the state of charge of the storage
component. The penetration occurs when the state of charge is at the maximum, and any
attempt to add more energy results in grid penetration as the excess is redirected to the
grid. It only takes a single hour for a reasonably large penetration to register. As soon as
the storage becomes large enough to store that final amount of energy, a dramatic

reduction in the maximum grid penetration is observed.
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Figure 7.12 - Effect of storage capacity on maximum grid penetration

On the other hand, in Figure 7.13 which plots the relationship of storage capacity on the
average grid penetration, a near-linear relationship is observed, except at the extremes of
the graph. The sharp decrease in penetration between the values of 0 and 1 GWh of
storage may indicate that a small amount of storage is sufficient to take care of most of
the small-amplitude differences between the renewable energy produced and the load
serviced. The larger levels of grid penetration, on the other hand, respond gradually and
linearly to larger and larger storage capacities until there is enough capacity to absorb all
the power that needs to be stored at any given hour during the year. In the case of this
system, grid penetration is reduced to zero once the storage capacity is set at 4.345 GWh.
Assuming the same penetration limit of 15% as in the previous section, and neglecting for
the moment the effects of maximum power input, the minimum storage capacity should
be 4.32 GWh, from Figure 7.12.
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Figure 7.13 - Effect of storage capacity on average grid penetration

7.4.3 Optimizing the Storage Option

At this point, the effects of both storage capacity and maximum input power have been
determined. The results from the previous two sub-sections were then simulated together,
in order to eliminate the assumption that either storage capacity or maximum input power
are infinite. Figure 7.14 shows the graph of the penetration over the course of the year,

using a storage component whose maximum input power is 5.1 MW and whose storage
capacity is 4.32 GWh.
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Figure 7.14 - Combined minimum storage capacity and maximum input power values

Since the storage capacity and maximum input power to this type of storage are

independent, through the simulation illustrated in Figure 7.14, it was shown that
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satisfying each variable independently leads to a storage system that overall also satisfies

the grid penetration condition. In the above example, the maximum penetration is 14.8%,

with an average penetration of 0.24%.

Similar calculations were made for the LIMPET and Energetech OWCs. The results of

these calculations are given in Table 7.6.

Storage Maximum Maximum Average
Device Capacity Power Input Penetration Penetration

(GWh) (MW) (%) (%)
: 14.8 0.24
Pelamis 4.32 3.1 (1.8) (3.6)
14.9 0.35
Energetech OWC 5.96 6.1 (35.2) (4.0)
14.8 0.58
LIMPET OWC 3.46 5.0 (31.5) (3.8)

Table 7.6 - Summary of storage characteristics for each device (original values without storage given

in parentheses)
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Unsurprisingly, the storage system required for the Energetech OWC is the largest of the

three, as the original penetrations (both average and maximum) were the highest of the
three. The LIMPET OWC and the Pelamis storage requirements are similar, which is in

keeping with their similar installed capacities.

To put these storage characteristics in perspective, it is useful to make a couple of
comparisons. The maximum power input/output requirements for the WEC devices are
approximately on the same scale as the nameplate capacities of BC Hydro’s smallest
hydroelectric facilities, such as the one at Shuswap Falls (5 MW). However, the storage
capacity required by the WEC devices is much smaller than the average dependable

capability of these hydro facilities, the smallest of which are 30 GWh [3].

While the storage capacity required may be an order of magnitude smaller than what is
typical of a hydro facility, this storage capacity is at the same time well over three times
as large as even the largest VRB flow batteries conceived of by VRB Systems, and over
20 times larger than the largest VRB actually built by that company [23]. These two facts
build a case for the idea of pairing hydro and wave energy together. Rather than
attempting to store as much of the excess wave-generated electricity in a storage device, a
shorter-term, smaller storage could be used to even out fluctuations. With that, hydro
electricity could be used at times when wave energy is not particularly abundant, such as
in the summer, while wave energy could take over during the winter when an excess is
usually available. Determining which proportions of storage to hydro dependence is not
within the scope of this thesis, and is certainly intricately linked to project economics, but

it certainly would be interesting to pursue for future work.

Another option would be to use a smaller storage and either implement a smaller WEC
system, or shut down the WECs during periods of high seas, thus avoiding the high
penetration levels seen at these times. Again, studying this option would involve
extensive simulation and the development of a control strategy, and was thus beyond the

scope of this thesis.
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7.5 Summary

The results presented in this chapter indicate that the scale of a wave energy conversion
system to service the Tofino/Ucluelet residential load range between 11 and 17 MW of
installed capacity, depending on the device modelled. The amount of storage necessary to
keep penetration below 15%, however, is nearly on the scale of a small hydroelectric
facility. While this may be technically feasible, the next chapter gives a brief overview of
the economics, which adds a new perspective to the feasibility of the project both with

and without storage.
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Economic Overview

8.1 Introduction

This chapter is a brief overview of the economics of wave energy conversion projects. It

is not meant to be an in-depth analysis, but rather attempts to give a general idea of the

scale of the project, and to estimate a ballpark figure for the cost of electricity, comparing

this to the status quo of electricity sold by BC Hydro. The general assumptions are first

listed, and a basic discounted cash flow analysis follows.

8.2 General Assumptions

Several assumptions were made in this study to simplify the calculations and

accommodate uncertainties. These are described in the list below.

An 8% nominal discount rate is used. This is the figure used in the UK for its
public sector investments, [11] and BC Hydro used the same number in its
Vancouver Island Generation Project (VIGP) Call for Tenders [120].

The exchange rate for conversion of $US to SCDN is assumed to be a constant
1.2096, which is the March 31, 2005 value quoted by the Receiver General for
Canada [121].

The capital costs are assumed to all be incurred in one lump sum rather than
spread out over multiple years.

Inflation is assumed to be 2.1% per annum [120]. This gives a real discount rate
of 5.8%.

No externalities (e.g., costs associated with visibility impact, noise, and the like)
are included in the cost, as their estimation is vague at best, even with established
technologies [11].

The lifetime of the project is assumed to be 20 years, in line with BC Hydro’s

original estimate for an Energetech wave energy project near Ucluelet [12].
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e No subsidies are included, nor are income taxes. This means that it is assumed
that this project is carried out by BC Hydro, which does not pay taxes, as opposed
to independent power producers (IPPs), which do [122].

e Operation and Maintenance (O&M) are assumed to be 1.5% of the capital cost
annually, which is another assumption used by BC Hydro in its Ucluelet wave
project study. [12] While van Bussel [75] estimates a much higher figure of up to
25% for offshore wind farms, there is no evidence at this point that wave energy
converters are subject to such high O&M costs. Once more commercial wave
farms are in operation, it is likely possible to get a better estimate for this figure.
Until then, the BC Hydro figure will be used.

e All figures will be given in 2004$, as many of the useful figures for this study
come from two reports by the EPRI, [62, 89] both of which use 20048$.

e The electrical output of the devices are considered to be steady over the years — no
variation in output is taken into account at this stage. Harrison et al. [123] suggest
that global warming could contribute to an increase in wave power and a
corresponding decrease in the unit cost of wave energy, but until the rate of
change of wave energy can be quantified, this cannot be included in this type of

analysis.

Now that the general assumptions used in this assessment have been identified, the
following section presents the analysis of wave energy in which these assumptions are
used. Several specific assumptions were made regarding particular values in the analysis,

and these will be noted as they become important in the next section.

8.3 Discounted Cash Flow Analysis

A discounted cash flow analysis was performed for both the Pelamis and the Energetech
OWC options. Little information is available for the costs associated with the LIMPET
OWC, and it was therefore left out of this analysis.
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Table 8.1 summarizes the discounted cash flow analysis for the Pelamis system
disregarding storage, which will be dealt with separately afterwards. Many of the values
used to obtain the total plant cost, the O&M, and the overhaul cost are based on those
from the study done by EPRI on a potential system for San Francisco [89]. Since the San
Francisco system consists of 213 devices, while only 15 are necessary for the
Ucluelet/Tofino area, most of the values were scaled proportionally. The
transmission/grid interconnection and facilities costs, however, remained the same, as

they would not be divisible by unit.

Description of factor Value (SCDN) |

Total plant cost (Capital cost + installation, management) $ 38,652,000

Overhaul and replacement cost, net present value $ 2,405,000

Total of one-time costs (total plant cost + overhaul) $ 41,057,000

Annuitized value of one-time costs $3,516,000

Annual operation and maintenance (O&M) $1,766,000

Total cost per year (annual payments + O&M) $5,281,000

Amount of energy produced per year (kWh) 29,800,000

Cost in $/kWh $0.18

Cost in $/kWh if O&M is simply assumed 1.5% capital cost $0.14

Table 8.1 - Summary of discounted cash flow analysis on Pelamis wave farm

The last line in the table makes reference to BC Hydro’s original calculations, where the
O&M costs were assumed to be 1.5% of the total plant cost. However, when the O&M
costs were further broken down by EPRI in their study of the San Francisco area, the
O&M costs worked out to be higher, approximately 4.5%. Currently, since no large
commercial wave farms exist, this value will be very approximate until real data can
prove what the operating costs of a wave farm might be. Therefore, depending on which
values are used, and using the numbers provided by EPRI, the cost of electricity from a

bank of 15 Pelamis devices near Ucluelet would be between $0.14 and $0.18.

The same calculations were done for the case of 12 Energetech devices. Once again, most
of the figures are adapted from the EPRI report where a hypothetical wave farm was

proposed for the San Francisco area [62]. The results for Ucluelet are shown in Table 8.2.
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Description of factor Value (SCDN) |

Total plant cost (Capital cost + installation, management) $ 40,321,000

Overhaul and replacement cost, net present value $ 1,401,000

Total of one-time costs (total plant cost + overhaul) $ 41,721,000

Annuitized value of one-time costs $3,572,000

Annual operation and maintenance (O&M) $1,797,000

Total cost per year (annual payments + O&M) $5,370,000

Amount of energy produced per year (kWh) 29,800,000

Cost in $/kWh $0.18

Cost in $/kWh if O&M is simply assumed 1.5% capital cost $0.14

Table 8.2 — Summary of discounted cash flow analysis on Energetech wave farm

Interestingly, both the Pelamis and the Energetech options work out to the same cost of
$0.14 to $0.18 per kWh. These are well above the BC Hydro rates of $0.06 per kWh,
though a direct comparison cannot be made without considering all factors such as

subsidies.

In the wave energy figures quoted above, the costs of storage have yet to be considered.
If the VRB flow battery storage is used, as assumed in the simulations, its cost must be
factored into the system cost. Table 8.3 gives an overview of the basic costs of a VRB

storage system. The figures used in these calculations come from VRB Power Systems,

converted to Canadian dollars [40, 124].

Description of Factor ($ C]‘)If\lll/lll:;wh)
Capital costs of VRB system $410
Cost of disposal, adjusted to net present value $118 - $255
Operation and Maintenance (O&M) annual cost $0.01
Total fixed, one-time costs $528 - $665

Table 8.3 - Unit costs, per kWh, for VRB storage

One more assumption was used in the calculations specifically to storage. As mentioned
in the simulation and results chapters, the storage capacity and the maximum power
input/output to the VRB are independent of each other, and the sizing of the storage is
dependent on finding values for both these characteristics. However, the costs of a VRB

system are given only in terms of storage capacity; therefore, the assumption is that the
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costs associated with including a large enough maximum power input are included in the

storage capacity costs, as the figure given is for the whole system and not just the

electrolyte itself. Table 8.4 illustrates the calculations made only for the best case

scenario, i.e., the smallest storage capacity required by any of the devices in the storage

simulations. In this case, it is the Pelamis devices, at 4.32 GWh (4.3 x 10° kWh) which

require the smallest storage.

| Description Unit Cost (SCDN) | Value (SCDN) |

Storage cost, with most expensive disposal $665 / kWh $2,870,000,000
Storage cost, with cheapest disposal $528 / kWh $2,280,000,000
Storage cost, ignoring disposal $410/kWh $1,770,000,000
Cheapest of the three options: no disposal $410/ kWh $1,770,000,000
Annuitized over 20 year project lifespan -- $152,000,000/year
Total annual cost of Pelamis with storage -- $157,000,000/year
Cost per kWh, assuming 29.8 GWh/year -~ $5.27 / kWh

Table 8.4 - Costing the storage option for the Pelamis devices

Adding VRB storage leads to a massive increase of nearly 30 times the original cost

without the storage, and this is the best-case scenario, where disposal costs are entirely

omitted and the smallest storage is used. The largest storage, required by the Energetech

device, would lead to a cost of over §11 per kWh. Including the cost of disposal would

significantly raise the cost again.

8.4 Summary

From these calculations, it is conceivable that with subsidies, process improvement, and

economies of scale, wave energy conversion could eventually become competitive with

other forms of energy generation. However, attempting to use storage such as a VRB to

buffer such a system with a constraint of 15% maximum grid penetration would be highly

impractical, both technically and financially. Therefore, the possibility of using wave

energy in conjunction with hydroelectric facilities, as mentioned at the end of Chapter 7,

merits further investigation.
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9 Conclusions

The object of this study was to determine how much wave power can feasibly be converted
for use in servicing the residential load in the Tofino/Ucluelet area of Vancouver Island,
and the impacts of such an undertaking in terms of infrastructure. To generate useful
information which could be used to answer the question, the problem was broken down

into three main sections.

First of all, the magnitude of the energy resources available and the load to be serviced
were determined. BC Hydro’s real monthly data for the Tofino/Ucluelet area loads were
combined with the hourly load of a typical coastal BC residence in order to generate hourly
data for the entire area. The residential load was chosen for its similarity to the resource
profile of wave energy, which is higher in winter and lower in summer. The wave resource
was determined by using data collected from an Environment Canada buoy at La Perouse
Bank, approximately 34 km off the coast of Ucluelet. At a depth of approximately 75 m,
this buoy is considered to be in deep water and the measurements are thus directly used to
determine wave power for deep water devices such as the Pelamis. For shallow or shoreline
devices, such as the OWCs, the wave height values were modified such that the calculated
wave power was one-half its original value. This 50% figure is an estimate for the amount

of energy dissipation as the water enters shallow water.

Three types of wave energy conversion devices were studied — the Pelamis “sea snake”,
which uses the flexion of its joints and hydraulics to produce electricity, and two types of
OWCs — the LIMPET, which is one of the older research projects in wave energy
conversion, as well as the Energetech OWC, a device which is just entering the
commercialization stage. Models of these devices were used in system simulation in the
TRNSYS software. A system model using wind energy was also run in TRNSYS, in order
to give a baseline comparison with a better-known technology. A storage component model
was later developed, to be used as a buffer between the irregular output of the WECs and

the grid, which can be sensitive to the large power swings.
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Finally, the economics of wave energy projects and the associated storage were briefly
examined in broad terms. While the analysis is far from rigorous and many uncertainties
exist in the figures, the purpose was to determine a ballpark figure for the cost of electricity

generated from wave energy.

9.1 Conclusions from Simulations

9.1.1 Key Findings for Model Scenarios

The following conclusions are specific to the scenarios modelled in the simulations.

1. The installed capacity of wind turbines required to service the load was found to
be 32 MW, while the installed capacity required for WECs was between 5 and 17
MW, depending on the device. Furthermore, while the grid penetration for the
wind-only system at times exceeded 100%, the worst-case scenario for wave

energy was just over 50%.

2. Despite having lower grid penetration than wind, the grid penetration levels for
wave are still unacceptable. Acceptable values vary, but are usually in the range
of 10-20%. Therefore, in order to have a wave power generation facility capable
of producing enough electricity to service the entire Tofino/Ucluelet residential

load, some form of energy storage is necessary.

3. With maximum grid penetration constrained to 15%, the system storage capacity
required was between 3.46 and 5.96 GWh. These values are larger than any VRB
ever built and the maximum input/output powers were in the rémge of some of the

nameplate capacities of BC Hydro’s smallest hydroelectric facilities.

The maximum input/output power was found to be directly dependent on the
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single largest hourly penetration value in the dataset, while the storage capacity

was generally linearly dependent on the average grid penetration.

Using VRB storage as a buffer between the WEC devices and the grid is
economically infeasible at this scale. Options include coupling the WEC farm

with hydroelectric facilities, or reducing the scale of the WEC system.

General Wave Energy Conclusions

The residential load profile for temperate areas such as Vancouver Island
correlates well with the wave energy resource availability, as both peak in the
winter months. Wave energy is therefore a good candidate for servicing

residential loads in this area.

The cost of wave energy (without storage) was found to be high, but not
unreasonable, being in the range of $0.14 - $0.18 per kWh. This is high compared
to BC Hydro’s rates of $0.06 per kWh, but these cannot be directly compared due
to differences in assumptions, particularly relating to possible government

subsidies for renewable energy.

Conclusions Regarding Model

Several issues have been identified with the model, which would need to be overcome to

develop more accurate information on which to base decisions.

1.

Wave data for shallow water should be collected at any specific location where a
shallow-water (or shoreline) WEC device installation is proposed. It would be
beneficial to know the wave climate characteristics more exactly before beginning

simulations or other preparation for a project of that nature, to reduce the number
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of assumptions and approximations.

2. Experimental power capture curves for full-scale devices would be useful to
obtain more accurate predicitions of device behaviour. Difficulties in comparing
devices occurred in this research due to availability of power capture data,
particularly experimental data. This lack of data is due to the small number of
existing WEC devices, as well as the proprietary nature of information on

commercial or pre-commercial devices.

9.1.4 Summary

Given the above conclusions, and keeping in mind the shortcomings, it can be concluded
that while wave energy conversion technologies are nowhere near mature, a significant
potential exists for the extraction of wave energy off the coast of Vancouver Island for a
relatively reasonable cost. However, the problem of finding reasonable and compatible
storage remains, and should be an important factor in any decisions to implement large-

scale wave energy projects.

9.2 Future Work

This thesis has been a first step in determining the viability of wave power on Vancouver
Island, but there is still much work that can and should be done before wave energy
projects should proceed. First and foremost, as mentioned in the previous section, storage
is an important issue, and further study is required to determine solutions which are both

possible and economically viable.

The economic analysis was not a focus of this thesis, and since the attractiveness of this
type of project to investors is highly dependent on its economics, it is important to
conduct a more thorough and detailed investigation into the costs and sensitivies of the

factors contributing to the overall cost of electricity produced from wave energy.
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The wave climate in the area, while quantified somewhat in this thesis, could use a
detailed investigation into shallow-water behaviour, as well as further study regarding the

changes of the wave climate over a number of years.

None of these hurdles should prevent Vancouver Island from someday tapping into its
8.25 TW of average wave energy. However, one final important factor which should not
be overlooked but is beyond the scope of this thesis is energy policy. No wave energy
projects are currently on the drawing board in Canada, and it is up to engineers, policy
makers, economists, and a variety of others from multiple disciplines to come together

and find a way to make it happen.
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