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Abstract: Ireland and the UK possess vast ocean energy resources within their respective maritime
areas. However, not all offshore areas are suitable for deployment of ocean energy devices. This
article describes the development of a multitude of geospatial data relating to ocean energy site
suitability, as well as a Web-GIS tool for hosting and performing analysis on this data. A validation of
wave, water depth and seabed character data used in the study revealed good correlation between
modelled and in situ data. The data is mapped, and the spatial patterns are discussed with relevance
to ORE sector implications. A site selection model, which included much of this data, was developed
for this study and the Web-GIS tool. A survey conducted with ocean energy technology developers
revealed their desired site criteria. The responses were applied in a case study using the site selection
model to uncover potential and optimum areas for deployment of both wave and tidal energy devices.
The results reveal extensive areas of the Atlantic Ocean and Celtic Sea appropriate for wave energy
deployment and less extensive areas for tidal energy deployment, in the Irish Sea and Inner Seas off
the West Coast of Scotland.
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1. Introduction

With climate change becoming a major concern across Europe, the UK and Ireland
are amongst several nations that have pledged to achieve net-zero carbon emissions by
2050. Energy production and its use are now understood to be responsible for 75% of
total greenhouse gas emissions in Europe [1], so naturally, the decarbonisation of this
sector is a priority in reaching these ambitious targets. As island nations, with enormous
maritime areas, offshore is a logical place to look for answers in both countries. Forming
part of the broader Offshore Renewable Energy (ORE) sector, ocean energy devices turn the
energy from moving water into electricity which can power society’s energy needs onshore
via underwater cables. However, not all offshore areas are suitable for deploying ocean
energy devices. Site selection needs to consider several core geospatial criteria to filter out
unsuitable sites. Other, less critical criteria may also need consideration before deciding on
whether site conditions are optimum for deployment.

A wide range of factors must be considered when planning where to deploy ORE
infrastructure. These can be technical, economic, environmental or social acceptance
related [2]. All are predominantly spatial in nature, thus promoting the suitability of GIS
for the assessment. GIS has played a hugely significant role in energy exploration in recent
decades, increasingly so for renewable energy. Some work has focused exclusively on the
exploration of the resources [3,4], including offshore options [5,6]. Others apply additional
criteria to identify suitable sites for both land-based [7-9] and offshore [10,11] renewable
energy infrastructure. Many studies have adopted various criteria and methods to conduct
on-site identification for ORE in recent years [12-15], including for wave energy [16-18]
and tidal energy [19-21]. However, a thorough multi-criteria site suitability analysis for
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wave and tidal energy for the region of interest (see Section 2.1) is lacking. Furthermore,
ORE site selection remains an intricate procedure, as the perceived appropriate weighting
and number of inputs (along with their associated values and meaning) vary considerably
between stakeholders [22-24].

A study of GIS criteria for offshore wind energy noted that the number of parameters
feeding site selection could vary between 2 and 14, with a mean of 7 [25]. However, some of
these may not necessarily be hard constraints. For example, the environment (i.e., protected
areas) may rightly be considered pertinent to the appropriate selection of a site for ORE
deployment, this does not mean that such infrastructure cannot be placed within protected
areas (such as SACs, SPAs and MCZs). Therefore, it is best not to exclude such areas
from development consideration; instead, the user should be made aware that the area is
situated within a protected area which will likely have implications at the planning and
consenting stage, as per the EU Habitats Directive [26]. The varying perceptions of appro-
priate input criteria and their associated meanings promotes the merit of interactive web-
based GIS tools for facilitating instantaneous user input and flexibility on consideration of
relevant criteria.

The recent growth of such powerful online GIS applications, collectively known as
Web-GIS, has enhanced the implementation of GIS worldwide, and many examples of
these implementations have been examined in detail [27]. Web-GIS tools are particularly
effective for sharing common information to a global audience. This concept combines
the advantages of GIS with those of the internet to enable easier accessibility, flexibility,
organisation and use of a multitude of criteria related to a specific sector, which this paper
will demonstrate for ocean energy.

Web-GIS tools relating to coastal and marine matters are referred to as Coastal Web
Atlases (CWAS) [28]. Since its foundation in 2008, the International Coastal Atlas Network
(ICAN) has encouraged common standards to be applied to CWAs, typically comprising
a map area, legends and tools that enable the marine/coastal data to be visualised and
queried. Existing CWAs relating to renewable energy have been examined in detail [29],
including the Wales Marine Planning Portal [30] and Ireland’s Marine Renewable En-
ergy Atlas [31], which were particularly relevant and helpful to this work. However, the
study also revealed the distinct lack of an open-access GIS tool geared to ocean energy
applications, particularly site selection and project feasibility analysis.

In this context, the aim of the research was to develop an open-access CWA bespoke to
ocean energy applications, incorporating both site selection and project feasibility analysis
functionality. The design and development of the CWA would adhere to the standards set
out by ICAN. While this article details the elements that are more relevant to site selection,
a future article will detail the aspects relating to project feasibility analysis. A wide range
of geospatial data/layers are described in this article which relate to ocean energy site
identification in Irish and western UK waters. These data have been developed for the CWA
and will be made openly accessible via the tool upon its release. Furthermore, analysis
and geoprocessing of this data has been performed in a case study to identify potential
and optimum sites within the study area for wave and tidal energy project deployment.
Where possible, in situ validation of data that are more influential to site selection has
been performed, with the accuracy reported here. The CWA, and the data therein, was
developed as part of the Selkie project, a cross-border project aiming to boost marine energy
in Wales and Ireland by creating a set of multi-use technology, engineering and operation
tools, templates, standards and models for use across this growing sector.

2. Materials and Methods

The Selkie CWA contains over eighty layers representing various constraints, restric-
tions and opportunities at play in determining the suitability of a site for ocean energy
deployment. Site selection requires a high volume of data and many different site selection
methods, weighting options and input parameters (along with their associated values)
are available. Selkie uses core site selection criteria (energy resource, depth range, seabed,
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subsea pipeline/cable routes and marine traffic) in the site selection model to identify
potential sites. In this article, a case study based on industry survey responses reveals such
sites. In the CWA, the user can adjust the input values for these criteria and switch on and
off a range of additional layers developed for the tool in further stages of the analysis via
the layer list. This functionality avoids clustering and is made possible by the interactive
web-based design of the tool. The layers which are more pertinent to site suitability are
described herein. All layers were projected to the WGS84 geographic reference system. The
methodological steps taken for this study are described in this section and are summarised
below in Figure 1.

e Define the Study Area
el © Determine Data Requirements and Find Sources

* Download Data (validate where possible)

o ™ s 2% VA PN A & armd Marm NMaks
® (‘jx’fb%i:’@h@gi} and Ma P vata

¢ Build CWA and Site Selection Model
e Upload Mapped Data to CWA and Model

¢ Publish CWA and Run Site Selection Model
e |ldentify Sites for Ocean Energy Deployment

Figure 1. General flow of steps taken in the methodology of this study.

2.1. Study Area

As the Selkie project was specifically focused on Ireland and Wales, the study area
needed to include at least the Irish and Welsh territorial seas. However, downloading the
geospatial data is generally performed using geographical subsets defined by a bounding
box and with geographic coordinates defining the four limits. The coordinates used to
define the Selkie CWA study area were 12° W-2° W and 56° N-50° N, as shown in Figure 2.
This is comprehensive in the project’s context, covering the entirety of the Irish and Welsh
territorial seas (i.e., to the 12 NM limit), the whole of the Irish Sea, the Bristol Channel, the
North Channel, the Inner Seas off the West Coast of Scotland, much of the Celtic Sea and
the Northeast Atlantic off Ireland (Figure 2). The area extends to approximately 100 km off
the Irish west coast at its closest point.

2.2. Data Acquisition
2.2.1. Wave Data

A 20-year hindcast of significant wave height and wave period data for the study
area was required. Such data is freely available via the Copernicus Marine Service (CMS)
website [32]. Two similar products within this website provide coverage for the study
area. The Atlantic-Iberian Biscay Irish—Ocean Wave Reanalysis product covers the extents
19° W-5° W; 56° N-26° N [33], and the Atlantic-European North-West Shelf- Wave Physics
Reanalysis product covers the extents of 16° W-13° W; 62.75° N-46° N [34]. Further details
of the data downloaded from each product are provided in Table 1.
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Figure 2. The Selkie Study Area extending beyond the Irish and Welsh Territorial Seas.

Table 1. Details of wave data downloaded.

Parameter Product 1 Description Product 2 Description
N Atlantic- European North-West Shelf- Wave  Atlantic -Iberian Biscay Irish—Ocean Wave
ame . . .
Physics Reanalysis Reanalysis
Spatial Resolution 1.9km x 1.5 km 5km x 5km
Temporal Resolution Three-hourly Hourly
Analysis Period 2000-2019 (20 years of data) 2000-2019 (20 years of data)
Underlying model WaveWatch III MFWAM (Meteo-France)
Spectral significant wave height (HmO)’, Spectral significant wave height (Hm0)’,
. ‘Spectral moments (—1,0) wave period ‘Spectral moments (—1,0) wave period
Variables selected ("IPm-10)’ and “Wave period at slfectral (1I?m-10)' and “Wave period at slfectral
peak/peak period (Tp) peak/peak period (Tp)

Computation of each wave layer used the higher resolution Atlantic- European North-
West Shelf- Wave Physics Reanalysis product. The variables that affect wave energy are the
significant wave height and wave period. Based on the 20-year hindcast of these variables,
a layer representing the seasonal average significant wave height (Hs) and wave energy
period (T.) values were computed for each of the four seasons. These layers can be found
in Figures A1l and A2 of Appendix A. Furthermore, using this same hindcast of Hg and T,
a theoretical Mean Annual Wave Power (kW /m) layer was calculated using Equation (1) [35]:

P=049H, T, 1)

where P is the power per unit width of the wave crest. Individual layers for the mean wave
power in each season were also produced. All wave power layers appear under the Ocean
Energy Resources group layer in the CWA.

Along with the average significant wave heights, the 1-year, 10-year, 50-year and
100-year return period significant wave heights are included as layers in the Selkie tool.
Since hourly data was necessary, the Atlantic -Iberian Biscay Irish-Ocean Wave Reanalysis
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was used to obtain the time series of wave heights using Extreme Value Analysis. Extrema
calculations used the Python pyextremes library [36].

2.2.2. Wind Data

Hourly wind data is available from the Copernicus ERA5 database [37]. As with the
wave data, this was downloaded in the form of geographic and temporally subset netCDF
files. Table 2 provides further details of the data downloaded. This wind data was used
in combination with the wave data to produce accessibility layers, as described in greater
detail in Section 2.2.3.

Table 2. Details of wind data downloaded.

Parameter Description
Spatial Resolution 17 km x 27.5 km
Temporal Resolution Hourly

Analysis Period
Variables selected
Data used in calculations
Spatial Resolution

2000-2019 (20 years of data)
10 m u-component of neutral wind, 10 m v-component of wind
Root mean square of the u and v components of the 10 m wind speed
0.25° x 0.25°, which equates to an approximately 17 km x 27.5 km grid at the latitude of Ireland.

2.2.3. Accessibility Layers—Based on Wind and Wave Data

Environmental factors, such as wave heights and wind speeds, determine how accessi-
ble a site is for installation, operation and maintenance activities. To map the accessibility
of the study area, the Selkie CWA applies maximum limits of 2 m Hs with 15 m/s wind
speed to represent the operational limits of a HLV (Heavy Lift Vessel) and 1.5 m H, with
20 m/s wind speed to represent the operational limits of a CTV (Crew Transfer Vessel).
These thresholds are based on the Selkie Logistics O&M model [38]. The layers show the
percentage of time throughout the year that the Hs (Atlantic -Iberian Biscay Irish—Ocean
Wave Reanalysis) and wind speed (ERAb) are below these limits.

2.2.4. Tidal Data

The ocean current data used for the Oceanography and Ocean Energy Resources layer
groups were obtained from the Irish Marine Institute [39]. Their ROMS hydrodynamic model
(Regional Ocean Modelling System) covers the entire Selkie study area. Details of the product
are provided in Table 3 [39]. Once downloaded, the data were processed in MATLAB to create
the layers described in Table 4. Only the Mean peak current velocity (m/s) layer is included
in the results, as this was the output chosen to feed the tidal energy site selection model.
However, all current speed layers can be viewed in Figure A3 of Appendix A.

Table 3. Details of tidal data downloaded.

Parameter Description
Spatial Resolution 1.9 km x 1.9 km
Temporal Resolution Hourly
Analysis Period 1 January 2020 to 30 December 2020 (1 year of data)
Variables selected ‘uB” (U-component barotropic velocity) and ‘vB’ (V-component barotropic velocity)
Underlying model/equation Reynolds-averaged Navier—Stokes equations

The theoretical tidal power density layers were also calculated using this data with
Equation (2) [40]:
P=05p0° 2)

where p is the density of seawater (1025 kg/ m?), and v is the current velocity (m/s). These
layers are detailed in Table 5 and appear under the Ocean Energy Resources group layer in
the CWA as well as in Figure A4 of Appendix A.
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Table 4. The tidal layers and their descriptions as created for the Oceanography group layer.

Layer Description

Maximum spring peak current velocity (m/s)
Maximum neap peak current velocity (m/s)
Mean spring peak current velocity (m/s)
Mean neap peak current velocity (m/s)
Mean peak current velocity (m/s)

Max peak current velocity (m/s)

Maximum value for the peak flow of the spring current over the

complete data time series.

Maximum value for the peak flow of the neap current over the
complete data time series.

Average value for the peak flow of the spring current over the
complete data time series.

Average value for the peak flow of the neap current over the complete
data time series.

Average value for the peak flow of the current, irrespective of
spring/neap cycles, over the complete data time series.
Maximum value for the peak flow of the current, irrespective of
spring/neap cycles, over the complete data time series.

Table 5. The tidal layers and their descriptions as created for the Ocean Energy Resources
group layer.

Layer

Description

Annual Tidal Energy (Wh/m?)
Annual Neap Tidal Energy (Wh/ m?)

Annual Spring Tidal Energy (Wh/m?)

The total annual energy that is theoretically available over the complete data
time series.
The total annual energy that is theoretically available with current values
taken only from neap tidal cycles.
The total annual energy that is theoretically available with current values
taken only from spring tidal cycles.

2.2.5. Bathymetry

The harmonised EMODnet Digital Terrain Model (DTM), which covers the European
sea regions (36° W—43° E; 90° N-15° N), was downloaded in raster format to the geographic
extent of the Selkie study area. The 2016 DTM release was the latest available version at
the time of download, and its spatial resolution is approximately 115 m. The product
has been generated from selected bathymetric survey data sets, composite DTMs and
satellite-derived bathymetry products, whilst any data gaps are filled by integration of
GEBCO Digital Bathymetry [41,42]. The DTM raster data were pre-processed to make
it presentable and fit to share as a web layer that can be integrated into the CWA. This
involved masking out areas >300 m deep (beyond the edge of the continental shelf, at
which point ORE infrastructure is unlikely to be deployed) and symbolising appropriately
for user legibility. A depth contour layer was also developed (selecting a 10 m contour
interval) to make it clear what the depth range is at a given area of interest.

2.2.6. Seabed Characteristics

EMODnet also provides seabed substrate data products for the European sea regions
comprising multiple datasets at various scales and confidence levels [43]. The data available
for the Selkie study area included that at resolutions of 1:50,000, 1:100,000 and 1:250,000.
These datasets are updated regularly and have varying levels of confidence (Table 6).

Table 6. Seabed substrate dataset details.

Dataset Scale Confidence Level Produced Updated
1:50,000 41 (highest possible score) March 2019 September 2021
1:100,000 41 (highest possible score) March 2019 September 2021
1:250,000 Unknown 2 October 2016 September 2021

1 RS Coverage is good (>90%). Every/almost every class in the map was sampled. Most classes are distinct in the
remote sensing data. 2 Confidence information is missing because they were collated as separate data layers.
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Some parts of the study area, primarily areas off the west coast of Ireland, have no
seabed substrate data (Figure 3). The approach taken to harmonise the various datasets was
to download the seabed substrate data from the EMODnet Seabed Substrate web page at
all three scales, and then to combine the multiple datasets into a single, new output dataset.
During this process, due care was taken to use data with the best possible resolution (and
confidence level) where possible.
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Figure 3. The geospatial availability of each seabed substrate dataset and areas with no data coverage.

After excluding areas with no data, the 7-point Folk grain size classification system
(Folk-7 Scale) was used to map the seabed substrate data in the tool; this was sufficient to
inform the development of ORE infrastructure [44]. This classification system divides the
various seabed substrate types into the following seven categories:

Rock and Boulders

Coarse Sediment (Gravel >= 80% (or Gravel >= 5% and Sand >= 90%)
Mixed Sediment (Mud 95-10%; Sand < 90%; Gravel >= 5%)

Mud (Mud >= 90%; Sand < 10%; Gravel < 5%)

Sandy Mud (Mud 50-90%; Sand 10-50%; Gravel < 5%)

Muddy Sand (Mud 10-50%; Sand 50-90%; Gravel < 5%)

Sand (Mud < 10%; Sand >= 90%; Gravel < 5%)

Following interest from industry, this same dataset was used to map the areas where
excavation to shore was and was not possible. This mapping indicates areas where an
unobstructed excavatable seabed type (coarse substrate, mixed sediment, sand, muddy
sand, sandy mud and mud) continued right up to within 1 km of the coast, information
which is apparently highly influential to wave energy site optimisation. This classification
was achieved by merging these excavatable seabed types into one feature and extracting
the areas where it intersected a 1 km buffer of the coast. The 1 km buffer was used
instead of the actual coastline as the seabed dataset did not extend right up to the coast in
some areas.

2.2.7. Marine Traffic

TSS act as corridors for large ships, similar to motorways for road vehicles. They
are defined by the International Maritime Office (IMO) and are policed at a local level by
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the Coast Guard. Larger vessels are required to strictly adhere to the TSS, but they are
permitted to move freely between them (i.e., from one to the next). As open-access TSS
data could not be found, the TSS were traced using Admiralty chart data and then clipped
to the extent of the Selkie study area.

To reveal how closely ships adhere to the TSS zones, and since fishing vessels are
not required to adhere to them, layers depicting vessel density were also developed using
Automatic Identification System (AIS) data. The EMODnet Human Activities web page [45]
facilitates access to geographic data on human activities performed in EU waters, one theme
of which is vessel density. The vessel density data are based on the AIS, which ships use
regularly to report their geographic position. The data are open access and can be viewed
on an interactive map of Europe [46]. The spatial resolution of the data is 1 km by 1 km,
with each grid square expressing the vessel density in hours per km? per month. It can be
separated by vessel type and downloaded in GeoTIFF format.

For the Selkie tool, a three-year hindcast of this data was downloaded for cargo and
tanker vessels together to represent general shipping. Data were downloaded for fishing
vessels separately due to the known importance of considering the fishing industry when
siting ORE infrastructure. At the time of download, the yearly average values were
available for 2017, 2018 and 2019; these were downloaded separately as individual GeoTIFF
files. They were then uploaded to ArcGIS Pro and run through a purpose-built model to
complete the geoprocessing required for the data to be meaningfully displayed for both
general cargo traffic (Figure 4) and for only fishing traffic (Figure 5).

Raster
Calculator (2)

Raster to
Polygon

Figure 5. The model developed in ArcGIS Pro to process the AIS data for fishing vessels.
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The resulting marine-traffic layers were symbolised to show the 1% and 1.5% busiest
areas (in the Irish and UK EEZ) for shipping and the 10% and 20% busiest areas (in the
Irish and UK EEZ) in terms of fishing-vessel activity. These thresholds were chosen based
on an interview study of offshore development zones [47]. In that study, the majority of
respondents agreed that including the TSS as a hard constraint is more important than
including the AIS data, as ships need to adhere strictly to the TSS; the AIS data only indicates
where they have been over a given period. The majority of respondents also agreed that
the 20% busiest fishing areas should be regarded as a constraint to ORE development, but
that this should only be guidance as thorough and delicate consultation with the fishing
communities is required on a project-by-project basis.

2.2.8. Subsea Cables

Kingfisher Information Service—Offshore Renewable & Cable Awareness (KIS-ORCA)
maintains an online database of cable routes for northwestern Europe [48]. From their
downloads page, GIS data on this can be obtained. However, subsea pipelines (oil and gas)
are not included in this database. These needed to be traced from admiralty chart data,
following the same procedure used for the creation of the TSS layer. A 1 km buffer was
created around these cables and pipelines and was set as a hard constraint (exclusion zone)
in the site selection analysis.

2.2.9. Protected Areas

There are four general categories of protected areas at sea; special areas of conservation
(SACs), special protected areas (SPAs), marine protected areas (MPAs) and marine con-
servation zones (MCZs). Each has a slightly different meaning, but all have the collective
aim of conserving biodiversity by protecting the seabed and a wide range of habitats and
species of animals and plants. The data for Irish waters were obtained from Ireland’s
Open Data Portal [49] and the data for UK waters were obtained from the Joint Nature
Conservation Committee (JNCC) [50]. Each one of these has been included in the Selkie
CWA as individual layers, and also as a collective layer representing all four categories.

2.3. The Interface and Site Identification

All of the aforementioned data, and more, are hosted online and can be accessed via the
Selkie CWA. In order to attract and encourage potential users to engage with this tool, open
accessibility and user-friendliness were the primary goals in developing the interface. A
web-based approach is most suitable to achieve these goals as it eliminates the requirement
for the user to download software on their device. A web-based tool also offers flexible
access across device types, seamless updates for the user (no maintenance) and secure,
centralised data storage. After considering several options, it was decided that the ArcGIS
API for JavaScript would best assist the development of the tool. ESRI (Environmental
Systems Research Institute) is an international supplier of GIS software. Their ArcGIS
API for JavaScript helps developers to build user-interactive GIS web apps [51,52]. The
tool was written in HTML, CSS and JavaScript using the Visual Studio Code Integrated
Developer Environment (IDE), a code editor for building and debugging modern web-
based applications [53].

A header for the tool consists of a link to the project homepage via the project logo, a
title for the web app, a link to an introductory webpage (including an introductory video),
a link to the tool description webpage, a help link to a demonstrational video showing
the user how to use the tool (giving an example scenario), a contact information link and
a print screen button (for printing analysis results). Below the header is the web atlas
(Figure 6), with Esri’s Ocean Basemap zoomed into the extent of the Selkie study region
by default. Some useful widgets were also coded into the tool, including a measuring
function (allowing for the measurement of distances and areas), a draw function (allowing
the user to create their own points, lines or polygons) and a data upload button (allowing
the user to upload their own GIS data). Another important function within the interface is
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the layer list. The layer list was developed using a bespoke ArcGIS JavaScript API function
and provides access to all layers within the tool, the more salient of which are shown in
Section 3 of this article.

SELKIE Ocean Energy GIS-TE Platform
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Figure 6. The CWA tool interface as it appears once opened by the user.

The most novel function developed for the interface was the ‘Site Selection Aid’.
Without any prior knowledge or experience of GIS, this allows the user to very easily
input some core optimal site criteria to reveal potential sites on the atlas for wave or tidal
energy deployment. This site-selection feature uses a purpose-built JavaScript function
that identifies all the values input by the user for each site selection criteria (SQL statement)
and then displays the areas that meet those criteria on the CWA (‘response’ function). An
ArcGIS Pro version of the model was also built for the purpose of creating more aesthetically
appealing maps to include in this article.

A survey was sent out to wave and tidal energy technology developers to determine
appropriate values for running the site selection model. This included minimum theoretical
resource values, desired depth range and desired seabed character. These values were then
used in a case study to reveal potential deployment sites. TSS zones and areas within a
1 km buffer zone of subsea cables were excluded from consideration. The outputs revealed
potentially suitable areas for wave and tidal energy deployment for different technology
types. Tables 7-10 list the input criteria and values to identify the potential sites for wave
and tidal energy respectively, and Figure 7 illustrates the associated workflow. Several
additional criteria can be overlaid to assess additional site conditions. For the purposes of
this case study, the site selection model was adjusted to include accessibility, the busiest
fishing 20% areas, protected areas and excavation to shore; the input values for these are
given in Table 9 for wave energy and Table 10 for tidal energy. Considering these additional
variables allowed for optimum sites to be identified, a process which can be replicated in
the Selkie CWA by using the layer list to switch on different criteria.

Table 7. Details of wave site selection inputs based on technology developer survey responses.

Oscillating Water Column WEC

Criteria
Resource
Depth range

Seabed character

Measure Value
Theoretical annual average (kW/m) >35
Metres (m) 50-120

Sandy Mud, Muddy Sand, Sand, Coarse

Folk 7 classification Substrate, Mixed Sediment




Seabed character

Folk 7 classification
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Table 7. Cont.
Point Absorber WEC
Criteria Measure Value
Resource Theoretical annual average (kW/m) >15
Depth range Metres (m) 30-300
Seabed character Folk 7 classification Mud, Sandy Mud, Mgddy Sand, Sand,
Mixed Sediment
Attenuator WEC
Criteria Measure Value
Resource Theoretical annual average resource (kW /m) >15
Depth range Metres (m) 10-150

Sandy Mud, Muddy Sand, Sand, Coarse
Substrate, Coarse Substrate, Mixed Sediment

All/Generic WEC
Criteria Measure Value
Resource Theoretical annual average resource (kW /m) >15
Depth range Metres (m) 10-300

Seabed character

Folk 7 classification

Sandy Mud, Muddy Sand, Sand, Coarse
Substrate, Coarse Substrate, Mixed Sediment

Table 8. Details of tidal site selection inputs based on technology developer survey responses.

Fixed Bottom TEC (Resource Selection 1)

Criteria
Resource
Depth range

Seabed character

Measure
Current velocity on mean spring tides (m/s)
Metres (m)

Folk 7 classification

Value
>1
20-100

Sandy Mud, Sand, Coarse Substrate, Mixed

Sediment, Rock and Boulders

Fixed bottom TEC (resource selection 2)

Criteria
Resource
Depth range

Seabed character

Measure
Current velocity on mean spring tides (m/s)
Metres (m)

Folk 7 classification

Value
>1.5
20-100

Sandy Mud, Sand, Coarse Substrate, Mixed

Sediment, Rock and Boulders

Floating surface TEC (resource selection 1)

Criteria Measure Value
Resource Current velocity on mean spring tides (m/s) >1

Depth range Metres (m) 40-60

Seabed character Folk 7 classification Mud, Muddy Sand, Sand
Floating surface TEC (resource selection 2)

Criteria Measure Value

Resource Current velocity on mean spring tides (m/s) >15

Depth range Metres (m) 40-60
Seabed character Folk 7 classification Mud, Muddy Sand, Sand

Table 9. Details of additional site selection inputs for identification of optimum wave energy sites.

Additional Criteria (All WEC Technologies)

Accessibility
Fishing
Protected areas
Cable access

Annual frequency of Hs < 1.5 m and wind speed <20 m/s (%) >20

AIS density—hours/ km2/month
SACs, SPAs, MPAs and MCZs
Excavation classification

Busiest 20% (>17,396)
Exclude all
Excavatable
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Table 10. Details of additional site selection inputs for identification of optimum tidal energy sites.

Additional Criteria (All TEC Technologies)

Accessibility
Fishing
Protected areas
Cable access

Annual frequency of Hs < 2 m and wind speed < 15 m/s (%) >20
AIS density—hours/ km?/month Busiest 20% (>17,396)
SACs, SPAs, MPAs and MCZs Exclude all
Excavation classification Excavatable

Classification

No
m > Possible Yes

Figure 7. The workflow for identifying potential and optimum sites in the case study.

No
’ a
No
m e m
L > Selected i

2.4. In Situ Validation

A validation of the results was performed using in situ data for wave height, wave
period, water depth and seabed character within the areas deemed suitable in the case
study. The in situ wave data for Ireland were derived from the Marine Institute [54], and
the in situ wave data for the UK were derived from the National Network of Regional
Coastal Monitoring Programmes (NNRCMP) [55]. The in situ sediment data were derived
from the Marine Institute [56] and were gathered on board the RV Celtic Voyager or the
RV Celtic Explorer. These data give the depth and seabed character at several points for
both Ireland and UK. The wave data validation procedure was more complex than that of
the seabed validation and was performed in MATLAB using a purpose-built script that
took only the data that were closest in space and time to each other while also being no
more than 30 min apart. The bias, root mean square error (RMSE), scatter index (SI) and
correlation coefficient (R) were calculated for each of the two products used.

2.5. Methodological Limitations

The method chosen for identifying the suitable sites in this case study is one of many
and is by no means a panacea for site identification. There are many other methods and
criteria that can be chosen for such analysis, and these have been cited in Section 1. The
clear-cut approach taken here was chosen to directly reflect the industry survey responses
and apply some of the new geospatial data created for the Selkie CWA. Although substantial
work was involved in creating this site suitability analysis, it is important to remember that
the approach is based purely on input from the technology developers and may not be
representative of other technologies. Nevertheless, this analysis can be easily replicated
using alternative user defined inputs in the publicly available web version of the model,
the CWA. In terms of the validation, it would have been better to also perform in situ
validation of the current speeds, but this could not be achieved due to a lack of available in
situ sources on this parameter.
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3. Results

The results of the case study are presented here as maps. In Section 3.1, the results of
mapping each of the individual criteria pertinent to ocean energy site selection are shown,
and their general spatial patterns described. Section 3.2 reveals the results of bringing
these criteria together in the site selection model to show potential and optimum sites for
deployment based on the aforementioned criteria. Section 3.3 presents the results of the
validation procedure.

3.1. Individual GIS Layers
3.1.1. Theoretical Wave Power

The area with the highest theoretical annual wave power resource is the North Atlantic
off the west coast of Ireland, and the area with the lowest theoretical resource is the Irish Sea
(Figure 8). The winter season produces the highest resource level, and summer produces
the lowest (Figure 9). Focusing on the annual resource first, Figure 8 shows that mean
annual wave power values of up to 60 kW/m are present in the North Atlantic just off
the west coast of Ireland, and 70 kW /m further offshore to the northwest. In the Celtic
Sea, approximate values range from 40 kW /m in the west, south of Cork, to 25 kW/m
further east, southwest of Wales. A slight exception to this is the presence of lower values
sheltered along the southeast coast of Ireland. Approximate values in the Irish Sea range
from 25 kW /m in the south to less than 5 kW /m further north.
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Figure 8. The annual mean wave power resource in kW per linear metre of wave crest (kW/m).

Figure 9 illustrates that mean theoretical wave power values in winter can reach over
110 kW /m in the North Atlantic just off the west coast of Ireland, and over 130 kW/m
further offshore. In contrast, values in summer can fall below 20 kW /m in the same area
and below 10 kW /m in the Celtic Sea; in winter, values range from 90 kW /m in the west
to just over 30 kW /m further northeast. When spring and autumn are compared, it is
clear that autumn is a slightly more productive season with values over 60 kW /m in the
North Atlantic during this season, compared to just over 50 kW /m in the same area during
spring. The difference in values between spring and autumn is even less pronounced in the
Celtic Sea, with those greater than 20 kW /m only extending slightly further east towards
Pembrokeshire (southwest Wales) in autumn compared to spring. Throughout the seasons,
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very little power is available in the Irish Sea, with values not exceeding 20 kW /m, even
in winter.

kW/m
= <10
m <20
mm <30
m <40
mm <50 |
w <60
<70
<80
m <90
m <100
m <110
mm <120
== <130
<140 |

Figure 9. The seasonal mean wave power resource in kW per linear metre of wave crest for (a) spring,
(b) summer, (¢) autumn and (d) winter.

3.1.2. Extreme Wave Characteristics

The extreme wave heights follow a similar spatial pattern to that of the mean theoretical
wave power, with the highest values in the Atlantic off the northwest and southwest coasts
of Ireland. Figure 10 shows the 50-year return period significant wave height, revealing
values more than 15 m throughout these areas. Maximum extreme values in the Celtic Sea
are <13 m and are <11 m in the Irish Sea. In the North Channel and Inner Seas off the West
Coast of Scotland, maximum extremes are <7 m and <13 m, respectively.
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Figure 10. The values in metres for the 50-year return period significant wave height.

3.1.3. Accessibility

Figure 11 shows the percentage accessibility of sites for the entire year when limits
of Hs 1.5 m and wind speed 20 m/s are applied; these are typical limitations for a CTV.
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Since the weather window availability is calculated based on the wave and wind data, it is
unsurprising that accessibility levels are lower in the Atlantic. The least accessible areas
are far off the northwest coast of Ireland, where values go below 10%. Most areas off the
west coast have values less than 20%. Closer to the coast, the accessibility in many bays
ranges between 90 and 100%. Values in the Celtic Sea range from 30 to 60%, whilst the vast
majority of the Irish Sea has greater than 60% accessibility. Figure 12 shows the percentage
accessibility of sites for the entire year when limits of Hs 2 m and wind speed 15 m/s
are applied, which are typical limitations for an HLV. The spatial pattern follows that of
Figure 11, but with lower values. These generally range from 30 to 50% in the Atlantic, 40
to 60% in the Celtic Sea, and 60 to 100% in the Irish Sea.
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Figure 11. Annual accessibility (%) based on CTV operating limits of 1.5 m Hs and 20 m/s wind speed.
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3.1.4. Tidal Characteristics

The metric that is most commonly used to identify areas with an adequate tidal energy
resource is the mean peak velocity on spring tides (m/s), with minimum threshold values
in the technology developer survey responses ranging from 1 m/s to 2.5 m/s. Figure 13
shows that the most promising sea areas for tidal energy based on this metric are the Irish
Sea, North Channel and Inner Seas off the West Coast of Scotland. The highest values
observed in the study area are west of the Isle of Islay (Inner Seas off the West Coast of
Scotland). This is the only place where values exceed 2 m/s. Values above 1.5 m/s are
observed in the North Channel, both southeast of Rathlin Island and off the southwest
tip of the Mull of Kintyre. In the Irish Sea, values exceeding this 1.5 m/s threshold are
only found along the Welsh coast in two areas, just west of Holy Island (Anglesey) and
northwest of Ramsey Island (Pembrokeshire). Values exceeding 1 m/s are widespread
in each of the aforementioned sea areas and in the Bristol Channel. For the Republic of
Ireland, areas northeast of Inishowen, east of Wicklow Head and east of Rosslare have a
tidal resource exceeding this threshold.
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Figure 13. Mean peak current velocity on spring tides (m/s).

3.1.5. Water Depth and Seabed Character

The water depth within most of the study area is below 300 m (Figure 14). This is
the maximum depth threshold for consideration of deployment identified in the survey
responses. This depth threshold is only exceeded at the edge of the continental shelf off the
west coast of Ireland. Depths in the Celtic Sea and the Irish Sea do not appear to exceed
160 m. However, further north in the channel, between Northern Ireland and Scotland,
the depths appear to exceed 200 m in places. The depth drops sharply north of Antrim
(Northern Ireland) from 0 to as much as 240 m.

In terms of the seabed character, Figure 15 shows the extent of each classification
based on the Folk-7 scale (given in Section 2.2.6). A higher level of detail is noticeable
in areas along the south coast of Ireland. The level of detail in areas further offshore, in
the Celtic Sea and in the Atlantic Ocean off the west coast of Ireland, is limited in terms
of availability and spatial resolution. Most of the nearshore areas in the study area are
mapped; exceptions include the west coast of Ireland (west of Galway and Mayo), parts of
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the northwest coast of Ireland (west of Donegal), parts of the southwest coast of Ireland
(off Kerry) and an area off the northwest coast of England (in the vicinity of Lancashire).
The available data show that the nearshore areas along the Irish coast, especially south and
west, are more associated with hard substrata than the UK coast, which is relevant in terms
of both device deployment and cable trenching to shore.
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Figure 15. The seabed character represented using the Folk-7 classification.

A more excavatable seabed type is often preferred for the deployment of devices
(particularly for wave energy) and is necessary for trenching cable routes. In Figure 16, the
yellow represents areas where excavating to shore is possible. Barriers to excavation (in
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light grey) are most noticeable along the south and west coasts of Ireland, as well as the
Cornwall and Anglesey coasts in the UK. Nevertheless, several corridors of excavatable
seabed that run toward the coast through these barriers of rock or other hard substrata
are still evident at these locations. This is clearly visible when zooming in on the data, as
shown in Figure 17, which uses the Cork coast as an example. Here, a number of these
corridors are evident, e.g., at Bantry Bay and south of Baltimore, Cork Harbour (narrowly)
and Youghal.
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3.1.6. Marine Traffic

The layer resulting from the AIS density modelling for general shipping traffic reveals
the Irish Sea, the eastern Celtic Sea and the North Channel as the busiest locations in the
study area (Figure 18). Here, the major shipping lanes that run between Ireland and the UK
and south toward mainland Europe are clearly evident. Figure 18 also shows how closely
marine traffic adheres to the TSS corridors as set out by the IMO. This makes a good case
for excluding these TSS corridors from consideration for ORE deployments. Other notably
busy areas include the approaches to Cork Harbour, Galway, the Shannon Estuary and
Lough Foyle.
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Figure 18. The busiest 1.5% (orange) and 1% (red) areas for shipping in the Selkie study area based on
a three-year time series of AIS data (h/km?/month).

The geospatial distribution of the AIS density for fishing traffic is far more chaotic
than that of the general shipping traffic, as shown in Figure 19. Nevertheless, concentrated
clustering is evident in the northwestern part of the Irish Sea, the Firth of Clyde (Scotland)
and in the Celtic Sea surrounding Cornwall. Other busy areas of note include the waters off
the south, southwest and northwest coasts of Ireland and west of the Aran Islands (Galway).
The approaches to the major fishing ports associated with these busy areas are also clearly
evident in the layer, with high densities in the immediate vicinity of Castletwonbere (Cork),
Rossaveal (Galway) and Killybegs (Donegal), three of Irelands busiest fishing ports.

3.1.7. Subsea Cables

Figure 20 shows the subsea cable and pipeline infrastructure which runs through
the study area, along with a 1 km exclusion buffer. Cable and pipeline infrastructure
appears to be dense in the North Channel, Irish Sea and Celtic Sea. In these areas, routes
traverse between Ireland and Britain and extend from the coastline out to the existing oil,
gas and ORE infrastructure in the Irish Sea, mainly west of Merseyside and Lancashire.
Numerous routes also occupy the Celtic Sea, where further links between Ireland and
Britain are evident, in addition to further routes that extend from south of Cork to the
Kinsale Gas Field. The North Atlantic is sparse in comparison, though some routes,
apparently extending west to North America, are evident off the southwest coast of Ireland.
Routes are also sparse along Ireland’s west coast, with just two routes; one runs between
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the Aran Islands and the mainland of Co. Galway, and the other extends west of Co. Mayo
to the Corrib Gas Field.
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Figure 19. The busiest 20% (orange) and 10% (red) areas for fishing in the Selkie study area based on
a three-year time series of AIS data (h/ km?/month).
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Figure 20. The subsea cable and pipeline infrastructure which run through the study area (red lines)
and its associated 1 km buffer zones for exclusion (yellow outline).
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3.1.8. Protected Areas

Figure 21 shows all protected areas in the Selkie study area merged into one continuous
layer. It is evident that UK waters have far more extensive coverage than Irish waters.
Much of the coverage is close to the coast and inside the 12 M limit (territorial seas); the
only exception are off the southwest coasts of Ireland and England. This layer feeds the site
selection model as an exclusion for identification of the optimum sites.

13°wW 122w 11°wW 10°W W 8w 7°wW 6°W 5°W 4°W 3°W

Hebrides Terrace T

%4 Protected Areas . Seamount

>

seen | Irishiand Welsh Territorial Seas: | N I} seon

55°N- 55°N
pn
54°N 54°N

53°N- [-53°N

52°N 52°N

S0°N S0°N

English
Channet

GSI. OceanWise, £sr1, GEBCO, DeLorme, NaturaiVue, Esri UK, Esri, HERE, Garmin, FAO, NOAA, USGS

13°wW 12°W 11°w 10°W 9w 8°w 7°W 6°W 5°W 4°W 3°W

Figure 21. Protected areas throughout the Selkie study area.

3.2. Site Suitability
3.2.1. Wave Energy

Running the site selection model reveals suitable areas for wave energy deployment
in the Atlantic, the Celtic Sea and the Inner Seas off the West Coast of Scotland (Figure 22).
However, by breaking the layers into technology types, Figure 22a reveals little in the way
of potential for OWC deployment in the Celtic Sea. Vast areas off the northwest coast do
appear suitable for OWC deployment, even with the additional limitations considered
(optimum sites). The area northwest of Mayo is only suitable if the additional limitations
are ignored. Further promising areas are evident off the southwest coast, particularly west
of Clare, including with the additional limitations applied. This is generally the case with
all technology types, though somewhat less so for the point absorber (Figure 22b). This
technology type appears to have better potential in the Celtic Sea, when the additional
limitations are ignored, it also seems to have better potential far off the southwest and
northwest coasts. The attenuator shows even more promise for deployment in the Celtic
Sea (Figure 22c). Here, suitable areas for deployment extend right up to the southwest
coasts of Wales and England. Areas off the southwest and northwest coast of Ireland also
appear suitable for this technology type. Figure 22d shows the areas that have the potential
to deploy at least one of the technology types, i.e., where the criteria for all four WEC types
have been included. This reveals huge potential for wave energy deployment throughout
the Selkie study area in general.
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Figure 22. (a) Potential (dark blue) and optimum (light blue) sites for wave energy deployment
based on survey responses from an OWC WEC technology developer. (b) Potential (dark blue) and
optimum (light blue) sites for wave energy deployment based on survey responses from a Point
Absorber WEC technology developer. (c) Potential (dark blue) and optimum (light blue) sites for
wave energy deployment based on survey responses from an Attenuator WEC technology developer.
(d) Potential (dark blue) and optimum (light blue) sites for wave energy deployment based on survey
responses from all WEC technology developers.
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3.2.2. Tidal Energy

The extent of suitable areas for tidal energy deployment is far less than that of wave
energy. Figure 23a shows some potential for bottom fixed tidal energy deployment in the
North Channel, Inner Seas off the West Coast of Scotland and in the Irish Sea. The Inner
Seas off the West Coast of Scotland is the only area where the >2 m/s on mean springs
threshold is met, just off the Isle of Islay (Scotland). This same area reveals further potential
when the 1.5 m/s resource threshold is considered, along with areas southeast of Rathlin
Island (Northern Ireland), the southwest tip of the Mull of Kintyre (Scotland) and in the
Irish Sea along Welsh coasts, both west of Anglesey and around Ramsey Island. With
the 1 m/s threshold considered, areas of the Inner Seas off the West Coast of Scotland,
extending right across to Inishowen (Donegal), appear suitable, along with an extensive
area between the Isle of Man and Luce Bay (Scotland). It is evident from Figure 23b that
suitable areas for floating tidal energy deployment are scarce. A small area west of the
Isle of Islay appears when the 1.5 m/s resource threshold is considered. When the 1 m/s
threshold is selected, another small area northwest of Inishowen appears, along with a
pocket just south of the Mull of Galloway (Scotland). There is not much opportunity for
floating tidal energy in the Irish Sea, but there are small, isolated pockets scattered off the
east coast of Ireland and west coast of Wales. In terms of optimum sites, consideration of the
additional criteria has little impact on deployment prospects for fixed bottom tidal energy
in the North Channel and Inner Seas off the West of Scotland (Figure 23c). However, further
south in the Irish Sea, it is apparent that the previously noted areas with highest potential
(>1.5m/s on mean springs) along the Welsh coast are removed when the additional criteria
considered. When considering the already limited floating TEC potential within the study
area, considering the additional criteria has a minimal effects, other than a decrease in the
extent of the isolated pockets noted in the Irish Sea (Figure 23d).
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Figure 23. (a) Potential sites for tidal energy deployment based on survey responses from a Fixed
Bottom TEC technology developer. (b) Potential sites for tidal energy deployment based on survey
responses from a Floating TEC technology developer. (c) Optimum sites for tidal energy deployment
based on survey responses from a Fixed Bottom TEC technology developer. (d) Optimum sites for
tidal energy deployment based on survey responses from a Floating TEC technology developer.

3.3. Validation

Once the suitable areas had been revealed, in situ validation points within those areas
were selected for accuracy assessment (Figure 24). Two wave buoys were suitable; one in
the North Atlantic named “WestWave” and one in the Celtic Sea named “WaveHub’. Four
sediment sample points were selected at random, one in each of the four sea areas: the
Atlantic (wave), Celtic Sea (wave), Irish Sea (tidal) and Inner Seas off the West Coast of
Scotland (wave and tidal).

The results of the wave data validation show strong correlation between the modelled
significant wave height and the measured significant wave height (Table 11). The average
significant wave height correlation coefficient across the two sites was 0.97 for both models.
The RMSE for Product 2 was slightly greater than that of Product 1, which also had the
lowest significant wave height bias and SI. The agreement between modelled wave period
and observed wave period was slightly lower than that of the significant wave height
comparison. Unlike with significant wave height, the models were underestimating wave
energy period values as shown with the negative bias values for both products at the
WestWave site as well as at the WaveHub site for Product 2. There was little difference in
RMSE, SI and R for wave energy period between the two products.

The results of the sediment/depth validation showed that modelled depth was con-
sistently lower than in situ measured depth, but never by more than 4 m (Table 12). The
closest comparison was the Atlantic site, where there was a difference of two metres be-
tween modelled and measured depth. Modelled seabed character was consistent with that
measured at each of the four sites.
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Figure 24. In situ validation points with reference to the potential wave and tidal energy sites.

Table 11. Results of the wave model validation.

Product 1—Significant Wave Height

Buoy Bias (m) RMSE SI R
WestWave 0.2399 0.4175 0.1777 0.9739
WaveHub 0.0256 0.2666 0.1341 0.9729

Product 1—Wave Energy Period

Buoy Bias (s) RMSE SI R
WestWave —0.04990 0.8882 0.1250 0.8876
WaveHub 0.1394 0.6752 0.1151 0.8932

Product 2—Significant Wave Height

Buoy Bias (m) RMSE SI R
WestWave 0.3459 0.4773 0.2126 0.9807
WaveHub 0.0879 0.2846 0.1477 0.9721

Product 2—Wave Energy Period

Buoy Bias (m) RMSE SI R
WestWave —0.5784 0.8828 0.1228 0.9134
WaveHub —0.1081 0.7410 0.1212 0.8923

Table 12. Results of bathymetry and seabed character model validation.
Bathymetry
Site Modelled Depth Measured Depth
Atlantic 97 m 99 m
Celtic Sea 96 m 100 m
Irish Sea 63 m 67 m
ISWCS 47 m 50 m
Seabed Character
Site Modelled Folk 7 Class Measured Folk 7 Class
Atlantic Sand Sand
Celtic Sea Sand Sand
Irish Sea Sand Sand
ISWCs Coarse Substrate Coarse Substrate

{-52°N

S1°N
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4. Discussion

It was expected that the highest wave power in the study area was observed off the
west coast of Ireland given its open Atlantic location. The observation, which aligns with
previous studies of the resource [57-59], further demonstrates the opportunity available
for wave energy extraction at this location. Focusing on detail, the highest mean annual
values, reaching 70 kW /m off the northwest coast, also match some of the values in previous
work [57]. The seasonal observations of the wave climate also correlate with the values and
patterns of former studies, with values in winter (most productive season) easily reaching
more than 100 kW /m off the west coast of Ireland; studies also show that autumn is a more
productive season than spring [57,58]. The much higher resource availability observed in
winter compared to summer is also meaningful in that domestic electricity demand is higher
in winter; this indicates a positive relationship between demand and supply. However, wave
energy devices have operational limits which will need to survive the harshest conditions at
sea [60]. As the new extremes data produced for this study show that 50-year return wave
heights exceed 15 m throughout the Atlantic area, meaning that the region is also likely to
pose a significant risk to both the survivability of such deployments and their operational
frequency, considering that maximum operating Hs values can range between 4 and 10 m,
depending on the type of WEC [61-64]. Both technology and project developers will need
to give this finding due consideration. The highest extreme values being observed off the
northwest and southwest coasts are likely to be associated with the greater depths in these
regions off the edge of the continental shelf, meaning there is less energy dissipation due to
bottom friction, i.e., along the Rockall Trough and Porcupine Seabight.

With widespread coverage of suitability in the Celtic Sea, the Attenuator technology
appears to be best suited to this area, followed closely by the Point Absorber. Furthermore,
with cable access to shore possible along the Cork coast, as previously confirmed (Figure 17),
the opportunity for deployment here is pronounced given that Cork has a considerable
industrial sector with high energy demands. The OWC has limited suitable coverage in
the Celtic Sea because of the technology’s higher resource demand (Table 7). However, the
technology does appear to be well suited to Atlantic areas, particularly off the northwest
coast of Ireland and the coast of Kerry and Clare. This finding follows a site suitability
study which considered an OWC in the same region of interest, though the hypothetical
scenario combined the OWC with an offshore wind deployment [15]. In that study, the
Atlantic Ocean, west of Ireland (as well as Scotland and the Faroe Islands), ranked highest
for deployment, followed by limited potential in the Celtic Sea. The study also considered
a point absorber deployment, albeit focusing more on the offshore wind element than
the wave element in the hybrid scenario. In contrast to the results of the site suitability
analysis performed for the point absorber in this study, that study suggested that the Celtic
Sea was not suitable for deployment of this technology type. However, this is almost
certainly due to the consideration of a minimum depth threshold of 150 m as opposed to
the 30 m minimum depth threshold given in this study for the Point Absorber scenario
(Table 8). In accordance with the survey responses, the Point Absorber has suitable areas far
offshore in the North Atlantic because of its generous depth range (up to 300 m) (Table 8).
However, such areas would have exceedingly high CAPEX and OPEX associated with the
considerable distance to port and grid access, and thus would likely be far less feasible for
deployment, as shown for offshore wind [65,66]. This will be examined for ocean energy by
the authors of this article in a future study. There appears to be considerable deployment
potential for all technology types off the Clare coast according to the analysis performed
here, an important finding considering that Clare has a 400 kV grid connection point for
electricity transmission to Ireland’s capital city Dublin [67].

Annual accessibility values of less than 20% off Ireland’s west coast, using the 1.5 m
Hs and 20 m/s wind speed limits, are also likely to pose a significant concern in terms of op-
erations and maintenance, particularly considering UK guidelines for offshore wind, which
suggest that anywhere having accessibility values below 20% is economically unviable [68].
This finding is significant given that much of the previous work on ORE site selection for
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the region of interest has not included the geospatial variability of accessibility [15,69].
The difference between the two accessibility maps reveals that wave height appears to
have a greater impact on accessibility than wind speed, with higher values throughout
the study area when the Hs threshold was increased (from 1.5 m to 2 m) and the wind
speed threshold was decreased (from 20 m/s to 15 m/s). Using this >20% accessibility
threshold as the benchmark, when the latter cut-off values are applied (Hs 2 m and wind
speed 15 m/s), there is little or no impact to ocean energy deployment potential throughout
the study area.

Almost mirroring the spatial distribution of the wave energy resource, the tidal energy
resource is most plentiful in the east of the study area, with the higher values found
throughout the Bristol Channel, Irish Sea, North Channel and the Inner Seas off the West
Coast of Scotland, a finding consistent with previous assessments for both Ireland [70,71]
and the UK [72,73]. This is due to the funnelling effect of the tide as it is forced between
land masses and around headlands [74]. This was evident throughout the study area.
Examples include St. Georges Channel in the Irish Sea and the North Channel between
Northern Ireland and Scotland, but particularly around headlands and islands, with highest
current speeds on mean springs (>1.5 m/s) evident off Ramsey Island (Wales), Holy Island—
Anglesey (Wales), Mull of Galloway (Scotland), Mull of Kintyre (Scotland), Isle of Islay
(Scotland) and Rathlin Island (Northern Ireland). Three of these areas, Ramsey Island,
Anglesy and Islay, have been previously highlighted as being among the most productive
areas for tidal energy in the UK [73]. In that study, the peak values appear to exceed 2 m/s
in more locations than those found here. It is difficult to determine why this occurred, but
reasons may well be associated with differences in the models used. Although both models
had a similar spatial resolution (1.9 km? and 1.8 km?), they have differing underlying
algorithms to determine the depth averaged output. In a prior study of the Irish tidal
energy resource [71], the values were more consistent with the results presented here,
ranging between 1.2 and 1.5 m/s in the more productive areas of the Irish Sea (east of
Wicklow Head and Rosslare), and only exceeding 1.9 m/s in the Inner Seas off the West
Coast of Scotland (southeast of Rathlin Island). In that study, other noteworthy areas of
potential for tidal energy around the Irish coast included the Shannon Estuary (between
Kerry and Clare), Ram Race (northeast of Belfast) Strangford Lough (east of Inishowen)
and Gascanane Sound (Cork). The fact that these additional areas of potential were found
in that study, and not in the assessment performed here, is almost certainly due to the
higher resolution (405 m) of the model used. This promotes the necessity for such higher
resolution models in identifying confined areas of potential for tidal energy deployment.

The removal of areas for fixed bottom tidal energy deployment in the optimum site
analysis is due to the extensive coverage of protected areas in this region, as previously
shown (Figure 21). Although the extent of the potential tidal energy deployment areas is
limited in comparison to wave, those with the highest resources are close to the coast. This
is beneficial in the sense that deployment in such areas will have lower CAPEX and OPEX
values associated with the lower distance to onshore infrastructure, as previously stated
for offshore wind energy. With most of these high resource intensity areas surrounding
islands, this also presents an opportunity for these islands to achieve energy independence,
a subject which has been of keen interest in renewable energy research and the focus of
many previous studies [75-78].

In terms of the tool’s capacity to attract potential interest from the four main user
groups defined by ICAN, outlined in the introduction, it can be said that the Selkie CWA
will surely be useful and attractive for:

e  The scientific community—to scope out areas (i.e., using the potential site maps) for
further and more detailed investigation of localised patterns in the resource,

e  Policy makers, both in Ireland and the UK—to help identify zones to be designated
for ocean energy deployment within their respective marine plan areas,

e  The general public—to encourage interest in ORE and realise the enormous potential that
the marine space offers Ireland and the UK as they aim to reach carbon neutrality, and,
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e  The education sector—enabling students of both engineering and geography to access
a freely available database and information source which can help them to learn about
ORE resources and the multiple uses of our marine space.

In the accuracy assessment, results from the validation of both wave models correlated
strongly with the in situ data, proving the effectiveness of using such freely available data
from the Copernicus Marine Service for modelling the wave climate at the region of interest.
It should be noted that the wave buoys chosen for the validation were also close to the coast,
an area where similar models with a coarser resolution were found to have inaccuracies
in a previous study of the region which used a model with no better than 8 km spatial
resolution [57]. The higher spatial resolution of <5 km in both of the newer models is
likely to be the reason for these more accurate results close to the coast. The bathymetry
model had errors of up to 4 m when compared to the in situ data, which is not a major
concern. The model can still be regarded as being appropriate for a study similar to this
one, which is focused on scoping out potential areas within a broad region of interest as
opposed to a site-specific study. Nevertheless, higher resolution models will be warranted
for such site-specific assessments at the local/farm scale before deployment. Furthermore,
although the seabed character model achieved consistent accuracy when compared to the
in situ validation points in each sea area, it is still highly recommended to seek higher
resolution, up-to-date surveys of the seabed prior to actual deployments; these should
include depth to bedrock and seabed stability assessments [44]. With the growing interest
and development of the ORE sector in the study region, such services are now available for
tender on demand [79].

Limitations

As previously mentioned, it became apparent during this study that the spatial resolution
of the model used for the tidal assessment could be improved. This is due to the considerable
local variability of the tidal resource, particularly in comparison to the wind and wave climate.
The resolution of the available data failed to capture the detail of the tidal resource in some
channels where the width was less than the model node spacing. Such narrow channels
often possess a considerable tidal resource due to the increased funnelling effect, but they are
unlikely to have the capacity necessary for large scale deployments. These areas should be
examined using higher resolution models to assess the potential for tidal energy site suitability.
The area with no data coverage on the seabed character off the west coast of Galway and
Mayo has excluded these areas from consideration for site suitability, yet they are likely to
offer good potential for wave energy deployment. This may be revealed when newly available
data come online via the ongoing INFOMAR programme [80].

5. Conclusions

This paper describes various geospatial datasets relating to ocean energy farm site
suitability, and a CWA tool that will facilitate both access to, and analysis of these data.
An analytical case study of the data has revealed potential and optimum sites using input
criteria provided by ocean energy technology developers. Certain areas of the Atlantic
Ocean and Celtic Sea have been shown to have huge potential for wave energy deployment.
The Irish Sea, North Channel and Inner Seas off the West Coast of Scotland have some
potential for tidal energy deployment (particularly fixed), yet minimum resource thresh-
olds are not met according to some survey responses. At the national scale, but remaining
specific to the study area, it can be concluded that Ireland offers huge potential for wave
energy deployment, with vast areas of its Atlantic and Celtic Sea marine space meeting
the requirements of technology developers’ preferred site criteria. Wales offers significant
potential for tidal energy deployment particularly off the southwest and northwest head-
lands. However, gaining permission to deploy in these areas may be complex given the
vast amounts of protect areas at these locations. There is some potential for wave energy
deployment in Wales (off the southwest coast), and for tidal energy deployment in Ireland
(off the east and north coasts). Although the entirety of their territorial waters was not
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captured in this study, it is also apparent that there is potential for wave energy deployment
in England (off Cornwall) and Scotland (off Islay). Scotland also appears to have significant
potential for tidal energy deployment (off the southwestern headlands). The CWA tool
itself should prove useful for the purposes of ocean energy site selection, particularly given
the flexibility of user input offered through the interactive design. From performing an
accuracy assessment on some of the more pertinent data used in the CWA and case study,
it can be concluded that the newly available wave models from CMS chosen for the study
perform accurately within the study area, even close to the coast, which was an issue with
previous products. This is likely due to the finer resolution of the newer wave products
used in this study in comparison to the previous work. However, the spatial resolution
of the model used in this study for the tidal energy resource assessment could certainly
be improved upon, particularly for identifying confined areas of potential for tidal energy
within narrow channels and sounds. The bathymetry and seabed character models can be
regarded as sufficient for scoping out potential deployment sites at the regional scale, but
site-specific assessments are still highly recommended at the local/farm scale prior to any
commissioning of an ocean energy farm.

Future Work

Although this study has revealed potential areas for wave and tidal energy deployment,
project feasibility requires further complexity, much of which is also geospatial in nature.
A future study will use the wave data and current speed data described here and apply
it to wave energy power matrices and tidal energy power curves for real WEC and TEC
devices in order to produce maps of the technical resource availability, i.e., annual energy
production (AEP), in MWh. Furthermore, the accessibility layers, described here, can be
transformed into availability layers which show what percentage of time a device is available
to produce energy. This can be subtracted from the AEP to reveal how much energy is
realistically extractable throughout the study area. Other additional maps/layers will include
those showing the proximity to the nearest port and grid access point, which has techno
economic (TE) implications on the feasibility of potential ocean energy projects, the most
common measure of which is the Levelised Cost of Energy (LCOE). These TE layers (AEP,
availability, proximity to port and proximity to grid) will ultimately be combined with other
TE data (relating to CAPEX, OPEX and DECEX) and fed into a bespoke, geospatially-geared
algorithm which will create maps of the LCOE for the various technology types. All of these
TE and LCOE maps will then be added to the Selkie CWA as additional layers.
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Nomenclature

AEP Annual Energy Production

AIS Automatic Identification Systems
CAPEX Capital Expenditure

CMS Copernicus Marine Service

CTvV Crew Transfer Vessel

CWA Coastal Web Atlas

DECEX Decommissioning Expenditure
DIM Digital Terrain Model

ESRI Environmental Systems Research Institute
GIS Geographic Information Systems
HLV Heavy Lift Vessel

ICAN International Coastal Atlas Network
IMO International Maritime Office

ISWCS Inner Seas off the West Coast of Scotland
MFWAM  Météo-France Wave Model

O&M Operations and Maintenance
OPEX Operational Expenditure
ORE Offshore Renewable Energy
OWC Oscillating Water Column
RMSE Root Mean Square Error
SI Scatter Index
TE Techno Economic
TEC Tidal Energy Converter
TSS Traffic Separation Scheme
WEC Wave Energy Converter
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Figure Al. The seasonal mean significant wave height (Hs) in metres for (a) spring, (b) summer,
(c) autumn and (d) winter.
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Figure A2. The seasonal mean wave period (T) in seconds for (a) spring, (b) summer, (c¢) autumn and
(d) winter.

Figure A3. The values in metres per second for (a) the mean peak current velocity, (b) the maximum
peak current velocity, (c) the mean peak current velocity on neap tides, (d) the maximum peak current
velocity on neap tides, (e) the mean peak current velocity on spring tides and (f) the maximum peak
current velocity on spring tides.
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Figure A4. (a) the mean annual tidal energy (Wh/ m?), (b) the total annual tidal energy (MWh/ m?), (c) the
mean annual neap tidal energy (Wh/ m?), (d) the total annual neap tidal energy (MWh/ m?), () the mean
annual spring tidal energy (Wh/m?) and (f) the total annual spring tidal energy (MWh/m?).
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