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Foreword

The Supergen Marine energy research consortium was established in October 2003. Phases 1 and 2 each
lasted four years. Phase 3 began in October 2011 with four core and seven associate universities and
lasted five years. Awards from the supporting EPSRC Grand Challenge programme resulted in 25
universities with around 100 academic and research staff working together in the UK Centre for Marine
Energy Research (UKCMER). This 2016 full monograph describes the work completed and ongoing at the
end of a five year aggregated programme. Phase 1 & 2 monographs were produced in 2007 and 2011.
This phase 3 monograph consists of five sections and contains three appendices. Section 2 summarises
research in phase 3 over the last five years of the programme. The aims of the future research in Phase 4
are presented in section 3. The Doctoral Training Programme and Dissemination, Engagement and
International Articulation activities are summarised in sections 4 and 5. Appendices 1-3 contain details
of the individuals involved in the programme, abstracts of the research outputs from phase 3 grouped by
theme then alphabetically. All monographs, including this are available from http://www.Supergen-
marine.org.uk/references/monographs.
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1 Introduction

The Engineering and Physical Sciences Research Council (EPSRC) Sustainable Power Generation and
Supply (Supergen) programme is the flagship research initiative established in 2003 to establish a platform
for the development of new and improved devices, processes, facilities and know-how for sustainable
power generation and supply and with the aim of increasing coherence and collaboration across the
energy research landscape.

1.1 Phases 1and 2

Supergen Marine Phase 1 (October 2003 — September 2007) brought together research staff from the
Universities of Edinburgh, Robert Gordon, Lancaster, Heriot-Watt and Strathclyde. The research aimed to:
e Increase knowledge and understanding of the extraction of energy from the sea;
e Reduce risk and uncertainty for stakeholders in the development and deployment of technology;
e Enable progression of marine technology and energy into true positions in future energy portfolios.
Thirteen research work packages (WPs) were undertaken:

WP1  Appraisal of Energy Resource & Converters: Environmental Interaction;

WP2  Development of Methodologies for Device Evaluation and Optimisation;

WP3  Engineering Guidance;

WP4  Offshore Energy Conversion and Power Conditioning;

WP5  Chemical Conversion and Storage;

WP6  Network Interaction of Marine Energy;

WP7 Lifetime Economics;

WP8  Moorings and Foundations;

WP9  Novel Control Systems for Marine Energy Converters;

WP10 Full-scale Field Validation;

WP11 Assessment of Testing Procedures for Tidal Current Devices;

WP12 Economic, Environmental and Social Impact of New Marine Technologies;

WP13 Dissemination and Outreach.
Supergen Marine Phase 2 (October 2007 — September 2011) brought together research staff from the
core Universities of Edinburgh, Queen’s Belfast, Heriot-Watt, Lancaster and Strathclyde. The consortium
included affiliate Universities of Durham, Exeter, Highlands and Islands, Manchester, Robert Gordon and
Southampton. They delivered generic research in 12 work streams (WSs) with the following objectives:
e Increase knowledge and understanding of device-sea interactions of energy converters from model-

scale in the laboratory to full-size in the open sea, subjected to waves and currents.
e Build human and physical capacity to carry out research and development to address remaining and
new challenges as the expanding sector works towards the targets set.

e Internationalise its articulation, activities, perception and influence.
Twelve research work streams (WSs) were undertaken:

WS1  Numerical and physical convergence;

WS2  Optimisation of collector form and response;

WS3  Combined wave and tidal effects;

WS4 Arrays, wakes and near field effects;

WS5  Power take-off and conditioning;

WS6  Moorings and positioning;

WS7  Advanced control and network integration;

WS8  Reliability;

WS9  Economic analysis of variability and penetration;

WS10 Ecological Consequences of Tidal & Wave Energy Conversion;

WS11 Training and Development;

WS12 Dissemination, Engagement and International Articulation.
Through their Doctoral Training Programmes, Phases 1&2 trained over 40 PhD students. The outcomes
and publications of this work are recorded in the Phases 1 and 2 monographs, copies of which are available
at the Supergen Marine website: http://www.Supergen-marine.org.uk/references/monographs.
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1.2 Phase 3

Phase 3 commenced in October 2011, funded by EPSRC under award EP/1027912/1 bringing together staff
from the core Universities of Edinburgh, Queen’s Belfast, Strathclyde and Exeter. The consortium included
associate Universities of Plymouth, Heriot-Watt, Lancaster, Manchester, Swansea, Oxford and
Southampton. Together they formed the UK Centre for Marine Energy Research aiming to ensure joined-
up regional, disciplinary and thematic effort by:

1. Conducting world-class fundamental and applied research that assisted the marine energy sector to
accelerate deployment and ensure growth in generating capacity through 2020 targets.

2. Expanding and operating an inclusive marine network of academic researchers, industry partners and
international collaborators.

3. Continuing to provide the highest quality of doctoral training and knowledge transfer in partnership
with industry to build intellectual and human capacity for the sector.

The research in phase 3 was grouped into five themes:

e Arrays and farms — to understand and better quantify the interactions between devices, the
energy flux in the sea, the natural environment and the electricity network - to optimise
behaviour and energy yield;

e Environmental interaction — to understand the 3D time varying interaction between single and
multiple devices and the energy and natural environment arising from the local and large-scale
abstraction of energy through electricity generation;

e Extreme loadings and durability — to become able to predict the extreme conditions, their
consequent device and structural loading and the effects on the ultimate survival of
components, technologies or devices;

e Fatigue loadings and reliability — to become able to predict the effects of combined wave and
tidal action on the cyclic loadings and the effects on the wear-out or fatigue failure of
components, technologies or devices;

o Novel marine energy systems and components — to develop new wave and tidal energy device
concepts, sub-systems and components that improve from those existing.

During phase 3 there were three Grand Challenge calls for proposals to extend the research base and
broaden the contributing community. They generated very considerable interest and many excellent
proposals, from which the following were selected by peer-review. Phase 3 integrated the staff and
activities of these GC projects into the hub in the themes above. All but the most recent of the Grand
Challenge Projects are complete and key highlights are reported in section 4 of this monograph.

Optimal Design of Very Large Tidal Stream Farms for Shallow Estuarine Applications; Oct12-Marl16
EP/J010138/1; Prof M Belmont — Exeter, collaborative with Edinburgh.

The Effects of Realistic Tidal Flows on the Performance and Structural Integrity of TSTs; Jul12-Sep15
EP/J010200/1; Prof T O’Doherty — Cardiff, collaborative with Liverpool, Swansea, Bangor and Cranfield.

Extreme Loading of MEDs due to Waves, Currents, Flotsam and Mammal Impact (XMED); Feb12-July15
EP/J010235/1; Prof P Stansby — Manchester, collaborative with Plymouth and Edinburgh.

Modelling Marine Renewable Energy Devices - Designing for Survivability (ELoOWEC); Jun12-Decl5
EP/J010197/1; Prof C Swan — Imperial, collaborative with Queens and Manchester Metropolitan.

Supergen Marine Technology Challenge (SMARTY); Oct12-Mar16
EP/J010316/1; Prof P Taylor — Oxford, collaborative with UCL and Bath.

Step Change for WEC through Floating Multi-Body Multi-Mode Systems in Swell (STEPWEC); Jun13-16
EP/K012487/1; Prof P Stansby — Manchester, collaborative with Oxford and Bath.

The hydrodynamics of deformable flexible fabric structures for wave energy conversion; May13-Aprl6
EP/K012177/1; Prof D Greaves — Plymouth, collaborative with Southampton.
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Increasing the life of Marine Turbines by Design and Innovation; May12-Oct15
EP/J010308/1; Prof R Miller — Cambridge, collaborative with Cranfield.

Interactions of Flow, TSTs, Local Sediment Bed under Combined Waves&Tides (INSTRON); Sep12-Feb16
EP/J010359/1; Prof P Dong, - Dundee, collaborative with Hull, Liverpool and Strathclyde.

LS-Interactive Coupled 3D Modelling for Wave & Tidal Energy Res&Env Impact (Terawatt); Jun12-Nov15
EP/J010170/1; Prof J Side — Heriot-Watt, collaborative with Edinburgh, Strathclyde, Swansea & UHI

EcoWatt 2050; Mar14-Feb17
EP/K012851/1; Prof J Side—Heriot-Watt, collaborative with Edinburgh, Strathclyde, Swansea & Aberdeen.

LS interactive coupled modelling of environmental impacts of marine RE farms (LINC); Oct12-Mar16
EP/J010065/1; Dr B Elsaesser: Queens, collaborative with Imperial College and Cefas.

Reducing the Costs of Marine Renewables via Advanced Structural Materials (ReC-ASM); Jun13-Jun16
EP/K013319/1; Prof M Stack — Strathclyde, collaborative with Newcastle and Southampton.

Dynamic Loadings on Turbines in a Tidal Array (DyLoTTA); Jul16-Jun19
EP/N020782/1; Prof T O’Doherty — Cardiff, collaborative with Strathclyde.

Survivability of Floating Tidal Energy Converters (SURFTEC); Sep16-Augl19
EP/N02057X/1; Prof A Williams — Swansea;

All Electric Drive Train for Marine Energy Converters (EDRIVE-MEC); Apr16-Marl9
EP/N021452/1; Prof M A Mueller — Edinburgh, collaborative with Newcastle, Delft and UdeChile

Response of Tidal Energy Converters to Combined Flow, Waves & Turbulence (FloWTurb); Apr16-19
EP/N021487/1; Dr V Venugopal, collaborative with U Highlands and Islands and Heriot-Watt

During the course of phase 3 several of the early deployments of wave and tidal technologies experienced
failure either through their inability to survive extreme loadings, their failure under normal loadings in
extreme displacements or their early fatigue failure under repetitive cyclic loadings. Concurrently there
was a recognition in the wave sector that a structured innovation strategy, based on the phased
development and deployment of smaller units that may later be scaled-up, is a potentially more efficient
and reliable way of demonstrating and consolidating learning. Interest in the wave sector moved towards
the development of components, subsystems and technologies that will lead to improved performance
and the availability of ocean-ready and durable elements and know-how. The ETI:UKERC 2014 roadmap
re-prioritised R&D needs from the perspective of the sector and identified the high level areas needing
most urgent effort: Device and System Deployment; Sub-Systems; Design and Optimisation Tool
Development and Arrays. Across these, several fields are common, including: development of reliability
tools and demonstration at array scale; array design and modelling tools; hydraulic systems and power
take offs; array electrical systems and interaction analysis. At a European level, the SI Ocean project
identified the following priorities: novel system concepts; device and sub-component level reliability
demonstration; reliability tools; resource analysis tools and array interaction analysis. Experience gained
working with developers, observations of unfolding events in the sector and the agendas of recent
investments like the ORE-Catapult affirmed the following need for the work of UKCMER. Additional core
funding under award EP/M014738/1 as Extension of UKCMER Core Research, Industry and International
Engagement or Supergen 3+. It seeks to explore numerically and physically the interaction of tidal
turbines and wave energy converters with their energy fluxes, one another, their moorings and the
electricity network to better understand the cyclic and irregular forces acting and the structural loadings
arising, ultimately to reduce fatigue and increase reliability. Staff had to complete other concurrently
funded work and only transferred wholly to these WPs in the course of the last year. A 12-month contract
extension now schedules the work for completion by December 2017.

1.3 Phase4

The existing hub of UKCMER was renewed in phase 4 under award EP/P008682/1 in October 2016, with
the structure shown and ambitions described in section 5.
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2 Supergen Marine Phase 3

The research in phase 3 was grouped into five themes:

e Arrays and farms — to understand and better quantify the interactions between devices, the
energy flux in the sea, the natural environment and the electricity network - to optimise
behaviour and energy yield;

e Environmental interaction — to understand the 3D time varying interaction between single and
multiple devices and the energy and natural environment arising from the local and large-scale
abstraction of energy through electricity generation;

e Extreme loadings and durability — to become able to predict the extreme conditions, their
consequent device and structural loading and the effects on the ultimate survival of
components, technologies or devices;

e Fatigue loadings and reliability — to become able to predict the effects of combined wave and
tidal action on the cyclic loadings and the effects on the wear-out or fatigue failure of
components, technologies or devices;

¢ Novel marine energy systems and components — to develop new wave and tidal energy device
concepts, sub-systems and components that improve from those existing.

2.1 Arrays and farms

Staff at Edinburgh have developed, for the first time, an accurate, fully-coupled, bi-directional, time-
domain, wave-to-wire array model of hydro-dynamically and electrically interacting devices. It can
simulate any device form, including nonlinear PTO and mooring forces, in any array shape, driven by multi-
directional mixed-spectral seas. It employs state-space analysis to enable accurate prediction of response
intime steps short enough to include control system effects and system dynamics, and allows researchers,
wave developers and network operators to explore network effects on device behaviour, array geometry
and control strategies on power quality. The model has been used to explore the mitigation of power
quality issues of connecting arrays of wave energy converters to an electricity network. Inclusion of
hydraulic and flywheel energy storage, variable-speed vector-controlled generation and appropriate
spacing of WECs within an array, have all been used to smooth the electrical power output and to reduce
voltage flicker levels. The model, now with more realistic nonlinear constraints has been used to explore
and test global array control strategies which exploit the hydrodynamic interactions between the WECs
in an array to show that it is possible to produce more power than with the same number of isolated
WECs. With generator speed control included, the control algorithm developed was found to perform as
well as global optimal resistive array control with PTO force constraints applied. As part of the Danish
SDWED project the model was applied to the WaveStar machine, while for the FP7 PolyWEC project
reported in section 2.5 it has been extended to model the use of submerged, flexible, dielectric elastomers
as a PTO. Work on wave power absorption and efficiency using cylindrical waves has established a new
mathematical reference framework that is more computationally efficient and produced a seminal paper
in wave energy. While the power output of a WEC can be accurately determined, the incident power until
now could not.

u(ms-1
Modelling work in the (consequently-funded)
ETI funded PerAWaT project examined the use
of actuator disk models using blade element
momentum theory to model the turbines.
Creech (Edinburgh) has used actuator line
models, embedded in the Fluidity flow solver, to
model all the turbines in the Lilegrund wind
farm off Sweden for Vattenfall, and under
(NE/JO04227/1 & NE/J004359/1) to simulate a

-

¥
(c) 2014 University of Edinbrgh

Sea-Gen type turbine in a realistic tidal channel. EEEEREEEGEEEE T e R,

a.creech@ed.ac.uk
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Swansea has developed a BEM-CFD method with an enhanced actuator disk that is able to reduce the
computational cost by simulating a time averaged
downstream velocity field. The revised BEM-CFD
method presented shows a significant improvement
over previous BEM-CFD methods when predicting
power and thrust. An increase in turbulence intensity
in the rotor region, in particular at the wake
boundary, improves the recovery of the wake
without the addition of empirical turbulence source
terms. Good correlation with experimental results
for power, thrust and wake prediction has been
observed. The model may also be applied to wind
turbines. Swansea has developed a RANS computational fluid dynamics model with an embedded blade
element actuator disk to study axially aligned turbines, with each in the wake shadow of the previous
turbine. The results show uniform effects for a 20 diameters downstream spacing, but more complex
interaction for 10 diameters
spacing. Investigation of the
significance of inclusion of the
nacelle and tower geometry in a
CFD model has shown that
effects are negligible beyond six
diameters downstream.
Rotational direction has minimal
effect on the power generated,
but different turbulence is seen
in the wake.

Simulations of single, double and triple turbine arrangements have been conducted first to evaluate the
effects of turbine spacing and arrangement on flow dynamics and rotor performance. Due to the
computational efficiency of this modelling approach, particularly when compared to transient
computational fluid dynamics simulations of rotating blades, the BEM-CFD model can simulate larger
numbers of devices. An example of how the understanding of the hydrodynamics around devices is
affected by rotor spacing can be used to optimise the performance of a 14 turbine array is presented.
Compared to a regular staggered configuration, the total array power output was increased by over 10%.

Swansea and Edinburgh are extending an early single machine tide-to-wire numerical model at Edinburgh
to become fully-coupled and bi-directional, using the force and angular velocity information from the
Swansea current-turbulence-wave transient BEMT to drive an array of tidal turbines. Tightly coupled rotor
control algorithms (pitch, stall and over-speed) will allow simulations of small arrays to be performed with
both hydrodynamic and electrical connection and control of the turbines, with turbines being affected
both by wakes and large scale turbulence in the flow. An extended parametric study of power capping
is underway, to develop control strategies for REAL-TIME DIGITAL SIMULATOR
arrays where downstream devices are ;

influenced by the control of upstream
devices. Online learning techniques are being
developed for the purpose of optimising the
torque-speed or power-speed control
algorithms used to control the generators in
the array.

TIDAL TURBINE
UNDER TEST (x3)

ABB SERVO
DRIVE (x3)

To complement and validate the modelling
work, two new fully-controlled scaled tidal
turbines are also being built and are nearing
commissioning to make up an array of three
identical machines. These turbines are
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mechanically coupled with permanent magnet servo motors forming a direct drive system. The motors
are fully-controllable, through power electronic converters, and can be used in any speed or torque
control scheme developed. The turbines will be controlled with a real-time simulator that also acts as an
electricity network emulator. Using this hardware set-up, both the effects of different turbine control
strategies on the net power generated by the array and the effects of network events on turbine control
will be studied. The controllability and flexibility provided by the hardware set-up will also allow the
testing of the online learning algorithms developed with the tide-to-wire model. The tide-to-wire model
will also be validated using data from experiments conducted with the array of the three scale turbines
installed in FloWave.

Work at Queens University Belfast has advanced the theory behind the accurate representation of wave
energy converters (WECs) in spectral wave models such as SWAN and Mike21SW. A Kochin function can
now be used to represent the waves diffracted and radiated by a wave energy converter. The total Kochin
function can be generated by the complex addition of diffraction and radiation Kochin functions, which
themselves can be generated from a Boundary Element Method model using a potential flow solver such
as Nemoh. It has been found that at any distance greater than about a wavelength the array interaction
factors can be derived using a phase-averaged representation of the total Kochin function. This therefore
provides an ideal theoretical framework that can be used to represent WECs (together with a spectral-
domain model) in spectral wave models. It is expected to be a significant improvement on the current
state-of-the-art that Attenuator Array Configuration

uses potential flow  veeensm=rsm Wavelength = 1.25m Worciergth= 1.1m Wavlengh=1m_
theory as it is not only
computationally more
efficient, but is also able
to include variable " x pastion ) "« postion (m) < postion (m) "« position ()
bathymetry and marine Terminator Array Configuration

currents  within  the vz 157m Wavetength = 1,26m Wavelengih=1.1m Warelength = 1m
model. This work was .« | | t Y
with  researchers at
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L'Ecole  Centrale de s Dtio'e 2 k ,
Nantes, France and the i
Danish Hydraulics

Institute (DHI).

This numerical development of WEC array
modelling has been supported by developments in
wave tank testing of arrays. In particular high-
quality wave-tank testing at Queens has enabled
procedures and guidelines to be developed that
provided support for future testing of WEC arrays.
Tank-testing of individual WECs has also been
progressed at Queens with the detailed analysis of
non-linear forces on flap-type WECs and how they
may be included in numerical models.

Queens has also focused on the design of WECs,
and in particular how design principles should vary
between different types of WEC. A key finding was - =
that the design of WECs moving principally in heave is very dlfferent from those moving principally in
surge due to fundamental differences in their hydrodynamic characteristics. The output is designed to
move away from the more familiar exposition of a WEC's hydrodynamic coefficients or power
performance, and to focus on the underlying physical principles. As a result, a fundamental WEC
parameter, “natural bandwidth”, has been identified that can be used to assess the significance of phase
control to a WEC’s performance. Importantly, this parameter can be calculated directly from the
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hydrodynamic coefficients and can show which WECs are likely to benefit significantly from phase control
(heaving WECs) and those where phase control will have a relatively small impact (surging WECs).

2.2 Environmental interaction

The overall aim of the Large Scale Interactive Coupled Modelling Of Environmental Impacts Of Marine
Renewable Energy Farms (LINC) project was to demonstrate the ability to numerically model the change
in ambient hydrodynamics resulting from the installation of wave and tidal device arrays and to couple
the model output to associated ecological models to allow prediction of associated changes in benthic
habitats and dynamics, plankton growth and fish communities. The software employed a combination of
hydrodynamic and ecological models including: MIKE developed by DHI, Fluidity-ICOM, GOTM and

ERSEM.

Some key scientific advances arising from the work include a turbine correction parameter to the
enhanced bottom drag formulation that consistently applies a force that remains close to the theoretical
value for all grid sizes down to the turbine scale using a simple modification of the drag coefficient.
Optimising the design of tidal stream turbines that specifies the number of turbines per unit area and an
associated continuous locally-enhanced bottom friction field. The advantages are that outputs of the
optimisation are the optimal number of turbines, their location within the farm, the overall farm profit,
the farm's power extraction, and the installation cost. A new framework for applying anisotropic angular
adaptivity in spectral wave modelling has also been developed with the use of Haar wavelets. This work
allows a reduction of computational effort in spectral wave modelling, through a reduction in the degrees
of freedom required for a given accuracy, with an automated procedure and minimal cost.

The environmental impact of tidal energy extraction at large (>100 km) and medium (<100 km) spatial
scales was investigated using 2D and 3D hydrodynamic-biogeochemistry models. Several large scale tidal
energy array scenarios were employed with undetectable effects on the biogeochemistry observed. It was
shown that natural variation in the environment such as sunlight had a larger effect on factors such as
plankton than changes in hydrodynamics. Current speed together with bottom substrate type was
investigated to assess the interaction of these factors in controlling benthic dynamics in high energy

environments. Over almost a 1 m/s velocity
range investigated, no changes in benthic
communities were observed suggesting
that the removal of energy by marine tidal
energy arrays is unlikely to have a
significant effect on benthic communities in
high flow environments.

EcoWatt2050 was developed from the
earlier Heriot-Watt led project TeraWatt
which had examined the environmental
implications of realistic array developments
on sediment, coastal and biological
processes using the anticipated Crown
Estate Round One license developments as
probable future development scenarios.
The methodologies and  modelling
developed for modelling in Delft3D and
MIKE3 have been extended by the
development and addition of code to the
FVCOM software to enable simulation of
energy extraction. Model runs have been
successfully applied to very large scale
arrays across the Pentland Firth, as shown
opposite, and the environmental impacts of
energy extraction contrasted with those
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anticipated from climate change. The work has investigated changes in tidal flow from the placement of
tidal turbine arrays extracting (a) 1.39GW (b) 1.40GW (c) 4.9GW and (d) 1.6GW, for different array
configurations. 6 February 6 Februry

New approaches to the prediction of
sediment grain size have been
developed with maps of annual mean
and maximum depth-averaged tidal
velocity and wave-orbital velocity at
the seabed for the UKCS.

A number of approaches to the

elaboration of environmental impacts e o o el

. . I 3! fm3
have also emerged. The illustration FEA U] At
below shows changes to the Potential (- fapest [P— Avgut

Energy Anomaly (PEA) from very large
scale tidal array deployment in the
Pentland Firth in February and August.
The LHS shows baseline PEA (the
amount of work required to bring
about complete vertical mixing of the
water column and the RHS the changes
as a consequence of 2,800 tidal
turbines (ca. 1.6GW) in arrays across o 20 40 pui?m 80 100 120 10 E i 1 10
the Firth. This provides an indicative

measure of changes to stratification of the water column and hence availability of nutrients and
consequent primary production.

Y

TeraWatt research identified the challenge of spatially distributing values for bed resistance within
modelling approaches, and the data gaps necessary for the calibration and validation of numerical models
were to be attempted. The ongoing GC project FlowTurb is designed to address turbulent structures
within complex combinations of tidal flow, waves and turbulence.

Swansea has investigated numerical modelling of micrositing variability and mean flow scaling of marine
turbulence in Ramsey Sound and compared the results with two acoustic Doppler current profiler
measurement campaigns carried out in the Sound at two locations within 50m of one another. This
enabled the characterisation of turbulence through turbulent kinetic energy (TKE) density and integral
lengthscales and related them to one another and with mean flow parameters. The expected quadratic
scaling was not well supported by the data
at either measurement location suggesting
that more energetic turbulent flow may
instead appear to be less turbulent if judged
by turbulence intensity. The correlation
between lengthscales and TKE density is
highly site-specific and it should not be
assumed that highly energetic turbulence is
associated with larger flow structures or
vice versa.

Work at Swansea has identified a means of predicting the effects of the presence of tidal turbines on the
local physical environment that could affect fish. Computational prediction of pressure change in the
vicinity of tidal stream turbines and the consequences for fish survival rate considers the effects of sudden
changes in pressure and turbulence along a streamtrace. A new Individual Based Model (IBM) framework
has been developed to mimic the habitat usage of marine mammals in energetic tidal sites. In particular,
the model has been developed with the aim of investigating the potential impacts of tidal turbines on
harbour porpoises in coastal areas. The model makes use of existing tidal/coastal models to define a
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simulation environment within which boids (objects representing the animals being simulated) can be
released and their behaviour and motion tracked. This data has been taken from results of simulations
carried out using the TELEMAC shallow water model, with the addition of data representing food
availability and additional noise levels. The work shows small but detectable changes in habitat use by the
simulated porpoise resulting from the addition of a noise source representing the turbine.

An array of single beam Doppler current profilers for high resolutlon measurement of three dimensional
tidal flow velocities has been developed by Edinburgh and 3= D - i
subsequently tested at the EMEC tidal site. The
instrumentation gives a higher spatial resolution for velocity
measurements compared to conventional acoustic Doppler
profilers (ADPs). Focussing these acoustic beams creates a
sample volume at the focal point of 0.03 m3. Away from the
focal point, the array is also able to simultaneously
reconstruct three-dimensional velocity components in a
profile throughout the water column. The array has

been tested onthe operational commercial-scale =
Alstom 1MW DeepGen-IV Tidal Turbine deployed in g®
the Falls of Warness and compared to traditional ADCP §:: AR
measurements where the beams o L":?' ! Wr
diverge. Comparisons  demonstrate an  order '
of magnitude reduction in realisable length scale 25—y = O e : :
compared to traditional ADCPs, apeak cross- ERITTTE % PO T S B
correlation  coefficient of 096 over a 4
second averaging period and a 47% reduction in
Doppler noise. Collected data has been packaged for
public release and the success of the technology has
led to similar deployments at the FAST site in Canada.

Single Beam Profiler Aligned o Flow

1830 19:00 1930 20000 20020 21:00 2130 2200 2230 2200
Tirme

Work at Exeter in Optimal Design of Very Large Tidal Stream Farms for Shallow Estuarine Applications has
developed a new hybrid optimisation approach that allows the multi-objective optimal design of the
layout and power loadings of large tidal energy arrays operating in shallow medium flow (2m.s) estuaries
but the technique can be applied to all types of marine energy farms. Optimisation is subject to minimising
flood risk, with further environmental impacts, such as sediment transport driven outcomes, being
capable of subsequent incorporation as slow timescale effects. It has shown that large farm induced
phase shifting effects on estuarine resonance can be typically neglected This means that flood risk and
habitat impact (associated with moving peak ; ’ -
flow closer to peak depth) caused by introducing
such farms is modest. A general trend has been
found confirming that staggered deployment of
turbines rather than rows in a stream-wise
direction tends to be preferred. For the
horizontally deployed high aspect ratio turbines,
that were the basis of the project, detailed CFD
showed that the lateral interactions were very
weak even at high blockage ratios and that
stream-wise interactions are inevitably strongly
non-linear. A test campaign in the FloWave tank
supported the numerical modelling.

The Interactions of Flow, TSTs & Local Sediment Bed under Combined Waves & Tidal Conditions (INSTRON)
project at Dundee investigated the fundamental processes controlling the complex flow-tidal turbine-
sediment interactions and sought to improve prediction methods in site design and planning.

A new 3D CFD flow model has been developed based on the FLUENT package. The tidal turbine is
represented through the virtual blade method. The dynamics of the free surface are simulated through
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the VoF method. A new 3D LES-ALM flow model has been developed and tested against the data obtained
in experiments at Liverpool and by Hull within this project.
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Experiments with a rotor in a flume with a mobile bed were carried out to reveal that the design of the
rotor blade has a significantimpact on the generation of vortex-shedding from the rotor tips and increased
asymmetry of the wake observed as the rotors are lowered through the boundary layer. Increased
turbulence kinetic energy around 2.5 rotor diameters downstream of the blades was found to be similar
to patterns of scour observed in the bed. It was also found that the rotor eroded the bed in the near wake
region (about 5 rotor diameters) and also caused a significant decrease in the flow as far as 15 rotor
diameters. The experiments show that the sediment bed may have an effect on the efficiency of tidal
turbines and should be taken into account in the installation and design of marine turbine farms.

Eves = - i ' . J , -

2.3 Extreme loadings and durability

Work at Imperial College on the Extreme Loading of Wave Energy Converters (ELoOWEC) project considered
the interplay of nonlinear load amplifications and viscous dissipation on heaving buoy type devices.
Nonlinear load amplifications are generally associated with larger-than-expected device motions, and are
also important if mooring survival is of concern. In contrast, viscous dissipation commonly leads to motion
reductions. Using more than 150,000 individual laboratory wave events, load amplifications of up to 60%
were identified in the steepest sea states compared to industry standard codes. However, despite these
load amplifications, device motions were significantly smaller than commonly predicted. The reason for
this lies in the fact that viscous damping dominates the overall response around resonance. Whilst this
type of response is known, the work quantified for the first time, the interplay between viscous damping
and nonlinear forcing. In considering the extreme loading of surface piercing Oscillating Wave Surge
Converters (OWSCs), a new OWSC physical model, capable of accurately measuring both local and global
loads, was developed. This model was used to investigate the extreme loading mechanisms experienced
by large, surface piercing OWSCs. It was found that slamming is the primary impulsive extreme loading
mechanism. A novel experimental technique was developed to provide a more appropriate means of
testing beyond the current confines of industry standard practice. The technique combines the use of a
bespoke short duration wave packet coupled with a probabilistic occurrence analysis.
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This approach is capable of determining the range of extreme loads likely to be experienced, along with
their likelihood of occurrence in any sea state. The technique is beneficial in that it significantly reduces
physical or numerical testing time, and also reduces load uncertainties. The dynamic and kinematic
characteristics of slam loading on a large surface piercing OWSC were identified.

Frame H, t =795 ms

This, in turn, led to the identification of primary and secondary governing variables, which were used to
describe extreme loading mechanisms. The accompanying numerical study of an OWSC device established
another key finding of the work. The numerical model developed demonstrated that to predict the peak
slamming pressure correctly, a multi-phase compressible code such as the compressible InterDyMFoam
should be employed.

The Extreme Loading of MEDs due to Waves, Currents, Flotsam and Mammal
Impact (XMED) project at Manchester identified improved understanding of
extreme loading on tidal turbines and wave energy devices, through the
development of modelling approaches accounting for combined waves and
currents, and impacts due to flotsam and marine mammals. Massively parallel
CFD was further developed for simulation of unsteady loads. Part of this phase
of work was conducted in parallel with the ETI funded ReDAPT project enabling
evaluation of load predictions against loading measurements from the full-scale
Alstom/GE turbine deployed at EMEC. CFD in the form of computationally
intensive LES with tidal turbulence represented (Synthetic Eddy Modelling) has
successfully predicted blade load spectra. Frequency ranges over which blade
loads are affected by onset flow shear, onset flow turbulence and blade-
generated turbulence have been identified, including wave effects. Laboratory
studies at about 1:70 scale were undertaken using a single rotor in turbulent | =g

flow and waves, a porous disc representation in the same conditions and arrays of rotors (up to 12). A bed
mounted turbine of 1.2 m diameter was also designed with custom instrumentation for measurement of
loading and wake due to turbulent flow and waves in water depths of around 2 m. The system was
commissioned and preliminary analysis conducted at IFREMER with subsequent tests in FloWave. The unit
has since been modified for use in FloWTurb.

Turbine and turbine array modelling was undertaken at various levels: BEMT, actuator disc CFD, actuator
line CFD, blade-resolved RANS CFD, blade-resolved LES CFD, and wake modelling using far wake self-
similarity. The other methods do not pick up the tidal turbulence effects on unsteady loading. The
outcomes include fundamental characterisation of near wake and far wake with self-similar formula,
formulation for turbulence loading on a

turbine, formulation for and predictions f
of additional wave loading on turbines, up ]
to the maximum wave height for L \
operation and prediction to quantified

accuracy of turbine performance and

loading in arrays. A fast method for array

configuration optimisation was

developed to maximise power capture  «
0.00s
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based on superimposed self-similar far wakes. Fully resolved turbulent channel flows were undertaken
using LES at different Reynolds number to define all complex characteristics indicating characteristics
change little at sufficiently high Reynolds numbers.

A Smooth Particle Hydrodynamics Lattice Spring Method — has been developed for the purpose of
modelling impact between immersed elastic bodies. LSM has been validated for analytic cases of beam
deflection and sphere compression. Rotating turbine (based on the generic turbine used in ETI PerAWaT
project) has been modelled. The motion of a deformable body within a flow and responding to impact
with a rigid body can now be modelled. This has been applied to the (extremely complex) geometry of a
whale skeleton (from LiDAR scan) enclosed in material representing blubber with skin impacting on a
turbine undergoing forced rotation. An experimental approach has been developed to represent blade
tip loads due to impact with a target with material properties representing a marine vertebrate.

Experiments by Plymouth investigated focused wave groups to represent extreme waves, both non
breaking and breaking. Snatch loading occurs in both cases and magnitude was found not to be strongly
dependent on wave steepness, while float response is. Wave breaking location has a much greater effect
than wave steepness on the mooring load. Focused wave groups are considered inadequate to assess fully
the extreme loads experienced by a taut moored WEC
due to the demonstrated dependence of mooring load
on the body's motion and displacement history. The
snatch loading was modelled accurately in non-
breaking waves using ISPH for Froude Krylov forces and
uniform potential flow assumption for added mass. In
breaking waves the same approach, however,
overestimated by about 30%. This model approach is
highly efficient as the same wave can be used for many
mooring configurations. In related research slam
loading on structures was modelled using two-phase
SPH giving good experimental predictions but showing
importance of air ‘cushioning’ is some cases.

In the Supergen Marine Technology Challenge (SMARTY) project Oxford concentrated on prediction of
long-term wave power potential and pitch control of tidal current turbines. UCL investigated numerically
and through modelling the effects of waves on sheared currents. Bath explored the effects of steep waves
on surface piercing columns. Oxford analysed the long-term inter-annual variability of waves at points
around the UK coast in the open Atlantic and northern North Sea, and the consequences of this for wave
power as a renewable energy resource and machine survivability. Reconstruction of the wave climate is
taken back over 300 years to obtain a long time perspective. There is strong coupling between all the
wave statistics and the well-known North Atlantic Oscillation and other atmospheric patterns. Although
the annual wave climate is extremely variable, less variability survives through into the extracted power
once machine characteristics are incorporated, because machines will be sized for the shorter mean wave
periods rather than the longer periods for extremes. They then considered the survivability of the
Manchester M4 device and showed that, for extreme waves, with long periods, the internal bending
motion of the machine is controlled by wave slope and not wave amplitude, providing a limit on motion.
Work at Oxford has developed a means of Individual blade Pitch
Control (IPC) for tidal turbines to alleviate unsteady loading i
(which can lead to fatigue failure), in the presence of strongly 15
sheared mean flow, intense turbulence and flow oscillations due
to waves. Computationally, this has required the generation of |
nested rotating meshes within the OpenFOAM CFD solver. The
outer domain is fixed, and represents the flow away from the
turbine, then a coin mesh is embedded and rotates with the
turbine, finally sub-meshes within the coin may each individually
rotate about their own axes to simulate dynamic individual blade
pitch as the blade rotates through the azimuth. This new and
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unique nested sliding mesh CFD model has been used to study the three-dimensional loading, and flow
separation features of rotating blades in adverse flow conditions, which has revealed flow and load
differences to engineering model load prediction with and without individual pitch control.

UCL have performed unique experiments in

=/H wlu,
a wave channel for waves on sheared - i 05 pun?2
currents, documenting the evolution of the T — i 82 - (l,
free-surface in the vicinity of the focus point T —
for a large wave group and the internal wave | . W
kinematics. Strongly sheared profiles have l\ \
been generated and shown both to persist S —
down the channel and to significantly affect (/l\ \
wave kinematics beyond simple vector S
addition of waves and current. A novel

computational method has been devised for
the 2D simulation of waves and sheared current.

The work at Bath explored the application of OpenFOAM and diffraction calculations to estimate loads on
surface piercing columns in steep waves, as might be applied to support structures for marine renewable
energy devices generally, as well as offshore wind turbines. Wave impacts on a fixed truncated cylinder
under a range of wave conditions (from up to breaking) were tested in two wave basins in Norway and
South Korea, and numerical simulations were made by all the groups. The Bath team has produced both
OpenFOAM and 2nd order diffraction calculations whose results were compared to experimental data
obtained by several of the project investigators in previous work in a Hydralab program at DHI. The CFD
allowed much of the harmonic structure of the loads to be resolved using a methodology proposed by
FitzGerald, Taylor et al. The results are important for high frequency 'ringing' loads on structural elements
close to the free-surface, and have been reported in Ocean Engineering. An iterative correction method
developed at UCL has allowed more accurate wave focusing and predictions from the model compare well
to the experimental data collected at UCL.

2.4 Fatigue loadings and reliability

Core research at Strathclyde has developed means to predict
and measure tidal turbine performance when operating in 1
combined wave-current conditions with unsteady flows. Early
research developed an analytical unsteady BEMT model which
integrated wave-current interaction within tidal currents to
create unsteady flows representative of the tidal environment, !
then superimposed this on to the rotors of a tidal turbine and 3
evaluated the impact of the interaction on the power capture e
characteristics of the rotors. The combined BEMT-2D CFD
model has been developed to quantify the resulting pressure . .
distribution to be experienced over a blade surface at reduced | I
computational cost compared to 3D CFD as shown. bh_!- :
Comparison with 3D CFD and BEMT models for three different

blade geometries and at two different scales demonstrated good model performance. The output data
from this informs input parameters to FEA modelling developed for composite blades at laboratory and
field scale using BEMT-2D CFD model outputs. This model has been verified using an instrumented 1 m
carbon fibre tidal turbine blade undergoing controlled structural and load testing.

A computational model has been developed to estimate fatigue life of tidal turbine blades operating in
realistic sea conditions using an unsteady BEMT model (random waves and current) and the occurrence
levels of a range of sea states from real tidal site data. This method uses Rainflow analysis with Miner’s
rule for damage estimates coupled with experimentally obtained S-N curves for composite materials to
give quantification to fatigue life of blades.
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More recent research involved physical testing of a scale horizontal axis tidal turbine in the INSEAN tow
tank with and without waves. Wave heights of 0.2 to 0.4m with a 2s wave period in a stationary reference
frame were used in combination with tow speeds of 0.5 and 1m/s. These wave conditions were
considered to be extreme cases for the scale of testing being undertaken, when using a turbine with a
rotor diameter of just over 0.5m. The results obtained demonstrated that the average power coefficients
(left) of cases with and without waves were similar; however, standard deviations (right) were larger than
those seen in the existing literature due to the extreme wave events.
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The figures above show the results using a tow speed of 1m/s, without  and A with superimposed waves.
Initial investigations using torque control demonstrated that the variation of torque is reduced
substantially. This is denoted as 0 above. The variation in torque was found to decrease by up to almost
50% as the wave height dropped for a given carriage speed and TSR. However, doubling the carriage speed
from 0.5 to 1m/s increased the torque range by about 70% for the same wave characteristics, as shown
below. The information and data collected from these tests enabled verification of the unsteady BEMT
model, giving confidence in the application of the model when using this for assessing full scale
applications within real sea conditions.

Building on research investigating bend-twist coupling of composite blades to regulate power delivery,
preliminary investigations and testing were undertaken to evaluate the ability of the elastic nature of
composite rotor blades to absorb and regulate the transient nature of the power surges delivered by tidal
turbines in unsteady flow conditions. A testing program was undertaken on a scale tidal turbine at the
circulating tank at IFREMER using 0.2m wave heights and 2s wave period at approximately 0.8m/s. Testing
was conducted on a three bladed rotor of just under 0.8m diameter and using blades with an NREL S814
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profile. Testing was initially undertaken on the rotor fitted with rigid alloy blades, then repeated for the
same unsteady flow conditions for an identical rotor fitted with composite bend-twist coupled. The tests
showed that the cases with and without waves presented similar power coefficients for both sets of
blades, but that the rotor with bend-twist composite blades developed slightly lower torque and thrust
fluctuations than that associated with the rigid alloy blades. This initial evaluation suggests the elastic
nature of the bend-twist coupled composite blade set can dampen and provide some form of passive
regulation to power delivery from tidal turbines operating in transient unsteady flow conditions.

In the Cardiff project The Effects of Realistic Tidal Flows on the Performance and Structural Integrity of
TSTs they collaborated with Swansea, Cranfield, Bangor & Liverpool to characterise the performance of
a generic tidal turbine under realistic operating conditions of depth-varying and fluctuating velocity
profile, arising from the combination of tidal current and depth penetrating severe wave motions. They
investigated the impact of these realistic conditions on turbine reliability, maintainability and survivability,
with special attention to potential stress cycling and fatigue issues and provided design and analysis tools
to support the decision making process undertaken when considering the placement of turbines.

" wis
]

Oceanography data was obtained from sites off the Welsh coast showing that the flow direction fluctuates
by +20° to the main flow. Based on this improved understanding of conditions including the vertical
structure of velocity profile, the role of tidal asymmetry, wave-current interaction, and long-term
variability of wave conditions, numerical models of yawed turbines were produced incorporating wave-
current models, with and without profiled velocity profiles. Simulations indicated that the power reduces
with increasing misalignment along with the thrust, but the shaft bending moments increase substantially.
Surface waves and profiled flow exaggerated this effect. Improved understanding of the resulting
fluctuating loading on the turbine drive shaft due to wave-current interaction and also due to shadowing
of a support structure suggest that the turbine rotor should also be positioned at least two stanchion
diameters upstream.
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Swansea has extended
its blade element
momentum model to

include synthetic
turbulence and
investigate tidal

turbine gearbox fatigue
(in collaboration with i}
Cranfield) and e ——— oy

condition monitoring for offset blades (in collaboration with Cardiff). Cardiff developed an instrumented
laboratory scale turbine including sensors and data acquisition for measuring blade root loads, torque,
power and 3 axis vibrations. A data transfer rate of 250 Hz ensured the provision of high quality data.
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Liverpool collaborated in the measurement campaign that took place in their recirculating flow tank.
Cranfield developed a monitoring system for tidal turbine gearboxes that can identify faults at the earliest
stages of mechanical degradation and a new condition indicator for bearing health assessment. Least
Mean Square (LMS) and Fast Block Least Mean Square (FBLMS) algorithms were developed and validated
to predict the health of parallel shaft and planetary gearboxes. In addition this research developed a new
condition indicator for bearing health assessment. This indicator called impulse energy (IE) indicator can
be estimated by separating the bearing signal using signal separation. These have been integrated with
Cardiff’s work to develop a turbine failure model and identify the needs of an appropriate condition
monitoring system and best monitoring strategies for failure prognosis. These have been used within the
Cardiff Drive Train test bed to mimic the effects of sea conditions to produce inputs into a drive train.
Validation was performed by comparing turbine load and speed data generated numerically using flow
data from a tidal turbine site with experimental data from the laboratory scale turbine. The response of
the generator to inputs has been integrated into a novel condition monitoring approach. This rig can enact
input characteristics associated with extreme sea conditions that cannot be otherwise replicated and
directly measure the response of the drive train and power generation.

Cardiff’s scale turbine measuring operational blade root loads, torque, power and 3 axis vibrations has
been tested in Liverpool University’s recirculating flume and in both the Strathclyde University and
INSEAN (Rome) tow tanks. The testing has produced a calibrated turbine that can be deployed with known
fault conditions and is capable of supporting the verification of these prognostic models. In particular
blade force measurement and variable blade angle settings can be used in future prognostic tool proving.

Work at Cambridge on Increasing the life of Marine Turbines by Design and Innovation aimed to reduce
the unsteady loading on tidal turbines and support structures by decoupling unsteady flow and
thrusts/torques generated. Their work quickly established that ADCPs have fundamental limitations and
a novel turbulence probe has been built and tested at IFREMER where it gave good agreement with a
high-fidelity LDV measurement system. A novel inflow generator for LES has been developed within the
OpenFOAM framework. This new technique can reproduce structures in the flow with high accuracy,
which is vital for assessing the effect of transient loads on the fatigue life of a tidal turbine. This new code
is an enabling tool for LES calculations on highly anisotropic, inhomogeneous turbulent flows in tidal
channels. A Blade Element Actuator Line model for OpenFOAM has also been used to verify the impact
of different inflows on the turbine fatigue life. Additionally, work on load alleviation studies and
transmission tests culminated in 3 weeks of testing at IFREMER showing constant torque/speed/thrust
operation with a controller (Cranfield) and load alleviation with three different blade mechanisms
(Cambridge). These test have been supported by further wind tunnel testing into optimising the design of
the load shedding devices and a back-to-back motor-generator control rig at Cranfield for drivetrain
simulations. A time
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through the use of an appropriate control scheme. From the load shedding tests, it was found that torque
and thrust can both be held constant using devices on the blade but that they must be controlled
separately due to the differing influences of lift and drag. Based on the load shedding results Cambridge
has developed a nacelle-mounted microcontroller for a tidal turbine with underwater wifi
communication, as a valuable asset for tests where live control from the water surface is required and
also for measurement in the rotating frame.
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Strathclyde led the Reducing the Costs of Marine Renewables via Advanced Structural Materials (ReC-
ASM) project collaborating with Newcastle and Southampton. They integrated their hydrodynamic
loading model (BEMT) with a structural model (FEM). A novel methodology was developed to obtain high
resolution distributed hydrodynamic loads across the blade surface using a combined coupled BEMT-2D-
CFD model that accounted for 3D effects. This data was used as input for static loading analysis of the
blade structural response (i.e. under steady current). This included comparison of a range of structural
blade designs and different composite materials. Dynamic loading time series data were generated using
the unsteady BEMT model (simulating wave-current loading) for input to fatigue modelling of the blade
conducted at Newcastle. Collaborations with Southampton enabled a detailed comparison of modelling
approaches (BEMT and actuator line) to quantify rotor performance and loadings. They jointly
investigated field conditions, and agreed an analysis
methodology to compare data from different sites to

assess wave climates and the potential effects on Newcastle team comparison and
. . iNTEgration of experimentaidala
turbine loading and performance across a range of with Aumericsl modsl
real sea conditions. The outcomes of this | T
R
investigation were fed into the static and dynamic ju = N .
- ®eq i ewcastieteam
structural modelling work to quantify blade = & b oo
performance under even and uneven loading e T T T T oo e MERen
Brllaraa simm faturemodes.
Condltlons. Experlmental StUdIes at SOUthampton ESRU team have combined BEMT and 20 CF D modelling 1o obtain presurs distribution
qualified the variance in tidal turbine rotor thrust and st ikl e S L
. . . oy I i
torque for different turbulent inflow intensities and [Tl '
length scales, demonstrating up to a 10% influence I F -_1:5;
on device average power performance and loading. I l

Strathclyde Tribos group used two experimental rigs, an impinging jet rig and a slurry pot rig to explore
erosion wear on scaled down tidal turbine blades. Wear maps were generated as a result to identify
optimum performance conditions for the environment. The work at Newcastle focused on the
development of a full mechanical and lifing model for the composite tidal turbine blades incorporating
static loading and dynamic BEMT model loadings (from Strathclyde), realistic composite architectures and
experimental material performance data. A multi-sample displacement controlled three point bend
fatigue test rig was commissioned and used to generate datain air and seawater for a number of different
composite materials including woven glass epoxy " o

7 H
and foam core materials. High cycle fatigue life ~ 5« 3 ] S
. o LT - |

was found to be considerably reduced in the  §* i [ & e
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presence of sea water and the effect is more ; il o
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determined realistic failure mechanisms for A T

incorporation in the structural models. From the
fatigue tests it became clear that micro-cracking in the matrix and delamination between plies are
significant life-limiting defects. Strain mapping was used to look at the localisation of failure in the
structure. Ingress of water into the composite structure was shown to enhance cracking as both water
pressure in the cracks and salt deposition on crack surfaces can reduce crack healing.
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2.5 Novel marine energy systems and components

Core research at Exeter aimed to model and assess the performance and degradation of novel mooring
materials and components to inform and develop a failure-based prognostic technique for moorings that
will assist in the detection and prediction of failure. They have modelled, developed and tested novel
mooring materials to understand component performance and degradation and inform a failure based
prognostic model for moorings. The research uses data sets obtained from the open-water South West
Mooring Test Facility (SWMTF) and their reliability test rig (DMaC) to increase understanding of
performance, long-term behaviour, fatigue loading and reliability for both mooring components and
monitoring systems.

They have assessed, tested and enhanced the performance of dynamic umbilical and mooring cables for
marine renewable energy devices to address the design dilemma of high stiffness - high breaking load
mooring systems that lead to spiralling cost. They have validated and demonstrated three main concepts
of nonlinear mooring tethers, including a patented invention in collaboration with Lankhorst Ropes. They
have developed and demonstrated the feasibility of acoustic emission monitoring of devices and
moorings. Experimental tests on the DMaC facility have established the acoustic failure and degradation
signatures for synthetic mooring ropes.

Research work on a novel mooring spring damper system has characterised materials and investigated
endurance behaviour in large-scale experimental conditions. The material behaviour of the core material
of the tether has been investigated with compression loading and long-term seawater exposure tests.
This has resulted in the manufacture, bench- and field-testing of the mooring tether. Reliability
assessment of novel mooring tether identified several key areas to improve the reliability of further

Frequency (Hz)
Amplitude (dB re 1 ;:Pa)

Time (s)
Manchester collaborated with Oxford and Bath in the Step Change for WEC through Floating Multi-Body
Multi-Mode Systems in Swell (STEPWEC) project aiming to design, analyse and optimise floating systems
of approximately 10 MW capacity for wave energy conversion in swell and mixed swell/wind waves based.
They specifically sought to explore the multi-mode response of two or more dynamically connected
bodies and assess their interaction within an array.

A design was produced with three in-line floats with approximately half wavelength spacing responding
predominantly in anti-phase. The bow float is tethered to a mooring buoy and the floats increase in size
(diameter and draft) from bow to stern, facilitating natural alignment with the wave direction. The small
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bow float and mid float are rigidly connected. The large stern float is connected by a beam to a hinge
above the mid float where relative rotation between floats provides power to the PTO. The large stern
float and the mid float have different heave resonance periods within the wave period range of a
particular wave climate. The anti-phase heave motion of the bow and mid floats generates pitching
motion in anti-phase with the
stern float. The large anti-phase
surge forcing between the mid
and stern floats doubles power
generation due to the moments
about the hinge above mid float
(shown by mathematical
modelling). Broad band
frequency response in irregular
waves results. There are
effectively no drag losses with :
rounded base floats shown by experimental and mathematical modelling.

There is acceptable motion in extreme waves with negligible power generation. An upper limit on relative
pitch motion is inferred from model tests at about + 40°. Experiments around 1:50 and 1:10 scale
confirmed the validity of Froude scaling. Experiments were undertaken in the wave basin at Plymouth at
both scales and in the Manchester wide flume at small scale (giving close results).

Frequency domain and time domain linear diffraction modelling (at Bath/Oxford and Manchester
respectively) gave good predictions of response and power generally. However agreement for irregular
waves was better than for regular waves possibly due to any basin reflections being averaged out in
irregular waves. Agreement in multi-directional was also excellent. Multi-body models were extended to
predict beam bending moments.

The excellent predictions by linear diffraction methods indicate that second-order effects are negligible.
The float diameters were in fact made as small as possible without loss of energy capture to minimise cost
and this reduces second-order trapping effects. In fact the good linear predictions extended to quite large
waves (approximately 4 m full scale) and even extreme waves had only small nonlinear effects. Array
results in regular waves using linear diffraction modelling showed the small influence of device spacing
(above about one wavelength) and corresponding results in irregular waves were obtained.

The Plymouth project The hydrodynamics of deformable flexible fabric structures for wave energy
conversion was collaborative with Southampton and aimed to investigate the hydrodynamics of flexible
fabric structures for wave energy conversion. Their work assessed the hydrodynamics of the breathing
action within a new device concept called the SQ series, by using semi-analytical and numerical models
and by performing a series of physical experiments in the ocean basin within the COAST Laboratory at
Plymouth. New concepts were developed that utilise the action of flexible fabric structures that deform
under the action of waves to pump air between two chambers. The investigation of the different concepts
has been considered through the development of new numerical
models based on a semi-analytical approach and using the
commercial code WAMIT with generalised mode modifications to
take account of the flexible structure deformations. In parallel with
the numerical model development, a series of scale model
experiments were carried out in the COAST ocean basin at Plymouth
University.

Three test campaigns were carried out to assess concepts SQ1, SQ2
and SQ3 at 20™ scale. These tests involved design of a simulated air
turbine PTO with air chambers designed to account for the effect of
air compression at full scale. A novel pump system was designed to
be exchanged for the PTO in the experiment setup for driven tests
in which the air compression was driven to cause the device to
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respond in still water and the resulting wave generation measured. Different tests were conducted: static
tests, driven tests, and regular wave tests and a comprehensive dataset on response and performance
was collected. The numerical models have been compared with the experiments and have given further
insight to the hydrodynamics. It was found that the original hypothesis; that a flexible fabric structure that
deforms in the waves would lengthen the natural period of response was confirmed both in numerical
prediction and experiment. Use of deformable structures within different WEC types has been shown to
alter their response characteristics and the complex dynamic response was predicted by the numerical
modelling and observed in the experiment. This behaviour may be exploited for tuning and survival
conditions and will be further investigated in the WETS project proposal.

2.6 FloWave Ocean Energy Research Facility

Following preliminary work under Supergen Phase 2 (EP/E040136/1), the consequent award in 2010
(EP/H012745/1) provided insight into the combined generation of stable waves and current in test
tanks. In early 2011 funding was secured from EPSRC (EP/102932X/1) and the University of Edinburgh to
construct the world’s first circular combined wave and current basin at King’s Buildings. This was further
supported by Scottish Enterprise, and the FloWave facility was opened in 2014. FloWave has since
achieved 1SO 9001:2015 accreditation and is a member of the Association for Innovation, Research and
Technology Organisations (AIRTO). FloWave also won the Scottish Renewables Innovation Award in 2014;
the BusinessGreen Marine Energy Innovation of the Year Award in 2015; the EPSRC photo competition in
the Equipment category in 2016, and is widely regarded as one of the world’s most sophisticated facilities
for ocean energy research.

FloWave's design and construction included innovative engineering in partnership with Edinburgh Designs
Ltd to allow the 168 force-feedback, active-absorbing, wave makers encircling the basin to operate both
in the presence of flowing water, and with the 28 six-tonnes-per-second flow-drive units of the current
generation system. These introduce current with the correct boundary layer profile at low levels of
turbulence intensity and, subject to correspondingly higher turbulence levels, at faster flow speeds up to
and including those equivalent to the Bay of Fundy in Canada. The circular disposition of wave-makers
and flow-drives allow the generation of waves up to 0.5 m height and the introduction of currents up to

1.6 ms? in any individually absolute and relative direction. A rising tank floor and 5t overhead crane
enable quick and easy installation of individual devices, or arrays of wave or tidal current generators.

This fundamental work in fluid mechanics (supported by EP/H012745/1) combined experimental work
and computational fluid dynamics simulations to provide a robust system that was constructed from a
combination of off-the-shelf components and custom manufactured components to provide a high TRL
solution for combined wave and current generation. Perhaps the most important feature of the facility is
the rapid settle time that can be achieved due the encirclement by active-absorbing wave-makers and the
complete absence of static reflecting surfaces. With settle times between tests typically less than 3-4
minutes the achievable throughput of tests in a day is several times higher than that achievable in more
traditionally-configured facilities. FloWave’s complete circle of wave makers has furthermore facilitated
the development of a low-pass floating wave filter suite that can be deployed to absorb high frequency
waves too small to be absorbed by the system and/or reflected from models and equipment under test.

FloWave has enabled new science to be undertaken, particularly in the area of characterising realistic
multi-directional, bi-modal sea-states, and ‘

these also in combination with fully
developed tidal current flows from any
point of the compass or relative angle. This
has led to the in-house development of
new techniques for re-creating
representative  site-specific  sea-states,
benchmarked against representative 4
years of wave-rider buoy measurements
from EMEC’s Billia Croo site that are
endorsed by developers highly experienced
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with the site. This work is influencing the creation of a standardised set of sea states for Wave Energy
Scotland testing, and allows a direct inter-comparison of the performance of different wave energy
converter models exactly as if the full scale device were really deployed at that site. With this technique
further developed, FloWave now has a world-unique capability to carry out replication of site-specific
conditions for any location for which there is sufficient data.

Other work has included the development
of new measurement techniques and
instrumentation for characterising flow and
turbulence, tests examining cable behaviour
and treatment at un-trenchable tidal
current sites, and hands-free station-
keeping ‘auto-pilot’ software for ROVs
operating in simultaneous wave and
current. Since completion of initial
commissioning in April of 2014 FloWave has
entered scope and contract discussions with ; . -
approximately 50 companies and academic groups completmg more than 35 test campalgns for PhD and
EngD students, academic research projects and commercial companies. Commercial testing has been
undertaken for UK and international clients, including: Albatern, Nova Innovation, QED Naval, WEPTOS,
Carnegie Wave Power, Rockland Scientific, Sendekia, TFl, EnerOcean, W2Power, SeaByte, SeaTronics,
BlueFin, FlexMarine Power, AWS, Mocean, Quoceant and Joules Energy.

These commercial tests cover proof of concept tests, design verification studies, fundamental device
hydrodynamics, mooring load simulations, station keeping trials, failure mode analyses, performance
refinement, survivability and operational de-risking. Wave energy converters, tidal energy converters and
floating offshore wind systems have all been tested, along with ancillary and support equipment including
novel sensors, sensor arrays, and ROVs. Most recently FloWave has delivered a series of qualification tests
for five clients of the eight funded by the Wave Energy Scotland stage 1 novel wave energy converter call.
Such controlled environment laboratory il
tests have formed a key milestone in
qualifying early stage designs for further
development, and help increase the
performance and reliability of individual
devices as well as projects. FloWave
participated in the EU Marinet trans-
national access project, providing 7 weeks
of testing to European teams from Spain,
Denmark and Ireland. It will also
participate in Marinet-2 expected to start
early in 2017.
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3 Capacity Building
3.1 Phase 3 - Doctoral Training Programme

Led by Prof Mueller at Edinburgh Phase 3 sponsored 14 PhD students on the UKCMER DTP across 11
partner universities to integrate the associate partners with core activity. Their areas of study, stage of
completion and destinations are shown below.

e Tessa Gordelier (Exeter): “Enhancing wave energy developments through mooring system
reliability assessment”; graduated 2015, now PDRA at Exeter.

e Edward Ransley (Plymouth): “Survivability of wave energy converter and mooring coupled system
using CFD”; graduated 2015, now PDRA at Plymouth.

e David Crooks (QUB): “Development of Nonlinear Hydrodynamic Terms in an Oscillating Wave
Surge Converters Time Domain Numerical Model”; graduated 2015, now PDRA at Edinburgh.

e Alex Olczak (Manchester): “The Influence of Waves on Tidal Stream Turbine Arrays”; graduated
2016, now working for Wind Prospectus in Bristol.

e Katie Gracie (Strathclyde): “Fixed-pitch blades for passive-feather power regulation of horizontal
axis tidal stream turbines”; graduated 2016, now working for Sgurr Energy.

e Thomas Nevalainen (Strathclyde): “Hydrodynamic loads on tidal stream turbines caused by waves
and shear current profiles”, will graduate 2017, now working for QED Naval.

e Thomas Lake (Swansea): “Computational Modelling of Interactions of Marine Mammals and Tidal
Stream Turbines”, will graduate 2017.

e Susannah Cooke (Oxford): “Enhanced array design for tidal power generation”, will graduate 2017.

e Jose Barajas-Solano (Edinburgh): “Electromagnetic bearings for linear electrical generators in direct
drive WECs”, research complete, will graduate 2017, now working as PDRA at Edinburgh.

e Andrew Want (Heriot-Watt): “Methodologies for the prediction and monitoring of environmental
impacts following deployment of wave and tidal energy devices against an expected background
of climate change on the marine ecosystem”, recent award, submission in 2017.

e Daniel Richardson (Lancaster): “Multi-axis point absorber wave energy converters”, recent award,
submission in 2017.

e Daniel Coles (Southampton): “Energy extraction by large tidal stream turbine arrays at locations
around the Channel Islands”, recent award, submission in 2017.

e Anna Garcia-Teruel (Edinburgh): “Cost and performance optimisation of wave energy converters”,
more recent award co-sponsored by the Scottish Energy Technologies Partnership, submission 2019.

e Maria Pafi (QUB): “A GIS-based Decision Support System for marine spatial planning”, more recent
award co-sponsored by the Cullen Foundation, submission in 2019.

Many of the doctoral students sponsored across the original core and associate partner universities have
now graduated and taken employment as post-doctoral researchers or in the sector. All others are on
track to do so. Many of the original research staff have been promoted to full-time lecturing posts, and
there is a healthy reward-based recognition of junior and mid-career staff being promoted to more senior
positions. Copies of the theses are, or will be, available from the universities.

Additionally, though the course of phase 3, UKCMER staff have been able to secure and use consequent
funding to engage in EngD and PhD training through the ETI-EPSRC IDCORE and CDT programmes in
offshore renewable energy, collectively training another 100 key staff for the sector.

3.2 EPSRC:ETI Industrial Doctoral Centre in ORE (IDCORE)

In 2011 the Universities of Edinburgh, Exeter and Strathclyde, supported by the Scottish Association for
Marine Sciences (SAMS) and HR-Wallingford were awarded funds (EP/J500847/1) from ETl and EPSRC to
form the Industrial Doctorate Centre for Offshore Renewable Energy (IDCORE). Led by Prof Ingram of
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UKCMER at Edinburgh, the partnership offers a unique combination of experience in research,
development and knowledge exchange with major industry stakeholders in offshore renewable energy
and offshore engineering in the naval architecture and oil and gas sectors, complemented by the extensive
experience of SAMS in the environmental and societal impacts of offshore renewable energy projects.
The first research engineers arrived in January 2012 with subsequent cohorts starting in September of
2012-15. They participate in a first year programme of 12 mandatory training courses covering maritime
structures, electrical and mechanical engineering, resource analysis, project economics, network
integration, marine biology, laboratory testing and a group design project to prepare them for a three
year, industrially based, research project. Ultimately they graduate with an EngD, jointly awarded by the
three partner universities. The programme is extremely popular attracting more than 100 applicants each
year for the 10 places offered. Appropriately and highly qualified applicants must pass a rigorous interview
process before being offered a place. Such is the demand for graduates of this nature and the high
selection threshold, every year more projects have been offered than there are students meeting the
standards necessary for guaranteed progression to employment. The IDCORE programme is closely
integrated with the activities UKCMER and many of the companies sponsoring projects have been
recruited through links developed by UKCMER.

To date 55 research engineers have started the programme, 5 have graduated, 7 are about to submit, 5
are taking the training programme and 38 are currently working on their industrial research projects.
IDCORE research engineers are working across the offshore energy sector in companies ranging from
SMEs to very large enterprises. They are engaged in work developing the next generation of machines for
original equipment manufacturers, developing standards for classification societies, devising test
procedures and methodologies, building tools to support investment decisions and optimising O&M
strategies. Sponsoring companies include: EDF, Uniper, Alstom, ETI, ORE-Catapult, FloWave, Wave Energy
Scotland, Albatern, Zyba Renewables, SAMS, HR-Wallingford, Tidal Energy Limited, Concrete Marine
Solutions, Lloyds Register, DVN GL, JBA, Sgurr Energy, and Sustainable Marine Energy. Several students
started projects with either Pelamis Wave Power or Aquamarine Power and have now transferred to other
sponsors following the collapse of these companies. Beyond the obvious impact of providing highly
skilled, highly motivated research engineers to industrial companies to work on real, highly challenging,
problems — and consequently delivering economic impact, IDCORE research engineers continue to
produce high impact journal papers and to present internationally leading work to major international
conferences. At the 2016 International Conference on Ocean Energy, Anthony Gray won first prize in the
IEA-OES poster competition for “Identifying Key O&M Strategy Considerations for a Wave Energy Array:
A Case Study on Pelamis”. Many of the technical sessions at this conference, which has a specific focus
on real industrial problems, were dominated by presentations from IDCORE research engineers.

The success of IDCORE has led directly to a two-year, no-cost, extension which will has seen 5 research
engineers recruited this year and we expect a total of 15 additional research engineers recruited, trained
with and employed by the sector.

3.3 Centre for Doctoral Training in Wind and Marine Energy Systems

With funding from EPSRC under award EP/L016680/1 Strathclyde and Edinburgh Universities collaborate
in the Centre for Doctoral Training in Wind and Marine Energy Systems. Led by Prof Leithead of Supergen
Wind at Strathclyde with Prof Mueller of UKCMER at Edinburgh, this programme will intensively train 40
PhD students for careers in the sector from academia to industry. It is collaborative with many industry
partners, including Atkins; EDF Energy; Energy Technology Centre; The Energy Technology Partnership;
FloWave TT Limited; Gamesa; Garrad Hassan & Partners Ltd; Lloyd's Register; National Renewable Energy
Centre; Offshore Renewable Energy Catapult; Renewable Energy Systems Ltd; Romax Technology Limited;
Scottish and Southern Energy (SSE); Scottish Power; SgurrEnergy Ltd; Siemens; Sinclair Knight Merz
(Europe) Ltd Subsea 7 Limited; Technip Offshore Wind Ltd UK. There are three cohort years still to seek
applicants.
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4 Output, Impact, Engagement and International Articulation

4.1 Dissemination of Output

The outputs, listed by workstream and alphabetically in Appendices 2&3, have disseminated results on
paper, electronically, verbally at conferences and seminars. Wider dissemination and knowledge
exchange has been delivered through industry engagement, interaction with policy and standards
agencies and processes and international articulation, as described in the next three sections.

4.2 Impact

Internationally leading work by the UKCMER partners has led to patents, major publications and
significant engagement with industry. The following patents have, or are being, filed

e Miller R. J., 2015 (in Preparation) Tidal Turbine Load Shedding Device

e Johanning, L. 2014 (US No 8,807,060 B2) 2014 Mooring Limb

e Stansby, P. 2013 (UK No PCT/GB2013/050787) Surge based wave energy converter
e Johanning, L. 2011 (EU No EP11703043.7 - Filed) Mooring Limb

In addition, a patent is expected on a novel wave energy converter that uses a dielectric elastomer as the
PTO system.

Many papers have won prizes. Edmunds et al investigated a number of common array configurations for
tidal turbines using a highly efficient model embedded in a CFD code. The tools were used in the
development of the Montrose array with Juno Energy for GSK, resulting in the Quotient project (C001822,
part of the HEFCW LCEE National Research Network). The paper was named best paper at the Marine
Energy Technology Symposium (Washington, 2016) and is currently listed as one of the Journals most
highly cited articles. Sellar, Harding and Richmond’s work on a convergent beam acoustic Doppler profiler
provides a mechanism for flow and turbulence to be characterised in a small volume near a tidal turbine.
Comparisons with traditional ADCPs show an order of magnitude reduction in the realisable length scale
with improved correlation, and a 47% reduction in Doppler noise. The technique was demonstrated at
the EMEC tidal site using the GE DeepGen 1MW turbine and has been deployed at the FORCE test site in
Canada. The paper was awarded the 2015 Journal of Measurement Science & Technology Outstanding
Paper Award for by the IOP.

The Terawatt GC project developed the first-ever methodology to investigate the 3-dimensional
morphodynamic impacts of tidal turbine arrays and this now allows The Crown Estate, Scottish Natural
Heritage, Marine Alliance for Science and Technology in Scotland and the marine renewable energy
developer community to use them in site selection, planning applications, impact mitigation and turbine
array design. TeraWatt also developed a geo-spatial model that allows the investigation and
guantification of the effects of wave energy extraction across very large arrays with which the energy-
environmental impact due to change of the surrounding wave climate can, for the first time, be explored.
They produced a toolbox of outputs covering the data acquisition, processing and validation used in the
study, realistic array scenarios and development of wave and tidal modelling, including means of
introducing energy harvesting within these. The book is freely available to wave and tide, device and
project developers. This work led to the EPSRC Grand Challenge FlowTurb project.

Work at Strathclyde has identified very aggressive large-scale rotational vorticity in the vertical plane
penetrating down the water column at the wave frequency. Longer period ocean waves penetrate even
deeper down the water column inducing large axial velocity variations in flow velocities impacting on the
rotors of turbines. This acts on the blade systems, power take offs and structures of the devices exposing
them to cyclic, regular and extreme mechanical loadings and damaging torque pulses in the drive train
that could lead to failure. A combined wave-current unsteady BEMT model coupled with a higher fidelity,
six degree of freedom, finite element drivetrain model has been used to explore the range of cyclic loading
conditions experienced by the rotor to investigate and quantify the influence on loading, station keeping,
and power transfer in the drive train. Work at Edinburgh on the GE DeepGen 1MW turbine deployment
at EMEC measured, processed and assimilated real-time field data that confirms the very significant
effects of the wave regime on the near-field flows around commercial scale turbines.
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The performance of horizontal axis tidal turbines has been considered both in respect of fatigue and
extreme loads. The Cardiff Grand Challenge project The Effects of Realistic Tidal Flows on the Performance
and Structural Integrity of TSTs considered the effects of “real” complex high energy flows and their
influences on tidal turbines, through a number of computational tools and condition monitoring methods.
Oceanographic models and data for a Welsh deployment site show the flow direction fluctuates by +20°
to the main flow, experimental and numerical results indicate that the shaft power reduces by ~20% for
+20° misalignment with a comparable reduction in thrust and a threefold increase in shaft bending
moment. Wave-current interactions only make this worse. This work is now being extended to arrays of
machines under the EPSRC GC Dylotta project.

Edinburgh staff have developed a fully-coupled bi-directional wave-to-wire model. The model has also
been used in the Hydralab IV “WECwakes” project (which also involved Queens and Manchester).
WECwakes tested an array of 25 model wave energy converters in a wave basin to produce the first and
currently largest such set of tests. The model has also been extended for the PolyWEC (FP7-309139)
project to consider machines where a deformable dielectric elastomer is in direct contact with the water.
A patent on this technology is expected shortly. The wave-to-wire model was also used in the Danish
SDWED project to investigate the global coordinated control of a multi-float Wavestar device. Due to the
success of the time-domain mode funding was won from Wave Energy Scotland’s PTO and novel devices
calls. The model is also being employed in the H2020 OPERA, ETIP and WaveBoost projects and forms part
of the DTOcean projects suite of design tools.

Media and public interest in the FloWave Ocean Energy Research Facility is acute with events held during
the Cockburn Associations “Doors Open Day” and the Edinburgh Science Festival regularly selling out.
FloWave continually receives requests for visits and demonstrations for inbound missions organised by
Scottish Development International — hosting delegations from, e.g. Chile, China, India, and Japan. The
facility is visited regularly by high level delegations to the UK including, the late former President of India,
Dr. APJ Abdul Kalam, the Deputy British High Commissioner for India, and most recently the US
Department of Energy attaché in London, accompanied by staff members of the US House of
Representatives Appropriations Committee on Energy, Water, and Development.

4.3 Industry Engagement and Knowledge Exchange
Over 40 partner companies, from multinationals to SMEs, have continued to engage with UKCMER
universities across every theme. Selected examples follow.

The availability, accruing know-how and facilities at the FloWave Ocean Energy Research Facility in
Edinburgh have enabled engagement with Albatern, Nova Innovation, QED Naval, WEPTQS, Aalborg
University, Carnegie Wave Power, Rockland Scientific, Sendekia, Scotrenewables, TFl, EnerOcean,
W2Power, SeaByte, SeaTronics, BlueFin, Sustainable Marine Energy, and FlexMarine Power. This has
included development and testing of wave and tidal generation technologies, mooring systems, active
anchors, autonomous underwater vehicles, floating offshore wind platforms and novel instrumentation
and measurement techniques.

Edinburgh and Exeter lead and partner, in the EU flagship research project DTOcean, alongside 18 and
European and international organisations in the development of optimal tools for array planning in the
MRE industry. Including: Prysmian provided electrical specification data in order to allow Edinburgh to
study the techno-economic impacts of different array layouts and transmission options for marine energy
farms. IT Power and Deme and Scandia National Lab (US) have provided a detailed analysis of the different
intra-array network layout options for marine energy farms. This was used as one of the inputs to the
techno-economic optimisation tool developed by Edinburgh — the tools are being validated by Vattenfall
and Scottish Power Renewables.

Through the use of the DMaC test facilities and implementation of the Falmouth Bay marine energy
demonstration site (FabTest) Exeter has strong engagement with industry partners such as Fred Olsen
Renewables, Mojo Maritime, A&P, AWS, TTI, Bluewater, DNV-GL, JDR Cable Ltd, Aquaterra Ltd, Severn
Subsea Technology, Lankhorst Ropes and CPNL Engineering. Collaborative work with Optoelectronic
Manufacturing Corporation has sought to develop innovative solutions for condition monitoring in
mooring ropes. As a partner on the successful transnational access H2020 project ‘Marinet’, Exeter has

26



Supergen UKCMER

been providing the Dynamic Marine Test Facility (DMaC) and the Falmouth Bay Test facility (FaBTest) as
test beds.

Exeter have developed the Mermaid software package with Mojo Maritime (who are now part of Fisher
Group). The software is now a fully commercial product that is used on major projects such as Meygen as
well as by large enterprises for the implementation of O&M strategies. Use of Exeter’s DMaC test facilities
and the Falmouth Bay marine energy demonstration site have enabled the Fred Olsen Renewables
company to achieve the longest continuous deployment of any floating Wave Energy Device to date. This
work has provided essential power performance and durability characteristics enabling Fred Olsen to
move towards commercial deployments at Wave hub. Work at Exeter has also supported the
development of the Mojo Maritime HiFlo-4 tidal turbine installation vessel.

Queens and Schottel have been measuring noise emissions of a full scale tidal device in Strangford Lough,
where they have been able to provide input into the appropriate methods in obtaining noise data for
Minesto. Partrac carried out turbulence survey work for Tidal Energy Limited, who have deployed a
400kW turbine in Ramsey Sound, worked with Swansea to analyse and interpret data they had collected.
Staff at Swansea are members of the MEP working group and also manage the “LCRI” wave rider buoy at
the demonstration zone. Morlais Energy manage the 100MW Crown Estate North Wales demonstration
zone and are working with Swansea to develop array layout models based on UKCMER science.

Tidal technology and rotor developers, ResHydro Ltd, Nautricity Ltd, Airborne Composites BV, are
providing insight and feedback through Strathclyde on the tidal environmental conditions they are
designing their product to operate within, together with the current engineering desigh methods adopted
in the development of the product. EMEC is providing access to site data against which realistic operating
conditions can be benchmarked, within the program of work. Lloyd’s Register, RES Ltd, are providing
engineering design feedback and the applicability of the design/decision support tools being developed
to engineering practice.

Work undertaken by Queens (physical model testing) and Manchester Metropolitan University (numerical
modelling) feeds directly into the design of surging flap-type wave energy converters. Findings obtained
are used to suggest important decisions in the design process in terms of reducing and mitigating the most
severe extreme loads. The development of accurate and precise physical testing facilities has also led to
improvements in how extreme load testing will be undertaken in the future. The project team worked
closely with WaveC Offshore Renewables to place the research findings into a day-to-day consulting
context. This has helped the development of partially nonlinear and computationally efficient models fit
for engineering design. To accelerate this process, a WavEC team member was seconded to Imperial
College; this four-month placement having been supported through additional EU KIC funding.

Throughout the EIoWEC project, a significant amount of progress was made in relation to extreme wave
loading. The methodologies established reach well beyond the wave energy sector, with applications to
many static and dynamic marine structures. New experimental techniques suitable for the measurement
of extreme loads have been developed. Numerical models suitable to impact loading cases were also
advanced. In addition, the project has provided inputs to a new Joint Industry funded Project (JIP) and
revised design guidance in respect of the relevant met-ocean conditions, particularly the occurrence of
breaking wave loads.

ANSYS have provided HPC research licences to Cardiff along with valuable technical advice, enabling the
ongoing and challenging computational modelling work there to develop a transient model of the 2-way
fluid structural interaction of a tidal turbine. Bosch Rexroth supplied the specialised electrical generators
for the model tidal turbines and bench top equipment for condition monitoring investigations and
provided exceptionally valuable technical support and advice. National Instruments provided
instrumentation along with technical advice and training. Gurit provided valuable technical advice on the
structure of turbine blades and Tidal Energy provided the turbine to test new blade designs. Other
collaborators included: Crown Estates; Mabey Bridge Ltd; Marine Current Turbines; Natural Resources
Wales; TATA and Minesto.
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The development of StepWEC and the XMED project at Manchester has been strongly supported by EDF,
DNV-GL, ALSTOM Ocean and EON. DNV have been working with Imperial and Waveroller on the design
and development of their full scale device (another OWSC). QUB have provided advice on extreme load
testing requirements for this work, and have given feedback on the extreme loads experienced by the full
scale Oyster device. The Step-WEC project investigated the M4 wave energy converter, developed with
capture widths close to the theoretical maximum for a multi-mode point absorber. Linear diffraction
models (developed by Bath and Oxford) have been shown to give good power and motion predictions in
operational conditions. These models together with experiments have enabled predictions of cost and
LCOE similar to that of offshore wind energy and could be further reduced by design optimisation and
PTO.

Oxford and UCL are supported by collaborations with ARUP, Ramboll, IT Power consultants and HR
Wallingford both in ongoing work and in the preparation of new submissions. BP Exploration has provided
hindcast and measured wave data to Oxford that has been pivotal for the work on the long-term variability
of the wave resource and also the extractable annual power from the M4 wave power machine. BP are
also very interested in their extreme wave estimates (100-year and rarer) at locations where they have
platforms.

Cambridge operates the low-TRL hydrodynamics development laboratory in partnership with Rolls-Royce
and has been developing a load shedding device with Alstom, who are now supporting a PhD studentship
through the EPSRC-CASE scheme. Tidal Energy Limited are working with Cranfield University to develop
understanding of ADCP data and device hydrodynamics through enhanced BEM simulations and have
provided ADCP data for analysis. Cambridge are in preliminary discussions with Nortek who are interested
in the commercialisation of a novel turbulence-measuring probe.

Plymouth have collaborated with Griffon Hoverwork who have provided material for construction of SQ
models and manufacturing of SQ flexible components and connections.

The TeraWatt and ECOWatt Challenge projects led by Heriot-Watt enjoy include MCT (Atlantis),
Scotrenewables, CNC Asset, E.ON, MeyGen, Marine Scotland Science, Marine Management Organisation,
Marine Scotland, The Crown Estate, Marine Alliance for Science and Technology in Scotland who provide
data, and share comparable modelling studies. Scotrenewables have assisted in a comparison of our
model outputs with those of their CFD model, and this has led to a further collaboration with them under
an accelerated impact award linked to TeraWatt and EcoWatt2050.

4.4 Engagement with Policy, Standards and Regulation

The UK has the best-connected and most enabled innovation system to support the deployment of marine
energy technologies in the world. UKCMER core and GC partners serve on 16 regional, national, European
and Global policy and standards agencies. Jeffrey now vice-chairs the IEA Ocean Energy Systems
Collaboration Agreement. Edinburgh serves on the Energy Technologies Institute Strategic Advisory
Group. Wallace chairs the Academic Research Advisory Group of the Offshore Renewable Energy Catapult
and has worked with the Research and Innovation Director to produce and gain approval for their
Research Strategy and Academic Engagement Plan. This will make provision for the co-sponsorship of six
Industry Professorships in key knowledge areas across UK universities in offshore wind, wave and tidal
energy. Jeffrey and other UKCMER staff have provided expert input into the formation of the Wave and
Tidal TINAs. UKCMER also receives advice, guidance and support from the Renewables UK Marine
Strategy Group where Jeffrey, from Edinburgh represents the work and interests of UKCMER. Masters
chaired the Advisory Board of the NERC Marine Renewable Energy Knowledge Exchange Programme.

Regional initiatives such as Wave Energy Scotland (WES) are now investing in research to support the
development of components, subsystems and technologies. Jeffrey and Edinburgh research staff are part-
and wholly-seconded to provide technology and innovation policy advice to WES. There have been other
investments in the South-West (PriMare) and in Wales (LCRI). Johanning and Masters have provided
similar support in these organisations. Through UKCMER, many academic and research staff participate
in BSI PEL114 and IEC TC114, leading and contributing to the development of many parts of IEC standards
in the 62600 - Marine energy: Wave, tidal and other water current converters series.
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UKCMER universities have interacted with regional, national, European and global innovation and policy
bodies. The Ocean Energy Systems (OES) Energy Technology Initiative is an intergovernmental
collaboration between countries, which operates under a framework established by the International
Energy Agency (IEA) in Paris. Jeffrey, Network Manager from Edinburgh is Chair of the OES collaboration
agreement on behalf of the UK Department of Energy and Climate Change. In January of 2015, the
Edinburgh seconded Jeffrey to lead the research and innovation strategy for Wave Energy Scotland,
providing a direct link to the UKCMER international academic expertise and insight into the future
innovation and development needs of wave energy. Jeffrey has secured funding from WES and the
Scottish Energy Technology Partnership to appoint a Knowledge Exchange and Business Development
Executive, working alongside and with UKCMER. WES will also support tensioned awards (up to £250K)
of flexible funding in the 4™ Phase of UKCMER during 2017 to further strengthen the link between
UKCMER research and wave energy development.

UKCMER and other staff have planned, prepared, and executed the first three funding calls for research
contracts in Structural Materials and Manufacturing Processes, secondary energy conversion
technologies (PTO systems), and Novel Wave Energy Converter concepts.

OCEANERA-NET is the Ocean Energy European Research Area Network funded by the European Union
through Framework Programme 7. It comprises a network of 16 national and regional funding agencies
that coordinate activity between European countries and regions to support research and innovation in
the ocean energy sector. UKCMER staff hold a position on the ERA advisory board and have been closely
involved with OCEANERA-NET to coordinate funding calls and establish links between the research activity
and the research funders. UKCMER staff have also advised strategic input on the recently awarded
ERANET Co-Fund for ocean energy.

The European Energy Research Alliance (EERA) Ocean Energy Joint Programme brings together the main
research providers in 9 countries and is based around six key research themes developed from existing
research roadmaps which identify the critical areas of research required for the successful growth of the
industry. The programme ensures coloration at an EU level and avoids the duplication or replication of
research efforts. Edinburgh leads and coordinates the EERA Ocean Energy Joint Programme, allowing
UKCMER to efficiently to provide expert input in the development of the H2020 programme for ocean
energy.

Ocean Energy Europe (the largest network of ocean energy professionals in the world) acts as the main
link between Europe's ocean energy industry and the EU institutions (European Commission, European
Parliament, EIB etc.) and EU Member States. Edinburgh represents the UKCMER membership on the
Ocean Energy Europe Board, with several other UKCMER members actively contributing to the
prioritisation of research topics and technology improvements identified by the ocean energy industry
and research community. These efforts formed the technology chapter of the ocean energy roadmap
which will help accelerate deployment in the ocean energy sector.

Jeffrey serves on the EU expert advisory group for the Ocean Energy Forum Strategic Roadmap, involving
key government, industry and academic stakeholders from across Europe to develop and produce a
Strategic Roadmap for the development of the sector which is widely endorsed by industry, the public
sector and civil society.

UKCMER partners across the TeraWatt and ECOWatt Challenge projects work closely with the Marine
Management Organisation and Marine Scotland (Policy Branch) and The Crown Estate, who all serve on
the Steering Group. The Marine Alliance Science and Technology Scotland (MASTS) chair the Steering
Group Meetings and Marine Scotland organises outreach and knowledge transfer/exchange activities
with developers.

Researchers from Exeter contributed to the development of standard document IEC TS 62600-10, Marine
Energy — Wave, Tidal and Other Water Current Converters — Part 10: Assessment of Mooring System for
Marine Energy Converters. Spinneken (Imperial College) led the development of tank testing guidelines
through the framework of IEC-PT62600-103 “Guidelines for the early stage development of wave energy
converters” to which Davey (Edinburgh) also contributes. Ingram (Edinburgh) worked on the development
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of “IEC TS 62600-1, Marine Energy — Wave, Tidal and Other Water Current Converters — Part 1
Terminology” and is now contributing to the team preparing the international standard. These guidelines
are believed to lead to cost reductions of new technologies, and to increase investor confidence by
adopting a structured development approach.

Queens works with the Northern Ireland Environmental Agency where their knowledge and modelling
tools are used in obtaining site licenses for testing scaled devices in Strangford Lough. Strathclyde is a
member of the Scottish Renewables Marine Working Group, Scottish Government Marine Energy Group
and Wave Energy Scotland to provide policy and regulatory advice to set the boundary conditions in which
tidal technologies will operate. The Queens PDRA is convenor of the IEC committee for the development
of standards for wave energy resource assessment and characterisation that includes members from UK,
Ireland, USA, Canada, Japan and Spain. He is also UK principal expert on the IEC committee for the
development of standards for the power performance assessment of wave energy converters, and
inaugural convenor of the International Nemoh Developers Group. Nemoh is an open-source boundary
element solver that can be used for modelling WECs and arrays. The use of boundary element solvers in
the numerical modelling of WECs is ubiquitous and the provision of an open-source tool means that new
companies can more easily access the tools vital for the development of a WEC. The Nemoh Developers
Group is dedicated to improving the functionality and public accessibility of the open-source tool.

Cardiff and Bangor are working with the Crown Estates and Natural Resources Wales on the
environmental modelling of the Welsh coastline. Wales Higher Education Brussels (WHEB) promotes
Welsh Universities” higher education and research in Europe and provides access to European Commission
policy makers. The WHEB team has a close working relationship with the Welsh MEPs as well as EC officials
and the UK Permanent Representation to the EU. Masters (Swansea) has been a member of the WHEB
working group whose main aim is to engage strategically with EU policy and funding opportunities, build
on their extensive network of contacts in academia, industry and the European Institutions, and to
promote Welsh research expertise in these areas. The work at Swansea provided the scientific basis for
an industry in Wales and the recent development of two 100MW commercial demonstration zones,
leased by the Crown Estate and backed by €100m demonstration funds from WEFO ERDF.

Marine Scotland Science (MSS) are full project partners on EcoWatt2050, having scoped, within the
TeraWatt consortium, the key research questions to address policy needs. MSS were responsible for the
holding and provision of all data being used in the project via an accessible data store. The development
of device placing within the very large scale array developments foreseen in EcoWatt2050 has also been
a task undertaken by Marine Scotland Science. The Marine Management Organisation and Marine
Scotland (Policy Branch) serve on the Steering Group, The Crown Estate also is a Steering Group Member.
MASTS are responsible for chairing the Steering Group Meetings and with Marine Scotland for organising
outreach and knowledge transfer/exchange activities with the developers.

4.5 International Articulation

Establishing wave and tidal technology, its supply chains and international sectors is a global challenge
that will only be met by working in international partnership. Supergen Phases 1 & 2 and Phase 3 UKCMER
have operated an International Network since 2003. Core staff have led or assisted in the creation of
strategic collaborative R&D programs, technology and deployment roadmaps, internationally for the IEA-
OES and in many of the countries below, and have led the establishment of essential IEC standards.
Edinburgh and other UKCMER partners routinely and regularly receive inward missions from all over the
world, brought by UKTI, FCO, Scottish Development International and others. This section describes the
deeper articulations with other countries.

Europe - Edinburgh leads the DTOcean collaborative project funded by the European Commission under
the 7th Framework Programme for Research and Development, more specifically under the call ENERGY
2013-1. It gathers 18 partners from Ireland, Spain, United Kingdom, Germany, Portugal, France, Norway,
Denmark, Sweden, Belgium and USA. Edinburgh and Plymouth were part of MARINET — Transnational
access for marine renewable energy test facilities —a European project providing five periods of access to
FloWave and the COAST basin for wave energy developers, a hybrid floating offshore wind/wave energy
platform and mooring arrangements for a floating tidal turbine (WEPTQOS, CETOW, PolyWEC, W2Power
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and ScotRenewables). Consequent to the operation of IDCORE, Edinburgh was invited by the Danish
Ministry of Education to contribute to a meeting exploring new directions for PhD students in
Copenhagen. Forehand at Edinburgh chairs the European WECAN (Wave Energy Converter Array
Network) within which researchers sharing results across Europe will inform the recently formed IEA-OES
Annex VI on verification and validation. The network consists of international researchers, currently
including members from the UK, Ireland, France, Spain, Belgium and USA. The network holds an annual
symposium and was key in the formation of the WECwakes project (a HYDRALAB funded project that
modelled a large array of WECs in the DHI wave basin). The Hydraulics and Maritime Research Centre
(University College Cork, Ireland) is collaborating with Swansea on the MARIBE project, which is
considering techno economics in the marine economy. Edinburgh and Plymouth are partners in the
Horizon 2020 project WETFEET: Wave Energy Transition to Future through Evolution of Engineering Tools,
2015 — 2018 led by Wave Energy Centre (WAVEC), Portugal with collaborators in UK, Portugal, France,
Italy, Austria and the Netherlands.

India - Edinburgh worked with the FCO India UK Science and Innovation Network to win Global Partnership
funding to take UKCMER staff on a marine energy mission to Ahmedabad, Chennai and Kolkata. This
included a UK-India R&D Scoping Workshop, a site visit to the Sundarbans Delta and workshops and
meetings at [IT Madras, Anna University, IIT Kharagpur and Jadavpur University. This has since led to a
consequent knowledge exchange and capacity building award, to explore the development of mini-tidal
current power for rural electricity supply on the Sundarbans Delta, within which there has been a project
scoping, knowledge exchange and training workshop. Local stakeholders include the WWF and West
Bengal Renewable Energy Development Agency. Edinburgh also secured UKIERI funding to support
knowledge exchange visits between and to [IT Bombay and the National Institute for Oceanography Goa.
Meetings in Chennai, Bombay, Kolkata and Panjim have resulted in the Indian Academics now aiming to
establish an India Ocean Energy Association. More recently Edinburgh has completed, with Jadavpur
University, a tidal resource and energy demand assessment of a localised area in the Sundarbans Delta
and held a stakeholder consultation workshop with 20 participating agencies from West Bengal.

Japan - Edinburgh led a mission to Nagasaki Prefecture in Japan that included the signing of an MOU with
Nagasaki University to cooperate on marine energy activities, meetings with the Japan Society for Marine
Renewable Energy, the Nagasaki Marine Energy Cluster and Nagasaki Prefecture Government. Seminars
at Hiroshima, Hokkaido, Nagasaki and Nihon Universities have presented the work of and opportunities
to work with UKCMER. Ongoing work with Hiroshima by an Edinburgh PhD student is investigating
underwater acoustic tomography as a non-intrusive method to characterise the flow patterns in FloWave.

Chile - Edinburgh organised and ran an Ocean Energy R&D Scoping workshop with academics from Chile,
hosted by Pontifical University Catolica de Chile (Santiago) and had meetings with PUC, Conicyt, CiFES and
ENEL/DCNS to explore UK partnership with the Marine Energy Research and Innovation Centre (MERIC)
just being set up in Chile. This also led to participation by PUC in a grand challenge bid. Strathclyde also
collaborates with PUC on erosion-corrosion modelling. Edinburgh has established collaborations with
MERIC and relationships with Fundacion Chile and the Ministry of Infrastructure.

Mexico - Edinburgh organised and ran a Wave and Tidal Energy R&D Scoping workshop with academics
from all over Mexico, hosted by the National Autonomous University of Mexico (UNAM) in Mexico City
and had meetings with UNAM, Conacyt and MOE to cement UK partnership in the establishment of the
Mexican Innovation Centre in Ocean Energy (CEMIE Océano) just being set up in Mexico. Most recently
UKCMER staff have been retained to lead the development of the Mexican Ocean Energy R&D Roadmap.

Canada — Strathclyde has an active research collaboration with Dalhousie University, Nova Scotia, focusing
on the development of passive tidal rotor power regulation and control blade technologies for typical and
higher energetic tidal environments. This has included collaborative laboratory testing of different blade
geometries and composition over the past year. Queens has been working with the University of Victoria
to propose a project considering the extreme loading of pitching flap-type WECs.

Taiwan - Edinburgh was again supported by NTOU to present the UKCMER Short Course on Numerical
Hydrodynamic Modelling for Ocean Energy Converters in Keelung, Taiwan.
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China — With EPSRC support UKCMER partners ran a proposal sandpit that led to collaboration between
early career researchers in several UKCMER universities and: North-East Normal University; South China
Institute of Oceanology, Dalian University of Technology; Hohai University, Ocean University of China,
National Ocean Technology Center (NOTC) and the South China Sea Institute of Oceanology and Harbin
University. This also led to the secondment to Edinburgh for one year of staff from the NOTC.

Korea - Strathclyde has an on-going research collaboration in tidal energy rotor blade and drive-train
loadings with Inha University, South Korea. This includes staff and researcher exchange within a bi-lateral
Korea to UK and UK to Korea exchange program undertaken in the past year.

Singapore — Strathclyde has a research collaboration in tidal energy array energy extraction performance
optimisation with Nanyang Technological University (NTU). They also collaborate with the National
University of Singapore on tribo-corrosion testing.

USA — Work on field measurements of flow patterns and turbulence intensity has involved collaboration
with the Northwest National Marine Renewable Energy Centre (NNMREC) and the University of
Washington. Researchers from NNMREC were co-authors on an award winning flow measurement paper.
Sandia National laboratory is a partner in the DTOcean project as a result of links developed through
UKCMER. Bangor and Cardiff have collaborated with University of Rhode Island and Mississippi State
University have being working on wave/current interaction and the modelling of tidal turbine wakes.
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5 Supergen Marine Phase 4

The existing hub of UKCMER was renewed in phase 4 under award EP/P008682/1 in October 2016, with
the structure shown. Responsibilities within the core universities are:

Academic International
MNetwork Network
Wallace Pl Executive Director, Financial Management 2
Ingram Cl WP4 Research Director
Jeffrey Cl Network and Impact Manager
Masters Cl WP1 Tidal lead, Wales and Ireland liaison
Brennan Cl WP5 Offshore wind lead, England liaison
Johanning Cl WP2  Wave lead, PRIMare liaison
Johnstone Cl WP3 Environment lead, Scotland liaison Industry Policy

Network Network

The four GC projects in section 2 are integrated within the hub.

A Research Advisory Board includes: Dr G Connor (Nova Innovation); Dr R Yemm (Quoceant); Dr | Marti
(ORE Catapult); C Bittencourt (DNV GL); S Bradley (ETI); Prof B Wilson (SAMS); Ing Dr J Bard (IWES
Fraunhofer), A Mortimer (Sgurr Energy) and Prof A Lewis (MAREI). There are agreed and adopted R&D,
technology and deployment roadmaps, produced and maintained by staff of UKCMER in Phase 3. Based
on these roadmaps the aims of the research, network and capacity building of the third phase have
evolved to support the sector at and beyond its current stage of development.

5.1 Rationale and Vision

There are agreed and adopted R&D, technology and deployment roadmaps, produced and maintained by
staff of Supergen Phases 1&2. Based on these roadmaps the aims of the research, network and capacity
building of the third phase have evolved to support the sector at and beyond its current stage of
development. Phase 4 of UKCMER will continue to:

e Conduct world-class fundamental and applied research that assists the wave, tidal and offshore
wind energy sectors to accelerate deployment and ensure growth in generating capacity
towards 2030 and 2050 targets;

e Train the next generation of UK, European and international researchers, industry graduates and
policy makers;

e Expand and operate an inclusive marine network of academic researchers, industry and policy
partners and international collaborators;

e Provide the highest quality of policy engagement and knowledge transfer.

5.2 Research Programme

There are significant common needs for fundamental to applied research spanning wave, tidal, offshore
wind and, now, floating offshore wind energy technologies:

e Analysis and performance prediction of fully coupled hydro- aero- and electro-dynamic devices;

e  Fluid:structure interaction;

e Cost effective manufacture, installation, operation and maintenance;

e Survival of extreme and fatigue loadings;

e Environmental and economic viability.

The phase 4 programme at the time of writing is just beginning and aims to address these needs in five
interacting collaborative work packages.

WP1 Control and Performance

This will couple the Edinburgh electromechanical TCCS model to Swansea’s unsteady GAD model and
extend it to develop a fully bi-directional transient tide-to-wire model. The combined model will be
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applied to both single machines and embedded in computational fluid dynamics codes to investigate array
interactions. This will allow investigation and mitigation, through control, of the impact of turbulent flows
and wakes on energy yield and loadings within the tidal array and also of the effect of network faults on
the hydrodynamic response of TCCs.

Model results for a single turbine will be compared with those from experiments to be conducted under
the Edinburgh FlowTurb GC Project Response of Tidal Energy Converters to Combined Tidal Flow, Waves,
and Turbulence and those from Phase 3+. The research in FlowTurb will investigate the combined effect
of tidal currents, gravity waves, and ambient flow turbulence on the dynamic response of tidal energy
converters. A high quality database will be established comprising field-scale measurements from the
Pentland Firth, Orkney waters, and Shetland region, supplemented by laboratory-scale measurements
from Edinburgh University’s FloWave wave-current facility. Controlled experiments will be carried out at
Edinburgh University’s FloWave facility to determine hydrodynamic loads on a tidal current device and
hence parameterise wave-current-turbulence-induced fatigue loading on the turbine’s rotor and
foundation. This project aims to provide an enhanced understanding of tidal current-wave-turbulent flow
interactions and their impact on the performance of tidal power devices. The dataset acquired within the
project will be made widely available for academic and industry use, enabling further advances to take
place in marine energy research. Collaborators include: Cape Breton University; DNV GL (UK); Marine
Scotland Science; MASTS; National Institute of Ocean Tech (NIOT) Chennai; Nova Innovation Ltd; Partrac
Ltd and Scotrenewables Tidal Power Ltd.

WP2 Risk and Reliability

WP2 will explore applicability and transfer of novel design and test processes, as practiced in other sectors
like aviation and transport. Risk-based design is a move away from traditional deterministic iterative
engineering design by combining risk-based and probabilistic reliability methods and mathematical
modelling techniques into the design processes to optimise the cost and reliability.

Statistical design of test regimes will enable the performance and durability testing of individual sub-
systems customarily replicates and accelerates in-situ load conditions. The Design of Experiments Method
will be used to identify, select and schedule the combinations of governing factors to achieve most
representative results in accelerated testing.

Test results will be compared with those from experiments to be conducted under the Cardiff DyLoTTA
GC Project Dynamic Loading of Turbines in a Tidal Array. DyLoTTA aims to quantify the impact of wave-
current interaction on the performance and integrity of tidal turbines when sited in an array and develop
operational procedures to mitigate the impacts of these extreme loading patterns. Specifically the
dynamic loading patterns on the blade, blade root and eccentricity induced within the drive train of array
based turbines will be addressed and steps to measure and mitigate such effects will be defined. Industrial
collaborators include: Ansys; Arup; Bosch Rexroth; National Instruments; Nautricity Ltd; Tidal Energy Ltd;
Airborne Composites; ORE Catapult; Lloyds Register; SKF; Intertek; Mississippi State University; Dalhousie
University Canada and Inha University from South Korea.

WP3 Extreme loads and survivability

Extreme responses in limiting operational and survival conditions used in “traditional” ship and on- off-
shore structure design. WP3 aims to identify and transfer state-of-practice design tools and state-of-the-
art analysis tools to predict extreme responses of wind, wave and tidal devices. The objectives are to:
identify a set of benchmark extreme load scenarios; predict extreme responses in these cases using state-
of-practice design tools; characterise extreme responses for these scenarios via model testing and
examine the ability of hi-fidelity analysis tools to predict these extreme behaviours.

Model results will be compared with those from experiments conducted under the Swansea Survivability
of Floating Tidal Energy Converters (SURFTEC) GC Project. It aims to provide a holistic vision for design
optimisation to ensure reliability and survivability for floating tidal energy converters (FTECs).
Computational modelling and real sea deployment measurements will enable the development of a tool
that can be used to inform the optimum operational strategy and maximise survivability and reliability for
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FTEC devices and arrays. There are three industrial partners associated with the project — the European
Marine Energy Centre (EMEC), Oceanflow Energy, and Black and Veatch. The project partners will have
an input on the decision about which of the measurable parameters on a FTEC are most important for
monitoring and predicting loads, the survivability of the device, and its reliable operation. Data to enable
the numerical model to be tested over a range of environmental conditions will be provided by EMEC.
Black and Veatch will be closely involved in the development of the operational strategy and design
guidance document, particularly in providing data to relate fatigue damage to component costs and LCoE.

WP4  Array Interaction

WP4 will develop new understanding in the modelling of dynamic flow conditions within tidal streams
and of the nature of wave-current flow interactions penetrating down the water column and their
influence on tidal velocities. This will be expanded to investigate the impact on tidal array performance
and resulting energy yields. The GAD CFD and Unsteady, Wave-Coupled BEMT tools above will be evolved
and verified for their application in tidal array performance assessment, to inform spatial planning in
dynamic real-sea tidal flows to maximise energy yield. Model results for an array of three turbines will be
compared with those from experiments to be conducted from Phase 3+, under the FlowTurb GC Project.

WP5 Materials and Structural Integrity

To move on from first generation concepts and practices and to help achieve cost competitive ORE
structures and structural components, WP5 will critically review materials and fabrication methods
currently used in Offshore Renewable Energy, explore contemporary materials used in other applications
(nuclear, aerospace, shipping etc.,) and their ability to resist service stresses and more accurately and
reliably define the loading regimes and structural dynamic responses giving rise to local stresses and
develop new analytical methods to assess structural integrity taking account of the fluid:structure
interaction and mooring dynamics integrated with device motion to determine whole structure response
and loads. The work in WP5 will be aligned with the ambitions and activities of the GC Project All Electric
Drive Train for Marine Energy Converters (EDRIVE-MEC) at Edinburgh.

Conversion of energy from wave action into electricity is ideally performed by a PTO and power
conditioning system that can convert motion in multiple directions, react large forces or torques whilst
operating at low velocity, variable voltage and frequency, with high reliability, availability and efficiency
over a wide range of loads. EDRIVE aims to develop an integrated electrical power take off system with
non-mechanical speed enhancement, integrated and reliable flexible power electronics, providing
adaptive control over a range of operating regimes, taking into account nominal and extreme load
conditions. Collaborators include: TU Delft; University de Chile; Albatern (UK), Carnegie Wave Power
(AUS/UK) and Columbia Power Technologies (US), all of which have deployed devices at sea; Tecnalia
(Spain) and electrical power developer Turbo Power Systems (UK).
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Appendix 1 Staff and Students of Supergen Phase 3

Core Academic and Admin Staff

Prof. A. R. Wallace — University of Edinburgh
Prof. D. M. Ingram - Edinburgh

Mr. H. Jeffrey — Edinburgh

Dr. L. Johanning — University of Exeter

Mr. C. Johnstone — University of Strathclyde
Prof. T. Whittaker — Queens University Belfast
Prof. J. Side* — Heriot-Watt University

Prof. I. Masters — Swansea University

Dr. G. Aggidis — Lancaster University

Prof. P. Stansby* — University of Manchester
Prof. A. Bahaj — University of Southampton
Prof. G. Houlsby — University of Oxford

Prof D. Greaves — Plymouth University

Ms. Pauline Clark — Edinburgh

* Also GC PI

Core Research Staff

Dr. G. Payne — Edinburgh

Dr. D. Forehand — Edinburgh

Dr A. Nambiar - Edinburgh

Dr. M. Topper — Edinburgh

Dr. P Thies — Exeter

Dr. M. Ibrahim — Strathclyde

Dr. K. Porter - Strathclyde

Dr. K. Gracie — Strathclyde

Dr. T. McCoombes — Strathclyde
Dr. S. Ordonez-Sanchez - Strathclyde
Dr. M. Folley — Queens

Dr. L. Kregting — Queens

Dr. P. Lamont-Kane - Queens

Doctoral Students

Tessa Gordelier - Exeter

Edward Ransley - Plymouth
David Crooks — Queens

Alex Olczak - Manchester

Katie Gracie — Strathclyde
Thomas Nevalainen — Strathclyde
Jose Barajas-Solano - Edinburgh
Susannah Cooke - Oxford
Andrew Want - Heriot-Watt

Thomas Lake — Swansea

Daniel Richardson - Lancaster
Daniel Coles - Southampton
Anna Garcia-Teruel — Edinburgh
Maria Pafi -Queens

GC Academic Staff (Pls only)
Dr. M. Mueller - Edinburgh
Dr. V. Venugopal - Edinburgh
Prof. C. Swan — Imperial
Prof. P. Taylor — Oxford

Prof. R. Miller - Cambridge
Prof. P. Dong — Dundee
Prof. M. Stack — Strathclyde
Prof. T. O’Doherty — Cardiff
Prof. M Belmont — Exeter
Dr. B. Elsassaer - Queens

GC Research Staff

Dr. M. Behera — Edinburgh

Dr R. Nemalidinne — Edinburgh
Dr T. Yung Zhi - Edinburgh

Dr. A. Young — Cambridge

Dr. Z. Ma - Manchester Metropolitan
Dr. J Spinneken - Imperial

Dr. M Latheef — Imperial

Dr. M. Hann — Plymouth

Dr. A. Kurniawan — Plymouth
Dr. R. Maclver — Heriot-Watt
Dr. S. Baston — Heriot-Watt
Dr. M. Bell — Heriot-Watt

Dr. H. Santo — Oxford

Dr. L. Chen — Bath

Dr. L. Sun - Bath

Dr. D. Stagonis — UCL

Dr. T. Feng - Manchester

Dr. S. Rolfo - Manchester

Dr. S. Longshaw - Manchester
Dr. U. Ahmed - Manchester
Dr. H. Gu - Manchester

Dr. E. Moreno - Manchester
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Appendix 2 Publications by theme

The outputs in Phase 3 of Supergen, produced from Core and Grand Challenge research are listed by
theme, as follows.

F N VA3 [ o I =T o U UPUPRRRE 37
ENVIroNmMENntal INteraction ....c.iiiiiieiee ettt sttt st esbe e e sate e sbe e snateesbeeenes 61
Extreme Loadings and DUrability ......cccccuueeiiiiiiei ettt e e e aaae e 92
Fatigue Loadings and Reliability.........coccuieiiiiiiiiiie e 118
Novel Marine Energy Systems and COMPONENTS......cccccvieeiiiiiieeeiiiieeeecrteeeerireeeesbreeeesbreesesareeeeesarenas 133

Arrays and Farms

1. ABANADES, J., GREAVES, D. & IGLESIAS, G.: "Wave farm impact on the modal state of a beach", Marine
Geology, vol. 361, pp. 126-135, 01-Mar-15

The extraction of wave energy by the Wave Energy Converters (WECs) forming a wave farm results in a milder
wave climate in its lee, which can have an impact on coastal processes. The objective of this work is to determine
whether the beach morphology can be altered by the operation of the wave farm, and if so, to quantify this
alteration. For this purpose, we examine how the farm affects the modal state of the beach with reference to a
baseline (no farm) scenario. The modal state is defined based on an empirical classification that accounts for wave
conditions, tidal regime and sediment size. As a beach typically goes through different modal states, we determine
the percentages of time in an average year corresponding to each state in the baseline scenario, and how these
percentages are altered by a wave farm as a function of its distance from the coast. This methodology is illustrated
through a case study: Perranporth Beach (UK), an area of great potential for wave energy development. High-
resolution numerical modelling is used, with two levels of grid refinement. We find that the wave farm has a
relevant impact on the modal state of the system, which passes from wave-dominated to tide-dominated during
significant periods of time. The sensitivity analysis, involving three cases with the farm at distances of 2 km, 4 km
and 6 km from the beach, showed that the farm-to-coast distance plays a major role. Thus, the shift from a wave-
to a tide-dominated beach is exacerbated in the case of the wave farm closest to the coastline, with the submarine
bar vanishing over long periods of time. We conclude that the presence of the wave farm drastically alters the
morphological response of the beach, and that this alteration is strongly dependent on the farm-to-coast distance.

2. AGGIDIS, G.A.: "Ocean Energy Research and State of the Art.", International THRUST 2015, Thessaloniki,
Greece, May-15

Ocean energy has an essential role to play in response to increasing energy needs and CO2 reduction. It is safe,
inexhaustible and mostly predictable, offering security of supply, innovation and economic development. Wave &
Tidal energy offers a predictable and consistent source of renewable energy (DECC 2015). Developing the potential
of marine energy resources will help the UK: a) save ~ 61 Mt of CO2 by 2025 - valued at an estimated £1.1 billion to
the UK economy b) help meet the UK’s renewable energy objectives. Wave and tidal stream energy has the
potential to meet up to 20% of the UK’s current electricity demand, representing a 30-to-50 GW installed capacity.
Between 200 - 300 MW:s of generation capacity may be able to be deployed by 2020, and at the higher end of the
range, up to 27 GWs by 2050 (DECC RE Roadmap). The UK is at the forefront of the ocean renewable energy
industry, through its research and development programmes, test facilities, and offshore experience from oil and
gas extraction. The industry is still in its early stages however, and further research is needed to determine how
best to exploit these assets.

3. AGGIDIS, G.A.: "Tidal Energy & Technology Current Trends.", NTUA Flow 2014, Athens, Greece, 12-13 Dec
2014

This paper provides an introduction to Tidal Energy and its Technological Current Trends. Examines the available
resource both in the UK and globally for tidal current and tidal range opportunities. Highlights the technological
State of the art with references for both tidal current and tidal range applications. Provides an update on the
progress of the various tidal current and tidal range Projects globally. Mentions both the drivers and the barriers
for progressing tidal energy forward and ten draws some conclusions.

4. ASHTON, I., VAN-NIEUWKOOP-MCCALL, J.C.C, SMITH, H.C.M. & JOHANNING, L.: "Spatial variability of
waves within a marine energy site using in-situ measurements and a high resolution spectral wave

model", Energy, vol. 66, pp. 699-710, DOI: 10.1016/j.energy.2013.12.065, 01-Mar-14

A high resolution spectral wave model is used to quantify the spatial wave climate on geographical scales relevant
to intra-site variability for marine renewable energy installations. For the first time, results are compared to in-situ
data from an array of four floating wave buoys, and demonstrate the ability of the spectral wave model SWAN
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(Simulating WAves Nearshore) to resolve spatial differences in the wave climate. Examination of the model source
terms highlights bottom friction and refraction as the primary processes contributing to the observed differences
across the site. Wave models for climate assessments for marine renewable energy are not commonly operated at
sufficient spatial resolution to accurately resolve intra-site variability. This study demonstrates that high spatial
resolution spectral wave models, nested into a larger model domain, have the potential to provide an accurate and
detailed prediction of the spatial variability of wave conditions across a marine renewable energy site. As such,
they could be implemented to provide a more accurate resource assessment for wave energy array deployments,
but also for engineering assessments of other marine energy technologies.

5. BAHAJ, A.S. & MYERS, L.E.: "Shaping array design of marine current energy converters through scaled
experimental analysis", Energy, vol. 59, pp. 83-94, DOI: 10.1016/j.energy.2013.07.023, 15-Sep-13

Marine current energy converters or tidal turbines represent an emerging renewable energy technology that can
provide a predictable supply of electricity. Single devices are in operation around the world with aspirations to
deploy farms or arrays of multiple devices. We present an experimental study that has characterised the
downstream wake flow around a 1/15th-scale turbine in a large circulating water channel and a series of
experiments involving static actuator disks at 1/120th-scale allowing simulation of multiple-device layouts. Our
analysis demonstrates that the near wake is highly turbulent with structures generated by the rotor and support
structure. This region of flow may prove difficult to numerically simulate with a high degree of accuracy. In the far
wake the performance of static actuator disks can be matched to mechanical rotors reducing scale and cost
facilitating replication of complex array geometries. Here the ambient turbulence and geometric properties of the
device/channel drive the wake recovery towards free stream conditions. Devices operating downstream of others
will be subject to a non-steady flow field making comparative performance difficult. We discuss the possibility of
unequal device specification and rated power within an array (unlike wind farms) providing a more representative
measure of array performance.

6. BARBOUR, E., WILSON, I.A.G., BRYDEN, I.G., MCGREGOW, P.G., MULHERAN, P.A. & HALL, P.J.: "Towards
an objective method to compare energy storage technologies: development and validation of a model to
determine the upper boundary of revenue available from electrical price arbitrage", Energy and Environmental
Science, issue. 1, DOI: 10.1039/C2EE02419E, 2012

This article proposes a methodology to calculate the upper boundary of the revenue available from the storage
and time-shifting of electrical energy. The inputs to the mathematical model are a discrete time-series of the
market index prices over a particular period of interest, and also specific energy storage device parameters. By
using a Monte Carlo based optimisation method, the upper boundary of the revenue from time-shifting energy is
determined. The method is explained and validated by showing that it finds the optimum solution that is the upper
boundary for time-shifting revenue. In other words, a storage operator could never derive more revenue than this
value from time-shifting alone and calculating this upper-boundary gives a reference value to compare the efficacy
of other methods of estimation. The user defined storage device parameters include: fixed efficiencies for charging
and discharging (%), the maximum capacity of the storage device (kWh), the charging and discharging power limits
(kw), and the inclusion of an additional time-dependent efficiency that models the self-discharge of storage
devices (% loss per hour). The combination of these parameters enables this method to give an objective
comparison between different storage devices in terms of maximum arbitrage revenue. The output of the model
provides not only a single value of the upper boundary revenue, but also the corresponding charging/discharging
schedule.

7. BLACKMORE, T. & BAHAJ, A.S.: "Turbulence and its effect on the thrust and wake of a porous disc rotor
simulator", 2nd Asian Wave and Tidal Energy Conference, Japan, 28 July - 1 Aug 2014

Marine current turbines are still in their infancy with many devices at the development stage. Studies are often
carried out using small scale laboratory experiments in flumes, towing tanks and numerical simulations to
investigate the wakes and performance of scale marine current turbines. However, the characteristics of the inflow
turbulence used in such studies is often not fully considered. Tidal flows are highly turbulent with a broad range of
eddy sizes and intensities. So differences are expected when predictions of array energy yields are made from
towing tanks studies with zero turbulence. This work considers the effects of turbulent eddy size on the thrust and
wake behind a porous disc rotor simulator commonly used to represent marine current turbines in small scale
experiments. The results show an increase in thrust coefficient with increasing length scale and a corresponding
reduction in velocity deficit in the wake. These findings have implications to array special planning and hence
energy yields.

8. BLACKMORE, T., BATTEN, W.M.J. & BAHAJ, A.S.: "Influence of turbulence on the wake of a marine current
turbine simulator", Proceedings of the Royal Society A, DOI: 10.1098/rspa.2014.0331, 27-Aug-14

Marine current turbine commercial prototypes have now been deployed and arrays of multiple turbines under
design. The tidal flows in which they operate are highly turbulent, but the characteristics of the inflow turbulence
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have not being considered in present design methods. This work considers the effects of inflow turbulence on the
wake behind an actuator disc representation of a marine current turbine. Different turbulence intensities and
integral length scales were generated in a large eddy simulation using a gridinlet, which produces turbulence from
a grid pattern on the inlet boundary. The results highlight the significance of turbulence on the wake profile, with a
different flow regime occurring for the zero turbulence case. Increasing the turbulence intensity reduced the
velocity deficit and shifted the maximum deficit closer to the turbine. Increasing the integral length scale increased
the velocity deficit close to the turbine due to an increased production of turbulent energy. However, the wake
recovery was increased due to the higher rate of turbulent mixing causing the wake to expand. The implication of
this work is that marine current turbine arrays could be further optimized, increasing the energy yield of the array
when the site-specific turbulence characteristics are considered.

9. BOUFERROUK, A., SAULNIER, J.B., SMITH, G.H. & JOHANNING, L.: "Field measurements of surface waves
using a 5-beam ADCP", Ocean Engineering, vol. 112, pp. 173-184, DOI: 10.1016/j.oceaneng.2015.12.025, 15-Jan-16
This study examines the performance of an improved 5-beam ADCP, with a vertical beam, when deployed to
measure non-directional waves in waters of 40 m depth. To assess the performance, the ADCP is compared with
four co-located directional wave buoys. The surface elevation spectra as measured by the vertical beam compare
well with estimates from the buoys in the range 0.10—0.35 Hz. Except for peak period, spectral estimates of wave
height, mean energy period and spectral bandwidth from the vertical beam agree well with estimates from the
buoys, showing only small differences of 2—-7%. Some cases exist where either the ADCP or the buoys can resolve
particular wave systems that the other sensor cannot resolve, though some of these instances may be the result of
numerical artefact. At low frequencies, the ADCP shows a better sensitivity to swell components, and though the
buoys can produce low frequency peaks, the difference between the two sensors is particularly evident during low
energy sea states. At high frequencies, both sensors may show susceptibility to noise. The study intends to
increase the level of confidence in using a 5-beam ADCP with a vertical beam, and of its comparative performance
with a different wave sensor.

10. BRYDEN, I.G.: "Tidal Energy", Encyclopedia of Sustainability Science and Technology, 2011

Tidal energy, as interpreted in this essay, is considered to be the artificial extraction of energy from: either the rise
or fall of the sea surface under the influence of tides or the extraction of energy from tidally driven currents. The
associated theoretical energy resources are considerable on a global scale, but the geographic conditions
necessary for significant tidal ranges, or current velocities, do tend to be restricted to a relatively small number of
sites worldwide. Some of the most attractive tidal range sites, however, such as the Severn Estuary, between
England and Wales, and the Bay of Fundy in Canada possess very considerable energy flux densities. Similarly, the
most energetic tidal currents, such as in the Pentland Firth, to the north of the Scottish mainland, would also
appear to offer major prospects for development. Although there has been considerable progress in recent years
toward the commercial exploitation of the tides for energy, the use of tidal energy is not new. Tide “mills” were
used in northern France and southern England as far back as the late Roman era but were most prolific during
medieval times. Tidal waters turned water wheels to drive cereal grinding apparatus in areas with few rapidly
flowing rivers. The Eling Tide Mill, for example, is still operational, largely as an educational and tourist facility, and
is a very early example of tidal entrainment, represented by a barrage positioned to interfere with natural tidal
flows. Entrainment is a more general term than “barrage” and encompasses alternative techniques such as
lagoons. In the twentieth and twenty-first centuries, tides have been seriously re-examined as sources of energy to
power industry and commerce.

11. COLES, D.S., BLUNDEN, L.S. & BAHAJ, A.S.: "Experimental testing for spatially averaged numerical
modelling of large marine current energy converter arrays", Grand Renewable Energy 2014 Proceedings, 28 July - 1
Aug 2014

Experimental validation is required to understand the accuracy of 2D numerical modelling techniques for
estimating the energy yield from large marine current converter (MCEC) arrays. A brief explaination of two
commonly used methods is given along with a summary of their advantages/ limitations. Initial results are
presented from experiments conducted in a recirculating flume using ten porous fences to simulate the wake
effects of tidal turbines inside a large array. Results show good agreement with the flow behaviour inside large
wind turbine arrays, where a balance between the shear from above that drives the flow and the drag from the
turbine devices and the ground gives rise to a quasi-steady flow velocity behaviour inside the array.

12. COLLIN, A.J., NAMBIAR, A.J., KIPRAKIS, A.E., REA, J. & WHITBY, B.: "Network design tool for the optimal
design of offshore ocean energy array networks.", PowerTech conference, Eindhoven, Netherlands, 29 June - 2 July
2015

This paper presents a simulation tool for the design and analysis of offshore ocean energy array networks. The tool
integrates a number of modules which are divided into two core functions: the automation of the cable laying
algorithm and subsequent creation of the network model, and the other performing the power flow analysis. The
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results of the power flow analysis are used to inform the user of the levelised cost of energy of different network
configurations. The tool is compatible with geographical information system (GIS) software to allow for easy
integration within the array development, installation and operation and maintenance stages.

13. COOKE, S.C., WILLDEN, R.H.J, BYRNE, B.W., STALLARD, T. & OLCZAK, A.: "Experimental Investigation of
Thrust and Power on a Partial Fence Array of Tidal Turbines.", EWTEC Conference, Nantes, France, 7-10 Sep 2015
An experimental investigation has been carried out into the flow around an array of eight porous discs simulating a
partial fence array of tidal turbines in a channel. Thrust on each individual disc was measured, and this was
combined with measured flow speeds to produce an indicative ‘inferred power’ removed from the flow by the
discs. Results show similar thrust and power behaviour to that expected from partial fence theory, with a peak
power achievable through careful selection of local blockage and device characteristics. However, end effects are
shown to significantly reduce the extractable power from that predicted by theory, and parameter choice for peak
power extraction may be more complex than theory suggests.

14. COOKE, S.C., WILLDEN, R.H.J., BYRNE, B.W., STALLARD, T. & FENG, T.: "An Experimental Investigation of
Blockage in a Short Fence Array of Tidal Turbines.", International Conference on Renewable Energies Offshore,
Lisbon, Portugal, DOI: 10.1201/b18973-83, 24-26 November 2014

The impact of array-scale blockage effects on the total power extractable from tidal turbine arrays has been the
subject of much recent investigation. This paper summarises the results of a series of physical experiments on
short fences of five porous discs to investigate blockage effects in the case of a long cross-stream fence array
partially occupying the width of the channel. Disc thrusts are seen to increase as the width of the fence is reduced,
which concurs with trends predicted by partial fence theory, although the magnitude of the thrust recorded is less
than predicted by theory. Flow wake measurements display a degree of scale separation between device and array
wake mixing.

15. CULLEY, D.M., FUNKE, S.W., KRAMER, S.C. & PIGGOTT, M.D.: "Integration of cost modelling within the
micro-siting design optimisation of tidal turbine arrays", Renewable Energy, pp. 215-227, DOI:
10.1016/j.renene.2015.06.013, Jan-16

The location of individual turbines within a tidal current turbine array — micro-siting — can have a significant impact
on the power that the array may extract from the flow. Due to the infancy of the industry and the challenges of
exploiting the resource, the economic costs of realising industrial scale tidal current energy projects are significant
and should be considered as one of the key drivers of array design. This paper proposes a framework for the
automated design of tidal current turbine arrays in which costs over the lifespan of the array may be modelled and
considered as part of the design optimisation process. To demonstrate this approach, the cost of sub-sea cabling is
incorporated by implementing a cable-routing algorithm alongside an existing gradient-based array optimisation
algorithm. Three idealised test scenarios are used to demonstrate the effects of a financial-return optimising
design approach as contrasted with a power maximisation approach.

16. DALY, T., MYERS, L.E. & BAHAJ, A.S.: "Modelling of the flow field surrounding tidal turbine arrays for
varying positions in a channel", Philosophical Transactions of the Royal Society Part A, vol. 371, issue. 1985, DOI:
10.1098/rsta.2012.0246, 2013

The modelling of tidal turbines and the hydrodynamic effects of tidal power extraction represents a relatively new
challenge in the field of computational fluid dynamics. Many different methods of defining flow and boundary
conditions have been postulated and examined to determine how accurately they replicate the many parameters
associated with tidal power extraction. This paper outlines the results of numerical modelling analysis carried out
to investigate different methods of defining the inflow velocity boundary condition. This work is part of a wider
research programme investigating flow effects in tidal turbine arrays. Results of this numerical analysis were
benchmarked against previous experimental work conducted at the University of Southampton Chilworth
hydraulics laboratory. Results show significant differences between certain methods of defining inflow velocities.
However, certain methods do show good correlation with experimental results. This correlation would appear to
justify the use of these velocity inflow definition methods in future numerical modelling of the far-field flow effects
of tidal turbine arrays.

17. DRAYCOTT, S., DAVEY, T., INGRAM, D.M., DAY, A. & JOHANNING, L.: "The SPAIR method: Isolating incident
and reflected directional wave spectra in multidirectional wave basins", Coastal Engineering, vol. 114, pp. 265—
283, DOI: 10.1016/j.coastaleng.2016.04.012, Aug-16

Wave tank tests aiming to reproduce realistic or site specific conditions will commonly involve using directionally
spread, short-crested sea states. The measurement of these directional characteristics is required for the purposes
of calibrating and validating the modelled sea state. Commonly used methods of directional spectrum
reconstruction, based on directional spreading functions, have an inherent level of uncertainty associated with
them. In this paper we aim to reduce the uncertainty in directional spectrum validation by introducing the SPAIR
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(Single-summation PTPD Approach with In-line Reflections) method, in combination with a directional wave gauge
array. A variety of wave conditions were generated in the FloWave Ocean Energy Research Facility, Edinburgh, UK,
to obtain a range of sea state and reflection scenarios. The presented approach is found to provide improved
estimates of directional spectra over standard methods, reducing the mean apparent directional deviation down
to below 6% over the range of sea states. Additionally, the method isolates incident and reflected spectra in both
the frequency and time domain, and can separate these wave systems over 360°. The accuracy of the method is
shown to be only slightly sensitive to the level of in-line reflection present, but at present cannot deal with oblique
reflections. The SPAIR method, as presented or with slight modification, will allow complex directional sea states
to be validated more effectively, enabling multidirectional wave basins to simulate realistic wave scenarios with
increased confidence.

18. EDMUNDS, M., MALKI, R., WILLIAMS, A.J., MASTERS, I. & CROFT, T.N.: “Aspects of Tidal Stream Turbine
Modelling in the Natural Environment Using a Coupled BEM-CFD Model” International Journal of Marine Energy,
vol. 7, pp. 20-42, ISSN 2214-1669, doi: 10.1016/j.ijome.2014.07.001., 2014

The problem of designing the optimal array of tidal stream turbines for the generation of marine renewable energy
from the ocean, raises a number of questions about the distribution and layout of turbines in relation to the local
bathymetry. The computational overhead of modelling such problems may be significant and costly. This paper
aims to clarify the effects of particular phenomena associated with modelling tidal stream turbine arrays. To
achieve this we use a RANS computational fluid dynamics model with an embedded blade element actuator disk to
investigate various aspects of this problem, while maintaining reduced computational overhead. A study of axially
aligned turbines, with each in the wake shadow of the previous turbine shows uniform effects for a 20 diameters
downstream spacing, but more complex interaction for 10 diameters spacing. Investigation of the significance of
inclusion of the nacelle and tower geometry in a CFD model shows that effects are negligible beyond six diameters
downstream. An array of transverse contrarotating turbines are considered, where a device is placed close to and
in the wake of a pair of upstream devices. Rotational direction has minimal effect on the power generated, but
different turbulence is seen in the wake. Finally, marine currents around a headland are modelled and a single row
fence of turbines is placed offshore from the headland at various blockage ratios. Power performance estimates
and downstream wakes are created and they show increased power per device and improved total power
production as the blockage ratio rises from 0.13 to 0.20. Additionally, the authors use stream surface techniques to
visualise the flow which can give new insights to the physical processes observed.

19. EDWARDS, E.C., CRADDEN, L.C., INGRAM, D.M. & KALOGERI, C.: "Verification within wave resource
assessments. Part 1: Statistical analysis", International Journal of Marine Energy, vol. 8, pp. 70-83, DOI:
10.1016/j.ijome.2014.10.003, 2014

Interest in wave energy as a viable renewable energy has increased greatly in the past couple of decades. To
determine the potential that a certain location has to harvest wave energy, a resource assessment must be
performed for that location. As wave energy converter technologies get closer to market, it is becoming necessary
to undertake more detailed resource assessments in order to determine the optimal location for deployment as
well as the design and operating sea states. This study shows the level of sophistication that must be included in
the verification process within a wave resource assessment. We describe the methodology in two articles. The first
part shows how doing a complete statistical analysis of the fit of the model at the location of interest is essential
for determining the reliability of the model data. Part 2 of this study will investigate the systematic trends of the fit
of spectral values. In Part 1, it is shown that spatial analysis, the examination of distributions to reveal overall
trends, and the careful choice of the appropriate statistical model to describe the fit of the wave model to buoy
observations are all critical steps that must be added to verification processes. Part 2 demonstrates that looking
closely at the fit of spectral values can reveal potentially vital issues for energy extraction. Better statistical
validation gives the predictions of a particular resource assessment greater credibility or reveals areas where
model accuracy must be improved.

20. FAIRLEY, I., EVANS, P., WOOLDRIDGE, C., WILLIS, M.R., & MASTERS, I.: "Evaluation of tidal stream resource
in a potential array area via direct measurements", Renewable Energy, vol. 57, pp. 70-78, DOI:
10.1016/j.renene.2013.01.024, ISSN: 0960-1481, Sep-13

ADCP transects have used to characterise tidal stream resources in the Ramsey Sound area of Pembrokeshire, UK.
Previous resource assessments have previously suggested that this area is one of the most promising for tidal
stream deployments in the UK and this contribution confirms the commercial viability of the area. In this study
three channels were considered: Ramsey Sound itself and two channels to the west formed by small offshore
islands. Current velocities were used to compute the tidal energy flux through the channels. Maximum
instantaneous peak flux through the three channels ranges from 180 MW to 70 MW. Flux cross-sections are
presented and the impact of meso-scale bathymetric features on flux and on the cross-transect variation of
maximum flux over the tidal cycle is described and discussed. Theoretical values of extractable power potential are
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calculated and range between 7.2 MW and 21.8 MW. These values are approximately % of the average flux
through the measured cross-section. One channel is identified as being preferable for the first stage of array
deployments given greatest homogeneity of flux through the channel cross-section and it having the highest
power potential.

21. FAIRLEY, I., NEILL, S., WROBELOWSKI, T., WILLIS, M.R. & MASTERS, I.: "Potential array sites for tidal stream
electricity generation off the Pembrokeshire coast", EWTEC 2011, Southampton, UK, 2011

This paper details a resource and constraint assessment for tidal stream deployment sites around Pembrokeshire,
Wales. Based on a minimum peak spring current of 2ms-1 , seabed depth and gradient constraints, four sites,
providing a total area of 48.3km2 were identified. Using the significant impact factor method, it is estimated that
these sites could provide 1.3TWhrs per year. Constraints such as port proximity, fishing activity and SAC habitats
were considered. It is suggested that the most promising area for first stage turbine array deployment is the
Bishops and Clerks area.

22. FAIRLEY, I., WILLIS, M.R., & MASTERS, I.: "The potential future wave resource utilisation around

Wales", Coastal Management, Belfast, UK, Nov-11

A GIS analysis is used to determine potential deployment areas for wave energy converters in Welsh waters. It is
shown that there are substantial areas suitable for wave farm development. A numerical wave model, SWAN, is
used as a tool to test the impact and viability of extracting Welsh Assembly Government (WAG) marine renewable
energy targets from the GIS defined extraction areas. The effect of wave farms in English waters on Welsh
resource is also tested. Wave farms in SW England could cause at most a 10% reduction in wave energy in Welsh
deployment areas, but the prime deployment areas around Pembrokeshire would be largely unaffected. This
paper suggests that there is a 1.6GW deployment capacity in Welsh waters. However, this magnitude of
deployment is unlikely given competing demands on sea space. If it is possible to deploy wave devices of this
capacity, under peak generation conditions then coastal reduction in wave height is likely to be noticeable. This
may have effects on the south west Gower coast, exposed coasts between Tenby and Milford haven in
Pembrokeshire and around Whitesands, based on the tested 1.6GW scenario. It is suggested that numerical
modelling of wave resource is crucial to accurately predict technical and practical resources.

23. FAIRLEY, I., WILLIS, M., MASTERS, |. & REEVE, D.: "A consideration of the deployment of wave energy
converters in Welsh waters based on resource and financial considerations", Fourth International Conference on
Ocean Energy (ICOE), Dublin, Ireland, 17-19 Oct 2012

This work discusses the potential for wave energy deployment in Welsh waters based on available resource and
site specific economics. Firstly, a resource analysis for three commercially leading wave energy converters (Wave
Dragon, Pelamis, AquaBuoy) based on measurements at two locations is presented. Comparison is made with the
wave climate at the Wavehub site, Cornwall. There is little difference between resource in Wales and in Cornwall.
Secondly, to better define potential deployment areas in Wales consideration has been given to location
dependant economics of wave energy converter deployment in Wales. Site related considerations include depth
dependant mooring costs, operation costs based on distance from port, cable costs and constraint related
consenting costs. GIS based representation of cost shows that in general cost increases with distance from land,
primarily due to cable costs, but that constraint associated cost and bathymetry also have effects.

24. FINLAY, L., JEFFREY, H., MACGILLIVRAY, A. & AGGIDIS, G.A.: "Water: Ocean Energy and Hydro", Global
Energy: Issues, Potentials, and Policy Implications, Sep-15

The first part of the chapter examines the wave and tidal stream sector, providing an overview of the wave and
tidal resource both within the UK and globally, and provides details of the various classifications of wave and tidal
energy device types. An outline of the current status of ocean energy array progress, and the development of
future array projects, provides details of the technology challenges the sector faces. Details of the levelized costs
of energy for wave and tidal energy, the need and potential for cost reduction within the sector, information
regarding the uncertainty of cost within the sector, and an overview of the potential of cost of energy reduction
through innovation are explored in detail. The second part of the chapter reviews the installed capacity,
technology, and operation of hydropower, together with the prospects for its further development and possible
social and environmental constraints on that development. It has long been acknowledged that the power of
water can make a considerable contribution to energy generation around the world. There are a number of
different forms of energy generation from both fresh and salt water, and this chapter aims to provide an overview
of the energy sectors powered by both hydropower and the oceans. The chapter is split into two distinct sections;
the ocean energy section provides an overview of ocean energy, including the associated resource, technology,
technology and research challenges, costs, and policies relating to the sector. The hydropower section provides a
review of the installed capacity and generation, technology and operations, future developments, and the social
and environmental constraints.
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25. FOLLEY, M. & WHITTAKER, T.: "Preliminary cross-validation of wave energy converter array

interactions", 32nd International Conference on Ocean, Offshore and Arctic Engineering, Nantes, France, DOI:
10.1115/0MAE2013-10837, 2013

The development of wave energy for utility-scale electricity production requires an understanding of how wave
energy converters will interact with each other when part of a wave farm. Without this understanding it is difficult
to calculate the energy yield from a wave farm and consequently the optimal wave farm layout and configuration
cannot be determined. In addition, the uncertainty in a wave farm’s energy yield will increase the cost of finance
for the project, which ultimately increases the cost of energy.Numerical modelling of wave energy converter
arrays, based on potential flow, has provided some initial indications of the strength of array interactions and
optimal array configurations; however, there has been limited validation of these numerical models. Moreover,
the cross-validation that has been completed has been for relatively small arrays of wave energy converters. To
provide some validation for large array interactions wave basin testing of three different configurations of up to 24
wave energy converters has been completed. All tests used polychromatic (irregular) sea-states, with a range of
long-crested and short-crested seas, to provide validation in realistic conditions.The physical model array
interactions are compared to those predicted by a numerical model and the suitability of the numerical and
physical models analysed. The results are analysed at three different levels and all provide support for the cross-
validation of the two models. The differences between the physical and numerical model are also identified and
the implications for improving the modelling discussed.

26. FOLLEY, M., BABARIT, A., O'BOYLE, L., CHILD, B., FOREHAND, D., SILVERTHORNE, K., SPINNEKEN, J.,
STRATIGAKI, V. & TROCH, P.: "A review of numerical modelling of wave energy converter arrays", 31st
International Conference on Ocean, Offshore and Arctic Engineering (OMAE 2012), Rio de Janeiro, DOI:
10.1115/0MAE2012-83807, 1-6 July 2012

Large-scale commercial exploitation of wave energy is certain to require the deployment of wave energy
converters (WECs) in arrays, creating ‘WEC farms’. An understanding of the hydrodynamic interactions in such
arrays is essential for determining optimum layouts of WECs, as well as calculating the area of ocean that the
farms will require. It is equally important to consider the potential impact of wave farms on the local and distal
wave climates and coastal processes; a poor understanding of the resulting environmental impact may hamper
progress, as it would make planning consents more difficult to obtain. It is therefore clear that an understanding
the interactions between WECs within a farm is vital for the continued development of the wave energy
industry.To support WEC farm design, a range of different numerical models have been developed, with both wave
phase-resolving and wave phase-averaging models now available. Phase-resolving methods are primarily based on
potential flow models and include semi-analytical techniques, boundary element methods and methods involving
the mild-slope equations. Phase-averaging methods are all based around spectral wave models, with supra-grid
and sub-grid wave farm models available as alternative implementations.The aims, underlying principles,
strengths, weaknesses and obtained results of the main numerical methods currently used for modelling wave
energy converter arrays are described in this paper, using a common framework. This allows a qualitative
comparative analysis of the different methods to be performed at the end of the paper. This includes
consideration of the conditions under which the models may be applied, the output of the models and the
relationship between array size and computational effort. Guidance for developers is also presented on the most
suitable numerical method to use for given aspects of WEC farm design. For instance, certain models are more
suitable for studying near-field effects, whilst others are preferable for investigating far-field effects of the WEC
farms. Furthermore, the analysis presented in this paper identifies areas in which the numerical modelling of WEC
arrays is relatively weak and thus highlights those in which future developments are required.

27. FOLLEY, M., CORNETT, A., HOLMES, B., LENEE-BLUHM, P. & LIRIA, P.: "Standardising resource assessment
for wave energy converters", Fourth International Conference on Ocean Energy (ICOE), Dublin, Ireland, 17-19 Oct
2012

As the wave energy industry grows and begins to attract significant commercial investment, it is important that the
industry begins to use generally accepted methods and procedures in order to increase industry and investor
confidence. In response, the International Electrotechnical Commission (IEC) set up a Technical Committee
charged with developing standards for the marine renewable energy sector (IEC/TC114). Subsequently, as one of
its initial steps, the Committee created a project to develop a Technical Specification for the assessment and
characterisation of wave energy resources. A Project Team including international experts from industry and
academia with experience covering oceanography, engineering and wave energy technologies has been working
towards this goal for the past two years. Although it is expected that this Technical Specification (TS) will continue
to evolve as understanding of the wave energy resource and its relationship with Wave Energy Converters (WECs)
develops, this paper details the main elements of the proposed wave energy Resource Assessment TS and explains
the reasoning behind the specified methods and procedures. In addition, this TS’s relationship with another TS
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specifying methods for assessing the Power Performance of WECs is also explained and illustrated using an
example.

28. FOLLEY, M., HENRY, A. & WHITTAKER, T.: "Contrasting the hydrodynamics of heaving and surging wave
energy converters", European Wave and Tidal Energy Conference. Nantes, France, 7-10 Sep 2015

As wave energy conversion moves closer to becoming a commercially viable technology there is still no sign of
convergence in the design space. The vast plethora of proposed Wave Energy Converter (WEC) concepts makes
their classification and assessment a difficult task. While the machine design advantages of each concept may be
assessed by a reputable third party, a misunderstanding of the fundamental hydrodynamics can lead to the
overlooking, or indeed the overfunding, of a WEC concept. The classical oscillation mode for a WEC is heave, and
much of the fundamental knowledge on wave energy conversion has been developed while analysing perhaps the
simplest WEC, the heaving buoy. However, there are an increasing number of devices using surge as their primary
mode of wave energy conversion. As little has been written about surging devices they are often treated in a
similar manner to their heaving cousins which inevitably leads to some misperceptions regarding this device type.
This paper seeks to make a clear distinction between the hydrodynamics of surging and heaving devices and by
doing so demonstrates that the application of design principles developed for heaving WECs are often
inappropriate for the design of surging WECs.

29. FOREHAND, D.I.M., KIPRAKIS, A.E., NAMBIAR, A.J. & WALLACE, A.R.: "A fully coupled wave-to-wire model
of an array of wave energy converters", IEEE Transactions on Sustainable Energy, vol. 7, issue. 1, pp. 1-11, DOI:
10.1109/TSTE.2015.2476960, Jan-16

This paper describes a fully coupled, wave-to-wire time-domain model that can simulate the hydrodynamic,
mechanical, and electrical response of an array of wave energy converters. Arrays of any configuration can be
simulated to explore both the effects of the array on the electricity network and of network events on the devices
within the array. State-space modeling of the hydrodynamic radiation forces enables fast and accurate prediction
of the interacting response of multiple devices, including the effects of wave climate, control strategies, and
network power flow. Case studies include the demonstration of the bidirectional interaction of the array and the
network.

30. FUNKE, S.W., FARRELL, P.E. & PIGGOT, M.D.: "Tidal turbine array optimisation using the adjoint
approach.", Renewable Energy, vol. 63, pp. 658-673, DOI: 10.1016/j.renene.2013.09.031, 2014

Oceanic tides have the potential to yield a vast amount of renewable energy. Tidal stream generators are one of
the key technologies for extracting and harnessing this potential. In order to extract an economically useful
amount of power, hundreds of tidal turbines must typically be deployed in an array. This naturally leads to the
guestion of how these turbines should be configured to extract the maximum possible power: the positioning and
the individual tuning of the turbines could significantly influence the extracted power, and hence is of major
economic interest. However, manual optimisation is difficult due to legal site constraints, nonlinear interactions of
the turbine wakes, and the cubic dependence of the power on the flow speed. The novel contribution of this paper
is the formulation of this problem as an optimisation problem constrained by a physical model, which is then
solved using an efficient gradient-based optimisation algorithm. In each optimisation iteration, a two-dimensional
finite element shallow water model predicts the flow and the performance of the current array configuration. The
gradient of the power extracted with respect to the turbine positions and their tuning parameters is then
computed in a fraction of the time taken for a flow solution by solving the associated adjoint equations. These
equations propagate causality backwards through the computation, from the power extracted back to the turbine
positions and the tuning parameters. This yields the gradient at a cost almost independent of the number of
turbines, which is crucial for any practical application. The utility of the approach is demonstrated by optimising
turbine arrays in four idealised scenarios and a more realistic case with up to 256 turbines in the Inner Sound of
the Pentland Firth, Scotland.

31. GARCIA-OLIVA, M., TABOR, G. & DJORDIJEVIC, S.: "Modelling the impact of tidal farms on flood risk in the
Solway Firth estuary", 2nd International Conference on Environmental Interactions of Marine Renewable Energy
Technologies (EIMR), University of the Highland and Islands, Stornoway, United Kingdom, 28 April - 2 May 2014
The available tidal energy resource within estuaries is quite significant in the UK but these areas are usually prone
to flooding. The objective of this study is the assessment of flood risk due to tidal farms in estuaries through its
application to a real case, the Solway Firth. A numerical model has been developed to represent the hydrodynamic
conditions of the estuary during an extreme event. The results from this model for the maximum velocities
indicate the suitable locations for the tidal farms. Two different cases with parallel and staggered configurations of
tidal farms have been introduced. The comparison of the results for the maximum water levels between the
situations with and without the farms allow us to draw conclusions about changes of flood risk due to the farm and
contrast the impact of two different arrangements of turbines. The values of the energy extracted in both
configurations will also be investigated.
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32. GEBRESLASSIE, M.G, TABOR, G.R. & BELMONT, M.R.: "Investigation of the performance of a staggered
configuration of tidal turbines using CFD", Renewable Energy, vol. 80, pp. 690-698, DOI:
10.1016/j.renene.2015.03.001, 2015

This paper investigates the influence of wake interaction and blockage on the performance of individual turbines in
a staggered configuration in a tidal stream farm using the CFD based Immersed Body Force turbine modelling
method. The inflow condition to each turbine is unknown in advance making it difficult to apply the correct loading
to individual devices. In such cases, it is necessary to establish an appropriate range of operating points by varying
the loading or body forces in order to understand the influence of wake interaction and blockage on the
performance of the individual devices. The performance of the downstream turbines was heavily affected by the
wake interaction from the upstream turbines, though there were accelerated regions within the farm which could
be potentially used to increase the overall power extraction from the farm. Laterally closely packed turbines can
improve the performance of those turbines due to the blockage effect, but this could also affect the performance
of downstream turbines. Thus balancing both the effect of blockage and wake interaction continues to be a huge
challenge for optimising the performance of devices in a tidal stream farm.

33. GEBRESLASSIE, M.G., BELMONT, M.R. & TABOR, G.R.: "Comparison of Analytical and CFD Modelling of the
Wake Interactions of Tidal Turbines", 10th EWTEC Conference, Aalborg, Denmark, 2-5 Sep 2013

The status of marine current tidal energy technology is currently in the research and development phase, with a
few deployments and tests of prototypes under-way in some countries. There is huge pressure for tidal farms to
be of GW scale in order to have a real, economically viable impact on renewable energy utilization targets outlined
for 2020. A route to achieving this is the large scale energy farm philosophy, similar to wind farms, based on very
large numbers of unit current tidal stream devices. However, this in-mature technology development raises
different research questions which lead to further problems in the practical implementation of tidal stream
devices. Thus, the aim of the work described in this paper was (i) to formulate simplified parameterised analytic
models of individual and clusters of tidal stream devices using the concept of linear momentum actuator disc
theory, (ii) to perform a detailed calculations of the flow field of multiple turbines using the developed models, and
(iii) to compare the analytic model results with the results calculated using a CFD based Immersed Body Force (IBF)
model. This study has been mainly focused on a new device, Momentum-ReversalLift (MRL), which is a cross flow
type of tidal turbine developed by Aquascientific Ltd. Several analytic models have been developed to describe the
flow characteristics downstream of the turbine, i.e. the wake velocity profile and to estimate the total power
extraction from a tidal stream farm containing ideally tenth and hundreds of devices. The developed models
showed the capability to examine the wake characteristics and to estimate the performance of clusters of turbines
taking in to consideration the influence of turbine to turbine interactions. A small longitudinal spacing between
turbines inflicted a massive energy shadowing that affects the performance of downstream turbines. Based on the
analysis of the influence of wake interaction, more than 91% of the performance of an isolated turbine can be
achieved with turbines spaced 20D apart. In addition, comparison of the wake velocity profiles and the power
extraction calculated using both the analytic and CFD models showed reasonable agreement.

34. GEBRESLASSIE, M.G., TABOR, G.R. & BELMONT, M.R.: "Numerical simulation of a new type of cross flow
tidal turbine using OpenFOAM - Part II: Investigation of turbine-to-turbine interaction", Renewable Energy, vol. 50,
pp. 1005-1013, DOI: 10.1016/j.renene.2012.08.064, 2013

Prediction of turbine-to-turbine interaction represents a significant challenge in determining the optimized power
output from a tidal stream farm, and this is an active research area. This paper presents a detailed work which
examines the influence of surrounding turbines on the performance of a base case (isolated turbine). The study
was conducted using a new CFD based, Immersed Body Force (IBF) model, which was validated in the first paper,
and an open source CFD software package OpenFOAM was used for the simulations. The influence of the
surrounding turbines was investigated using randomly chosen initial lateral and longitudinal spacing among the
turbines. The initial spacing was then varied to obtain four configurations to examine the relative effect that
positioning can have on the performance of the base turbine.

35. GEBRESLASSIE, M.G., TABOR, G.R. & BELMONT, M.R.: "CFD simulations for investigating the wake states
of a new class of tidal turbine", Journal of renewable energy and power quality (JRE&PQ), vol. 10, issue. 241, 2012
The interest of tidal energy exploitation is increasing in recent years promoting the need for development of
efficient tidal turbines. This paper investigates the wake states of energy extraction by a new tidal turbine design,
the Momentum Reversal Lift (MRL), developed by Aquascientific Ltd with a different method of tidal turbine
modelling (body force) using an open source computational fluid dynamics (CFD) code, OpenFOAM. The body
force CFD model results showed better turbulent patterns downstream of the turbine showing its quality
compared to porous disc method which has been used for tidal turbine modelling. The simulations on a single MRL
device showed that the wake recovers into 94% of the free stream at 20D downstream of the turbine. The
performance of a downstream turbine simulated with 20D spacing was reduced by almost 7.17% due to the energy
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shadowing created by the upstream wake. Thus, it is necessary to have at least 20D turbine spacing to maintain
more than 92% of the performance of an isolated turbine.

36. GEBRESLASSIE, M.G., TABOR, G.R. & BELMONT, M.R.: "Simulations for Sensitivity Analysis of Different
Parameters to the Wake Characteristics of Tidal Turbine", Open Journal of Fluid Dynamics, vol. 2, issue. 3, pp. 56-
64, 2012

This paper investigates the sensitivity of width proximity and mesh grid size to the wake characteristics of
Momentum Reversal Lift (MRL) turbine using a new computational fluid dynamics (CFD) based Immersed Body
Force (IBF) model. This model has been added as a source term into the large eddy simulation (LES), which is
developed for solving two phase fluids. The open source CFD code OpenFOAM was used for the simulations. The
simulation results showed that the grid size and width proximity have had massive impact on the flow
characteristics and the computational cost of the tidal turbine. A fine grid size and large width inflicted longer
computational time. In contrast, a coarse grid size and small width reduced the computational time but showed
poor description of the flow features. In addition, a close proximity of the domain’s wall boundary to the turbine
affected the free surface, the air body, and the flow characteristics at the interface between the two phases. These
results showed that careful investigation of a suitable grid size and spacing between the wall boundary and the
turbine is important to minimise the effect of these parameters on the simulation results.

37. GREENWOOD, C.E., CHRISTIE, D. & VENUGOPAL, V.: "The Simulation of Nearshore Wave Energy
Converters and their Associated Impacts around the Outer Hebrides", 10th EWTEC Conference, Aalborg, Denmark,
2-5Sep 2013

The results of a numerical wave modelling study carried out to assess the nearshore effects of wave energy
extraction on the local wave climate by an array of hypothetical wave energy converters (WECs) are presented in
this paper. This study uses the Danish Hydraulic Institute's (DHI) MIKE 21 Spectral Wave model to identify and test
three different techniques of simulating hypothetical WECs on a regional scale. The results suggest the more
complex approach of simulating absorption using directional and frequency absorption spectra in addition to the
effects of wave reflections yields a more realistic simulation. This technique was further applied to a potential
wave energy deployment site consisting of an array of 30 WEC devices identified by the Crown Estate in the Outer
Hebrides in the United Kingdom. The boundary input used seasonal averaged data to represent winter, summer
and a complete year's wave spectra. The results suggest there is an average shoreline reduction in wave power
behind the array of 5% with a peak value of 9.5%. The inclusion of wave reflection in to the model leads to a larger
average percentage change in wave power of 7.5% 300m from the devices. While the results of this study also
provide an insight into the distribution of wave energy around a nearshore array, this study focuses on developing
advanced technique for the simulation of WECs.

38. HASHEMI, M.R., NEILL, S.P., ROBINS, P.E., LEWIS, M.J. & WARD, S.L.: "Recent developments in wave-
current interaction and sediment impact studies at a planned tidal-stream array at the Skerries, UK", 1st
International Conference on Renewable Energies Offshore, Lisbon, Portugal, 24-26 November 2014

Marine Current Turbines (MCT)/ Siemens are planning to install a tidal stream array off the NW coast of Anglesey,
a large island located off the NW coast of Wales, UK. This project might be the first tidal stream array in the UK, or
possibly the world. In many locations of the NW European shelf seas, including this site, an energetic wave climate
is present at sites suitable for the development of tidal-stream arrays. Wave-current interaction (WCl) processes
can potentially alter tidal currents, and consequently affect the tidal stream resource at such sites. A high
resolution coupled wave-tide model of the proposed tidal stream array to the NW of Anglesey has been developed
using the unstructured FEM model TELEMAC/TOMAWAC. We investigated the effect of WCI processes on the tidal
resource of the site for typical dominant wave scenarios of the region. To address this, a simplified method to
include the effect of waves on bottom friction felt by the currents was implemented. The results showed that as a
consequence of the combined effects of the wave radiation stresses and enhanced bottom friction, the tidal
energy resource can be reduced by up to 20% and 15%, for extreme and mean winter wave scenarios, respectively.
Whilst this study assessed the impact for a site that is relatively exposed to waves, the magnitude of this effect is
variable, and is expected to be amplified in sites which are much more exposed to waves. Additionally, the impact
of the tidal-stream array on bedload sediment transport is briefly discussed in this research. Since the extraction of
tidal energy will generally reduce current speeds, it can alter the localised and far-field morphodynamics of the sea
bed. For instance, sand banks which are formed by tidally generated eddy systems in the vicinity of headlands and
islands are sensitive to small changes in tidal currents. A simplified analytical approach has been developed and
implemented to assess the impact of tidal-stream arrays on bedload transport, which is considered as the main
factor which controls seabed morphodynamics.

39. JEFFREY, H., WINSKEL, M. & JAY, B.: "Accelerating the development of marine energy: exploring the
prospects, benefits and challenges", Technological Forecasting and Social Change, vol. 80, pp. 1306-1316, DOI:
10.1016/j.techfore.2012.03.004, 2013
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Energy system scenarios and modelling exercises may under-represent the learning potential of emerging
technologies such as marine energy. The research described here was devised to represent this potential, and
thereby explore the possible role of marine energy in future energy systems. The paper describes a scenario for
the accelerated development of marine energy technology, and the incorporation of this scenario into wider
scenarios of UK energy system decarbonisation from now to 2050. The scenarios suggest that the accelerated
development of marine energy could contribute significantly to the decarbonisation of energy supply in the UK,
especially over the medium to long term. However, this is predicated on sustained innovation, learning and cost
reduction over time. Encouragingly, a number of recently established policy support programmes are now
beginning to stimulate the development of marine energy in Scotland, the UK and beyond. As the paper discusses,
building on these initiatives, and ‘realising’ the accelerated development of marine energy, present a number of
challenges, and will increasingly require international efforts. However, the potential rewards are very substantial.

40. JOHNSTONE, C.M., PRATT, D., CLARKE, J.A. & GRANT, A.D.: "A techno-economic analysis of tidal energy
technology", International Journal of Renewable Energy, vol. 49, pp. 101-106, DOI:

10.1016/j.renene.2012.01.054, ISSN: 0960-1481, Jan 2-013

The choice of which type of electrical power generation technology to adopt is driven by a number of factors
including: cost of generated electricity; responsiveness of generating plant to demand; security of supply/resource
availability; environmental impact; and execution risk. Within these, tidal energy is unique as a renewable
technology since it has the capability of providing predictable, firm power contributing to security of supply. This
predictability gives tidal energy additional value in a future electricity market. Especially one where stochastic
renewable technologies contribute to a sizable component of the power supplied; and where reserve capacity is
required to maintain supply during periods of non-availability. In the shorter term, in order for tidal energy to gain
commercial acceptance, tidal technologies under development need to produce electricity at a competitive price.
This paper examines the drivers influencing electricity pricing; current tidal energy developments, aimed at
reducing capital costs; and bench-mark these against offshore wind.

41. KEOGH, B., MYERS, L.E. & BAHAJ, A.S.: "Marine current turbine performance and wake evolution with
changes in channel geometry", Proceedings of Asian Wave and Tidal Energy Conference, Tokyo, Japan, Aug-14
Marine current turbine technology and sea deployment are still in their infancy with some prototype commercial
turbines currently being tested in sheltered sites and at test centres. Hence a lot of studies are being conducted at
model laboratory scale in flumes and towing tanks. These are used to inform numerical simulations and planning
for array deployment. In this work we provide the results of a small-scale experimental study which investigates
the changes in tidal current turbine performance with changes in channel size and geometry. Static porous plates
were used as turbine simulators in a circulating water flume at the University of Southampton’s Chilworth facility.
Changes in device performance were seen to vary with both changes in area blockage ratio and channel aspect
ratio (channel depth/width ratio). Similarly wake changes were recorded, with axisymmetric wake profiles
observed in channels where large disparities in depth and width were investigated. These results provide insight
for the tidal community into some of the flow effects that may be encountered when installing tidal current energy
conversion devices in arrays.

42. KRAMER, S., HILL, J., KREGTING, L., PIGGOTT, M. & ELSARER, B.: "The modelling of tidal turbine farms
using multi-scale, unstructured mesh models", 2nd International Conference on Environmental Interactions of
Marine Renewable Energy Technologies (EIMR), University of the Highland and Islands, Stornoway, United
Kingdom, 28 April - 2 May 2014

A model inter comparison study is presented between MIKE 21 and Fluidity for the modelling of tidal turbine
farms. Close agreement is observed in the outcomes of both models. An important aspect is the parameterisation
of turbines in tidal models that typically do not re-solve the individual turbine scale. Here we present a correction
to the applied drag force to ensure results that are less mesh resolution dependent.

43, LAMONT-KANE, P., FOLLEY, M. & WHITTAKER, T.: "Investigating Uncertainties in Physical Testing of Wave
Energy Converter Arrays", 10th EWTEC Conference, Aalborg, Denmark, 2-5 Sep 2013

Much of the published literature focusing on the performance assessment of arrays of Wave Energy Converters
describes work carried out in analytical and numerical domains. Physical validation of these results using a wave
basin has been identified as an urgent requirement in the wave energy industry. Unfortunately, physical modelling
of array interactions using a wave basin is challenging due to the difficulties in replicating numerical model
characteristics. In particular, physical experiments and measurements may not be completely repeatable and
reproducible. This uncertainty may impact validation of numerical models where it is of the same order of
magnitude as the array interactions to be measured. This paper describes the primary uncertainties encountered
in a set of physical array tests undertaken at Queen’s University Belfast. The sources of uncertainty are described,
along with statistical measures used to assess their impact and ensure that model data collected is of sufficient
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quality to allow numerical validation. The paper concludes with a discussion summarising the findings and
demonstrating the importance of understanding uncertainties, showing their potential effects on results obtained.

44, LI, G. & BELMONT, M.: "Model predictive control of an array of sea wave energy converters Part Il: an
array of devices", Renewable Energy, vol. 68, pp. 540-549, DOI: 10.1016/j.renene.2014.02.028, 2014

This paper addresses model predictive control (MPC) of highly-coupled clusters of sea wave energy converters
(WECs). Since each WEC is not only a wave absorber but also a wave generator, the motion of each WEC can be
affected by the waves generated by its adjacent WECs when they are close to each other. A distributed MPC
strategy is developed to maximize the energy output of the whole array and guarantee the safe operation of all
the WECs with a reasonable computational load. The system for an array is partitioned into subsystems and each
subsystem is controlled by a local MPC controller. The local MPC controllers run cooperatively by transmitting
information to each other. Within one sampling period, each MPC controller performs optimizations iteratively so
that a global optimization for the whole array can be approximated. The computational burden for the whole array
is also distributed to the local controllers. A numerical simulation demonstrates the efficacy of the proposed
control strategy. For the WECs operating under constraints explored, it is found that the optimized power output is
an increasing function of degree of WEC-WEC coupling. Increases in power of up to 20% were achieved using
realistic ranges of parameters with respect to the uncoupled case.

45, LI, X., LI, M., CHEN, X. & THORNE, P.D.: "3D-CFD numerical modelling of large scale impacts of tidal turbine
arrays using an oceanographic model.", 34th International conference on Coastal Engineering, ASCE, Seoul, Korea,
DOI: 10.9753/icce.v34.structures.31, 15-20 June 2014

It is still challenging to predict the effects of large scale tidal turbine arrays on its surrounding hydrodynamic
environment and the sediment transport process, especially when a realistic method has yet to be fully developed
for the representation of tidal stream device in the existing oceanographic models. Generally, the commonly used
regional oceanographic models are developed for near-horizontal flows, which make them inappropriate to
simulate the complex 3D flows around the tidal turbine structure directly. Therefore, the present study aims to
develop a three-dimensional parameterization of a tidal turbine that can be used in a large scale oceanographic
model, such as Finite-Volume, primitive equation Community Ocean Model (FVCOM). The additional retarding
force method is extended in 3D flow conditions and applied in FVCOM to represent the tidal stream devices.
Detailed laboratory measurements and computational fluid dynamics, CFD, calculated results are used to verify the
model’s accuracy in prediction of hydrodynamics around the devices.

46. LV, X., ZOU, Q.P. & REEVE, D.E.: "Numerical simulation of overflow at weirs using an accurate
hydrodynamic model", Advances in Water Resources, vol. 34, issue. 10, pp. 1320-1334, DOI:
10.1016/j.advwatres.2011.06.009, 2011

This paper presents the applications of a newly developed free surface flow model to the practical, while
challenging overflow problems for weirs. Since the model takes advantage of the strengths of both the level set
and volume of fluid methods and solves the Navier-Stokes equations on an unstructured mesh, it is capable of
resolving the time evolution of very complex vortical motions, air entrainment and pressure variations due to
violent deformations following overflow of the weir crest. In the present study, two different types of vertical weir,
namely broad-crested and sharp-crested, are considered for validation purposes. The calculated overflow
parameters such as pressure head distributions, velocity distributions, and water surface profiles are compared
against experimental data as well as numerical results available in literature. A very good quantitative agreement
has been obtained. The numerical model, thus, offers a good alternative to traditional experimental methods in
the study of weir problems.

47. LV, X., ZOU, Q., REEVE, D.E. & ZHAQ, Y.: "A preconditioned implicit free-surface capture scheme for large
density ratio on tetrahedral grids", Communications in Computational Physics, issue. 11, pp. 215-248, DOI:
10.4208/cicp.170510.290311a, 2012

We present a three dimensional preconditioned implicit free-surface capture scheme on tetrahedral grids. The
current scheme improves our recently reported method [10] in several aspects. Specifically, we modified the
original eigensystem by applying a preconditioning matrix so that the new eigensystem is virtually independent of
density ratio, which is typically large for practical two-phase problems. Further, we replaced the explicit multi-
stage Runge-Kutta method by a fully implicit Euler integration scheme for the Navier-Stokes (NS) solver and the
Volume of Fluids (VOF) equation is now solved with a second order Crank-Nicolson implicit scheme to reduce the
numerical diffusion effect. The preconditioned restarted Generalized Minimal RESidual method (GMRES) is then
employed to solve the resulting linear system. The validation studies show that with these modifications, the
method has improved stability and accuracy when dealing with large density ratio two-phase problems.
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48. MALKI, R., MASTERS, I., WILLIAMS, A.J. & CROFT, T.N.: “Planning Tidal Stream Turbine Array Layouts Using
a Coupled Blade Element Momentum - Computational Fluid Dynamics Model” Renewable Energy, vol. 63, pp. 46-
54, DOI: 10.1016/j.renene.2013.08.039., 2013

A coupled blade element momentum — computational fluid dynamics (BEM—CFD) model is used to conduct
simulations of groups of tidal stream turbines. Simulations of single, double and triple turbine arrangements are
conducted first to evaluate the effects of turbine spacing and arrangement on flow dynamics and rotor
performance. Wake recovery to free-stream conditions was independent of flow velocity. Trends identified include
significant improvement of performance for the downstream rotor where longitudinal spacing between a
longitudinally aligned pair is maximised, whereas maintaining a lateral spacing between two devices of two
diameters or greater increases the potential of benefitting from flow acceleration between them. This could
significantly improve the performance of a downstream device, particularly where the longitudinal spacing
between the two rows is two diameters or less. Due to the computational efficiency of this modelling approach,
particularly when compared to transient computational fluid dynamics simulations of rotating blades, the BEM—
CFD model can simulate larger numbers of devices. An example of how an understanding of the hydrodynamics
around devices is affected by rotor spacing can be used to optimise the performance of a 14 turbine array is
presented. Compared to a regular staggered configuration, the total power output of the array was increased by
over 10%.

49, MALKI, R., MASTERS, I., WILLIAMS, A.J. & CROFT, T.N.: "The variation in wake structure of a tidal stream
turbine with flow velocity", International Conference on Computational Methods in Marine Engineering MARINE
2011, Lisbon, Portugal, 2011

A combined Blade Element Momentum—Computational Fluid Dynamics (BEM-CFD) model is applied to a 10 m
diameter tidal stream turbine blade and the supporting nacelle and tower structure in a 700 m long rectangular
channel. The modelling approach is computationally efficient and is suitable for capturing the time-averaged
influence of the turbine on the flow. A range of simulations are conducted for the purpose of undertaking a
comparative study of the influence of the turbine on mean flow characteristics. Variations in flow structure around
the turbine for different flow conditions were evaluated. Simulations are conducted for a range free-stream
velocities typical of potential tidal stream deployment sites, typically up to 3.0 m/s. Velocity deficit profiles and
wake dimensions are evaluated for each flow condition implemented. Downstream flow recovery is strongly linked
to the flow velocity, and occurs over a longer distance with increasing velocity. For the range of velocities
considered some properties, such as wake length and the maximum wake length location increase linearly, or
nearly-linearly with velocity. Other properties, such as the maximum wake width, and the recovery distance
downstream demonstrate a tendency to converge towards a constant value. The key findings of this study
highlight the significance of the free-stream velocity as an influence on the flow structure around and downstream
of a tidal stream turbine.

50. MALKI, R., MASTERS, I., WILLIAMS, A.J. & CROFT, T.N.: "The influence of tidal stream turbine spacing on
performance", EWTEC 2011, Southampton, UK, Sep-11

Staggered three-turbine arrays are modelled using a Blade Element Momentum - Computational Fluid Dynamics
model. The influence of the wakes behind two upstream turbines on the flow structure and the power output of a
downstream turbine is evaluated. Longitudinal spacings between 1.0 and 10.0 diameters and lateral spacings
between 1.5 and 5.0 diameters are considered. Significantly lower flow velocities were observed in turbine wakes
compared to the free-stream. These were accompanied by higher velocities in the adjacent regions. Within the
wake region, there was initially a region of significant negative acceleration due to the influence of the turbine.
Laterally adjacent regions experience a counter-effect and hence, the flow accelerates. Downstream turbines in
arrays with small longitudinal spacings (2.0 diameters or less) benefited from this feature. A steady recovery of the
wake ensued. A complete recovery is almost achieved 40 diameters downstream. For very low lateral spacings
within the upstream row of turbines (2.0 diameters or less), the downstream turbine was located within upstream
wakes and its performance was severely compromised. However, for greater lateral spacing’s, the opposite effect
was observed, and the downstream turbine benefited from flow acceleration between the two upstream turbines.

51. MALKI, R., TOGNERI, M., MASTERS, I., WILLIAMS, A.J. & CROFT, N.C.: "Computationally efficient
approaches to the modelling of tidal stream turbines", ENSUS 2011, Newcastle University, UK, 2011

Tidal stream turbines (TSTs) extract energy from marine current flows; a satisfactory model of this system must
address both the effects of the flow on the device and the device's impact on the marine environment. Marine
flows are highly complex, and both turbulence and waves will significantly influence the conditions experienced by
TSTs; thus we must find a way to model their effects. But a model capable of analysing only a single device is not
satisfactory, as real TST installations are likely to consist of numerous devices arranged in layouts planned so as to
maximise the power output of each turbine. This can be best achieved by striving to ensure that, as far as is
possible, individual turbines are not deployed within the wake of upstream devices. However, depending on
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dimensional constraints, which are likely to be determined by the boundaries and the bathymetry of a proposed
deployment site, this may not be completely avoidable. Our task then becomes one of optimisation: how can we
best balance these constraints? The need to take these practical considerations into account means that
development of optimal devices for array deployment is a complex task. Computational fluid dynamics (CFD) can
be used to assist the process, but traditional approaches that include discrete representation of the hydrofoils in
the mesh can incur a prohibitive computational expense. Blade element momentum (BEM) theory is a very fast
alternative approach that, when modified to account for a turbulent inflow, can be used to model lifetime effects
such as fatigue on a turbine and its support structure. Combined BEM-CFD models attempt to employ the
advantages of both formulations by using a standard CFD approach in the domain, but modelling the rotor
behaviour with an embedded BEM description. This presentation will provide a description of the two approaches
and make comparisons between the types of results that these computational models can provide. We discuss
methods by which we incorporate the effects of marine turbulence into an existing BEM code, and present some
results that show its influence on turbine power and loads. BEM-CFD simulations, although more computationally
intensive, produce far more detail on the influence that tidal current turbines have on the fluid flow; we show how
different operating conditions alter the wake behind a single turbine, and investigate the influence of wakes on
other turbines in an array.

52. MCCALLUM, P., VENUGOPAL, V., FOREHAND, D. & SYKES, R.: "On the performance of an array of floating
wave energy converters for different water depths", 33rd International Conference on Ocean, Offshore and Arctic
Engineering, San Francisco, California, DOI: 10.1115/0MAE2014-24094, 8-13 June 2014

A frequency domain hydrodynamic assessment was carried out using WAMIT on buoy type wave energy
converters (WECs), constrained to move in heave only. Control of the power take-off (PTO) system has been
established through real control (damping resistance only) for an isolated WEC. This fixed value has then been
applied to all WECs in an array of ten devices, set out in two rows. The array has been tested in six water depths,
represented by the relative water depth d/ A0, ranging from 0.25 to infinite depth, where A0 is the resonant
wavelength of an isolated WEC in infinitely deep water. Incremental reductions in water depth, result in an drop in
peak g -factor, which was also marked with a small shift in ka. It was deemed appropriate here to re-tune the PTO
settings for the different water depths. The various interactions within the array were examined in more detail by
considering the radiation forces between WECs. Results are presented, highlighting the most significant device
interactions due to the variations in water depth. The growth and shift in ka of the peak forces are also evident in
shallower water. Depth modified JONSWAP and Pierson-Moskowitz spectra have also been applied in order to
calculate mean power production estimates for the various water depths. For the particular array and conditions
considered, there was a clear downward trend in power captured when moving into progressively shallower
water. This was in part due to the reduction in total energy available in the shallower spectra, but also because the
frequency of peak performance of the array has shifted significantly.

53. MCNATT, J.C., VENUGOPAL, V., FOREHAND, D.Il.M. & PAYNE, G.S.: "Experimental analysis of cylindrical
wave fields", EWTEC conference, Nantes, France, 7-10 Sep 2015

In a previous theoretical paper submitted to EWTEC, the authors showed that the wave energy converter (WEC)
wave field can be accurately and analytically represented by cylindrical linear waves with the appropriate
coefficients. In that paper, the coefficients were found computationally using the boundary-element method
software, WAMIT. For the present paper, experiments were conducted in the newly refurbished University of
Edinburgh Curved Wave Tank to determine the same cylindrical coefficients for progressive waves. The
experiments employed two body geometries, an attenuator consisting of a horizontal pitching cylinder, and a
terminator made up of a bottom-hinged flap. An array of 59 wave gauges was arranged in a circle-spoke pattern,
where the circle of wave gauges was necessary for deriving the cylindrical coefficients, and the spokes, which
extended radially further afield, were used for validation. Both the scattered and the radiated waves of the bodies
were examined at three frequencies. High-order harmonics were present in a number of the wave fields, and tank
reflections were problematic. Despite this, the linear analytical wave field, whose coefficients were found
experimentally, agrees well with the experimentally measured linear wave field at points other than those used to
derive the coefficients. The results serve to validate linear wave theory as it relates to the wave field and reinforce
the concept that these waves can be used to compute WEC performance and wave farm interactions and impacts.

54. NAMBIAR, A.J., ET AL.: "State-of-the-art assessment and specification of data requirements for electrical
system architectures"”, Report to the European Commission, 2014

This deliverable will consist of two major parts: A comprehensive review (Chapters 1-4) of all the electrical
infrastructure technologies between the converter and the point of connection to the onshore electrical grid,
including technologies currently used in offshore electrical networks, as well as those foreseen to be deployed in
the near future. A set of operating regimes of the ocean energy conversion arrays in terms of their output power
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(given as a statistical representation and as a set of representative time series), for the scenarios to be considered
in the next tasks, as defined by WP1 and WP2 (Chapter 5).

55. NAMBIAR, A.J., COLLIN, A.J., KARATZOUNIS, S., KIPRAKIS, A.E., REA, J. & WHITBY, B.: "Optimising network
design options for marine energy converter farms", EWTEC conference, Nantes, 7-10 Sep 2015

This paper introduces a techno-economic analysis framework to assess different transmission options for marine
energy converter (MEC) farms. On the technical front, the feasibility of the transmission options considering supply
quality constraints and the optimal sizing of reactive power compensation to allow maximum real power transfer
capability in the subsea transmission cable have been considered. The economic viability of different transmission
options are measured based on component costs and the costs associated with the transmission losses. A case
study has been presented in the paper, which demonstrates the application of this techno-economic analysis
framework on a range of MEC farm sizes and distances from the shore. The results characterise the performance
of different transmission system options with respect to the three key design parameters, distance to shore, array
power and transmission voltage, and provide guidance for system design.

56. NAMBIAR, A.J., ET AL.: "An offshore network layout and technology design tool", Report to the European
Commission, 2014

This document presents the work done against Deliverable 3.2 ‘An offshore network layout and technology design
tool’. The output of D3.2 is a host of integrated Python scripts which provide the necessary functionality for
performing the technical assessment of array layouts. The purpose of this accompanying document is to provide
information on the code development and structure. All codes are available on the DTOcean file server; details of
these codes are included in the Appendices of this document. Two overlapping tasks are feeding into D3.2: Task
3.3 ‘Offshore electrical network layout modelling and design’ and Task 3.4, ‘Offshore electrical network
components selection’. Task 3.3 can be considered the foundation of all subsequent work in WP3, as its key
objective is to allow for the representation and analysis of electrical networks within the software environment.
The main output of this task is the development of a power flow solver and its integration with spatial analysis and
database software. Task 3.4 extends the functionality of the developed power flow routine to consider the
electrical and mechanical aspects of the offshore electrical network components such as connector types (wet vs.
dry), cable ratings and types (fixed/static vs. flexible/dynamic), umbilical etc., and combines them into a single cost
function. At this stage of the project, the main output of this task is provision for the inclusion in the decision
making (i.e. optimisation) process of the design tool of the electrical and mechanical aspects of the various
offshore electrical network components. Task 3.4 is ongoing and scheduled for completion by Month 12. In
accordance with project specifications, all aspects of the design tool are being developed in Python. The inputs
(design scenarios), parameters (component specifications) and outputs (final network design specifications) are
stored in a Structured Query Language (SQL) database. The Python code is integrated with an open source
Geographical Information System (GIS) software, which also functions as the Graphical User Interface (GUI) for the
design tool. The selected software is: Python v2.7.5, PostgreSQL v9.3 and Quantum GIS (QGIS) v2.2.0.

57. NAMBIAR, A.J., FOREHAND, D.I.M., KRAMER, M.M., HANSEN, R.H. & INGRAM, D.M.: "Effects of
hydrodynamic interactions and control within a point absorber array on electrical output", International Journal of
Marine Energy, vol. 9, pp. 20-40, DOI: 10.1016/j.ijome.2014.11.002, 2015

A significant role is envisaged for ocean wave energy to meet the different renewable energy targets set by various
governments and world bodies. To make use of this potential, the industry will soon be moving from sea testing of
individual wave energy converters (WECs) to the deployment of arrays and farms of WECs. The total power
extracted by an array of WECs is influenced by the hydrodynamic interactions between them, especially when the
WECs are spaced very closely. By control of the power take-off (PTO) forces and moments acting on the WECs
within the array, the hydrodynamic interactions between the WECs and the total power extracted by the array can
be modified. In this paper, different resistive and reactive PTO control strategies, applied to a time-domain wave-
to-wire model of a three-float Danish Wavestar device, are compared. The time-domain modelling approach, as
opposed to the frequency-domain, allows the use of constraints on the maximum PTO moment to be applied in
order to make the study realistic. In this paper, the effects that PTO control has on the hydrodynamic interactions
between the floats and on the total power generated by the device, when placed in a range of irregular sea states,
are studied. It was found that the performance of the three-float device improved as the sophistication of the PTO
control strategy and the level of hydrodynamic interactions taken into account in the control problem increased.
From among the different control strategies tested in this work, fully-coordinated global array control (matrix
control) was found to maximise the time-averaged power generated by the array. Fully-coordinated control
potentially enables wave farm developers and device designers to explore the opportunities of connecting and
maximising energy yields from installations that will be necessary to contribute to meeting the 2020 and 2050
targets for offshore renewable energy.
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58. NEILL, S.P.: "Impact of tidal energy arrays located in regions of tidal asymmetry", 2nd Oxford Tidal Energy
Workshop (OTE 2013), Department of Engineering Science, Oxford University, 18-19 March 2013

Tidal stream turbines are exploited in regions of high tidal currents. Such energy extraction will alter the regional
hydrodynamics, analogous to increasing the bed friction in the region of extraction. In addition, this study
demonstrates that energy extracted with respect to tidal asymmetries due to interactions between quarter (M4)
and semi-diurnal (M2) currents will have important implications for large-scale sediment dynamics. Model
simulations show that energy extracted from regions of strong tidal asymmetry will have a much more pronounced
effect on sediment dynamics than energy extracted from regions of tidal symmetry. This has practical application
to many areas surrounding the UK, including the Irish Sea and the Bristol Channel, that exhibit strong tidal currents
suitable for exploitation of the tidal stream resource, but where large variations in tidal asymmetry occur.

59. NEILL, S.P., HASHEMI, M.R. & LEWIS, M.J.: "Optimal phasing of the European tidal stream resource using
the greedy algorithm with penalty function", Energy, vol. 73, pp. 997-1006, DOI: 10.1016/j.energy.2014.07.002,
Aug-14

The regular periodicity of astronomical tides allows their accurate prediction, and so it should be possible to
determine how best to optimise the future distribution of arrays of tidal energy devices for any shelf sea region. By
considering together the magnitude and phase of tidal currents over a shelf sea region, maximum aggregated
power generation, with minimal periods of low generation, can be deduced. Here, we make use of the greedy
algorithm to optimise future exploitation of the tidal stream resource over the northwest European shelf seas, a
region which contains a world-leading tidal energy resource. We also apply a penalty function to the greedy
algorithm, favouring the selection of future hypothetical sites where power generation would be out-of-phase with
previously developed sites. Our results demonstrate that the Pentland Firth and Channel Islands would be optimal
sites for parallel development for relatively low numbers of arrays, with important contributions from the Irish Sea
for larger scale exploitation. Although there is minimal phase diversity between European tidal stream sites to
deliver firm power generation, it is possible that the vertical tide could contribute to such baseload through the
parallel development of lagoons or impoundments.

60. NEILL, S.P., HASHEMI, M.R. & LEWIS, M.J.: "The role of tidal asymmetry in characterizing the tidal energy
resource of Orkney", Renewable Energy, vol. 68, pp. 337-350, DOI: 10.1016/j.renene.2014.01.052, Aug-14

When selecting sites for marine renewable energy projects, there are a wide range of economical and practical
constraints to be considered, from the magnitude of the resource through to proximity of grid connections. One
factor that is not routinely considered in tidal energy site selection, yet which has an important role in quantifying
the resource, is tidal asymmetry, i.e. variations between the flood and ebb phases of the tidal cycle. Here, we
present theory and develop a high-resolution three-dimensional ROMS tidal model of Orkney to examine net
power output for a range of sites along an energetic channel with varying degrees of tidal asymmetry. Since power
output is related to velocity cubed, even small asymmetries in velocity lead to substantial asymmetries in power
output. We also use the 3D model to assess how tidal asymmetry changes with height above the bed, i.e.
representing different device hub heights, how asymmetry affects turbulence properties, and how asymmetry is
influenced by wind-driven currents. Finally, although there is minimal potential for tidal phasing over our study
site, we demonstrate that regions of opposing flood- versus ebb-dominant asymmetry occurring over short spatial
scales can be aggregated to provide balanced power generation over the tidal cycle.

61. NEILL, S.P., LEWIS, M.J., HASHEMI, N.J., SLATER, E., LAWRENCE, J. & SPALL, S.A.: "Inter-annual and inter-
seasonal variability of the Orkney wave power resource", Applied Energy, vol. 132, pp. 339-348, DOI:
10.1016/j.apenergy.2014.07.023, Nov-14

The waters surrounding the Orkney archipelago in the north of Scotland are one of the key regions in the world
suitable for exploitation of both wave and tidal energy resources. Accordingly, Orkney waters are currently host to
1.08 GW of UK Crown Estate leased wave and tidal energy projects, with a further 0.5 GW leased in the southern
part of the adjacent Pentland Firth. Although several wave resource models exist of the region, most of these
models are commercial, and hence the results not publicly available, or have insufficient spatial/temporal
resolution to accurately quantify the wave power resource of the region. In particular, no study has satisfactorily
resolved the inter-annual and inter-seasonal variability of the wave resource around Orkney. Here, the SWAN
wave model was run at high resolution on a high performance computing system, quantifying the Orkney wave
power resource over a ten year period (2003-2012), a decade which witnessed considerable inter-annual
variability in the wave climate. The results of the validated wave model demonstrate that there is considerable
variability of the wave resource surrounding Orkney, with an extended winter (December—January—February—
March, DJFM) mean wave power ranging from 10 to 25 kW/m over the decade of our study. Further, the results
demonstrate that there is considerably less uncertainty (30%) in the high energy region to the west of Orkney
during winter months, in contrast to much greater uncertainty (60%) in the lower energy region to the east of
Orkney. The DJFM wave resource to the west of Orkney correlated well with the DJFM North Atlantic Oscillation
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(NAO). Although a longer simulated time period would be required to fully resolve inter-decadal variability, these
preliminary results demonstrate that due to considerable inter-annual variability in the NAO, it is important to
carefully consider the time period used to quantify the wave power resource of Orkney, or regions with similar
exposure to the North Atlantic. Finally, our study reveals that there is significantly less variability in the practical
wave power resource, since much of the variability in the theoretical resource is contained within relatively few
extreme events, when a wave device enters survival mode.

62. OIKONOMOU, C. & AGGIDIS, G.A.: "Wave energy resource assessment in the seas around Greece:
Estimation and prospects", International Conference on Applied Coastal Research, Florence, Italy, 28 Sep - 1 Oct
2015

This paper reviews the progress made in assessing the wave energy resource in the Aegean and lonian Sea. The
area of interest is characterized by complex topography, and strong winds. Although the overall wave energy
potential is not as high as it is in other Mediterranean countries, locations offshore the Greek pelago could still act
as a wave energy operating sites, contributing in the development of sustainable engineering and the reduction of
carbon emissions. Various studies in the past established wave forecasting models and coupled wind-wave models
to assess the basic wave characteristics (i.e. significant wave height and period) in the Aegean and lonian Sea.
Afterwards, further research based on such models and measurements, presented promising areas where Wave
energy converters could be deployed. The topographic complexity and the distribution of islands, mainly in the
Aegean Sea, form channelling effects favouring the wave energy potential. The mean exploitable wave energy for
the country based on assessment studies was estimated to be 4-11 kW/m, which could be satisfactory, along with
the suitable technology utilizations. Areas that are considered to be favourable wave energy sites, are the region
south of the island of Crete and the Southwest region of lonian Sea. The current study summarizes past projects in
the numerical modelling, measurements and forecasting of wave characteristics and the progress made on wave
energy appraisal, along with suggestions for future improvements.

63. OIKONOMOU, C., JAMOMOH, A.J. & AGGIDIS, G.A.: "Processes leading to the formation of Hybrid event
beds: a field study", Panhellenic Symposium on Oceanography and Fisheries, Mytilene, Greece, 14-17 May 2015
Knowledge on the formation and frequency of Hybrid event beds in distal basin locations is limited. This paper
attempts to interpret types of sand-beds encasing a mud-rich interval, making use of existing alternative facies
models and scenarios. The study area is well-known for the existence of such exposed sequences, formed during
the Silurian era (400-500 million years ago). It is more likely that the majority of Hybrid event beds in the area of
interest are the result of a combination of vertical and lateral flow properties segregation.

64. OLCZAK, A., STALLARD, T., FENG, T. & STANSBY, P.K: "Comparison of a RANS blade element model for tidal
turbine arrays with laboratory scale measurements of wake velocity and rotor thrust", Journal of Fluids and
Structures, vol. 64, pp. 87-106, DOI: 10.1016/].jfluidstructs.2016.04.001, Jul-16

A Reynolds averaged Navier Stokes (RANS) model has been compared with laboratory scale measurements of the
loading and wake of arrays of horizontal axis three-bladed rotors. The diameter D of each rotor was 0.27 m and
axis was at mid depth in a channel of depth 1.67D and width 11.5D. Mean flow speed was 0.46 m/s, giving a
Reynolds number of 2x105, with turbulence intensity of 12%. The commercial software StarCCM+ is employed.
Steady flow is modelled and each rotor represented by imposing radial variation of streamwise force on the rotor
defined by a blade element method. When experimental values of turbulent kinetic energy and dissipation rate are
defined at the model inflow, the transverse profile of depth-averaged velocity of a single rotor wake is predicted
reasonably for downstream distances greater than 4D. Within 0.5D to 2Ddownstream of the rotor plane the wake
is approximately axisymmetric and both streamwise velocity and wake rotation are reasonably well predicted for
radii greater than half the rotor radius. Inclusion of tip generated turbulent kinetic energy as predicted by blade
resolved RANS CFD improves predictions of streamwise velocity and wake rotation within 4D downstream. For a
single row of rotors partially spanning the channel the increase of thrust coefficient relative to an isolated rotor
due to global and local blockage is predicted, but the overall magnitude of thrust is overpredicted. Downstream of
a single row the velocity deficit along the axis of each rotor is closely predicted while the deficit between adjacent
wakes is underpredicted until approximately 8Ddownstream. For a second row of rotors located

at 8D downstream the square of the rotor averaged velocity, indicative of thrust, is predicted to within 3% and
12% respectively for rotor axes aligned and staggered relative to those on the front row. For these downstream
rotor positions similar accuracy may be obtained by superposition of the self-similar velocity deficit profile of
isolated rotor wakes only. For multiple rows, thrust on the front row of rotors is increased relative to the same row
in isolation. Rotors on downstream rows partly exposed to the higher velocity flow bypassing the array also
experience high values of thrust. For arrays of up to twelve rotors the average thrust of an individual turbine in a
row is typically predicted to within 10% for the first row and 20% for the second row and within 38% for the inner
rotors of the third row. The accuracy of a RANS blade element method using commercially available software has
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thus been assessed for the complex wake flows of arrays of up to twelve three-bladed rotors in a shallow turbulent
flow.

65. OLCZAK, A., SUDALL, D., STALLARD, T. & STANSBY, P.K.: "Evaluation of RANS BEM and self-similar wake
superposition for tidal stream turbine arrays", Proc. 11th EWTEC, 7-10 Sep 2015

Prediction of the loading and energy yield of a turbine within an array requires knowledge of the onset flow profile
due to the wakes of turbines located upstream. This depends on many factors and processes including the
geometry of the turbine and supporting structure, turbine operating point, array layout and the profiles of velocity
and turbulence of the ambient flow. Various studies have employed CFD to simulate the flow-field downstream of
single and multiple turbines using actuator disk and RANS-BEM methods. However limited evaluation has been
presented for wake interaction. In this study two numerical approaches for modelling the wakes of arrays of
turbines are evaluated by comparison to experimental data from a study of a single wake and the merging wakes
of a single row of five turbines. With RANS-BEM the transverse profile of velocity is simulated to reasonable
accuracy over the far-wake region provided that the ambient flow turbulent kinetic energy and dissipation rate are
representative. Improved agreement of the velocity-profile over the near-wake region is obtained by representing
the elevated turbulent kinetic energy over the tip vortex region. The magnitude of TKE in this region is based on
prior blade modelled simulations and experiments. The second approach assumes that the self similar far wake
profile of a single turbine may be superimposed for multiple turbines based on local velocity conditions. This is
highly efficient but does not account for the device-scale bypass flow. Mean loading of a rotor is a function of the
mean of velocity squared integrated over the rotor plane. For downstream rows located at 8D downstream this is
predicted by both methods to within 4% and 12% for aligned and staggered turbines respectively.

66. PASCAL, R. & BRYDEN, I.: "Directional spectrum methods for deterministic waves", Ocean

Engineering, vol. 38, issue. 13, pp. 1382-1396, Sep-11

This work discusses developments related to the generation and measurement of directional wave spectra in
multi-directional wave tank using deterministic waves. The details of the generation method, based on the single
summation method described bylefferys (1987), are given and the capacity of the Edinburgh curved wave tank to
generate such waves is assessed. The Maximum Likelihood Method (MLM) and one of its derivative, The Modified
Maximum Likelihood Method (MMLM) (Isobe and Kondo, 1985), are adapted to the characteristics of deterministic
waves. The methods are assessed both with simulated waves and real wave elevations from the Edinburgh curved
tank. Both methods show very satisfactory results with very stable angular spreading estimates and good tracking
of mean directions of propagation across frequencies. The adapted MLM compares favourably with the industry
standard, the Bayesian Directional Method, while only taking a fraction of the time needed to the BDM to produce
its spectral e