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ABSTRACT

Aim. There were two aims: (i) To characterise the wave climate for a domain off the
coast of County Clare adjacent to Loop Head which is an area of interest for ocean
energy development in Ireland. (ii) To use the findings from a wave climate
modelling study conducted to achieve the first aim, and build upon an earlier TCD
study to investigate design parameters which may influence the survivability and
feasibility of potential subterranean oscillating water columns (SOWCs) installed at
Loop Head.

Method. To achieve the first aim, a 374 generation spectral wave model for a domain
off the coast of County Clare adjacent to Loop Head was developed, calibrated and
validated using DHI's MIKE 21 spectral wave modelling software along with sea
state, met-ocean and bathymetric data from a range of sources. To achieve the
second aim, factors affecting SOWC wave energy converter design were investigated
and used to determine bounds for chamber design. A numerical hydrodynamic
model of a SOWC wave energy converter was developed with a boundary element
method code, WAMIT. The model was benchmarked by comparing its performance
with those of similar small scale tank tests. The effects of altering two design
parameters (chamber width and front wall thickness) which have implications for
SOWC survivability in extreme sea states as well as SOWC performance were
evaluated at two potential sites: Arch point and the tip of Loop Head. The upper
limit for mean annual power and capture width ratio were used as performance
indicators. The research programme was informed by a selective literature review

and a preliminary site viability study and survey.

Results. A 3rd generation spectral wave model for a domain off the coast of County
Clare adjacent to Loop Head was developed which yielded information on a range of
indices including annual mean wave power, exploitable wave power, maximum
wave height, percentage occurrence of a range of sea states and wave directionality at
off-shore, near-shore, and on-shore locations. For these regions, results were
presented using several graphical methods including bar charts, time series graphs,
scatter plots and wave roses. Percentage occurrence of each sea state was presented

using scatter diagrams. Output from this spectral wave model facilitated an
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assessment of performance for each SOWC chamber design at Arch point and the tip
of Loop Head. The tip of Loop Head possessed higher mean annual and exploitable
wave power values compared with Arch Point. However both exhibited similar
values for the most commonly occurring range of energy periods for all depth
contours. This information is central to the design and efficiency of a given SOWC
wave energy converter. Regarding the second aim of this research programme,
numerical modelling of numerous SOWC chamber designs showed that within
established SOWC chamber design bounds, the highest level of absorbed power was
achieved when exposed to the annual wave conditions at the tip of Loop Head. This
was based on an 11 m wide chamber with a front wall thickness of 4.8 m. Increasing
front wall thickness and reducing chamber width beyond such values were
associated with comparative losses in SOWC annual power production at Arch Point
and the tip of Loop Head .However, the literature review indicated that these SOWC
chamber modifications would be associated with increased survivability of SOWCs

exposed to extreme sea states.

Conclusions. The spectral wave model developed in this research programme will be
useful for future wave energy research on the west coast of Ireland. Results from this
model indicate that the domain off County Clare possesses an exploitable resource
with promising levels of energy for potential wave energy projects. They also show
that the near-shore and on-shore environment in this domain maintains good levels
of power with relative filtering of extreme waves. Both Arch Point and the Tip of
Loop Head possess favourable annual mean wave power values relative to
established European wave energy test sites. With respect to the second aim, this
thesis provides useful information on SOWC design features that may help guide
prospective developers towards possible solutions to the inherent challenges of
SOWC refinement and installation highlighted in this thesis. The optimal design for
SOWC:s involves balancing parameter values that favour performance with those that

favour survivability.
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Chapter 1 Introduction

Chapter 1
INTRODUCTION

1.1 INTRODUCTION

The source of our energy supply, now and in the future, is a central concern for
society. World-wide demand for electricity is expected to rise by 40% within the next
20 years (BP, 2010; IEA, 2009). Since 2001, Ireland has been approximately 90%
dependent on imported fossil fuels. A report on Ireland’s energy security published
by Sustainable Energy Authority of Ireland (2011) highlighted that Ireland’s energy
security is declining due to the diminishing supplies of oil and gas in the EU and
OECD. In line with this, the cost of importing fuels is set to rise continually into the
future. Although the recent developments in fracking technology and shale gas
presents an opportunity for Ireland to become less dependent on importing fossil
fuels, there are serious concerns that the exploitation of this resource could cause
widespread pollution and other environmental issues on many levels (Hewitt, 2012;

Jones et al., 2013; Walter, 2010).

There is also recognition that CO, emissions from fossil fuels contribute to climate
change. The fifth report by the Intergovernmental Panel on Climate Change (IPCC),
published in 2013 has raised the probability that most global warming is manmade to
95%, from 90% in its previous report in 2007 (IPCC, 2013). The report is based on
contributions from over 900 scientists, which links the increasing global temperatures
to unprecedented rises in the concentration of CO; in the atmosphere. CO; levels
have risen from 280 parts per million (ppm) in pre-industrial times, to 400 ppm as of
May 2013 (Dossey, 2013).
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To combat this, international policy measures including the Kyoto Protocol have
been put in place with an aim of moving towards a low carbon economy. As part of
the Kyoto Protocol, Ireland agreed by 2020 to reduce greenhouse gas emissions by
20% compared to 2005 levels (European Commission, 2008). Linked with this
agreement, Ireland has set a target that 33% of its electricity will be generated from
renewable resources by 2020 (Dept. of Communications, Marine and Natural

Resources, 2007).

The sources of renewable energy planned to contribute to this target are wind,
hydropower, biomass, solar, geothermal, tidal and wave. Each of these resources,
along with their technical barriers and 2020 targets, are discussed in relation to
Ireland by Rourke et al. (2009). This comprehensive review paper indicates that the
greatest levels of available renewable energy in Ireland are associated with wind and
wave. Given the maturity of the wind industry in comparison to the emerging ocean
energy industry, on shore wind is set to be the predominant source of renewable
energy used to reach the 33% electricity targets. To support this plan, dynamic power
generation is required, which employs smart electrical grids to appropriately balance
this intermittent energy source with reliable energy sources provided by
hydropower, biomass and fossil fuel plants. This process is known as load balancing
and is essential for a stable and reliable supply of electricity to meet demand. To
balance sudden and unexpected drops associated with electricity generation via
wind, operating reserve is needed. This is the generating capacity available to an
electrical grid operator within a short interval of time to meet demand in case there is
a disruption in the supply. Higher risks of sudden unexpected drops in the electrical
network increases the necessary operating reserve, which often requires further
electricity generation via fossil fuels. Hence, the uncontrollable nature of wind
power negatively impacts their effectiveness in reducing the requirement for thermal
plants (Fusco et al., 2010). This can affect the environmental benefits that wind power
sources intend to bring (ABB, 2012).

Although wave energy is still at a nascent stage, research on the pattern of power
production of combinations of co-located wind and wave technologies, based on real
power productions, has shown that joint production provides more stable power

outputs than wind technologies working individually. Studies based on Ireland
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(Fusco et al., 2010), Denmark (Soerensen, 2005) and California (Stoutenburg et al.,
2010) along with a European research effort (Cradden et al., 2011) describe the
advantages of supplementing wind energy with wave energy to improve the
reliability and decrease the variability of power production.

Unlike many countries that are implementing wind power to meet their renewable
targets, Ireland possesses an enviable wave resource as shown in Figure 1.1. A recent
study on the wave climate off the west coast of Ireland has shown the average annual
wave energy to be approximately 71 kW/m at the 100m depth contour (M. Curé,
2011).
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Figure 1.1 Global mean annual wave power estimates (kW /m) obtained from the WAM archive of the
ECMWEF calibrated and corrected with Fugro OCEANOR against a global buoy and Topex satellite
altimeter data base. Source:(Cruz, 2008)

Fusco et al. (2010) showed how the West and South coast generally experience large
swell waves which have little correlation with the local wind conditions and also
possess less variability. Hence, the two resources can appear different at times and
the integration of wave with wind facilitates a more reliable, less variable and more
predictable electrical power production. Although the two resources complement
each other and Ireland benefits from a particularly abundant wave energy resource,

an economic means to extract this resource has yet to be proven.
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1.2  OCEAN WAVE ENERGY

At present the wave energy industry is at a pre-commercial stage. It is the harsh
environment and extreme sea states associated with locations that possess favourable
wave energy levels which present a challenge to successful development of a wave
energy converter. The cost of over-engineering designs to survive exceptional storms
can lead to excessive capital costs. Additionally, uncertainties related to the
survivability of wave energy conversion technologies can reduce investor confidence.
This directly affects the financial support available to confidently progress the wave
energy converter through a structured technology readiness level development plan
which outputs a marketable wave energy converter (Nielsen and Holmes, 2010).
Nevertheless, ambitions to develop wave energy remain, both internationally and in

Ireland.

At the International Conference on Ocean Energy (ICOE) 2012 held in Dublin, Dr.
Eddie O’Connor, co-founder and chief executive of Mainstream Renewable Power,
founder of Airtricity and former chief executive officer of Bord na Ména presented
his vision for the wave energy industry in Ireland. He emphasised that ‘It is Ireland’s
greatest carbon free renewable energy resource, which could deliver a sizeable
enterprise sector in the process of achieving a low-carbon economy. Although
commercialisation of this technology is a challenge, we must envisage our ambition
for many years in the future as well as taking the preparatory steps now to achieve

this ambition’.

Dr.O’Connor also drew parallels with the wind industry. During the start of the
wind industry’s development curve, a number of wind turbine concepts evolved to a
leading design. Subsequently, advancements in each element of wind turbine
technology relating to materials, control, power take off, construction etc. led to a
more reliable cost effective technology. This process was aided by the creation of
standardised methods for project development. The wave power industry is now

following in these footsteps.

Many governments around the world, including Ireland, have been drawing up
policies for development for wave power amongst other renewable energies. With

appropriate support from the Government and governing bodies and action by the
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industry, power utilities and regulators, an annual output from wave energy sources
in Ireland between 20 TWh (lower estimate) and 120 TWh (higher estimate) could be
expected by 2050 (Sustainable Energy Authority of Ireland, 2010). Although
investment in the wave industry is still uncertain, the Marine Renewables Industry
Association (MRIA) stated that by 2030 a fully developed island of Ireland ocean
energy sector, providing for home and global markets, could produce a total Net
Present Value (NPV) of around €9 billion and many thousands of jobs. To help move
these aspirations towards reality, further commitment by involved parties would be

required.

There are different philosophies and design strategies for future wave energy
conversion technologies. One Irish marine energy developer prioritises the
requirements, favourable qualities and limitations for a Wave Energy Converter
(WEC) and its deployment site, as follows:

‘Survival is paramount. Full marine insurance is a prerequisite typically based on the
100-year extreme seas and for the anticipated life of the project. Any device should be
capable of an operational lifetime of 20+ years. Maintenance costs should be
minimised. Economics dictate that electrical power output be as great as practicable.
Regarding site selection, deep waters possesses higher wave energy. As with any
natural resource, economics tend to favour the richest and most accessible locations.
With wave energy levels of circa 40 kW/m, installed capacities of at least IMW
would be justified: anything less implies heavier unit costs for deployment,

moorings, grid connection and servicing.”

The latter point is in line with a recent paper outlining maximum power capacities
of leading wave energy conversion technologies (Babarit and Hals, 2011). This paper
also estimated that the upper limit of wave power absorption for a single off-shore
heaving WEC is circa IMW with a capture width of 30-50 m when exposed to annual
average resource of 20-30 kW/m. As the eventual national targets for wave energy
production are in the region of 20 to 120 TWh, it can be seen that numerous WECs
would be required. The necessary scale of WEC installation, along with a range of

other factors, influences decisions regarding the sites for their location.
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1.2.1 Wave Energy Sites
There are three domains associated with wave energy conversion, off-shore, near-

shore and on-shore, shown in Figure 1.2.

Off-shore Near-shore On-shore

Figure 1.2 Cross sectional view of off-shore, near-shore and on-shore domain with approximate depth
ranges based on wave conditions off the West Coast of Ireland.

There are advantages and disadvantages associated with each of these sites, as
follows. To achieve national targets for wave energy, WECs deployed in large arrays
are required (Sustainable Energy Ireland Authority of Ireland, 2010). Considering the
scale and space requirements of these arrays, it is evident that these wave farms need
to be predominantly located at near-shore and off-shore locations rather than on-
shore. Off-shore sites would particularly allow for large farm sizes and the placement
of several farms in close proximity. Thus in this respect, off-shore sites would be
most advantageous. Also the highest wave energy values are recorded for off-shore
sites (McCullen, 2005). A disadvantage associated with off-shore sites, is the potential
for extreme sea states to damage the WEC installations. Also their distance from
shore directly increases costs for installation of infrastructure and issues related to

access and maintenance.

With respect to near-shore sites, their proximity to land affords lower costs for these
aspects and they may be more sheltered from extreme waves. However, near-shore
arrays may need to be of a smaller scale than those off-shore and may be visible from
land, and thus subject to planning and consent problems due to visual impact.

With respect to the on-shore domain, the level of wave power reduces as water depth
decreases, which reduces the economic attractiveness of such sites. However, the
loss of power is relatively small up to a water depth of approximately 10 - 15m
(Folley and Whittaker, 2009). Therefore, if it is possible to identify shoreline locations

that possess a minimum water depth of 10-15m with a favourable wave energy
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resource, it increases the viability of the site. Additionally, in this depth range, the
reduction in wave power levels is due in part to filtering of extreme sea states, which
could improve the survivability of devices at this location. Furthermore, it is of note
that the energies associated with extreme sea states in off-shore sites are not
exploitable, as in these conditions WECs are shifted into a protective non-operational
mode (Smith et al., 2012). Thus the actual difference between the useable energy of
open seas versus deep-water shoreline sites is not as great as it can first appear. The
quantification of the exploitable resource at shoreline sites is central to the feasibility

of a shoreline location.

Overlooking planning permissions and consenting, the next issue concerns cost
effective construction of a suitable means to extract wave energy at shoreline sites.
Previous shoreline projects have shown in-situ shoreline construction to be difficult
and expensive (Heath, 2003; Neumann et al., 2007). This has been due to the
construction of a typically concrete structure in a volatile shoreline environment
coupled with the strong structural requirements to withstand violent waves
(WaveNet, 2003). At the time of these constructions, the lack of commonly accepted
approaches to estimate the impact loads on these structures caused by breaking
waves increased uncertainty with respect to economic and safe design. Since then
European and US efforts have delivered standards (Oumeraci et al., 1999; U.S. Army
Corps of Engineers, 2002) that provide more widely accepted approaches for
achieving this. Overall, in the context of construction costs, the opinion shared by
shoreline wave energy converter evaluation reports encourages a concept shift in

construction techniques (The Carbon Trust, 2005; WaveNet, 2003).

Regarding the performance of shoreline wave energy conversion, it will be seen in
later sections that it is important to design the wave energy converter based on the
wave climate at the deployment site. In previous shoreline wave energy converter
projects, it has been challenging to accurately characterise wave conditions at coastal
locations. Issues with respect to inaccurate seabed mapping and wave climate
predictions at shoreline locations can cause suboptimal WEC design and
performance (Wavegen, 2003). Few wave measurement buoys have been deployed
at coastal sites of interest for a sufficient period of time to accurately characterise the

wave climate. Regarding numerical wave climate modelling, the challenge stems
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from the complex near-shore and coastal processes (depth induced friction, depth
induced breaking, triad interaction etc.) that prove difficult to model without the
necessary resources. If it is possible to reduce the uncertainty at coastal areas with
water depths greater than 10 - 15 m, this could facilitate the development of
appropriate WEC design at these potentially viable shoreline locations.

Finally, it should be acknowledged that many favourable shoreline sites are located
in areas of natural beauty, where such wave energy conversion structures would be
strongly opposed on environmental and tourist trade grounds. Such important
political and social factors may limit the potential for extracting ocean wave energy

by appending structures on to coastlines.

1.3 RATIONALE

Of all the various advantages and disadvantages of the different locations for WECs
described above, the factor which is most influencing the direction of current
development is the potential for installing WEC arrays on a large scale, in off-shore
and near-shore sites; particularly off-shore, given the expansiveness of this domain.
However, there are reasons for continuing to explore the energy production of all

marine domains, including on-shore sites.

Earlier in this chapter, the concept of combining wind and wave power was
discussed. It is possible that renewable energy projects may entail both wind and
wave farms in a given region, supported by development of various types of
infrastructure, such as electrical grid power take-off systems, resources to facilitate
access and maintenance, personnel supports etc. In order to maximise use of such
infrastructure, it would be beneficial to tap into all opportunities for energy
production within the area concerned. Furthermore, bringing as many different
installations as reasonably possible into one system may potentially improve the
continuity of even power supply. Therefore where there are regions off the west coast
of Ireland which have become designated for developing marine energy, it would
be useful to explore all aspects of the wave resource adjacent to them with a view to
possibly developing other installations that could be channelled through shared
infrastructure.
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It is of note that there are areas off Killard Point and Spanish Point, Loop Head, Co.
Clare which are being investigated for installation of WEC farms, in both off-shore
and near-shore domains. This is linked with the WestWave project (Slevin et al.,
2011) which is a pre-commercial wave energy project being developed by ESB in
partnership with a number of wave energy companies. At the outset of this thesis, the
wave resource off the surrounding areas had undergone basic wave climate analysis.
This was compiled as part of the “Accessible Wave Energy Resource Atlas for Ireland
(McCullen, 2005)". However, the level of detail in this is relatively limited. Therefore
there was reason to further investigate the wave climate in this area. Earlier in this
chapter the drawbacks associated with shoreline WECs thus far were outlined.
However, if adaptations were made to overcome these disadvantages, shoreline
installations may yet be feasible particularly in a marine domain adjacent to planned
WEC development. It is in that context that the subterranean oscillating water
column (SOWC) wave energy converter was considered as the research subject for

this thesis.

1.4 THE SUBTERRANEAN OSCILLATING WATER COLUMN WAVE ENERGY
CONVERTER

A SOWC wave energy converter is a version of an oscillating water column (OWC)
wave energy converter, which is constructed within a cliff. For details of its
operation, see Section 2.3.2. A SOWC and its power conversion processes are

presented diagrammatically in Figure 1.3 below.

Cliff Face

Incident | Pneumatic 'Mechanical | Electric
_ Power © Power  Power Power

Sea Level

1. Ocean waves impinge upon the OWC chamber;

2. This causes the water column within the
chamber to oscillate which compresses &
expands the inner air mass;

3. This induces alternating air flow within the
chamber.

4. The bi-directional air flow actuates a turbine
linked to an electric generator.

e

Figure 1.3 The SOWC wave energy converter (left) and power conversion process (right).
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As the SOWC is concealed within a cliff it may be more visually acceptable than
other shoreline devices. Also this concept can afford access to water that is relatively
deep, in comparison to other shoreline technologies. This in turn allows access to a
greater wave energy resource with the associated potential of greater energy
production than that achieved by other shoreline devices in shallower positions.
Furthermore, there are possibilities that its construction costs may be lower and its
survivability greater compared to some other WEC installations. Also the
development of sophisticated 3t generation spectral wave models coupled with high
performance computing has significantly increased the level of accuracy that can be
achieved in near-shore and coastal wave energy resource assessments, thus

facilitating investigation into the feasibility and design of shoreline devices.

Previous investigative work has been carried out on the feasibility and performance
of SOWC wave energy converters in Ireland, headed by the Trinity College Dublin
School of Business Studies, funded by the Marine Institute (Marine Institute, 2000).
This research showed that the use of established tunnelling methods could be
applied to construct SOWC chambers within ocean facing cliffs. The technique was
explored in relation to a potential site at Loop Head, Co. Clare. The findings of this
research showed that the approach held promise (HMRC, 1997). The outcomes were
presented in two Colloquia held in Dublin (TCD, 1996; 1997) which were published
in summary form by the Marine Institute (Marine Institute, 2000). It was noted above,
that an area of interest for marine energy is located at Loop Head, Co. Clare and that
further mapping of wave energy resources in adjacent areas may be useful. It is also
noted that the site identified by Trinity’s earlier study on SOWCs was Loop Head,
which is also adjacent to this area. Therefore the mapping exercise would assist in the
process of building on the Trinity study to further investigate the feasibility and
design of SOWC installations at Loop Head.

1.5 RESEARCH AIMS AND OBJECTIVES

The research programme described in this thesis had two main aims. The first aim
was to characterise the wave climate for a domain off the coast of County Clare
adjacent to Loop Head, as this is an area of interest for ocean energy development in
Ireland. The second aim was to use the findings from a wave climate modelling

study conducted to achieve the first aim and build upon an earlier TCD (Marine

10



Chapter 1 Introduction

Institute, 2000) study to investigate design parameters which may influence the
survivability and feasibility of potential SOWCs installed at Loop Head.

The first aim of characterising the wave climate for a domain off the coast of County
Clare adjacent to Loop Head entailed the following specific objectives.

e To develop and calibrate a 3rd generation spectral wave model for on-shore,
near-shore and off-shore domains off Loop Head

e To assess wave power levels off the County Clare coast from off-shore to
near-shore and on-shore domains (for the purpose of this thesis, this area is
referred to as the ‘Clare Domain’)

e To determine the wave climate characteristics in regions adjacent to Arch
Point and Loop Head extending from depths of approximately 80 m to the
cliff base

e To establish the percentage of occurrence of each sea state at locations in the
off-shore, near-shore and on-shore areas of the Clare Domain

e To establish the percentage of occurrence of each sea state at specific SOWC

sites (Arch Point and the tip of Loop Head).

The second aim of using the findings from a wave climate modelling study
conducted to achieve the first aim and build upon an earlier TCD study (Marine
Institute, 2000) to investigate design parameters which may influence the
survivability and feasibility of potential SOWCs installed at Loop Head was achieved
by pursuing the following objectives:
e To investigate factors affecting subterranean oscillating water column
(SOWC) wave energy converter to determine bounds for chamber design.
e To develop a numerical hydrodynamic model of a SOWC wave energy
converter
e To validate this model by benchmarking it against tank testing data
e To validate this model by benchmarking it against a hydrodynamic model of
the full scale Pico OWC (Brito-Melo et al., 1999)
e To use a hydrodynamic model to identify trends in efficiency associated with
changes in SOWC design parameters which may be necessary to promote the
survivability of these WECs in their potential locations at Arch Point and the

tip of Loop Head.
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1.6 THESIS PLAN

In this thesis, relevant literature on wave energy converters, wave climate modeling
and hydrodynamic modeling will be reviewed in Chapter 2. The research
programme described in later chapters was conducted at Loop Head. To check that
this location was appropriate for wave energy project development, a preliminary
site viability study and survey were conducted. These will be presented in Chapter 3.
In Chapter 4 the spectral wave modelling methodology used in this research
programme will be described. This will be followed in Chapter 5 with the results of
the spectral wave modelling which indicates characteristics of the wave energy
resource at Loop Head. This chapter is particularly relevant to the first aim of the
research programme: to characterise the wave climate for a domain off the coast of

County Clare adjacent to Loop Head.

The design of SOWC wave energy converters, and factors affecting SOWC chamber
design, will be considered in Chapter 6. This will be followed in Chapter 7 with a
description of the numerical modeling and hydrodynamic analysis procedures used
to assess SOWC design performance at particular sites around Loop Head. This
chapter is particularly relevant to the second aim of the research programme to use
the findings from a wave climate modelling study conducted to achieve the first aim
and build upon an earlier TCD study (Marine Institute, 2000) to investigate design
parameters which may influence the survivability and feasibility of potential SOWCs
installed at Loop Head. In Chapter 8 the results of the research programme will be
discussed with reference to its overall aims and objectives. Limitations of findings
will also be critically appraised in this closing chapter before considering future

research priorities in this field.
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Chapter 2
LITERATURE REVIEW

In this chapter literature relevant to the aims and objectives of the research
programme described later in this thesis will be reviewed. This programme aimed to
(i) characterise the wave climate for a domain off the coast of County Clare adjacent
to Loop Head and (ii) use the findings from a wave climate modelling study
conducted to achieve the first aim and build upon an earlier TCD (Marine Institute,
2000) study to investigate design parameters which may influence the survivability
and feasibility of potential SOWC:s installed at Loop Head. The literature review in
this chapter will be prefaced by a discussion of factors influencing the feasibility of
WECs and best practice standards in this area. Reasons for selecting the type of
methodology employed to investigate potential deployment sites, their wave climate,
and the interaction of the wave climate with SOWC chamber designs will also be
outlined. More focused reviews of literature on certain topics specifically related to
either the first aim or the second aim of the overall research programme described in

this thesis, will be presented in Chapters 4 and 6 respectively.

2.1 EXTERNAL INFLUENCES ON THE FEASIBILITY OF WAVE ENERGY
CONVERTERS

Various government initiatives, academic groups and commercial enterprises
potentially support the development of wave energy technology and hence affect the
feasibility of further research. The need to develop energy sources to replace fossil
fuels and to address rising atmospheric CO; levels and climate change are now
prominent issues for heads of government across the world. Hence significant effort

is devoted to seeking alternative energy systems. Initiatives to support this are being
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developed at many levels by government agencies, academic groups and commercial
enterprise. Furthermore government, academic and business interests are linking to
form international structures, bodies and consortiums aiming to improve the
efficiency of research and development in this area. Full exploration of all these
developments is beyond the scope of this thesis. However, some international and
national agencies and academic groups will be discussed that are relevant to

developments in Ireland.

2.1.1 Development of Wave Energy in Ireland

As mentioned in Chapter 1, Ireland has developed its own policy in line with
International and European frameworks. As part of the Kyoto Protocol, Ireland
agreed by 2020 to reduce greenhouse gas emissions by 20% compared to 2005 levels
(European Commission, 2008).The policy of the Irish government is discussed in the
government White Paper (2007) outlining the Energy Policy Framework 2007-2020.
This covers all areas related to energy and incorporates policy on sustainable and
wave energy. It refers to other government policies and reports such as the All Island
Energy Framework (2004), National Climate Strategy (2006), Planning and
Development Act (2006) and National Development Plan (NDP) 2007-2013), which
support the development of sustainable technologies. In 2014, the Minister for
Communications, Energy and Natural Resources, Mr. Pat Rabbitte launched the Off-
shore Renewable Energy Development Plan (2014) which provides the updated
framework for the the sustainable development of Ireland’s off-shore renewable
energy resources. Irish government agencies that support wave energy include
Sustainable Energy Authority of Ireland (SEAI) and the Marine Institute. One of the
roles of these agencies is to channel government funding into third level research
projects and their collaboration with private companies (Ocean Energy

Developments in Ireland, SEI and Marine Institute, 2008).

In 2009, the Marine Renewables Industry Association (MRIA) was established which
represents all of the main interests related to wave and tidal energy on the island of
Ireland. Members of the MRIA include utilities, such as ESB international and Bord
Gais Eireann, site developers, firms engaged in device development and

manufacture, consultants, R & D business, supply chain activities and academic
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researchers. The MRIA provides a forum to identify the needs for wave energy to
progress and to support these in various ways (Coyle, 2012). The current view of the
MRIA is that Ireland has an unprecedented opportunity to build a position of
strength as a supply chain to the world-wide ocean energy industry. However, the
Irish Government needs to give the private sector the confidence to invest in ocean
energy. This can be achieved through (i) the provision of an allocation of ocean
energy Renewable Energy Feed-In Tariff (REFIT) to incentivise early investment, (ii)
clear consenting process administered by a single body, (iii) capital grants regime
which addresses the needs of device developers and (iv) clear route to grid access
(MRIA, 2013). This is required if wave energy is to contribute to Ireland’s renewable
energy targets. At present, it is uncertain how much wave energy will contribute to
Ireland’s target of 33% of its electricity generated via renewable resources by 2020
(Dept. of Communications, Marine and Natural Resources, 2007). However, the
considerable opportunities for the industry have been presented in the Ocean
Energy Roadmap to 2050 (Sustainable Energy Authority of Ireland, 2010). This
indicates that with appropriate support from the Government and governing bodies
and action by the industry, power utilities and regulators, an annual output from
wave energy sources between 20 TWh (lower estimate) and 120 TWh (higher
estimate) could be expected by 2050. Referring to the same document, An Taoiseach,
Enda Kenny, expressed his belief that the ocean energy industry has the potential to
create up to 70,000 jobs with a cumulative economic benefit approaching €120 billion
by 2050 (Mayo Today, 2012). Recent government support includes a €15 million
investment in ocean energy with the construction of a state of the art lab for marine

renewables, titled the Beaufort Lab, in Co. Cork (The Journal, 2012).

Regarding the support of wave energy converter concepts at developmental stage,
the Marine Renewable Infrastructure Network (MARINET) offers the opportunity of
free-of-charge- access to R&D facilities. It is an €11m European initiative, open to all
ocean energy researchers in Europe, which is funded through the EU’s Seventh
Framework Programme (FP7). This initiative was established in 2011 with an aim to

accelerate the commercialisation of marine renewable energy (Healy, 2012).

Overall it can be seen that there are complex systems of international and European

organisations, government initiatives, agencies and advisory bodies, academic
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interest groups, and commercial companies all involved in an increasingly
interconnected manner in order to support the development of wave energy. This
increases the opportunity for the development of feasible wave energy converters.
However, points made by the MRIA suggest that further governmental support is
required to achieve commercially viable deployment of full scale WECs on Ireland’s

coast.

2.2 STANDARDS AND CODES OF BEST PRACTICE

Considerable work has been carried out over the last decade on the development of
guidelines and codes of best practice. Particularly important to the progress of the
wave industry has been the creation of standardised methods for project
development. In addition to detailing testing and analysis protocols, these standards
aim to provide developers and investors with key milestones that show and quantify
device progression. This has culminated in the 2013 publication of International
Standards for marine energy conversion systems by the established International

Electrotechnical Commission (IEC).

The IEC is one of the oldest standards making bodies in existence and facilitates
access to the electricity market via its renowned standardisation approach for testing
and certification. In 2007 it established the Technical Committee, TC114, to prepare
international standards for marine energy conversion systems. This signifies the
growth of the industry as it follows in the footsteps of the wind energy industry
which established its IEC Technical Committee, TC 88, in 2006 to provide uniform
information exchange for monitoring and control of wind power. The intended users
of such standards include project developers, device developers, utility investors,
policy-makers, planners and consultants involved in producing resource data. Their
interests will include return on investment, performance of the device, the reliability
and predictability of power supply, usage of seascape, optimisation of resource, and
production of a compatible, readable data format etc. In Ireland, the Electrotechnical
Council of Ireland (ETCI) has set up a technical committee known as TC18 which
links with the TC114.

The basis for the 2013 IEC standards were laid by existing standardisation documents

produced by the International Energy Agency-Ocean Energy Systems (IEA-OES)
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Annexes, the Equimar initiative, the European Marine Energy Centre (EMEC)
guidelines, the Hydraulics and Maritime Research Centre (HMRC), the UK
Department of Trade and Industry (DTI), Det Norske Veritas (DNV) and
Germanischer Lloyd (GL). Notable documents consulted during this research
programme were:
e Equimar Deliverable D2.2 Wave and Tidal Resource Characterisation
(Venugopal, Davey, Helen Smith, et al., 2011)
e Equimar Deliverable D2.3 Numerical Models (Venugopal et al., 2010)
e Equimar Deliverable D2.4Wave Model Intercomparison (Venugopal, Davey,
Smith, et al., 2011)
e Equimar Deliverable D2.6 Extremes and Long Term Extrapolation (Prevosto,
2011)
e Equimar Deliverable D2.7 Protocols for wave and tidal resource assessment
(Davey et al., 2010)
e Equimar Deliverable D7.2.1 Procedures for Economic Evaluation (Ingram et
al., 2011)
e EMEC - Assessment of Performance of Wave Energy Conversion Systems
(Pitt, 2009)
e Ocean Energy: Development and Evaluation Protocol (Holmes, 2003).
e Annex Il Task 2.1 Guidelines for the Development & Testing of Wave Energy
Systems (Nielsen and Holmes, 2010);
e Off-shore Service Specification DNV-0OSS-312: Certification of Tidal and Wave
Energy Converters (Det Norske Veritas, 2008)
e Guidelines on design and operation of wave energy converters: A guide to
assessment and application of engineering standards and recommended

practices for wave energy conversion devices’ (Carbon Trust, 2005).

For further information on the use of such standards as applied to wave energy

resource assessment, see Chapter 4.

Other progress in the use of standards comes with the development of the
Technology Readiness Levels (TRLs) framework. This has been adopted by Ireland’s
Electricity Supply Board (ESB), and directly correlates with five stages of WEC

development outlined in the Development and Evaluation Protocol produced by the
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Hydraulics Maritime Research Centre (Holmes, 2003). A summary of the relationship

between the 9 TRLs and 5 stages of development for a wave energy converter is

presented in Table 2.1 below with the associated functional and lifecycle aims.

Table 2.1 Technology readiness levels (TRLs) adopted by ESB to promote WEC development WEC

concept to commercialisation. Source: (Fitzgerald and Bolund, 2012)

Stage TRL Functional Readiness Lifecycle Readiness Scale
1 Basic principles observed Potential uses of technology n/a
and reported identified
1 2 Technology concept Market and purpose of >1:100
formulated. technology identified
Concept
Validaton 3 Analytical and Initial capital cost and power  >1:25
experimental critical production estimates /
function and/or targets
characteristic proof-of established
concept.
2 - Technology component Preliminary Lifecycle design ~ >1:15
Design and/or basic technology
Validation subsystem validation in a
laboratory environment.
5 Technology component Supply-chain Mobilisation >1:4
3 and/or basic technology
subsystem validation in a
Efeterus 1 t environment
Validation gl iy i
6 Technology system model ~ Customer interaction >1:4
or prototype demonstration
in a relevant environment.
4 7 Technology system Ocean Operational Readiness  1:2
Device prototype demonstration in
Validation an operational
environment.
8 Actual Product completed Actual Marine Operations 111
and qualified through test ~ completed and qualified
and demonstration. through test and
demonstration.
5 9 Operational performance Fully de-risked business plan  1:1
Economics and reliability of an array for utility scale deployment
Validation demonstrated of arrays

To give an indication of the level of advancement associated with each stage, TRLs 1

to 9 will be briefly described. The primary objectives for TRLs 1-3 are: (1) concept

verification with monochromatic waves of small amplitude; (2) investigation into

performance and responses with simplified power take off and (3) device

optimisation, optimising wave energy converter design for site specific wave

climates.
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An excerpt from the stage development summary table given in ‘Annex II,
Guidelines for the Development and Testing of Wave Energy Systems’ is presented
in Table 2.2. It presents the objectives and investigations associated with TRL 1-3

along with recommendations for the numerical modelling programme.

Table 2.2 Stage development summary table: TRL objectives and associated recommendations for
numerical modelling programme. Source: (Holmes and Nielsen, 2010)

Stage 1: Concept Validation

Development gL, 1 TRL 2: TRL 3:
Protocol Confirmation of Operation  Performance Convergence  Device Optimisation
Objective/ Operation Verification Real Generic Seas Wave Energy Converter
Investigations Design Variables Design Variables Geometry
Physical Process Damping PTO Components
Validate/Calibrate Maths Natural Period Configurations
Model Power Absorption Power Take Off
Damping Effect Wave to Device response Characteristics

Design Engineering

Maths Methods ~ Hydrodynamic, numerical frequency domain to solve the  Finite waves
(Computer) model undamped linear equations of motion. Applied Damping

Mult. Freq. Inputs

It can be seen that the row titled maths methods recommends that a numerical
frequency domain model be implemented to solve the linear equation of motion for
the undamped and damped system. This section of the Guidelines for the Development
and Testing of Wave Energy Systems relates to aspects of the present research
programme and is addressed in Chapter 7 on hydrodynamic analysis. Costing
estimates for TRL 1-3 range from €25,000 to €75,000. This accounts for tank testing
WEC models at small scale, 1:25-100.

TRL 4 relates to final wave energy converter design with accurate power take off
(PTO) and control strategy. The recommended scale for a physical modelling
programme is approximately 1: 10-25. Recommendations for the accompanying
numerical model include a time domain response model comprising control strategy.
Costing estimates for TRL 4 test programme range from €50,000 to €250,000. TRLs 5-
6 relate to a testing schedule that demonstrates all wave energy converter
subsystems, incorporating a fully operational PTO that enables demonstration of the
energy conversion process from wave to wire. The scale associated with physical

testing is approximately 1:4. The estimated cost of this testing programme is
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€1,000,000 to €2,500,000. TRL 7-8 relate to a solo machine pilot plant validation at sea
in a scale approaching 1:1, full size. To progress to TRL 9, the device as a whole must
be proven fit for purpose and be connected to the grid. TRL 7-8 is considered pre-
commercial, with a testing programme costing €10m to €20m. TRL 9 is the final stage,
relating to arrays of proven wave energy converters, providing electricity to the grid.

The cost and model scale associated with each stage of development are summarised

in Figure 2.1 below.
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Figure 2.1 Cost, design options, time and scale associated with each stage of development,
from TRL 1 to 9. Source: (Holmes and Nielsen, 2010)

It can be seen that the cost increases significantly from TRL 4 onwards as larger scale
models are required to meet the objectives of TRLs 5-9. The red line represents the
level of WEC design options altered at each stage of development. During the initial
stages of development, many design alterations may be made to optimise the design.
Numerical modelling can form an important part of this work as it permits many
design alterations in comparison to physical models. While optimising the WEC
structure, a simplified power take off may be employed. However once the core
WEC design is established, investigations shift to the behaviour of more realistic
power take off mechanisms which require a larger model scale. This relates to TRL 4
onwards, and it can be seen in Figure 2.1 that scale increases accordingly. Relative

time required to complete each stage is plotted as a green line. Although many issues
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may affect the time taken for each stage, the green line provides a generalisation that

more time is required at higher TRLs.

This research programme did not have access to physical tank testing facilities.
However, hydrodynamic analysis of SOWC chamber designs was carried out using
the boundary element method (BEM) code, WAMIT. It will be seen in Chapter 7 on
hydrodynamic analysis that this facilitated analysis of numerous SOWC chamber
designs in the presence of waves. Using this method, it was possible to assess the
effects alterations in chamber design had on the hydrodynamic behaviour of the
water column, including identification of the natural period. Dampings were applied
to represent the power take off. Using this numerical modelling technique,

investigations relating to parts of TRL 1-3 were carried out.

2.3 WAVE ENERGY CONVERTERS

There is an extensive range of wave energy converter technologies and it is not
appropriate to consider each in this selective literature review. A review of the
principle technologies as well as a history of wave energy conversion can be found in
Falcao (2010) “Wave Energy Utilisation: A review of technologies’. In this review,
detailed information on each technology can be obtained from the accompanying

references.

Regarding the OWC principle, the first known existence of practical wave energy
conversion was from a device constructed around 1910 at Royan near Bordeaux in
France (Falnes, 2000). Here, Mr. Bochaux-Praceique supplied his house with 1 kW of
light and power from a turbine, driven by air which was pumped by the oscillations
of sea water in a vertical bore hole in a cliff’. This represents the first reported OWC-
type WEC in practical use and comprised the complete power conversion chain from
wave-to-wire. However, it is predominantly since the mid 1970s that research and
development on wave energy has been carried out. Demonstration of the initial wave
energy converters began in the mid 1980s. Various full and part scale OWC
prototypes were tested at sea, particularly in the last decade. Literature detailing
these developments includes “Wave Energy Conversion” by Brooke (2003) and ‘Ocean

Wave Energy: Current Status and Future Perspectives’ by Cruz. et al (2008).
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Currently, the wave energy industry is at the pre-commercial stage, with a number of
different technologies evolving to face the challenges presented by the harsh marine

environment.

2.3.1 WEC Classification
The different types of wave energy converter are classified according to the direction
of the wave in relation to the device, and their method of energy extraction. With

respect to the directional characteristic, there are:

e Point absorbers. These float and absorb energy in all directions through
movement at or near the water surface.

e Terminators. These have a principal axis parallel to the incident wave crest,
upon which the wave terminates.

e Attenuators. These are floating devices with elements perpendicular to the

wave direction that can be constrained to produce energy.

With respect to the energy extraction characteristic, there are:

e Oscillating water columns (OWCs). These are partially submerged hollow
structures enclosing a column of air above a column of water. Waves cause
the water column to rise and fall, alternately pressurising the column of air.
The energy is extracted from the air column via a turbine.

e Opvertopping devices. Water is captured from the waves, stored above sea
level and released to produce energy.

e Wave activated bodies. The motion of different parts of the device relative to
each other activates a hydraulic system, often to compress oil which then

drives a generator.

This variety of working principles induces different characteristic capture width
ratios. Capture width ratio is defined as the power absorbed with respect to the
incident wave power available to the wave energy converter. The capture width ratio
for three notable devices outlined in a recent numerical benchmarking study (Babarit

etal., 2012) are presented in Table 2.3




Chapter 2 Literature Review

Table 2.3 Range of capture width ratios for three WECs. Source: (Babarit et al., 2012)

WEC Concept Range of Capture Width Ratio
Floating oscillating water column 38 % - 50%
Floating three body oscillating flap 7 % -20 %
Bottom fixed oscillating flap 52 % -72%

2.3.2 The OWC Wave Energy Converter

Among the variety of wave energy conversion principles and associated technologies
that have reached the pre-commercial stage of development, OWCs have attracted
significant attention. The OWC wave energy converter can be classified as a
terminator device. This denotes an absolute reactional reference frame, meaning that
the reactional forces required to extract energy from the waves are provided by the
fixed OWC structure. A terminator WEC has its principal axis parallel to the incident
wave crest and terminates the wave. The energy extracted from the system comes
from the heaving motion of the water column within the chamber. The primary
energy conversion component is the pressurised air chamber, which is referenced to
the atmospheric air pressure via a turbine and power take off. The turbine exerts a
damping force on the oscillating air flow which facilitates the energy extraction. A
generator is then employed to convert the mechanical energy from the turbine to
usable electrical energy. This description is in line with the WEC classification
template developed by Equimar (Myers et al., 2010). Figure 2.2 presents a cross

sectional view of the conventional OWC caisson positioned at coastal location.

Figure 2.2 Device classification. Source: (Myers et al., 2010)

The Oscillating Water Column (OWC) wave energy converter can be considered as a
number of sequential subsystems which link together to output electrical power.
Each subsystem relates to an energy conversion process which is required to
transform the incident wave energy to electrical energy. There are three dominant

energy conversion processes which take place within the OWC system.
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Initially, the hydrodynamic power of the impinging wave field is converted into
aerodynamic power via the pressurisation and depressurisation of air within the
OWC chamber. Secondly, the inhaling and exhaling airflow is transformed to
mechanical power by means of an air turbine. The rotating drive shaft of the turbine
is coupled with a generator to convert the mechanical power to electric power. This is
the third energy conversion process. The electric power is then delivered to the grid,
which is considered as a separate external system with which the OWC wave energy
converter interacts. The governing subsystems in the OWC wave energy converter
are the OWC chamber, turbine and generator. The relationship between these

governing subsystems is illustrated in Figure 2.3 below.

Exterior Wave OWC Wave Energy Converter
Field
Incident Wave Hydro owcC “ '"!efbf_’ Turbine ‘_Em'ig; Exterior
<4— Dynamic — P Air Air s 3
Input Al Chamber o o Airflow Field
3
Scatter Wave Mechanical
- £
Field "i’“
Radiated Wave Generator
Field
4
Electrical
Energy

Figure 2.3 Relationship between subsystems in an OWC wave energy converter

The overall efficiency of an OWC plant is given by the product of the three governing

subsystem efficiencies:

N = NowcNtNe (2.1)

where 1oy is the efficiency of the OWC, 7, is the turbine efficiency and 7, is the
electrical generator efficiency. The objective is to arrive at a configuration that can
provide a high overall efficiency spanning the predicted range of input conditions.
To achieve this, an optimal arrangement and sizing of the OWC chamber, turbine

and generator is required.
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In terms of annual energy output, the results need to be presented in the form of
average electrical power generated over the range of wave conditions at the OWC
WEC site. This is because high efficiency of one component in the chain at one
operating condition is likely to be misleading and insufficient to characterise
performance. To maximise average electrical power output, the output from each
subsystem must be optimised to suit the input requirements of the succeeding
subsystem. Therefore, to design an OWC wave energy converter correctly, a
theoretical understanding of each subsystem is essential. However depending on the
level of theoretical assumptions, the way in which the subsystems operate in theory

and reality can vary significantly depending on the wave conditions.

One of the advantages of OWCs is that they are considered robust as they have few
mechanical moving parts. Additionally, these moving parts do not interact with the
impinging waves, as the power take-off is located at a distance from the free surface.

OWCs can be installed at off-shore, near-shore and shoreline locations which each
have their characteristic advantages and disadvantages. Full-sized OWC prototypes
have been built in Norway (Toftestallen, 1985), Japan (Sakata, 1990), India
(Vizhinjam, 1990), Portugal (Pico, Azores, 1999), and the UK (the LIMPET plant in
Islay island, Scotland, 2000). The largest of all, a near-shore bottom-standing plant
named OSPREY, was destroyed by the sea in 1996 shortly after having been towed
and sunk into place near the Scottish coast. Most notably, the first OWC wave power
plant consisting of 16 OWC chambers was recently built in Spain (Mutriku, 2010).
The cost of the project was shared with the development of the breakwater in which
the OWCs were built. In all of these cases, the structures are fixed (bottom-standing
or built on a rocky sloping wall) and the main piece of equipment is the Wells air
turbine driving an electrical generator. All of the structures are made of concrete,

except the OSPREY.

It is primarily the initial construction capital cost of the chamber that has
compromised the commercial feasibility of shoreline OWCs (Thorpe, 2001; Falcao,
2003). The initial capital cost of constructing concrete shoreline OWCs is too high, in
comparison to the revenue returned by the power they generate. The Carbon Trust
carried out an evaluation of OWC wave energy converters in line with the Marine

Energy Challenge (2005) which estimated 27 €c/kWh for a 500kW shoreline OWC
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with 10% project rate of return. This is an optimistic value compared to that given in
a more recent report entitled ‘Results of the Marine Energy Challenge: Cost
Competitiveness and growth of wave and tidal energy (2006)". According to this
report the cost is 17 - 63 €c/kWh for small wave farms, with central estimates in the
sub-range of 31 - 36 €c/kWh. Furthermore, arrays of wave energy converters have
the intrinsic benefit of economies of scale. It is also argued in this report that a 50%
reduction in civil costs would be required to reach an economic rate of 18 €c/kWh. A
reduction of this magnitude would require OWC costs to be shared with related
infrastructural projects (such as the previously mentioned breakwater at Mutriku) or

a radical change of concept.

2.3.3 The SOWC Wave Energy Converter

One possible change of concept in relation to OWCs is to locate them inside natural
existing shore-line features, i.e. cliffs and to use a different construction method
utilising tunnelling. This type of OWC is known a Subterranean OWC (SOWC). As
mentioned above, the cost of constructing traditional concrete shore-line OWCs is
considered to be too high. As the drilling technology which could be used to create
SOWC:s is well established and at an advanced stage, this approach could possibly
reduce the initial construction cost significantly. There is the possibility therefore that
this modification could increase the feasibility of installing future OWC devices.
Additionally, this construction technique facilitates a means of extracting wave
energy at deep water coastal locations with annual average power estimates
comparable with near-shore locations. The basic design of the SOWC, excluding the
power take off, is presented in Figure 2.4.

26



Chapter 2 Literature Review

. Sea level

. The cliff face

. The cliff

. Front wall

. OWC entrance

. OWC chamber

. Turbine entrance

-
]
|
|
i
{
:
|
z
|
i
|
i
5
|
|
.
N OGO W=

Figure 2.4 The SOWC wave energy converter (cross sectional view)

Previous investigative work has been carried out into the feasibility and performance
of subterranean OWC systems in Ireland headed by the TCD School of Business
Studies, funded by the Marine Institute (Marine Institute, 2000). This research
showed that the use of advanced Scandinavian underground space technology could
be applied to making OWC chambers from the cliffs themselves by drilling from the
cliff top and blasting rock from the underwater cliff face and behind it, out into the
sea. The findings of this research were presented in two Colloquia held in Dublin
(TCD, 1996; 1997) which were published in summary form by the Marine Institute
(Marine Institute, 2000).

Another attempt to develop subterranecan OWC technology funded by the UK
government occurred at a worked-out copper mine in Cornwall. Here copper seams
had been mined out to the faces of seashore cliffs, leaving potentially ready-made
OWC chambers. The experiment, however, was only partly successful mainly
because the mouth of the cave selected for testing was not constantly fully
submerged throughout the lunar tidal cycle. Also too much wave energy reaching
the cliff was reflected before the swell entered the chamber (DTI, 2004).

The most advanced work carried out on the concept of subterranean OWCs to date
was by the company Sewave Ltd. This company emerged from collaboration

between the electric utility, SEV, based in the Faroe Islands and the company,
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Wavegen (now known as Voith-Hydro) that developed LIMPET. Sewave produced a
report which demonstrated the viability of a tunnelled wave energy converter based
on the OWC principle. It outlined how to develop a demonstration plant in the Faroe
Islands and establish the information needed for optimisation and detailed design.
Although this report is not in the public domain, it was established that system
performance has been investigated via a programme of physical model tests to assess
hydrodynamic to pneumatic power capture (Lane, 2009; Personal communication
with Sewave, 2010). This facilitated the development of an optimum chamber
geometry and PTO configuration for potential installation sites in the Faroe Islands.
Sewave also demonstrated the potential commercial viability of the technology with
reference to technology improvements, economies of scale, growing demand for
wave power, and the future price of electricity. Additionally, Sewave Ltd. has
identified the west coasts of Norway and Ireland as areas where their technology
could potentially be implemented. In 2005, Sewave Ltd. conducted a TWEC site
feasibility study on the Irish coastline. It established that there is 77 km of Irish
coastline potentially suitable for the implementation of a tunnelled chamber. The
report, on which this result is based, is classified (Sewave, 2011, personnel

communication).

2.4 INFLUENCE OF LOCATION ON FEASIBILITY

As has been seen, there are many options for a potential wave energy project
developer to consider, including the fact that there is a wide range of different wave
energy converter designs. Different designs are suited to different marine locations.
These locations include the off-shore domain, the near-shore domain and the on-
shore domain. There are pros and cons associated with each. These have been
discussed in Chapter 1 but are re-capped as follows:

To reach national targets for wave energy, WECs deployed in large arrays, analogous
to wind farms would be needed. Wave farms are likely to be deployed in long arrays
at right angles to the dominant wave direction. The total size of the array will depend
on the space required by each unit on its moorings, its capture width and its installed
capacity. In light of the scale and space requirements of these arrays, it is apparent
that these wave farms need to be predominantly located at near-shore and off-shore
locations. Off-shore sites would also allow for the placement of several farms in close

proximity. Furthermore the highest wave energy values are recorded off-shore.
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However a disadvantage associated with off-shore sites, is the potential for extreme
sea states to damage the WEC installations. Also the remoteness of the site can lead to

higher costs for access and maintenance.

In near-shore sites the sizes of WEC arrays are more limited in comparison to those
located off-shore, but advantages include being more accessible and somewhat
sheltered from extreme waves. However, near-shore sites can be visible from the land
and may occupy areas otherwise used for leisure sailing, fishing etc. This could cause
difficulties regarding acceptability to the public and the tourism industry, and
therefore could be associated with more planning and consent problems due to

visual impact in scenic locations etc.

With respect to the on-shore domain, wave power reduces as water depth decreases,
primarily due to depth induced wave breaking, depth induced friction, triad
interaction and refraction. This has a significant effect on the economic attractiveness
of a shoreline site. However, research has shown that that for the majority of sea
states (i.e. less than 100 kW/m), the loss of wave power is relatively small up to a
water depth of approximately 10 - 15 m (Folley and Whittaker, 2009). Therefore, if it
is possible to identify shoreline locations that possess a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>