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Abstract

The potential of tidal stream energy in the UK is widely acknowledged to be significant,

however, real-world constraints greatly limit the viable extraction of energy. Multiple

lease sites for development have been withdrawn or remain in testing phases since

their agreement, due to financial and technical challenges. This evidences the need

to strategically define new areas for development based on refined assessments and

inform the development of arrays at sites by identifying and overcoming the challenges

and constraints.

To investigate the challenges of quantifying the tidal stream energy resource and exam-

ine a range of parameters affecting the resource, a low order idealised channel model is

adopted. Different channel characteristics are applied to consider multiple case studies

and blockage-corrected blade element momentum theory is used to represent turbine

performance, also adopted in higher order modelling. The investigation highlights the

inter-dependence of key parameters affecting tidal stream energy resource assessments,

much like the constraints limiting the resource. Findings from the low order model

inform the impact of modelling assumptions necessary for higher order modelling.

The use of a 2-D model enabled the investigation of bathymetry as a limiting practi-

cal constraint and the implication of the spatial variability of tidal stream energy at

a site, which informed the development of a novel framework for designing arrays of

homogeneous and heterogeneous turbine specifications (diameter and rated speed).

Comparison of homogeneous and heterogeneous arrays in the Inner Sound highlights

that adopting heterogeneous designs (with diameters of 5 – 20 m and rated speeds of

1.5 – 2.5 m/s) can increase power per turbine, while deploying significantly fewer tur-

bines. The approach maximises usage of a site, whilst allowing the maximum allowable

diameter of turbine to be deployed in areas, and exploits the spatial variation of the

resource across a site by tailoring turbines to operate at appropriate rated speeds for a

target capacity factor.
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Finally, the framework is extended to identify multiple, independent, heterogeneous ar-

rays across the Pentland Firth. The successive identification of arrays presents a feasible

incremental development strategy for the Pentland Firth and minimises interference

between arrays by accounting for how the resource responds to presence of arrays. A

range of development options are proposed, based on different priorities. The tidal

stream energy resource is assessed to be within 1 – 1.8 GW in the Pentland Firth with

the consideration of real-world constraints, based on different development strategies

and priorities.
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α Angle of attack

αW D Wetting and drying parameter
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λ0 Non-dimensional drag term representing dynamic balance of the channel
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ν Kinematic viscosity

Ω Angular velocity

ω Frequency

ψp,r Bump function, p and r are the centre and support radius of the function

ρ Water density
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τb Seabed friction
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a′
2i Tangential induction factor

a Amplitude

AC Channel cross sectional area
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a2i Axial induction factor
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n Manning coefficient

NR Number of rows of turbines

PDE Partial differential equation

Q Flow rate

R Turbine radius or blade length

r3 Wake induction factor

ri Ratio between the velocity ui and the free-stream velocity (= ui /u)

RANS Reynolds-averaged Navier-Stokes

s Spacing between turbines

SIF Significant impact factor

SWE Shallow water equations

T Thrust

T SR Tip Speed Ratio - the ratio between inflow speed and turbine rotational speed

u Depth averaged velocity vector made of horizontal components (u, v)

u⊥ Velocity vector rotated 90°counter-clockwise

u Free stream velocity

u1 Turbine through-flow velocity

u3 Flow velocity in the near wake of the turbine

u4 Bypass flow velocity

ur Rated speed
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x Position coordinate
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Chapter 1

Introduction

More than 70% of the Earth’s surface is covered in water with 97% in oceans, which is a

huge potential resource for harnessing energy (NASA, 2021). One source of renewable

energy from the oceans is tidal energy, harnessed from tides caused by the gravitational

pull of the Moon and Sun on the Earth’s sea water (Pugh, 1987). Energy can be extracted

from energetic tidal streams using turbines or by constructing barrages to harness

energy from the tidal range. This thesis focuses on the potential contribution of tidal

stream energy to renewable energy generation in the UK, by considering real-world

constraints on the resource to assess the amount of energy that can be harnessed.

The UK has a legal commitment to reach net zero carbon emissions by 2050 (Department

for Energy Security and Net Zero, 2022). The Climate Change Committee’s (2020)

sixth carbon budget predicts an increase in electricity demand to 550 – 680 TWh/year

by 2050, from approximately 320 TWh/year in 2022 (Martin, 2023). The increase in

electricity demand will be primarily due to the electrification of heating and transport

to replace the reliance on oil and gas. Wind and solar energy are estimated to contribute

a combined total of 515 TWh/year by 2050. To make up the remaining proportion of

supply and meet projected demands, complementary sources of renewable energy

will be required. The UK currently has an installed operational capacity of 10.4 MW of

tidal stream energy with a projection of 11.5 GW to be installed by 2050, contributing

34 TWh/year (Coles et al., 2021). In order to achieve this ambitious installed capacity,

it is crucial to understand the tidal stream resource so that informed investment and

development decisions can be made.

1.1 A Case for Tidal Stream Energy

The energy trilemma describes the three challenges that need to be balanced regarding

energy supply: security, environmental sustainability and affordability/equity. The
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World Energy Council publishes a World Energy Trilemma Index Report annually to

measure the progress of each challenge globally. The UK ranked eighth amongst the

126 countries included in the 2024 report (World Energy Council, 2024). However, the

report highlights that despite Europe’s urge to diversify energy supply, the energy crisis

has called to attention the issues surrounding affordability of energy and recommends

investments in renewable energy generation to achieve affordability in the long term.

Figure 1.1: Energy demand (normalised to annual hourly peak) and generation, backcast from
2019 weather data in Great Britain (Policy and Innovation Group, University of Edinburgh, 2023).

National Grid ESO (2022) has identified a key challenge of maintaining the resilience of

energy systems during high electricity demand with low wind and solar production peri-

ods. The cyclic nature and predictability of tides makes tidal stream energy well-suited

for contributing to electricity base loads and balancing the grid (Ocean Energy Europe,

2023, National Grid ESO, 2022). This predictability over long time periods, in the order

of hundreds of years, allows for forecasting of tidal stream energy generation, which

could be key for ensuring energy security (Policy and Innovation Group, University

of Edinburgh, 2023). The consistent cyclic production of tidal stream energy is a key

benefit of the resource that makes it unique compared to any other form of renewable

energy. The resource is not correlated to other renewable sources and is independent of

seasonal weather patterns. Therefore, tidal stream energy can potentially be harnessed

during periods of low wind or solar energy, which are the primary sources of renewable
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power generation in the UK, contributing 28.8% of total electricity generation in 2022

(Department for Energy Security and Net Zero, 2023). Figure 1.1 demonstrates the

advantage of tidal stream energy’s reliability in supplying energy during wind droughts

and outside summer months, when solar supply is low (Policy and Innovation Group,

University of Edinburgh, 2023).

1.2 Tidal Stream Energy Resource

1.2.1 Tides

Tides, characterised by the rise and fall of sea levels, are long waves influenced by various

factors. Coastal features, such as constrictions in channels, can lead to increased flow

velocity, while enclosed sea areas can lead to seiching (oscillations). Coriolis forces

impact the pattern of tides and lead to the formation of amphidromic points, where the

tidal amplitude of a given frequency is zero (i.e., there is no vertical displacement and

hence no tide), around which high and low amplitude tides rotate.

Figure 1.2: Spring-neap cycle of tides over a month with two high and low waters a day (Morales,
2022).

The classification of tides is dependent on the positions of the Sun, Moon and Earth.

When the Moon is aligned with the Sun and Earth, the superimposed forces due to

the Sun and Moon create solar and lunar bulges, resulting in a large amplitude spring

tide (Pugh, 1987). Neap tides, characterised by lower amplitudes, occur when the Sun

and Moon are at a 90° angle relative to the Earth, leading to counterbalancing forces.

The spring-neap cycle lasts approximately 14 days (Figure 1.2), with high and low tides

occurring twice in a lunar day (24 hours and 50 minutes) at the equator. Consequently,

3
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high tides shift by approximately an hour each day.

1.2.2 Potential UK Sites for Tidal Stream Energy Extraction

The UK is at the forefront of marine energy exploration, with insights into offshore

projects from expertise in oil and gas (Department for Energy Security and Net Zero and

Department for Business, Energy and Industrial Strategy, 2013). The Crown Estate and

Crown Estate Scotland have previously identified lease sites across the UK, which have

the potential to be developed for commercially viable tidal stream energy extraction.

The UK also has the world’s largest marine testing facility, the European Marine Energy

Centre, and a number of companies that are working to develop tidal sites. Significant

work has been undertaken in developing and testing devices for extracting tidal stream

energy. The European Marine Energy Centre (2020) identifies 97 companies developing

tidal devices of varying types and configurations across 16 countries, including the UK,

USA, Canada and Germany.

The Sustainable Development Commission’s report (Metoc, 2007) identifies 20 areas in

the UK with the potential to harness tidal stream energy, shown in Figure 1.3, alongside

the peak flows at mean spring tide (Department of Trade and Industry, 2008). Within

the 20 potential areas identified by Metoc (2007), 30 lease sites were agreed by the

Crown Estate from 2010 for UK tidal stream energy development (RenewableUK, 2015).

Up to 2015, 7 were in planning, 13 were in development, 2 pre-construction, 4 under

construction and 4 operational (test sites) (Appendix A). However, since 2015 multiple

sites have returned their leases to the Crown Estate and as of 2017 the Crown Estate

devolved, establishing the additional Crown Estate Scotland. Across England, Wales,

Northern Ireland and Scotland, there are now fewer than 20 sites leased or agreed to

lease for tidal stream energy development. This demonstrates the evolving definition

of lease sites for tidal stream energy development and their likelihood to be redefined

or expanded based on updated modelling of the resource and seabed priorities for the

Crown Estate and Crown Estate Scotland.
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Figure 1.3: Peak spring tide flow (left, Department of Trade and Industry 2008) and location of
tidal stream resource (right, Metoc 2007).

The potential for tidal stream energy has driven the investment in lease sites, which has

been supported by the UK Government through Contract for Difference (CfD) funding

rounds. Four tidal stream development projects gained support from CfDs in 2022 for

over 40 MW of capacity to be installed between 2025 – 2027, and funding for another

53 MW was awarded across 11 projects in 2023 (Garanovic, 2023). The protection for

developers from volatile electricity wholesale prices that CfDs provide is key for the

future of tidal stream energy. Up until 2021, no tidal stream energy projects had won

support through CfDs (Coles et al., 2021). Therefore, the contracts awarded in recent

years demonstrate promising signs of progress in the industry.

1.3 Motivation

Quantifying the magnitude of the resource is vital for deciding whether to invest in tidal

energy and understanding its contribution to reducing dependence on fossil fuels. A key

issue, however, is that site-based resource assessments can vary by orders of magnitude,

with national and world resource figures being equally variable. This is partly due to

the complexity of understanding the fluid mechanics of the tidal flow and how turbines

interact with it, but also due to the consideration of constraints limiting the viable
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extraction of the resource. Cartwright et al. (1980) estimate the total power from tidal

waves coming in to the UK from the continental shelf is approximately 250 GW, but

only a fraction of this can be extracted (MacKay, 2016). The technical potential of the

resource has been estimated up to 22.5 GW (HM Government, 2010), although this

amount of power could not be extracted. A number of studies assess the UK’s average

tidal stream resource to be 1.5 – 22.5 GW (Black and Veach, 2005, Metoc, 2007, Carbon

Trust, 2011). Carbon Trust (2011) states that re-prioritising the use of offshore sites could

increase their assessment of the practical resource to 3.3 GW. The assessments are wide-

ranging and the range conflicts with more detailed site-based resource assessments.

Site-based assessments are also wide-ranging due to the use of different models and

assumptions, which prevents them from being used as part of an overall UK resource

assessment. Resource assessments can also assist with turbine design by providing

data to characterise hydrodynamic effects, identifying appropriate sites for tidal stream

developments and assessing the overall production of energy from an array over the

lifetime of a project (Thiébot et al., 2022). Therefore, a refined resource assessment is

necessary to inform investment decisions and for the development of technology and

array implementations to continue.

1.4 Research Objectives

This thesis aims to consider a number of limiting real-world constraints on tidal stream

energy extraction to refine existing resource assessments and propose a method that

incorporates these constraints into models, to be replicated across multiple sites. The

research scope encompasses technical, practical, and some accessible constraints on the

resource. However, the constraints on the viable resource are not included in the scope

of this thesis because it is critical to establish a better understanding of incorporating

the foundational layers of the pyramid (Figure 2.4) before expanding work to include

the final tier. The intention for providing a more refined assessment of the resource is to

inform future developments for tidal stream energy, considering The Crown Estate and

6
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Crown Estate Scotland’s evolving allocation of the seabed to different usages and the

increasing investment in tidal stream energy.

The research objectives are:

1. To investigate the impact of the inclusion and exclusion of modelling parameters

on the assessment of tidal stream energy resource in a low order model.

2. To explore how spatial variability of the resource at a site can inform array design

by developing and applying a heterogeneous array design framework.

3. To refine the assessment of tidal stream energy at the Pentland Firth by consider-

ing practical and accessible constraints.

1.5 Thesis Outline

This chapter has presented the background of tidal stream energy, motivation for the

research and the objectives that have guided the research.

Chapter 2 provides context of the research area. The many scales of tidal energy, from

blade scale to regional scale (Adcock et al., 2015) are outlined, including a discussion of

how these scales interact, and how they may be separated to be assessed individually

for simplicity. Methods for assessing tidal stream energy resource and for modelling

and implementing turbines in existing studies have been reviewed and appraised. The

uncertainties and assumptions made in each of these methods are considered to inform

the methods used in this thesis. Reviewing previous studies of site-based resource

assessments acknowledges existing work in this area and identified research gaps, which

emphasise the motivation of this research.

The remainder of the thesis is categorised into two parts; Part I: Idealised Channel

Study and Part II: Pentland Firth Case Study, each consisting of two chapters. Exploring

parameters affecting resource assessments in idealised channels, modelled in 0-D and

2-D, allowed the consideration of a greater number of parameters, and the opportunity

to validate the 2-D modelling software used in the thesis before moving to a more

7
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complex domain. Thus the work from Part I informs Part II.

Chapter 3 (Part I) presents an investigation of how low order parameters affect tidal

stream energy resource assessments. This work considers two idealised channels de-

fined by Vennell (2010) and incorporates the Blockage Corrected Blade Element Mo-

mentum Theory (BC-BEMT) to represent turbines, a method which is carried forward

for the 2-D modelling work. The effects of modelling with multiple constituents over the

18.6 year nodal cycle, capping strategies and turbine performance curve characteristics

are explored. The work presented in this chapter allowed key parameters affecting tidal

stream energy resource assessments to be identified, and quantified the uncertainties

of including or excluding specific parameters.

Chapter 4 (Part I) replicates the idealised channels, modelled in Chapter 3, in 2-D mod-

elling software Thetis. Comparing results with the literature (Vennell, 2010) provided

confidence in the 2-D software and how it represents turbines in models, which is iden-

tified as a key difficulty in the literature review. Continuous and discrete methods for

implementing turbines in Thetis and how they meet the needs of different applications

(e.g., regional scale vs. array scale) were considered. Array layout is investigated using

the discrete method to explore staggered and aligned rows of turbines and the impact of

row spacing in an idealised channel. The impact of boundary effects on capacity factor

and power was also investigated to highlight the effect on analysis when they are not

accounted for and the importance of placing boundaries far from the place of interest

when modelling a real site. The exploration of 2-D parameters and modelling options

informed the 2-D modelling of a real site.

Chapter 5 (Part II) presents the development of a heterogeneous array design framework

to explore the compromise in energy when array design is constrained by homogeneous

turbine specifications. The framework considers the practical limitations of bathymetry

and the spatially variable resource across a site, to define the diameter and rated speed

of turbines, and is designed to be applied at any tidal stream site. The difference in
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performance between homogeneous and heterogeneous arrays is investigated, using

the Inner Sound of the Pentland Firth as a case study to demonstrate the framework.

Chapter 6 (Part II) brings together work from previous chapters to conduct a refined re-

source assessment of the Pentland Firth by considering additional levels of the pyramid

of constraints (practical and accessible), which have not previously been considered in

existing studies. The heterogeneous array design framework is extended and applied

beyond the Inner Sound (used as a case study in Chapter 5) to identify further areas

for tidal stream energy development. A study is undertaken to assess the impact of

developing multiple sites in the Pentland Firth, beyond the Inner Sound.

Each chapter of the thesis progressively introduces greater complexity to the resource

assessment modelling, beginning with a 0-dimensional analytical model applied to

idealised channels. The study then advances to a numerical depth-averaged shallow

water equation model of the idealised channels, providing a more realistic representa-

tion. Moving from idealised channels to a real site requires consideration of a complex

bathymetry and site geometry, and the impact on hydrodynamics. Finally, the study is

expanded to a larger scale by exploring the entire Pentland Firth. This entails investi-

gating the interaction of multiple independent arrays in close proximity and assessing

their impact on the tidal stream energy resource.

Chapter 7 concludes the findings of the thesis, outlines the impact and novelty of the

research, and proposes future work.
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Tidal Stream Energy Resource Assessment

Resource assessments of tidal stream energy have been the subject of a number of stud-

ies, employing a range of methods to model site hydrodynamics and extraction of energy

through different representations of turbines. Accurately quantifying the resource of

tidal stream energy requires an understanding of the interactions between turbines and

the flow across various scales inherent in tidal energy investigations. To manage the

complexity of this multi-scale problem, the scales are often approximated as decoupled,

resulting in a number of simplifying assumptions and necessary compromises. Addi-

tionally, tidal energy can be modelled across different dimensional orders, presenting a

trade-off between computational efficiency and accurately representing the inherently

3-D nature of the problem. High order modelling refers to models with higher orders in

terms of dimension, such as a 2-D depth-averaged model, a layered 2-D model or a 3-D

model. Low order modelling refers to a 0-D model, which is a depth-averaged model

integrated over two dimensional lengths, which can also be considered as a 1-D model.

In Section 2.1, tidal stream energy resource assessment methods are presented along

with the scales of tidal energy. The associated effects of modelling large arrays, used

for resource assessments, are also discussed. The methods for modelling and imple-

menting turbines in hydrodynamic models are outlined in Section 2.2. In Section 2.3

the limitations and compromises between different dimensional models are discussed.

The limiting constraints on tidal stream energy are discussed in Section 2.4. A review

of previous resource assessments of the Pentland Firth is presented in Section 2.5 to

appraise methods and investigate the reasons for ranging assessments of the resource.

2.1 Tidal Stream Energy Resource Assessment Methods

Resource assessments require modelling at different scales to incorporate the design,

specification and operation of tidal devices, array interactions and the effect of an
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array on the hydrodynamics of a site (Serhadlıoğlu, 2014). Adcock et al. (2021) describe

three scales involved in tidal energy resource assessments, and highlight interactions

occurring both ways between them. To assess the resource, scales may need to be

uncoupled and evaluated individually. The turbine-scale involves individual turbines

and focuses on the hydrodynamic interactions between a limited number of turbines,

either a countable amount or down to the scale of an individual turbine (e.g., considering

the hydrodynamics of turbine blades or effects of the support structure) (Adcock et al.,

2021). The field-scale focuses on hydrodynamic effects of large numbers of turbines

(Goward Brown et al., 2017). At this scale, the array comprises a vast number of turbines

(countless) and the analysis would be dominated by interactions between devices,

addressing the hydrodynamic effects of the flow interacting with the array as a whole

(Goward Brown et al., 2017). Large-scale tidal dynamics are the focus of regional scale

modelling and require a more simplified approach to modelling the thrust applied

by the turbines in an array on the flow, in comparison to the other scales. Figure 2.1

illustrates the scales, sub-scales and order of magnitude of each (Adcock et al., 2015,

Jie et al., 2016). Goward Brown et al. (2017) notes that the length-scale of investigation

and applicability of methods is dependent on the focus of the study and the research

objectives.

Figure 2.1: Tidal energy scales (Jie et al. 2016 adapted from Adcock et al. 2015).

Analytical and numerical models can been used to assess the resource of tidal stream

energy. Predicting power available to a turbine as a portion of the kinetic energy flux
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has been used in the wind industry and early attempts to quantify tidal stream energy

resource have adopted this approach (Fraenkel, 2002, Black and Veach, 2005, Blunden

and Bahaj, 2007). However, the method does not consider the presence of turbines

and their impact on the flow, nor does it consider the configuration of closely arranged

turbines in rows, which can theoretically extract more power than the undisturbed

kinetic energy in the channel (Vennell, 2013, Adcock et al., 2014). Garrett and Cummins

(2005) demonstrated, through a simplified model, that the overall drag coefficient

of a channel increases when turbines extract power, slowing down the flow in the

channel. Acknowledging the impact of turbines on the resource, Black and Veach (2005)

introduced a ‘Significant Impact Factor’(SIF) to calculate extractable power without

significant environmental and economic impact. In their Phase I study, a 20% SIF was

uniformly applied across all sites, while Phase II classified tidal sites into five types,

each associated with different SIF. Blunden and Bahaj (2006) produced a time-series of

tidal velocity data at Portland Bill and gave an example of how to use the data to predict

power outputs by assuming the power as a fraction of kinetic energy. However, Garrett

and Cummins (2005) demonstrated that the effect of tidal stream turbines on the flow is

not directly related to the undisturbed kinetic flux.

Garrett and Cummins (2005) considered a model of a channel, with flow driven by the

head difference between two large basins of water, to assess the upper bound extractable

power averaged over a tidal cycle. Turbines were modelled as a fence spanning the width

of a channel and it is assumed the free surface of the channel is volume constrained.

Utilising a 2-D, depth-integrated model, Draper et al. (2014a) calculated the maximum

extractable power from the Pentland Firth to be 4.19 GW. The assessment of the resource

surpasses that calculated with Garrett and Cummins’ method, attributed to the increase

in head difference due to the presence of turbines and the subsequent change in phase

of the tidal elevation at each end of the channel.

In reality, a fence of turbines will not span the entire width of a channel. Therefore,
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Garrett and Cummins (2007) extended the model to allow turbines to occupy a fraction

of the channel, uniformly spaced across the width. Tidal turbine efficiency is the ratio

between power available to turbines and power removed from the channel, which

includes losses due to friction and mixing. Garrett and Cummins (2007) demonstrate

that if the wake induction factor is, r3 = 1
3 (using the terminology of Vennell 2010),

the available power to turbines increases but the turbine efficiency decreases because

more energy is lost through mixing, dependent on blockage. Vennell (2010) further

extended the model to investigate hydrodynamic interactions at array scale and the

effect on turbine efficiency. He notes that optimal ‘tuning’ allows large farms to realise

the majority of a channel’s potential, contingent on the number of turbines, channel

geometry, bed friction and tidal forcing.

Tidal dynamics can be analogously modeled as an electrical circuit. Change in volt-

age represents the head difference across a channel, electrical currents correspond to

volumetric flux and loss of energy due to turbines is related to electrical resistance. Max-

imum extractable power can be estimated by optimising the power dissipated across

the resistors. Turbine resistance and the natural impedance of a channel can be equated

through impedance matching (Rainey, 2009). Draper et al. (2014b) extended the analogy

for multiple connected channels in the Pentland Firth.

It is difficult to capture the tidal dynamics and complex geometry of a real site using

analytical models. Therefore, numerical 2-D and 3-D models are often employed to

undertake studies of this kind. In regions where the water depth is much shallower

than the tidal wavelength, the flow can be well approximated as having small vertical

acceleration, with the assumption of hydrostatic pressure, relative to the horizontal

direction. Consequently, the 2-D version of the Reynolds-averaged Navier Stokes (RANS)

equations, obtained through the integration of Reynolds-averaged, incompressible

continuity and conservation of momentum equations in the vertical (depth) direction,

can be used to describe the flow, also known as the 2-D Shallow Water Equations (SWE)
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(Falconer, 1993). Neglecting the third dimension, through depth-integration, can reduce

computational costs.

Whilst 2-D SWE can approximate flow dynamics at a real site, higher-order modelling is

necessary to capture 3-D processes. 3-D Computational Fluid Dynamics (CFD) models

can offer improved accuracy in assessing the power available to turbines by resolving

hydrodynamic phenomena at the device scale. However, the computational cost and

challenges associated with using CFD to model a large array makes it impractical to do

so. At regional-scale, the SWE can be solved with discrete vertical layers throughout

the water column, referred to as a 3-D model in this thesis but is a model made up of

2-D layers Layered models have been applied to the Pentland Firth by O’Hara Murray

and Gallego (2017), De Dominicis et al. (2017) and Goward Brown et al. (2017), and by

Thiébot et al. (2020a) at the Alderney Race.

2.1.1 Large Array Effects

Vennell et al. (2015) discussed the design of large arrays of turbines and presented eight

key array effects due to the dynamics of turbines that are significant for understanding

power production. Four of the effects have been introduced in the previous section. The

first is the impact of power extraction from large arrays on the free stream velocity of the

flow (Garrett and Cummins, 2005, Vennell, 2010). The second effect is the idea that there

is a maximum power that can be extracted from a channel, which is achieved through a

balance of the farm’s thrust coefficient to maximise power and the correlated reduction

in velocity (as per the previous effect). The tuning of individual turbines based on the

channel, array size and arrangement of turbines is another key effect and it is noted that

this comes at a high computational cost. Performance of turbines in large arrays with

optimal tuning in comparison to isolated turbines and the exceedance of the Betz limit

is another effect, outlined previously (Vennell, 2010).

An effect presented by Vennell et al. (2015) that is not previously discussed relates to

the power return from increasing the number of turbines in a row for a large array and
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how that might lead to an increase or decrease in power return based on the channel’s

characteristics. The increase in power of an individual turbine also relates to greater

structural loads that the turbine needs to be able to withstand, which leads to increased

construction costs. The micro-siting of turbines in an array to exploit hydrodynamic

effects (e.g., positive interaction of turbine wakes) is another effect. Funke et al. (2014)

propose an automated optimisation method for array layouts, considering the position

and tuning of turbines for extracting maximum power. The optimisation method con-

siders non-linear interactions between turbines, channel geometry and flow, using a

gradient based algorithm to model flow realistically with a large array. The computa-

tional cost of the method is feasible and was applied to an array with up to 256 turbines

in the Inner Sound of the Pentland Firth with steady state conditions.

Finally, the inclusion of more turbines through additional rows is a key effect presented

by Vennell et al. (2015) and refers to the diminishing returns of adding rows that can lead

to decreased power for individual turbines despite potential increase in overall array

output. Adcock et al. (2013) highlight that the total extractable power is not accessible

without an unrealistically large array because the cost of additional rows will exceed the

value of additional power, due to diminishing returns. Available power is defined as a

fraction of the extractable power that is available to turbines for power generation. Goss

et al. (2021) use break even power (BEP) to optimise the number of turbines in an array

by accounting for the profit per unit of generated power and the cost per device. BEP

provides a threshold beyond which additional turbines that do not generate enough

power are not considered economically viable in an array. Therefore, incremental power

is a useful metric for assessing the viability of additional rows of turbines (Adcock and

Draper, 2014b). The cost benefit of additional rows based on incremental power is

a vital consideration in tidal stream energy resource assessments because in theory,

many additional turbines can be deployed, increasing the assessed resource, especially

if the impact of turbines on the flow velocity is not accurately considered. However,

the benefit of an accurate and refined resource assessment is to inform investment
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decisions for tidal stream energy development; therefore, economically viable arrays

should be considered. Accurately representing turbines and their physical impact on

flow is vital to ensure an accurate resource assessment that does not consider additional

rows, without considering the diminishing returns in incremental power.

2.2 Modelling and Implementation of Turbines

The choice of turbine modelling is a critical part of a resource assessment. A balance

between simplicity and modelling fidelity must be achieved for a reliable and feasible

resource assessment method.

Actuator Disc Theory (ADT) can be used to evaluate the head loss across a turbine. The

wind industry has used unconstrained ADT to represent rotors of axial flow turbines in

a simplified way: a uniform, porous, circular disc of the same swept area as the rotor,

which exerts a uniform resistance on the flow. The model predicts an upper limit for tur-

bine efficiency whereby the extractable power from the actuator disc cannot be greater

than 16
27 of the kinetic flux passing through the disc, defining the upper Lanchester-Betz

limit. The limit is a conservative upper bound for wind energy, acknowledging that

actual turbine power production is further diminished by factors like turbine efficiencies

and wake rotation (Sørensen, 2011).

ADT can be applied to tidal turbines, however, in tidal energy extraction the flow is

constrained by the seabed, free surface and channel sidewalls, as opposed to an un-

constrained and incompressible flow in wind (Bryden et al., 2007). Given the proximity

of tidal turbines to finite flow boundaries, the assumptions underlying unconstrained

linear momentum ADT become inappropriate in this scenario.

Garrett and Cummins (2007) extended the theory for a narrow channel, low Froude

number scenario with a negligible free surface (rigid lid) to replace the unbounded

scenario with a volume-flux constrained flow. They demonstrate that there is an ‘extra

efficiency’ for an isolated tidal turbine compared to the Lanchester-Betz limit due to
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the confining boundaries of a tidal channel. The maximum coefficient of power, CPmax ,

is given in Equation 2.1,

CPmax =
16

27
(1−B)−2, (2.1)

where B refers to blockage, defined as the proportion of the channel’s cross sectional

area occupied by the swept area of turbines in the same plane, also known as global

blockage. Array blockage describes the ratio between the representative array area and

the cross-sectional area of the channel and local blockage is the ratio of the single device

area to the cross-sectional area of the local passage of flow (Nishino and Willden, 2012).

Houlsby et al. (2008) argued the assumption regarding the free surface was incorrect

because pressure varies along the channel, resulting in a change in water level. Changes

in pressure and the free surface are more significant in high blockage scenarios (Whelan

et al., 2009). Therefore, Whelan et al. (2009) introduced a free surface variable to con-

sider finite upstream Froude numbers in a model. Houlsby et al. (2008) incorporated

downstream mixing to account for non-uniform flow once it has passed through and

bypassed the turbine. They also combined the volume (Garrett and Cummins, 2005)

and pressure (Whelan et al., 2009) constrained models to approximate flow in an open

channel. The model is valid under the assumptions of constant upstream velocity

and cross-sectional area, inviscid flow and hydrostatic pressure at points 1, 4 and 5 in

Figure 2.2.

Figure 2.2: Linear momentum actuator disc theory in an open channel (Houlsby et al., 2008).

Representing a turbine as an actuator disc does not rely on assumptions about spe-
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cific blade designs. The approach makes a distinction between the power available to

turbines and the total power extracted from the channel. However, it is a simplified

representation and does not realistically capture device-flow interactions or how real

turbines operate under different operating conditions. Therefore, it can only provide an

upper bound limit for a resource assessment (Chen et al., 2019).

Adcock et al. (2013) utilised ADT to consider the available power and obtain an upper

bound assessment of the resource at the Pentland Firth, accepting the theory overesti-

mates the resource. The study did not account for losses related to the support structure,

mechanical inefficiencies, and electrical inefficiencies, which would likely reduce the

assessment. ADT was also adopted to define upper bound resource assessments at

Anglesey Skerries and Portland Bill (Serhadlıoğlu et al., 2013, Adcock and Draper, 2014b).

Blade element momentum theory (BEMT) is an extension of ADT that can also be used

to model the performance of turbines. The method provides insights into the effect

of turbine operation, specification, and blade designs based on knowledge of blade

properties, such as lift and drag coefficients of the aerofoil and twist and solidity profiles

of the blade. Therefore, the extension offers advantages compared to ADT. BEMT has

been used in wind energy applications but, as previously highlighted, tidal turbines

experience a change in performance due to blockage effects. The constrained flow field

that results in blockage effects has been previously accounted for by embedding BEMT

in CFD simulations (adopted by Masters et al. 2011 and Edmunds et al. 2014) or by

adjusting the momentum equations in the theory according to Garrett and Cummins

(2007) and Whelan et al. (2009).

Vogel et al. (2018) presents BC-BEMT as a semi-analytical tool for investigating the effect

of blockage and tip speed ratio (TSR) on the performance of a turbine. The method relies

on the rigid lid momentum model (Garrett and Cummins, 2007) and is validated by

boundary layer resolved simulations of a blade (Vogel et al., 2018). BC-BEMT has been

implemented by Chen et al. (2019) and Vogel et al. (2018) to model the performance of a
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turbine. Figure 2.3, adapted from Chen et al. (2019), demonstrates the overestimation

of turbine performance using ADT compared to BC-BEMT. The difference is attributed

to the consideration of the discrete number of blades and the constituent hydrofoil

experiencing lift and drag.

Figure 2.3: CP (solid) and CT (dashed) against local thrust coefficient, CT L , which is described as
the ratio between CT and the turbine kinetic pressure in Houlsby et al. (2008), for ADT (black)
and fixed pitch BC-BEMT, blockage=0.16 (red) (adapted from Chen et al. 2019).

The actuator line method is another technique for modelling turbines and their effects

on the flow field (Sørensen and Shen, 2002). Similar to BEM, it involves discretising the

blade in the spanwise direction. The overall blade force (lift and drag) is modelled as

a momentum source term along the rotating actuator lines (Wimshurst and Willden,

2016b). The method is well-suited for studies of the near-wake flow field because it can

solve time-varying phenomena like tip vortices (Chen, 2019). However, as the method

enhances accuracy in representing turbine performance, it also introduces additional

demands for parameters and computational time. Therefore, the objective of the re-

search should dictate the choice of modelling and is considered too computationally

expensive for resource modelling, compared to ADT and BC-BEMT.

Experimental coefficients of power and thrust (CP and CT ) versus tip speed ratio (TSR)

curves can be used to describe the performance of turbines as an alternative to analytical

models. However, it must be noted that experimental data comes with limitations,

particularly in terms of exploring various turbine operations and channel scenarios. It

is also challenging to replicate realistic operating conditions in an experiment with a

scaled model due to insufficient Reynolds number scaling. While experimental data
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provides valuable insights, especially when available for comparison with numerical

and analytical results, it may not cover the entire spectrum of possible conditions and

configurations. Data from real turbine testing sites is also limited and often protected.

In addition to modelling turbine performance, turbines must be implemented in re-

source assessment models to capture the interaction between turbines, energy extrac-

tion and channel dynamics. Turbines can be implemented in depth-averaged models

in a number of ways. However, there are challenges with applying the correct force on

the flow due to turbines extracting energy in a depth-averaged model because of the

3-D nature of the problem. Turbines interact with flow in a 3-D manner and generate

wakes, which affects the flow around them. Consequently, a 3-D model is required to

capture the flow physics. However, due to their complexity, layered models are often

employed as an alternative (Adcock et al., 2021).

The impact of resistance on the flow, induced by the presence of tidal turbines, can

be accounted for by introducing an additional bed roughness term, enabling the com-

putation of dissipated power (Sutherland et al., 2007). The maximum power averaged

over a tidal period can be calculated using a depth-averaged value for bed roughness,

which represents tidal turbines across a specified area of the seabed. The force can be

included as an additional momentum sink that adopts the form of the bed shear term.

Serhadlıoğlu (2014) emphasises that the method predicts the power extracted, which is

a combination of the power available to turbines and the power lost due to mixing. The

method has been adopted by Sutherland et al. (2007), Blunden and Bahaj (2007) and

Yates et al. (2013) to assess the resource in the Johnstone Strait in Canada, Portland Bill

in the UK and sites on the west coast of the UK.

The presence of turbines can be also accounted for by calculating the head loss across

turbines as line discontinuities. Draper et al. (2010) used linear momentum actuator disc

theory to represent the operation of tidal turbines in a sub-grid model whereby the head

loss is calculated by modifying the flow conditions upstream and downstream of the line
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discontinuity according to Houlsby et al. (2008). The method relies on turbines being

uniformly modelled as a fence, thus the interactions between devices are simplified

(Djama et al., 2022). Adcock et al. (2013) assessed the upper bound resource in the

Pentland Firth and Serhadlıoğlu et al. (2013) quantified the resource at the Anglesey

Skerries using ADT to calculate head loss across turbines and implemented the turbines

into their models as line discontinuities.

3-D CFD RANS and Large Eddy Simulations (LES) can be integrated with low order

representations of turbines (e.g., ADT, BEM). These methods are suitable for modelling

turbulence and challenges surrounding turbulence closure are solved with the Boussi-

nesq assumption (Vogel, 2014). They are most appropriate for studies on blade loading,

turbine performance and wake interactions, although their computational costs are a

consideration (Chen, 2019).

2.3 Modelling Limitations and Compromises

Resource assessments have been undertaken using 0-D, 2-D and 3-D models. A compar-

ison of 2-D and 3-D hydrodynamic modelling software is presented in Appendix B. Each

model has its limitations and compromises. Low order analytical channel models are a

useful first insight into the tidal dynamics and interactions with turbines. The simplicity

and low computational cost of such models allows the investigation of a large parameter

space. However, the models rely on limiting assumptions that may not be applicable

in real scenarios and the flow behaviour is simplified. The limited dimensions of the

model do not allow for accurate representation of real sites and therefore, restrict their

use for resource assessments.

According to O’Hara Murray and Gallego (2017), lower order models can be used to

assess the exploitable resource and environmental impact. However, they are restricted

in modelling key 3-D processes. The shearing of flow in the horizontal plane, due

to the turbulence in the wake of coastal features such as headlands and islands, is
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not captured in depth-averaged models (Adcock et al., 2013). The in-depth velocity

variations due to secondary flows that similarly occur around coastal features or due to

flow separation in the vertical plane by steep changes in bathymetry are also omitted

in depth-averaged models. The flow effects described by Adcock et al. (2013) lead

to differences between the predicted and actual depth-averaged velocities and affect

large-scale mixing. Despite the difficulties in accurately depicting the physics, studies

that adopt 2-D models can provide valuable insights and can be validated against field-

measurements to ensure the model is able to reasonably predict the velocity in the

primary area of interest within the model’s domain.

Whilst 2-D models provide a reasonable representation of tidal dynamics, Stansby

(2006) highlights the limitations of depth-averaged models for shallow wakes. Stansby

(2003) adopts a 3-D boundary layer model with a two mixing length eddy-viscosity

turbulence model: a vertical mixing length of classic Prandtl form and a horizontal

mixing length of a multiple of the vertical length that gave good predictions. Stansby

(2006) compares the 3-D model with a 2-D model. When reduced to a depth-averaged

form, the horizontal mixing length is approximately half the water depth. For the 2-D

model, Stansby (2006) found that whilst the prediction of stable wakes and their size

was poor, the wake structures were similar for both models when vortex shedding was

prominent. The increase in the bed friction coefficient as a result of horizontal strain

rates is not captured in a 2-D model, which is likely what results in the poor prediction

of wakes.

In depth-averaged models, the impact of tidal turbines is imposed over the whole

water column (De Dominicis et al., 2017). O’Hara Murray and Gallego (2017) state the

representation of tidal stream turbines in 2-D models is unrealistic because devices

will only partially occupy the water column. The impact on the flow due to the energy

extraction of an array of turbines is important to consider in resource assessments.

Goward Brown et al. (2017) suggest the depth-averaging of velocity in a 2-D model can
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lead to a potential misrepresentation of these effects and consequently overestimate

the resource. In reality, velocity varies in-depth and has been demonstrated, through

field-measurements, to display a vertically sheared velocity profile (Greenwood et al.,

2019), which is a function of the bed roughness. Goward Brown et al. (2017) emphasise

the importance of the vertical structure of flow in minimising the uncertainty in velocity

and therefore, assessments of power. They suggest that 2-D models are useful for

initial assessments of the resource but the use of 3-D models will allow a more accurate

representation of the interaction between the resource and turbines. Goward Brown et al.

(2017) found that 3-D modelling is necessary for determining the vertical flow bypass

around the turbine and also suggest 2-D modelling can lead to an underestimation of the

levels of sediment transport and uncertainties in environmental impact assessments.

When modelling multiple rows of turbines, there will be a velocity deficit and region of

increased turbulence in the wake of an upstream row that will have an effect on the row

downstream. Adcock et al. (2021) highlights that whilst depth-averaged methods can

apply the reasonably correct amount of thrust to the model, the 3-D mixing behind the

turbine and associated energy dissipation are not captured as easily. Therefore, they

suggest that at a large-scale it is not sensible to resolve individual wakes with 2-D models

because there is an uncertainty in representing the physics correctly in the near-wake

region. However, the overall effect of wake losses due to an array may be accounted

for using constant eddy-viscosity models to represent mixing effects or an analytical

correction (Zhang et al., 2022, Vogel and Willden, 2017, Adcock et al., 2021).

2.4 Limiting Constraints on the Resource

There is a hierarchy of constraints that play a fundamental role in limiting the tidal

stream resource, presented in Figure 2.4. The categorisation of the resource was intro-

duced by Sustainable Energy Ireland (2004), and adopted by O’Rourke et al. (2010) and

Segura et al. (2017). The technical and socio-economic constraints presented in Figure

2.4 are interrelated and challenging to deal with. Therefore, many past assessments of
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the resource have not accounted for them.

Figure 2.4: Pyramid of constraints on the useful energy available from a resource.

The theoretical resource can be considered as the amount of energy physically available

at a site and requires an understanding of a site’s hydrodynamics through measurements

of tidal elevations, current speeds and hydrographic survey data (Segura et al., 2017).

Sustainable Energy Ireland (2004) conducted a resource assessment of the Irish Sea

based on the categorisation of the resource and considered the theoretical resource as

the mean tidal-current power in a cross-section of flow, calculated by Fraenkel (2002)

as,

Pmean = 1

2
ρKsKnU 3

peak [Wm−2], (2.2)

where Upeak is the peak spring-tide velocity, Ks is the velocity shape factor that describes

the variation of velocity over a tidal cycle (0.424 for sinusoidal flow) and Kn is a factor

that describes the ratio of neap to spring tides (assumed to be 0.6).

Technical constraints on the theoretical resource will reduce a resource assessment due

to limitations of the current status of technology (U.S Department of Energy). Therefore,
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Sustainable Energy Ireland (2004) incorporated a turbine efficiency of 0.39 to their

resource assessment and excluded any areas with peak flow velocities lower than 1.5

m/s based on the feasibility of early-stage technology.

Practical limitations include site characteristics (e.g., bathymetry and flow velocities)

and human constraints that dictate the usage of a site (e.g., navigation channels and

fishing areas). For the Sustainable Energy Ireland (2004) study, this limited the resource

assessment to areas with bathymetry between 20 and 40 m and flow velocities greater

than 1.5 m/s. Areas used for shipping, military, and existing pipelines and cabling were

also excluded.

The accessible resource is limited by legislative and regulatory requirements, often

designed to preserve the natural environment. Despite the vast areas of ocean covering

the Earth’s surface, only 13% is not affected by human activities (directly or indirectly)

(Jones et al., 2018). There is growing concern about the impact of offshore activities on

marine wilderness and potential for public objection to tidal developments due to a

required redistribution and re-prioritisation of the seabed. This will impact recreational

and fishing areas, and navigation channels. There is also potential for public objection

to visibility of mooring structures above sea level, although the visual impact is much

less significant than offshore wind because turbines are submerged (Haggett, 2011).

Extracting tidal stream energy can have environmental impacts, and the risk to marine

animals must be considered. When energy is extracted from an energetic tidal strait, the

velocity of the flow reduces compared to its ambient state and significant reduction of

flow velocity can lead to sediment accumulation and deposition, resulting in negative

impacts on the ecosystem (Haverson et al., 2018). However, limitations can be placed

so the maximum permissible change in velocity due to the presence of turbines is not

exceeded, which will mainly impact the number of turbines deployed at a site. Collision

risk between turbines and marine animals needs to be monitored, however, there have

been no collisions detected to date (Coles et al., 2021). Shared usage of the seabed also
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ensures turbines do not occupy the entire width of the channel, allowing animals to

navigate around the developed area, which is also necessary for navigation channels.

Sustainable Energy Ireland (2004) found the areas of primary importance for accessibil-

ity were preservation of the benthic environment, marine mammals and fishing grounds

as well as minimising the impact on coastal aesthetics and recreational activities. They

emphasise that environmental constraints will vary between sites, requiring individual

environmental impact assessments. Therefore, they do not incorporate accessibility

constraints in their resource assessment.

The viable resource is limited by the constraints of the previous categories and considers

additional commercial and techno-economic limitations (e.g., cost, grid integration

and the scale of array deployments) (O’Rourke et al., 2010). Sustainable Energy Ireland

(2004) adopted the Marine Current Turbines Ltd techno-economic model to incorporate

viable constraints in their resource assessment.

O’Rourke et al. (2010) highlighted the need to update resource assessments based

on developments in the tidal stream energy field, including the installation of a 1.2

MW Seagen turbine developed by Marine Current Turbines Ltd. at Strangford Lough

(Power Technology, 2020). The performance of the turbine in practice highlighted

the underestimation of the resource presented by Sustainable Energy Ireland (2004).

O’Rourke et al. (2010) suggested a detailed 2-D model, with a finer mesh and over a

smaller area, could provide a more accurate assessment of the theoretical resource. In

addition, technical and practical limitations should be continually revised based on new

developments of technology and better understanding of sites to ensure an up to date

resource assessment. The revised site-based study of Strangford Lough by O’Rourke

et al. (2010) led to a 15% increase in the assessment of the viable resource in comparison

to Sustainable Energy Ireland (2004).
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2.5 Pentland Firth Resource Assessments

Whilst a number of UK resource assessments have been undertaken, assessments of

the practical and technical resource range between 1.5 – 22.5 GW (Metoc, 2007, Black

and Veach, 2005, Carbon Trust, 2011, HM Government, 2010). A number of site-based

studies have been carried out to quantify the UK’s tidal stream resource (Appendix

C). However, methods have not been consistent so it is not suitable to make a direct

comparison between studies or combine assessments of different sites to calculate the

UK’s overall resource.

The Pentland Firth is potentially the single largest contributor to the UK’s tidal stream

resource. Site-based assessments range between 1 – 17.7 GW (Table 2.1, 2.2). The large

range highlights the inconsistency in resource assessments and the need for a refined

method to quantify the resource.

Black and Veach (2005) applied the kinetic flux method to quantify tidal stream energy in

the Pentland Firth, critiqued in Section 2.1. Salter and Taylor (2007) suggest that studies

based on the kinetic flux under-predict the Pentland Firth’s resource. Salter (2009)

further argued that estimates based on open flow field equations, used for predicting the

output of wind turbines, and incorrect turbine design can lead to the potential resource

of tidal stream energy to be underestimated by up to two orders of magnitude. Salter

and Taylor (2007) used the electrical circuit analogy to describe channel impedance in

the Pentland Firth. The assessment was based on the assumption that energy lost to bed

friction will be similar to the energy extracted by turbines. Salter (2009) highlights the

uncertainty of bed friction losses in the Pentland Firth. The method is highly dependent

on the value of bed friction and the uncertainty in the parameter impacts the overall

assessment greatly. Salter (2009) assumes that flux in the channel is unchanged by

the presence of turbines. However, the current changes when resistance is added to

the flow, which is a significant omission from Salter’s method and indicates why the

assessment is much greater in comparison to other assessments presented in Tables
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Table 2.1: (Part 1) Pentland Firth resource assessments.

Reference Method
Resource
Assessment

Black and
Veach (2005)

· Kinetic flux method
· Significant impact factor (SIF) to represent
fraction of resource available for extraction
Data Sources
· Department for Trade and Industry (DTI)
Renewable Atlas
· Admiralty Charts

· 1 GW Without
significantly
reducing natural
flow

Carbon Trust
(2011)

· 2-D model
· Turbines modelled as additional drag terms in
momentum equation
Data Sources
· Marine Energy Atlas
Software
·Flow Development-2D (TFD-2D)

· 0.9 GW Practical
resource
· 2.0 GW with relaxed
environmental and
economic constraints

Salter and
Taylor
(2007), Salter
(2009)

· Electrical circuit analogy to calculate channel
impedance
Data Sources
· Bed friction value of Menai Strait
(Campbell et al., 1998)

· 17.7 GW at peak flow,
1/3 of 53 GW
dissipated by
seabed

Easton et al
(2012)

· 2-D model
· Smagorinsky method dissipating energy
Data Sources
· Validated with TOPEX/POSEIDON
altimeter data
· British Oceanographic Data Centre (BODC)
Software
· MIKE21 Flow Model Flexible Mesh

· 8.97 GW Mean energy
flux, 80% dissipated
through bed friction

Adcock et al
(2013)

· 2-D model
· Three rows of turbines occupying width of
Pentland Firth
· ADT - included as line discontinuity
Data Sources
· Validated with ADCP gauge data
Software
· Discontinuous Galerkin ADCIRC

· 1.9 GW Upper bound
available power averaged
over spring-neap cycle,
0.4 blockage

Draper et al
(2014a)

· 2-D model
· Sub-channels: Stroma, Swona and Pentland
Skerries
Data Sources
· Bathymetry data interpolated from Seazone Ltd.
Software
· Discontinuous Galerkin ADCIRC

· 4.19 GW (M2 and S2)
· 3.75 GW (M2 only)
Power potential
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Table 2.2: (Part 2) Pentland Firth resource assessments.

Reference Method
Resource
Assessment

O’Hara
Murray and
Gallego
(2017)

· 3-D model
· Turbines incorporated as momentum sink
Data Sources
· UK Hydrographic Office
· Marine Scotland Science
· Admiralty Chart
Software
· FVCOM

Upper bound mean
extractable power:
· 5.3 GW (M2 and S2)
· 4.9 GW (M2 only)

· 1.4 GW Moderate
environmental
impact

De Dominicis
et al
(2017)

· 3-D model
· 8 tidal constituents
· Varying thrust coefficient
· Smagorinsky (horizontal), κ−ϵ (vertical)
Data Sources
· Global self-consistent, hierarchical, high
resolution shoreline data
· TOPEX/POSEIDON and Jason altimeter data
Software
· FVCOM

· 1.64 GW
Average annual
available power

2.1, 2.2. The assessment by Salter and Taylor (2007) is based on peak flow, therefore the

power averaged over the tidal cycle will be significantly lower.

Carbon Trust (2011) assessed the practical resource potential of the Pentland Firth as

part of a national study, using a depth-averaged SWE model. They revised an initial

estimate of 0.9 GW by relaxing the constraints based on environmental and economic

considerations, recognising the cost-benefits of economies of volume for large scale

development at the Pentland Firth and acknowledging the fact that the model did not

accurately represent environmental impacts. The updated assessment increased by

120%, highlighting the sensitivity of resource assessments to assumptions on limitations

to the resource (Coles et al., 2021).

Easton et al. (2012) calculated the mean energy flux into the Pentland Firth but did not

consider the practically extractable resource, stating that it was unlikely a maximum of

10 GW flux could be extracted. Meteorological forcing and additional flow sources were
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excluded from the study. Only the astronomical and Coriolis forcing were incorporated,

as they were considered to be more significant. Easton et al. (2012) noted the limited

availability of in-situ data for modelling. Numerical models are useful, however, lack

of comparable field data makes verifying results difficult. This highlights a significant

challenge of carrying out a validated and accurate resource assessment.

Adcock et al. (2013) assessed the upper bound power available to three rows of turbines

occupying the width of the Pentland Firth. They found that for a given number of

rows, the power available is greater with a larger blockage but as more rows are added,

the increase in power shows diminishing returns. Therefore, a minimum incremental

power per swept area of 1 kW/m2 was implemented as a crude equivalent to offshore

wind. They suggest a refined assessment will unlikely exceed their upper bound as-

sessment because the model overestimates power available compared to a turbine that

will generate an equivalent opposing force on the flow. An assumption of the model is

that the maximum reduction in peak flow rate at the site must be no greater than 30%,

which is likely to exceed environmental impact restrictions. It is unlikely that a row of

turbines would be deployed across the entire width of the Firth due to other seabed

usage priorities, such as shipping channels.

Draper et al. (2014a) assessed potential power from sub-channels in the Pentland Firth,

highlighting that it cannot be described by a single value. They acknowledge the power

potential of channels are dependent on the deployment and operation of arrays in

parallel or series channels. They found that developments of parallel sites increased

power extraction but sites developed in series experienced losses in power extraction.

This is crucial because the original lease sites in the Pentland Firth were leased to

different developers, therefore developments should be regulated, (Appendix A). Their

assessment does not consider power available to turbines.

O’Hara Murray and Gallego (2017) applied a 3-D model to the Pentland Firth. The

model assumes turbine performance is the same regardless of flow direction. This
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would require a yawing mechanism and could have an impact on flow dynamics near

turbines. The assessment is a theoretical upper bound, not a viable resource assessment

(Figure 2.4) because the power extraction refers to power removed from the flow due

to turbines exerting thrust on the flow rather than electrical power. Their assessment

requires a large array (up to 31,420 turbines) to be deployed across the entire width of

the Pentland Firth, causing a 38% volume transport reduction and changes up to 2 ms−1

in flow velocity. The scenario they modelled would likely exceed environmental and

leasing regulations. The study does also present a more realistic scenario (5636 turbines)

with less environmental impact, reducing the assessment by 72%.

De Dominicis et al. (2017) used a 3-D model to assess the ocean’s response to energy

extraction from a large array, environmental impact and power available for electricity

generation. They estimate the resource to be of the same order of magnitude as that

assessed by O’Hara Murray and Gallego (2017) (moderate environmental impact sce-

nario). This site-based study does consider lease site area restrictions making it a more

refined assessment.

2.6 Conclusion

This chapter offers a comprehensive review of the literature pertaining to resource as-

sessments in the context of this thesis. Methods for modelling tidal flow characteristics

and turbines have been identified and evaluated to inform the development of a refined

model for conducting site-based resource assessments. The limitations associated

with the choice of dimensional models are acknowledged and discussed. Appraisal

of methods for modelling tidal dynamics, turbine performance and implementation

of turbines has highlighted the need to choose a model based on the objective of the

research and when compromises due to modelling choices are made, it is necessary

to acknowledge and understand the impact on the results. The review of site-based

resource assessments has highlighted the necessity for a more refined and updated

resource assessment of tidal stream energy, acknowledging the substantial work already
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conducted in this area. The observed variation in resource assessments arises from

inconsistent methods, assumptions, and the consideration of constraints limiting the re-

source. This makes direct comparison between assessments and potential combination

of site-based studies to assess the UK’s overall resource untenable (Metoc, 2007).

The methods and assumptions from previous site-based assessments inform the mod-

eling decisions made in this thesis and highlight existing research gaps. The significant

range in site-based resource assessments underscores the need for an assessment

that considers additional practical and accessible constraints, aspects often omitted

or approximated in existing studies. O’Rourke et al. (2010) emphasised the need to

revise resource assessments based on advances in the field, especially concerning tech-

nical and practical limitations for extracting the viable resource. A refined resource

assessment is sought in subsequent Chapters by considering technical, practical and

accessible limitations to the resource.
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Idealised Channel Study

33



Chapter 3

Investigation of Parameters Affecting Resource

Assessments through Analytical Modelling

The need for a high order standardised model to refine assessments of the tidal stream

energy resource is highlighted in Chapter 2. Various models have been employed in the

study of tidal stream energy. However, to establish a robust and validated model, which

is applicable to a wide range of sites, a thorough analysis of key parameters affecting the

resource must be undertaken. Using a low-order model can inform the development of

a refined high order model by identifying how parameters affect a resource assessment,

allowing the examination of challenges in quantifying tidal stream energy.

Section 3.1 presents existing studies that utilise lower order modelling techniques and

how the work undertaken in this chapter combines extensions of low order models to

extend the work further. An overview of the parameters investigated in this chapter is

presented alongside. Details of the model for representing the channels adopted in the

study, a shallow channel and tidal strait, and the extensions of including multiple tidal

constituents and nodal cycle variability are presented in Section 3.2. In Section 3.3, the

theory and implementation of BC-BEMT are outlined. The turbine performance curve

is described along with an explanation of the turbine control strategy adopted in this

thesis. The results and discussion are presented in Section 3.4.

3.1 Overview of Parameters and Low Order Modelling Extensions

A number of studies have utilised low order channel models with adaptations, sum-

marised in Table 3.1. ADT and BC-BEMT have been used to model turbines across

the studies. The number of constituents, consideration of support structures, capping

strategies, wake deficits and velocity reduction criteria are presented. This study is the

first to encompass all modelling parameters, as illustrated in Table 3.1.
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Table 3.1: Channel model adaptations.
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This study BC-BEMT 8 ✓ ✓ ✓ ✓ ✓

Vennell (2010) ADT - ✗ ✗ ✗ ✗ ✗

Adcock and Draper (2014b) ADT 2+ ✗ ✗ ✗ ✗ ✗

Muchala and Willden (2017) ADT - ✓ ✓ ✗ ✗ ✓

Wang and Adcock (2019) ADT 2 ✓ ✓ ✓ ✗ ✗

Chen et al. (2019) BC-BEMT, ADT 2 ✗ ✗ ✗ ✗ ✗

Low order parameters affecting resource assessments were identified through a lit-

erature review of UK site-based resource assessments (Section 2.5 and Appendix C).

Parameters are categorised into site-based channel characteristics, array and turbine

design, and simulation settings (Figure 3.1). Key dependencies and relations between

parameters and metrics are illustrated in Figure 3.1 but the connections are not ex-

haustive. The parameters form the basis of case scenarios modelled for assessing the

importance of key parameters affecting the resource. Figure 3.1 presents economic and

power analysis metrics and links between parameters are illustrated. Economic metrics

are excluded from the scope of this study because the thesis focuses on the practical

and accessible constraints on the resource and does not explicitly consider the viable

resource (Figure 2.4).

The geometry and dynamic balance of two channels, a shallow channel and a deep tidal

strait, characterised by Vennell (2010), are used as generic idealised channels for the

study. The shallow channel is drag dominated and the tidal strait is inertia dominated

(Garrett and Cummins, 2005). The depth of the shallow channel was doubled (to 40 m)

for this study to ensure the placement of turbine rotors and support structures complied

with minimum blade tip to seabed and blade tip to sea surface clearances outlined in

Meygen (2012). The dynamic balance, which defines the dominating force (inertia or

drag) acting on the channel, was maintained.
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Figure 3.1: Organogram of low order parameters and analysis metrics.

Four blade geometry designs are considered; three designs optimised for a given block-

age, and one unblocked design (Figure 3.1). Other design choices relating to turbines

were cut-in, cut-out and rated speeds. These characterise the performance curve of a

variable-speed variable-pitch (VSVP) operated turbine, which were defined following a

standardised approach proposed by Lewis et al. (2021). Two capping strategies, power

capping and combined power and thrust capping, were adopted.

3.2 0-D Model of Tidal Dynamics

3.2.1 Simple Channel Model

The analytical model proposed by Garrett and Cummins (2005) applies the 1-D approxi-

mation of the conservation of momentum shallow water equation,

∂u

∂t
+u

∂u

∂x
+ g

∂η

∂x
=−F (3.1)
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where u is the flow speed, which is a function of time t and position x along the length

of the channel in the streamwise direction, with cross sectional area AC (x) (Figure 3.2).

Acceleration due to gravity is given by g and η represents the free surface water elevation

that creates a pressure gradient to drive the flow through the channel. The opposing

forces on the flow are represented by F and consists of the resistance due to turbines

and bed friction. The model assumes the flow velocity through the channel and the

turbine drag are independent of transverse positioning of turbines that occupy the

entire width of the channel.

Figure 3.2: Depiction of a channel connecting two basins with area, AC , along the x-direction of
the channel and flow velocity, u, (adapted from Garrett and Cummins 2005).

The constricted channel joins two large bodies of water and the head difference between

either end of the channel drives the current through it. The simplifying assumptions

of this model are that the changes in elevation due to the rising and falling of the tide

are negligible. The conservation of volume principle dictates that flow rate through

the channel is Q = AC u, and independent of the position x if the length of the channel

is sufficiently short compared to the tide’s wavelength, which tends to be in the order

of hundreds of kilometres (Garrett and Cummins, 2005). The tides either end of the

channel are assumed to be unaffected by the currents. The channel must also be

characterised by a low Froude number to ensure that the first order approximations of

depth and velocity are functions of position only.

Equation 3.1 can be integrated along the length of the channel (x-direction, Figure 3.2)
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to give

c
dQ

d t
− gη0 =−δ1Q|Q|−δ0Q|Q| (3.2)

where,

δ0 =
∫ l

0
Cd

(
h A2

C

)−1
d x + 1

2
A−2

e . (3.3)

The parameter c is described by c = ∫ l
0 A−1

C d x, where l is the length of the channel. The

water level difference between the tidal basins on either end of the channel is assumed

to be independent of both the flow through the channel and the changes in F when

turbines are deployed. The elevation varies with time and can be described by the

amplitude, ao , and frequency, ω0, of the forcing by η0 = a0 cos(ω0t). The drag term

δ1Q|Q| represents the force on the flow due to turbines, also written as
∫ l

0 Ft d x. The

drag coefficient of the channel is represented by Cd in Equation 3.3 and Ae is the cross

sectional area at the exit of the channel where the flow jets, with velocity ue , into a

comparatively stagnant tidal basin and is associated as an energy loss (Figure 3.2).

Equation 3.2 can be non-dimensionalised with the following terms, if the turbine drag

is assumed to be proportional to the velocity squared and the drag due to support

structure is excluded, to give Equation 3.4,

Q ′ = ω0c

g a0
Q,λ0 = g a0

(ω0c)2δ0,λ1 = g a0

(ω0c)2δ1, and t ′ =ω0t ,

dQ ′

dt ′
+ (λ0 +λ1)Q ′ ∣∣Q ′∣∣= cos

(
t ′

)
. (3.4)

The bed friction and exit losses are represented by λ0 and the drag due to turbines

is represented by λ1. The parameter λ0 is also considered as the dynamic balance of

the channel, and when no turbine are present it describes the balance between drag

and inertia forces in the channel. The dominant physics is indicated by the value of λ0

bounded by the inertial (λ0 = 0) and quasi steady (λ0 →∞) limits. A value of λ0 >> 1

implies a drag dominated channel and λ0 < 1 characterises a channel dominated by

inertia.
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For a real site, with channel length, l , and depth, h, λ0 can be described by

λ0 = g a0

ω2
0lh

Cd . (3.5)

Equation 3.5 implies that channels with large dimensions, l and h, tend to have lower

dynamic balance and are therefore, inertia dominated (e.g., Cook Strait in New Zealand

is a large, deep strait withλ0 ≈ 0.1, Vennell et al. 2015). The Tory Channel in New Zealand

is a shallow channel with λ0 ≈ 5 (Vennell et al., 2015). In reality, sites will have variable

currents, bathymetry and width across the channel, which makes the characterisation

of the dynamic balance with simple non-dimensional parameters difficult. However, it

is a good initial approximation of a channel’s dynamics (Adcock and Draper, 2014b).

The maximum average power can be assessed, if data on the pressure head and flux

of a channel in natural state can be obtained, through an analytical calculation by

γρg aQmax (Garrett and Cummins, 2005). If γ = 0.22, the maximum average power

available can be assessed, within 10% accuracy, because 0.21 < γ< 0.24 at the inertial

and quasi-steady limit respectively.

The Garrett and Cummins (2005) model is suitable for capturing leading order physics

of the effects from extracting energy on the dynamics of the channel and calculating

upper bound energy extraction at a low computational cost.

3.2.2 Combined Model

The tidal dynamics of the channels used in this chapter are represented with a channel

model proposed by Vennell (2010), which is an extension of the model proposed by

Garrett and Cummins (2005). The model considers the Garrett and Cummins (2007)

volume-flux constrained actuator disc theory to represent rows of turbines occupying

the entire width of a channel.

To comply with the assumptions of the Garrett and Cummins (2005, 2007) models, Ven-

nell (2010) assumes the array of turbines only occupies a short section of the channel’s

length so the flow can be considered in a quasi-steady state. Additional simplifying
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assumptions of the model are that the channel has a rectangular cross-sectional area,

which is uniform along the channel length, and turbines are arranged in a grid (Fig-

ure 3.3, adapted from Vennell 2010). Furthermore, the model assumes that the down-

stream spacing between rows is adequate for the flow in the near-wake of the turbine,

u3, and the bypass flow, u4, to fully mix and recover to the free stream velocity, u, before

encountering the subsequent downstream row of turbines, because u4 ≥ u > u3. In

blockage affected flow scenarios, turbine loads increase because of the streamwise

pressure gradient that develops due to the confined wake expansion (McNaughton et al.,

2022). This is what causes the bypass flow to accelerate relative to the free stream flow.

Figure 3.3: Channel and array schematic with flow velocities demonstrated (u4 ≫ u1 > u3)
(adapted from Vennell 2010, Garrett and Cummins 2007).

The Vennell (2010) model explores how tuning the turbine through-flow, with velocity

u1, and density of an array interacts with the flow at a larger scale and how that affects

the maximum available power from a channel. Garrett and Cummins (2005) study

demonstrated the turbine-flow interaction leads to a decrease in flow speed along the

channel due to an increase in overall drag and assessed the channel’s power potential

through that. Whilst the potential estimated by the Garrett and Cummins (2005) model

assumes turbines occupy the entire cross-section of the channel, Garrett and Cummins

(2007) considered a more realistic scenario that allows mixing behind turbines that

dissipates energy flow. They demonstrate that there is a difference between the chan-

40



Chapter 3

nel’s potential (i.e., maximum power dissipated due to turbines, Pl ost ), and the power

available, Pavai l for electricity generation due to wake dissipation (Vennell, 2010). The

power available is lower than the power lost and can be written as,

Pl ost = Fu = ρNRCT 1 Ac u3 (3.6)

Pavai l = Fu1 = ρNRCT 1 Ac u3r1 (3.7)

where F is the force on the turbines and r1, which is the multiplying factor between

Pavai l and Ploss , is the turbine flow velocity coefficient based on the definition ri = ui /u.

The number of turbines in each row is represented by NR . The force on the turbines is

F = ρNRCT 1 AC u2, where CT 1 is the drag coefficient for one row of turbines expressed

as CT 1 = B
2 (r 2

4 − r 2
3 ). The ratios between the bypass flow and the free-stream flow, and

the through-turbine flow and the free-stream flow can be expressed as

r4 =
1− r3 +

√
B −2Br3 +

(
1−B +B 2

)
r 2

3

1−B
(3.8)

and

r1 = r3 (r4 + r3)

r4 +2r3 −1
. (3.9)

The parameter r3 is the turbine wake flow velocity coefficient and is used as a turbine

tuning parameter by adjusting the turbine pitch. The Lanchester-Betz limit dictates

the optimal tuning of a isolated turbine in a constant free-stream velocity is r3 = 1/3.

Garrett and Cummins (2007) also found the optimal tuning to be r3 = 1/3 for a turbine

in a channel. However, Vennell (2010) demonstrated that when you consider an array of

turbines in a channel this value for optimal tuning does not maximise the power output

of an entire array. For optimal tuning, r3 should be dependent on the number of rows

and the blockage, instead.

The 0-D hydrodynamic model is useful to study parameters affecting the resource at a

low computational cost despite the limiting assumptions of the model. Therefore, in

this chapter, the flow rate in the channel is found by solving the governing equation,

1

c

dQ

d t
= gη− (δ0 +δ1 +δ2)Q|Q|. (3.10)
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Equation 3.4 is the non-dimensional form of equation 3.10, with the inclusion of a drag

parameter to represent the support structure thrust, δ2, in addition to δ0 and δ1, which

represent the channel bed friction and turbine thrust. The non-dimensional form is

solved using the Runge Kutta 4th order method and initial conditions are calculated

from the approximate analytic solution for velocity given in Appendix A3 in Vennell

(2010). To ensure the model had been implemented correctly, the results in Table 1 of

Vennell (2010) were reproduced as a method of validation. Vennell (2010) uses ADT to

represent turbines, therefore assumptions about the design, specification or operation

of the turbine are not considered.

3.2.3 Nodal Cycle and Constituents

Tidal power varies across multiple time-scales from seconds to decades. Many studies

examine the tidal resource over a shorter time-scale, like the spring-neap cycle, because

simulating longer time scales requires significantly more computational time and re-

sources (Adcock et al., 2014). The variability of tides in the order of hourly, daily and

weekly timescales are mostly dependent on the semi-diurnal, diurnal and shallow water

(for shallow or coastal areas) constituent interactions. Examples of this variability are

the asymmetry between ebb and flood, variability in high or low tides over a 24-hour

period and variation of the spring-neap cycle over a fortnight (Thiébot et al., 2022).

However, there is a longer time-scale that needs to be considered, the nodal cycle, which

affects tides over scales of years to decades. Due to the orbital path of the Moon, the

amplitudes and phases of harmonic tidal constituents vary over 18.6-years resulting

in a small modulation in tides. Therefore, the 18.6-year nodal cycle contributes to a

variation in the resource annually. Investigating the variability of the resource over the

nodal cycle is beneficial for developers who require long term projections of tidal stream

developments for feasibility and investment decisions. If the variation is significant, it is

also necessary for turbine developers to consider the maximum loads that occur over

the nodal cycle (Thiébot et al., 2022).
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Thiébot et al. (2020b) conducted a study of the Alderney Race to consider the influence

of the nodal cycle on the tidal resource from 2014 to 2034. The study indicated the

nodal cycle affects predictions of annual power density up to an order of 10%. The

study also considered turbines with a rated power of 1.3 MW to assess the annual energy

production over the nodal cycle, which led to a 7% modulation. In an extension of the

work, Thiébot et al. (2022) broadened the investigation to other sites, the Fromveur

Strait and Ramsey Sound, to consider the variability of tidal stream energy resource in

North Western Europe. The modulation in annual power density for the additional two

sites was found to be comparable. Their study suggests that the variation in annual

maximum velocity across the nodal cycle could have a noticeable impact on turbine

loads, such that the difference in maximum turbine loads is up to 7–10% between the

top and bottom of the cycle. While the effect on tidal asymmetry was found to be

minor, the spring-neap variability demonstrated a more consistent pattern at the peak

of the nodal cycle (Thiébot et al., 2022). The findings of Thiébot et al. (2020b, 2022)

emphasise the importance of analysing and quantifying the effect of the nodal cycle

and the technical specification IEC TS 62600-2015 (2015) recommends investigating the

resource across different time-scales.

In this chapter, a low order model is used to study the potential annual variation in

average power production over the nodal cycle. The insights gained from the low-order

modelling will inform higher-order models, where a balance between the number of

cases run and the length of simulated time is critical. The channel model is extended

to model the variation of the resource over the nodal cycle and include additional

harmonic constituents. To incorporate multiple harmonic constituents, the elevation is

expressed as,

η= a0 cos(ω0t )+a1 cos(ω1t )+ ...+aN cos(ωN t ). (3.11)

To consider the variation of the nodal cycle, the nodal adjustments are accounted for as

a sum of harmonics of each constituent. An example of the harmonic expansion for the
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S2 constituent is given as,

aS2 fS2 cos(σS2 t − gS2 + (VS2 +uS2 )) (3.12)

where aS2 is amplitude, fS2 is the nodal factor, σS2 is angular speed, gS2 is phase lag

at the time zone, uS2 is the nodal angle and VS2 is the equilibrium phase (Pugh, 1987).

Figure 3.4 presents the variation of the nodal factor for 8 constituents.

Figure 3.4: Nodal Factor Variations of 8 constituents over 18.6 years (6,789 days).

Tides can be classified into three main tidal regimes (Table 3.2), which describe the

number of high and low tides each day. The regimes are defined based on the form

factor (FF), also known as the Formzahl number, which classifies tides based on the

ratio of the diurnal (O1 and K1) and semi-diurnal (M2 and S2) constituent amplitudes

(Pugh, 1987),

F F = aK1 +aO1

aM2 +aS2

. (3.13)

Figure 3.5 presents the classifications of tides worldwide and demonstrates the majority

of areas are classified as semi-diurnal, this includes sites across the UK, which means

they are dominated by the M2 and S2 constituents. In this chapter, two sites spanning

the semi-diurnal range were chosen to investigate the effect of FF among semi-diurnal
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Table 3.2: Classification of different tidal regimes based on Form Factor.

Tidal Regime Definition Form Factor (FF)

Semi-diurnal Two high and low tides per day 0 ≤ F F ≤ 0.25

Mixed semi-diurnal
Two high and low tides per day
with the second high and low tide
at a different height to the first

0.25 ≤ F F ≤ 1.5

Mixed diurnal
One high and low tide per day
with an additional small high and
low tide during the fortnightly tidal cycle

1.5 ≤ F F ≤ 3

Diurnal One high and low tide per day 3 ≤ F F

sites. The effect of the number of constituents included in the model on the resource

assessment was also considered. Availability of amplitude and phase constituent data

highly influenced the choice of sites.

Figure 3.5: World map indicating the tidal regimes along coastlines (US Department of Com-
merce, National Oceanic and Atmospheric Administration, 2013).

To calculate the head difference in Equation 3.10, the difference between harmonic

expansions for each constituent at two geographical points near the studied locations

were taken from published data. Three constituent scenarios were modelled: 2 semi-

diurnal constituents (M2 and S2), 2 semi-diurnal and 2 diurnal constituents (additional

O1 and K1) and the 8 largest constituents (additional K2, M4, MU2 and N2). Admiralty

Tide Tables (Hydrographic Office, 2017) provide phase and amplitude data for M2,

S2, O1 and K1 constituents at sites across the UK. However, published data for other

constituents is more limited. The data for sites with higher FFs were from tidal gauges

at Weymouth (FF=0.15) and Bournemouth (FF=0.22), presented in Table 3.3 (Blunden
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and Bahaj, 2006). The data for low FF sites were from tidal gauges in Coverack (FF=0.05)

and Lizard Point (FF=0.06) and modelled with up to 4 constituents only, due to the

availability of data (Table 3.4, Hydrographic Office 2017). Note that all sites considered

are semi-diurnal, however, the constituent data from Weymouth and Bournemouth are

at the higher end of the semi-diurnal FF range, while Lizard Point and Coverack are at

the lower end.

Table 3.3: Amplitude and phase constituent data for Weymouth and Bournemouth (Blunden
and Bahaj, 2006).

Weymouth Bournemouth

Constituent
Amplitude

[m]

Phase

[°]

Amplitude

[m]

Phase

[°]

M2 0.591 190 0.408 373

S2 0.309 242 0.183 292

O1 0.048 350 0.041 348

K1 0.090 111 0.091 112

K2 0.086 238 0.05 291

M4 0.149 24 0.194 75

MU2 0.110 194 0.071 193

N2 0.133 183 0.105 247

Table 3.4: Amplitude and phase constituent data for Lizard Point and Coverack (Hydrographic
Office, 2017).

Lizard Point Coverack

Constituent
Amplitude

[m]

Phase

[°]

Amplitude

[m]

Phase

[°]

M2 1.69 138 1.72 144

S2 0.55 186 0.57 192

O1 0.07 97 0.07 99

K1 0.06 328 0.05 336

3.3 Turbine Model

ADT can be used to represent turbines as uniform discs and their performance can be

analysed by estimating the pressure drop and reduction in average velocity through the
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rotor of a turbine (Section 2.2). However, the theory does not consider the geometry

of blades, which leads to an oversimplification of real turbine behaviour because uni-

form discs only remove the axial momentum from the flow, thus overestimating the

performance of a turbine. As highlighted in Section 2.2, its application in a resource

assessment is constrained to providing only an upper bound value, which limits the

refinement of quantifying the resource. The advantages and disadvantages of using

CFD to resolve turbine performance has also been discussed in Section 2.2. CFD can

provide a high level of accuracy by considering turbulence and wake effects in addition

to blade design but is computationally demanding and is not feasible to implement in

large-scale resource assessment models.

To account for the design of blades and introduce a more realistic low order model of a

turbine, BC-BEMT is implemented in this thesis. BC-BEMT is proposed by Vogel et al.

(2018) as a more realistic representation of turbine performance compared to ADT and

offers a balance by being more computationally efficient than CFD. The theory behind

BC-BEMT and its implementation are outlined.

3.3.1 Blade Element Momentum Theory

The traditional blade element momentum theory (BEMT) is an established method in

the wind industry. It combines the linear momentum and blade element theories by

equating the axial thrust forces calculated in each theory. BEMT considers a turbine

with n number of blades that rotate with angular velocity,Ω. Each blade can be discre-

tised into blade elements from the rotor to the blade tip (along the blade length, R) with

annual rings δr apart (Figure 3.6a). Figure 3.6b presents the aerofoil of a representative

blade element, from which the lift and drag forces on each blade element can be calcu-

lated based on the angle of attack, α, blade pitch angle, βi , the inflow velocity, W , and

the axial and tangential inductions factors, a2i and a′
2i , for i blade elements. Summing

the angle of attack and blade pitch angle gives, φ=α+βi , which is the angle that the

relative inflow velocity, Wi , approaches the blade elements.
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Figure 3.6: Schematic of (a) a turbine rotor discretised into blade elements via an annular ring
and (b) schematic of the blade section section demonstrating the lift and drag forces (Adapted
from Chen 2019, Burton et al. 2011).

The axial and tangential velocities for each blade element are calculated as (1−a2i )u and

(1+a′
2i )Ωr , based on the assumption that spanwise velocities and 3D flow phenomena

are neglected. The axial inflow velocity is represented by u and the distance from the

centre of the rotor along the blade length is r .

As demonstrated in Figure 3.6, the sectional drag, δD , acts in the direction of the relative

inflow velocity, and the sectional lift, δL, acts at a normal to the sectional drag and the

relative inflow velocity,

δD = 1

2
ρW 2

i ci CDiδr, (3.14)

δL = 1

2
ρW 2

i ci CLiδr, (3.15)

where, ci is the chord length of the section and CDi and CLi are the coefficients of lift

and drag of the forces of the blade.

BEMT is underpinned by the assumptions that there is no radial interaction between

each blade element and the change of momentum of the fluid passing through the

swept annulus, created by the element, is due to each element independently (Chen

et al., 2019).

A tip loss correction factor is adopted to account for the reduction in momentum change

that occurs at the blade tip. The tip loss correction factor, Fi , proposed by Glauert (1983)

is adopted. The correction is implemented by multiplying the axial and tangential
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induction factors, a2i and a′
2i , by the dimensionless factor given as,

Fi = 2

π
cos−1

[
exp

[
n(1− (R/r ))

2sinφi

]]
. (3.16)

The tip loss correction factor varies along the length of the blade with a value of 1 along

the majority of the blade. However, towards the tip of the blade, the factor decreases

to 0 where the correction is necessary. Therefore, the correction reduces the axial and

tangential induction factors as the radial flow approaches the tip (Burton et al., 2011,

Chen, 2019).

The thrust and power of the rotor can be calculated by integrating the sectional axial

thrust and tangential torque, δT and δτ, over all the blade elements, which are given as,

δT = 1

2
ρW 2

i nci
(
CLi cosφi +CDi sinφi

)
δr = 4πrρu2 (1−a2i Fi ) a2i Fiδr, (3.17)

δτ= 1

2
ρW 2

i nci
(
CLi sinφi −CDi cosφi

)
rδr = 4πr 3ρu (1−a2i Fi ) a′

2i Fiωδr. (3.18)

3.3.2 Blockage Corrected Blade Element Momentum Theory

In tidal scenarios, the flow is confined, whereas in wind scenarios the flow is considered

unconfined due to wind turbines occupying a comparatively small part of the atmo-

spheric boundary layer. Therefore, tidal turbines experience blockage effects that are

considered to be influential on the performance of turbines and must be accounted

for (Garrett and Cummins, 2007). Vogel et al. (2018) extended BEMT to account for the

volume-flux constraints on the flow field in tidal scenarios thus proposing BC-BEMT. In

the unbounded linear momentum theory, the static pressure in the near-wake of the

turbine is assumed to recover to levels of the upstream value in the far-wake, leading to

a velocity deficit that is twice as large in the far-wake compared to at the turbine plane.

However, the volume-flux constraints in tidal streams cause a streamwise static pressure

difference due to the accelerated bypass flow, which allows the turbine to achieve a

higher maximum power coefficient by applying a greater thrust coefficient. BC-BEMT

equates the axial thrust calculated by the blade element and volume-flux constrained

linear momentum theories to account for the pressure difference (Vogel et al., 2018,
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Chen, 2019).

In BC-BEMT, the rotor is similarly separated by annular rings of width δr , which creates

annular streamtubes, where mass, momentum and energy are conserved, and sur-

rounded by a bypass flow. Figure 3.7 presents the BC-BEMT model of the flow passing a

rotor. The model’s upstream boundary is determined by the macroscopic flow around

the turbine and the downstream boundary is located at a point where the static pressure

is equalised across the annular streamtubes and the bypass flow (Vogel et al., 2018).

Figure 3.7: Diagram of the BC-BEMT model demonstrating the five stations across which the
flow past the rotor is analysed (Chen 2019 adapted from Vogel et al. 2018).

In Figure 3.7, station one exists far upstream of the rotor such that the flow velocity

is assumed to be independent of the turbine’s operation. Stations two and three are

immediately upstream and downstream of the rotor and the fourth station is far down-

stream such that the static pressure between the core and bypass streamtubes will have

equalised. The energy removed from the flow due to mixing of the core and bypass flow,

is assumed to be between station four and five and the flow is assumed to return to a

uniform state with the same speed as far upstream (Garrett and Cummins, 2007, Vogel

et al., 2018).
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Figure 3.8: Blockage-corrected blade element momentum theory calculation sequence, adapted
from Chen (2019).

Figure 3.8, adapted from Chen (2019), presents the calculation sequence for BC-BEMT

to obtain the coefficients of power and thrust, CP and CT , used to characterise the

performance of a turbine. Initial estimates for axial and tangential induction factors

are set to a2i = 0.3 and a′
2i = 0.01 to calculate the inflow angle. The relative twist angle

and cord length are interpolated and the angle of attack is calculated to interpolate

the coefficients of lift and drag. A tip loss correction is applied to account for the gaps

between the finite number of blades (Equation 3.16, Glauert 1983). The sectional axial

thrust for each element is calculated and the total axial thrust on the blade is obtained

through integration. This gives an initial estimate for CT , which can be used to solve the

quartic function for bypass wake induction factor, b4, and the cubic function for wake

induction factor, a4, presented in Vogel et al. (2018). The axial and tangential induction
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factors are calculated and updated using Equation 3.19 and Equation 3.20 (Chen, 2019).

a2i =
(2σiµi (1−a4i Fi )−Fiγi )−

√
γi (F 2

i γi +4 σiµi

sin2φ
(1−a4i Fi (1−Fi ))

2 σiµi

sin2φ
(1−a4i Fi )

(3.19)

a′
2i =

σi (CLi sinφi −CDi cosφi (1−a2i ))

4sinφi cosφi Fi (1−a2i Fi )−σi (CLi sinφi −CDi cosφi )(1−a2i )
(3.20)

The blade solidity, σi , and γi and µi are given by,

σi = nci /2πri , (3.21)

γi =
(
b2

4 +2(b4 +a4i Fi )−2a2
4i F 2

i

)
, (3.22)

µi =CLi cosφi +CDi sinφi . (3.23)

Steps 1 – 4 of the calculation sequence, outlined in Figure 3.8, are repeated. The blade

element forces and axial thrust and tangential torque equations are balanced and the

axial and tangential induction factors are solved before recalculating the thrust coeffi-

cient and induction factors. The axial and tangential induction factors are recalculated

and checked for convergence within a relative error of 10−6. A relaxation parameter of

20% old value and 80% new value is implemented when updating the solution. Once

the solutions have fully converged, the total axial thrust and tangential torque on the

blade can be used to calculate CP and CT .

Three rotors designed for blockages of 0.01, 0.16 and 0.314 by Cao et al. (2018) (low

and medium) and Schluntz and Willden (2015) (high) were used and one unblocked

rotor designed for variable-speed operation (Burton et al., 2011). The hydrofoil used for

all blades was the Risø-A1-24 (Wimshurst and Willden, 2016a), with adapted lift/drag

coefficient and angle of attack data in Chen et al. (2019). A 20 m diameter rotor was

used for all turbines in this chapter.
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3.3.3 Turbine Performance Curve and Control Strategy

Using BC-BEMT to solve the blockage-designed blades provides CP and CT−TSR curves

to characterise the performance of the turbine. At TSR = 0, the rotor is not rotating and

therefore, power is not extracted. At very high values of TSR, the rotor is rotating with

such a high speed that it acts like a solid disc with no mass transport through the rotor,

which leads to no energy extraction. However, there is an optimal Tip Speed Ratio (TSR)

the rotor can be operated at. For the 0.01, 0.16 and 0.314 blockage designed blades the

optimal operation is at TSR = 5.5, 5.5, and 5 respectively.

The performance of a turbine is dependent on the control strategy, which is an important

power limiting operational aspect of turbines. The three main strategies for turbine

control are stall regulation (fixed-speed, fixed-pitch (FSFP)), fixed-speed, variable pitch

(FSVP), or variable-speed, variable-pitch (VSVP), where the speed refers to rotational

speed and pitch refers to the blade pitch angle (Anderson, 2020). FSFP turbines are

mechanically simpler compared to variable operations, however, they compromise on

optimum hydrodynamic performance. VSVP operation offers a greater hydrodynamic

performance and has been widely adopted for large diameter wind turbines. VSVP

operation is applied for the turbines modelled in this thesis because they are also

commonly used in practice for large diameter tidal turbines (13 m – 21 m) (Adcock et al.,

2021). A power curve, that describes the power a turbine generates at different flow

speeds, can be derived from the CP−TSR data. For variable speed operation, the rotor

speed,Ω, must vary with the inflow speed, leading to the cubic relationship presented

in Figure 3.9.
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Figure 3.9: Power output against rotor speed for various flow speeds demonstrating the maxi-
mum power for variable speed operation (adapted from Zhang et al. 2008).

When operating at a constant TSR, the ratio between inflow speed and rotor speed is

fixed, so the cubic relationship presented in Figure 3.9 is the same for power against

inflow speed. Therefore, part of the performance curve of the VSVP turbine can be

defined using this relationship. Figure 3.10 presents the performance curves of a VSVP

turbine under two capping strategies: power capping and combined power and thrust

capping. The power capped performance curve (black, solid) is characterised by the cut-

in speed, cut-out speed and rated speed. Below the cut-in speed no power is generated.

Between the cut-in and rated speed, the performance curve can be defined according

to the ‘maximum power’ curve illustrated in Figure 3.9. Above rated speed and below

cut-off speed, the turbine operates at a rated power and so power production is constant

(i.e., power is being capped). Above cut-off speed the turbine shuts down and no power

is produced.
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Figure 3.10: Performance curve of a variable-speed, variable-pitch operated turbine with power
capping (black, solid) and combined power and thrust capping (red, dashed).

The cut-in, cut-out and rated speeds are usually defined by manufacturers. The cut-

in speed is chosen on the basis that the turbine should not operate at very low flow

velocities because the turbine will turn slowly for long periods of time without producing

much power whilst contributing to the wearing of turbine mechanisms, which is not

economically beneficial. The cut-out speed is usually a protective strategy for the

turbine in periods of high velocities and extreme loading. The rated speed is chosen to

cap power and ensure that an energy storage system is not oversized to accommodate

peak spring-tide velocities that lead to spikes in power over short-periods of time,

resulting in cost savings. Capacity factor is related to the rated speed of a turbine and is

defined as the ratio between the actual power produced by an array to the power that

could be produced if turbines constantly operated at rated power. The choice of rated

speed for turbines in an array will impact the capacity factor of an array.

A study of 14 horizontal-axis tidal turbines provides a range of values to define a stan-

dardised performance curve, proposing the cut-in and rated speeds as a percentage of

the maximum flow velocity (% of Umax) (Lewis et al., 2021). Figure 3.11a presents the
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power and thrust coefficient of the standardised performance curves demonstrating the

study’s proposal that the cut-in speed should be 30% of rated speed. The rated speed is

defined as 46% of Umax at the site, based on 4 constituents (M2, S2, O1 and K1). Rated

speed is defined for a low intermittency scenario based on studies of European sites to

enable more consistent power with fewer hours of no power.

Figure 3.11: Power and thrust coefficient performance curves for (a) a standardised turbine
representation, adapted from Lewis et al. (2021), and (b) a real Vestas V80 wind turbine, adapted
from Feng and Shen (2015).

In reality, the shape of a performance curve is not as simple as those presented in Fig-

ures 3.10 and 3.11a. The graphs presented in Figure 3.11b demonstrate the power and

thrust coefficient curves for the Vestas-V80 wind turbine, incorporating the complex-

ities of a real performance curve. However, due to the lack of open-source empirical

industrial data available for the performance of tidal turbines in practice, the simplified

performance curves outlined in Figures 3.10 and 3.11a are used.

Wang and Adcock (2019) proposed a combined power and thrust capping strategy for

bottom-fixed turbines to limit peak thrust and peak power. The size of the support

structure diameter, resistance on the flow due to the support structure and the channel’s

flow velocity are inter-dependent. Therefore, adopting the combined capping strategy

can lead to a reduction in support structure diameter and a lower thrust on the flow. For

the power and thrust capping performance curve (Figure 3.10 red, dashed line), there is

a region where the thrust is capped by pitching the turbine blades at a fixed rotational
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speed, reducing the axial induction factor and generating less power at each velocity

with respect to power capping (Buck and Garvey, 2015). Once rated power is reached,

the performance curve behaves in the same way as the power capping strategy curve

because the blades pitch to cap power rather than thrust.

The algorithm for converging the required diameter of a support structure of the turbine

based on a combined power and thrust capping strategy is outlined in Figure 3.12.

The initial conditions for the combined capping strategy are the conditions outlined

in Vennell (2010) Appendix A3. The governing equation (Equation 3.1) is then solved

without any capping strategy or consideration of support structure to obtain data for

flow rate, power and thrust. From the peak power and thrust data, the capped threshold

values are calculated. Thrust was capped at 80% of uncapped peak thrust, as in Wang

and Adcock (2018, 2019), and power was capped at the rated power, determined by rated

speed. A two-part iteration to converge the diameter of the support structure follows.

For the first iteration, the thrust of the turbine is calculated based on the velocity data

and an initial estimate for the support structure diameter. The bending moment and

required diameter for the estimated turbine thrust is calculated. The drag due to the

support structure is then added to the total thrust at every iteration and the diameter

of the support structure is recalculated, leading to a small increase with each iteration.

Once the increase in support structure diameter is within 0.001 m, the first iteration

converges. The support structure diameter is then incorporated into the channel model

and run until steady state without capping.

The second iteration considers the effect of the support structure on the flow, which

is not accounted for in the first iteration. The power at each Runge-Kutta 4th order

method step is evaluated against the threshold value and if the threshold is exceeded,

power is capped to the threshold value (Pcap). The thrust is calculated and evaluated

against the threshold value and similarly if the threshold is exceeded, thrust is capped

to the threshold value (Tcap). The velocity data is then fed back into the first iteration
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and the process continues from there until the flow rate between each of the iteration

processes is within 0.1%. At that point, the process is considered converged and the

final calculation of the support structure diameter from iteration 1 is the fully converged

size of the support structure.

Figure 3.12: Combined power and thrust capping calculation sequence, adapted from (Wang
and Adcock, 2018).

The support structure thrust, FS , is calculated by,

FS = 1

2
ρCD,SLSDSu2, (3.24)
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where the drag coefficient of the support structure is CD,S = 1.2, proposed by Muchala

and Willden (2017) for a cylindrical support structure over a wide range of Reynold’s

numbers, length of the support structure is LS = 15 m to allow for reasonable clearance

and the initial estimate for diameter is DS = 3 m. The converging support structure

diameter is calculated by assuming the maximum allowable stress, σmax , of the support

structure is 250 MPa (based on an estimation for tensile strength of steel) (Wang and

Adcock, 2018, 2019). The maximum allowable stress is related to the bending moment

applied to the support, MZ , and the sectional modulus, Ze , as

σmax = MZ

Ze
. (3.25)

The sectional modulus is calculated on the assumption of a hollow cylinder with thick-

ness of 5% of the column diameter and the bending moment is assumed to act perpen-

dicularly at the top of the beam, as per Wang and Adcock (2018, 2019).

Both capping strategies are investigated in this chapter. For the combined capping

strategy the support structure diameter is optimised to withstand the capped thrust and

for the power capping strategy, cases are modelled without a support structure.

3.3.4 Wakes

The theoretical studies on the effect of blockage on the flow through the turbine and

the bypass flow have been outlined in Section 2.1. In some instances the local flow

accelerates due to turbines being closely spaced in the lateral direction and confinement

of flow due to the shallow depth (i.e., local blockage), which leads to individual turbine

power increasing (Ouro and Nishino, 2021). Stallard et al. (2013) and Noble et al. (2020)

have conducted experiments demonstrating this effect.

Due to the extraction of axial momentum across the rotor plane of a tidal stream turbine

a wake develops downstream of the turbine that can be categorised into near-wake and

far-wake regions. There is a velocity reduction induced by the extraction of momentum

behind the turbine compared to the upstream flow, which is defined as a velocity

deficit (Jump et al., 2020). In instances where turbines are positioned at a sufficient
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distance downstream of their upstream counterparts, mixing of the flow in the wake

of the upstream turbine and accelerating by-passing flow will occur and velocity will

return to the uniform value upstream of the turbine. Tip vortices form on rotating

turbine blades and can shed into the downstream wake of the turbines, adding further

complexity to characterising the wake. The turbulence characteristics of flow can be

described in terms of turbulence intensity, defined as the root-mean-square of the

standard deviation of the flow velocity divided by the mean, and the turbulence length

scale, which describes the size of eddies. Turbulence also affects wake generation and

characterisation, and can aid wake recovery.

The combined channel model proposed by Vennell (2010), adopted in this chapter, does

not account for turbulence in wake mixing and assumes the distance between rows

is large enough for mixing to have occurred and the velocity onset to the downstream

row to have returned to the free stream velocity. However, the space required for wake

recovery between longitudinal rows of turbines is not practical for a real array because

tidal stream developments are constrained to areas of strong current and sites leased by

the The Crown Estate and The Crown Estate Scotland. Applying a full wake-recovery

assumption to real tidal array designs poses challenges, making the ideal spacing for

wake recovery less feasible. Myers et al. (2011) highlight the negative wake interactions

and increased velocity deficits of closely packed turbines, which underscores a concern

for developers aiming to maximise lease sites through densely arranged rows in the

longitudinal direction. Consequently, if the velocity deficit in the wake of a turbine,

which has not fully recovered before the next downstream row, is not considered when

assessing the power produced by an array then the resource will be overestimated

because wakes can detrimentally affect the performance of turbines.

The inclusion of wakes of adjacent turbines, and being bounded by the free surface and

seabed, increases the velocity of the bypass flow around a turbine and will also impact

the velocity deficit compared to a turbine in unbounded flow (Stallard et al., 2013). The
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rate of mixing and length scales of the wake-recovery process will be impacted due to

the effects on the bypass and wake flow velocities. This affects the performance of a

tidal turbine (i.e., power produced) at the micro-scale (turbine-to-turbine) (Ouro and

Nishino, 2021). Multiple experimental studies have been conducted to investigate the

downstream flow of an individual turbine, modelled either as a mechanical rotor (Myers

and Bahaj, 2009, Maganga et al., 2010) or a static porous disc (Bahaj et al., 2007, Sun et al.,

2008). The interaction of wakes between multiple tidal turbines was experimentally

investigated by Stallard et al. (2013, 2015). Stallard et al. (2015) demonstrated the velocity

deficit in the wake of an individual turbine in shallow turbulent flow becomes self-

similar and 2-D at 8 rotor diameters or greater downstream. The study only considers a

few rows of turbines and might not be accurate for large arrays.

Stansby and Stallard (2016) suggest a superimposition method of velocity deficits, simi-

lar to what has been applied to wind turbine wakes with self-similar flow (Larsen, 2009).

They give Equation 3.26 to calculate centre-line velocity deficit, ∆Umax , from the up-

stream uniform velocity, U0, for a turbine with diameter, D , at a specified downstream

distance, x. The equation shows good agreement with results in Stallard et al. (2015)

within 4 to 8 rotor diameters downstream.

∆Umax

U0
=−0.216+0.8639/

p
x/D . (3.26)

Stansby and Stallard (2016) proposed blockage correction factors to correct the velocity

at each row of turbines and velocity deficits are superimposed to account for wake

superimposition. The method can be demonstrated on three rows of turbines where the

upstream turbine is row 1 and the furthest downstream turbine is row 3. The velocity of

the flow onset to turbines in row 1 is denoted as U0 with a volume flux of q0 through

the row. The flux downstream of row 1, q1, is calculated based on the velocity deficit

(Equation 3.26). The blockage correction factor is defined as q0/q1, where q1 < q0, and

applied to give the velocity onset to row 2 as U0q0/q1. Velocity deficits are superimposed

to give the flux q2 at row 3 and the velocity onset to row 2 is multiplied by the blockage

61



Chapter 3

correction factor q0/q2, where q2 < q0, to give the onset velocity to row 3.

Understanding the structure, expansion and recovery of wakes is important to ensure an

accurate resource assessment. Wakes are dependent on turbulence intensity, alignment,

blockage, row spacing and array layouts and their complexity is difficult to capture

with the method presented by Stansby and Stallard (2016). They state studies of single

turbines, in wind and tidal streams, indicate velocity deficit in the wake of a turbine

is highly dependent on turbine thrust. Despite the drawbacks of the method, it is

necessary to consider wake effects on the flow velocity, and subsequently on power, in

some way because they will have a significant impact on a resource assessment and it is

a simple and effective method to implement at this stage.

3.4 Results and Discussion

For the two idealised channels modelled in this chapter, a shallow channel and tidal

strait, the head difference was calculated with constituent data from four UK sites

with FF = 0.06 and 0.05 (low) and FF = 0.22 and 0.15 (high) to span the semi-diurnal

classification range (Table 3.13). For the high FF cases, 2, 4 and 8 constituents were

modelled and for the low FF cases, 2 and 4 constituents were modelled due to the

availability of data from the literature. Four rotor designs were simulated for each

case: three designed for 0.01, 0.16 and 0.314 blockages and one designed for unblocked

conditions. Turbines were operated at the TSR corresponding to optimum CP from BC-

BEMT CP vs TSR derived curves. Three blockage cases were defined based on the rotors

designed for specific blockages. For each blockage, 1, 3 and 5 row arrays were simulated.

The channel geometry, blockage and number of rows defined the number of turbines in

each case. For each case, power capping and combined power and thrust capping were

simulated. The initial simulations were run without wake effects. Wake effects were

accounted for by applying a blockage correction factor and deficit to the velocity onset

to each row of turbines, spaced 8 rotor diameters downstream for comparison.
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3.4.1 Nodal Cycle, Form Factor and Constituents

To investigate long-term variability of tidal stream energy due to the nodal cycle, an

analysis of average annual energy production (AEP) spanning 18.6 years was conducted.

Figure 3.13 presents the percentage change in AEP with respect to the mean over 18.6

years of a 5 row array, with 0.314 blockage in a shallow channel, modelled with 2, 4 and

8 high FF constituents. The maximum variation is up to 6.42% with 8 constituents. In

the year with the lowest AEP (2005) the array generates 88% of the energy produced in

2016, which is the year with the highest AEP. This accounts for a substantial difference of

1.36 GWh/year. The variation when modelling with 2 and 4 constituents is up to 5.37%

and 5.61%, respectively. The maximum variation decreases with decreasing numbers of

constituents because, when multiple constituents are in phase, there is a peak in velocity,

and the maximum velocity is greater with 8 constituents than with 2 constituents.

Figure 3.13: Annual energy production over the nodal cycle with 2, 4 or 8 high form factor
constituents for an array with 5 rows and 0.314 blockage in a drag dominated shallow channel.

The maximum variation diminishes with a decrease in the number of turbines, observed

in both high and low FF constituent data scenarios within the shallow channel. Figure

3.14 illustrates this trend for 1, 3, and 5 rows of turbines in a shallow channel, modelled
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with 4 low FF constituents and 0.16 blockage. Given that the shallow channel is drag-

dominated, a smaller number of turbines, relative to the friction in the channel, exerts a

less significant impact on the flow, and consequently the power.

Figure 3.14: Annual energy production over the nodal cycle with 4 low form factor constituents
for an array with 1, 3 or 5 rows and 0.16 blockage in a drag dominated shallow channel.

Figure 3.15 demonstrates the variation in AEP for a 5 row array with the three different

blockages in a tidal strait, modelled with 8 high FF constituents. The change in AEP from

the mean value over 18.6 years is less significant than the shallow channel case (Figure

3.13), with a maximum of 1.97% greater than the mean in 2016 and 2.39% less than the

mean in 2005. For a blockage of 0.01, which has fewer turbines per row than the higher

blockage case, the maximum variation from the mean increases to 3.83%, demonstrating

the opposite effect on power variation over the nodal cycle with decreasing number of

turbines as in the shallow channel (Figure 3.14). Figure 3.16 presents the same 5-row

array in a tidal strait, but modelled with low FF constituents. The graph illustrates a

notable reduction in variation with increasing blockage, aligning with observations

from high FF tidal strait results. For 0.01 blockage, AEP exhibits variations of up to 8.77%

from the mean, which diminish to 5.41% for 0.314 blockage in the same year, 2016. In
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each blockage scenario in the tidal strait, the maximum percentage change from the

mean AEP increases with fewer rows or decreasing blockage, which both relate to fewer

turbines. The relative change between cases with different numbers of turbines (based

on rows or blockage) is less significant in the inertia-dominated tidal strait compared to

the drag-dominated shallow channel. The drag-dominated channel experiences more

significant relative changes with more turbines present due to the large background

resistance present in the channel.

Figure 3.15: Annual energy production over the nodal cycle for an array with 5 rows, 4 high form
factor constituents with 0.01, 0.16 or 0.314 blockage in an inertia dominated tidal strait.
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Figure 3.16: Annual energy production over the nodal cycle for an array with 5 rows, 4 low form
factor constituents with 0.01, 0.16 or 0.314 blockage in an inertia dominated tidal strait.

The results indicate that assessing the resource in one particular year could lead to a

significant overestimation or underestimation, if the whole nodal cycle is not considered.

The dynamic balance is shown to be an important parameter for indicating how the

maximum variation from the mean increases or decreases with additional turbines.

Understanding the trend over the 18.6-year cycle and recognising the years in which the

resource deviates greatest from the mean (2005 – 2007 below, 2016 – 17 above) in a low

order model can inform findings from higher order models to ensure they do not have

to be run for the full nodal cycle.

The prevalence of semi-diurnal sites in the UK and study of sites at each end of the

semi-diurnal FF range emphasises the importance of understanding how quantifying

the resource is affected by the number of constituents used for modelling. For high FF

data, the number of constituents modelled has a more significant impact on the velocity

than the low FF site. Peak velocity is up to 0.32 m/s and 0.19 m/s greater with 8 high

FF constituents than with 2 constituents for the tidal strait and shallow channel across

all arrays. However, the difference between 4 and 2 constituents is only up to 0.01 m/s.

The high FF constituent data, presented in Table 3.3, indicates that whilst M2 and S2
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constituents dominate, K2, M4, MU2 and N2 constituents are also significant and there is

a larger difference in amplitude and phase for constituents between the two high FF sites.

The K1 and O1 constituents are diurnal constituents, therefore, they are smaller at semi-

diurnal classified sites and there is very little amplitude or phase difference between the

two sites, therefore the difference between the 2 and 4 constituent results do not vary

as significantly for the high FF data. The peak velocity occurs when constituents are in

phase and adding more constituents, with greater phase difference, leads to a greater

difference in velocity. The low FF sites are dominated by the M2 and S2 constituents,

therefore, the difference between peak velocity for 2 or 4 constituents is only 0.01 m/s

because the K1 and O1 constituents are much smaller in comparison (Table 3.4).

Modelling sites on the lower end of the semi-diurnal FF range with 2 additional diurnal

constituents does not have a great impact on the resource assessment because they

have a relatively small effect on velocity and subsequent power output. However, when

modelling with higher FF data, additional constituents impact velocity, power output

and variability over the nodal cycle. Constituents with greater amplitude and phase

differences for calculating the head difference are critical for accurately representing

the channel.

3.4.2 Maximum Permissible Change in Velocity

The presence of turbines in a channel can lead to a reduction in peak flow velocity

compared to an ambient case with no turbines. The reduced flow velocity from the

peak value, in the absence of an array, can be constrained in an effort to minimise

the environmental impact of tidal arrays. A study of the hydrodynamic impact on

the morphology at Ramsey Sound indicated the reduction in velocity and subsequent

reduction of bed shear stress, which is proportional to the square of velocity, leads to

sediment accumulation and deposition up to 16 km away from the array (Haverson

et al., 2018). Significant changes in sediment transport can make benthic habitats

unfavourable for native species, leading to their burial or displacement.
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Tables 3.5 and 3.6 present the percentage change in maximum velocity for cases with

different blockages, rows, constituents (high FF) and channel geometries with respect

to the ambient case. Permissible reductions of 10% and 20% from the peak velocities in

an ambient case were considered and red cells indicate exceeded conditions.

Table 3.5: Percentage change in maximum velocity for high form factor constituent scenarios
with respect to the ambient case. Values exceeding 10% reduction in peak flow velocity in red
and permissible cases in green.

Change in Maximum Velocity [%]

Tidal Strait Shallow Channel

10% Permissible

Change

2 Cons-

tituents

4 Cons-

tituents

8 Cons-

tituents

2 Cons-

tituents

4 Cons-

tituents

8 Cons-

tituents

Blockage

= 0.01

1 Row 0.2 0.2 0.2 0.6 0.6 0.6

3 Rows 0.5 0.5 0.5 1.9 1.9 1.9

5 Rows 0.8 0.8 3.1 3.1 3.1 3.1

Blockage

= 0.16

1 Row 3.4 3.4 3.2 11.4 11.3 11.4

3 Rows 9.3 9.4 9.3 25.9 25.8 25.9

5 Rows 14.2 14.2 14.0 35.1 34.8 35.0

Blockage

= 0.314

1 Row 9.6 9.7 9.6 26.6 26.4 26.5

3 Rows 22.4 22.7 22.0 47.0 46.7 47.0

5 Rows 30.9 31.2 30.3 56.4 56.2 56.4

Based on the results outlined in Tables 3.5 and 3.6, the maximum permissible change

is much less restrictive for the tidal strait, with 67% of proposed layouts not reducing

the maximum velocity in the channel by more than 10% and 85% for 20% permissible

change. Note that the number of turbines in the 0.16 blockage, 5 row array is greater

than 1 row at 0.314 blockage. Therefore, the former exceeds the 10% limit while the

latter does not. For the shallow channel, more than 50% of the proposed arrays are

not within the permissible change in flow rate restrictions. The tidal strait is inertia

dominated, therefore the flow can withstand more turbines without affecting the peak
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velocity substantially, compared to the shallow channel, which already has significant

background friction because it is drag dominated. The results outlined in Vennell (2010)

corroborate this, with 1 row of turbines in the shallow channel reducing flow velocity by

26% compared to a 5% reduction in the tidal strait with 0.25 blockage.

Table 3.6: Percentage change in maximum velocity for high form factor constituent scenarios
with respect to the ambient case. Values exceeding 20% reduction in peak flow velocity in red
and permissible cases in green.

Change in Maximum Velocity [%]

Tidal Strait Shallow Channel

20% Permissible

Change

2 Cons-

tituents

4 Cons-

tituents

8 Cons-

tituents

2 Cons-

tituents

4 Cons-

tituents

8 Cons-

tituents

Blockage

= 0.01

1 Row 0.2 0.2 0.2 0.6 0.6 0.6

3 Rows 0.5 0.5 0.5 1.9 1.9 1.9

5 Rows 0.8 0.8 3.1 3.1 3.1 3.1

Blockage

= 0.16

1 Row 3.4 3.4 3.2 11.4 11.3 11.4

3 Rows 9.3 9.4 9.3 25.9 25.8 25.9

5 Rows 14.2 14.2 14.0 35.1 34.8 35.0

Blockage

= 0.314

1 Row 9.6 9.7 9.6 26.6 26.4 26.5

3 Rows 22.4 22.7 22.0 47.0 46.7 47.0

5 Rows 30.9 31.2 30.3 56.4 56.2 56.4

Tables 3.7 and 3.8 present the percentage change in maximum velocities but for cases

modelled with low FF constituents, with red cells indicating exceeded conditions for

10% and 20% reduction in peak velocity, respectively. The feasibility of sites for both

channels are similar with high or low FF data. For the shallow channel with low FF data,

(Tables 3.7 and 3.8), 78% and 67% of arrays are unfeasible for 10% and 20% permissible

change, which is one case scenario extra for each, compared to the high FF cases (Tables

3.5 and 3.6). The feasibility of sites remains the same for the tidal strait regardless of FF.
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Table 3.7: Percentage change in maximum velocity for low form factor constituent scenarios
with respect to the ambient case. Values exceeding 10% reduction in peak flow velocity in red
and permissible cases in green.

Change in Maximum Velocity [%]

Tidal Strait Shallow Channel

10% Permissible

Change

2 Cons-

tituents

4 Cons-

tituents

2 Cons-

tituents

4 Cons-

tituents

Blockage

= 0.01

1 Row 0.2 0.2 2.6 2.1

3 Rows 0.5 0.5 6.6 6.6

5 Rows 0.9 0.9 10.3 10.3

Blockage

= 0.16

1 Row 3.5 3.5 29.9 29.7

3 Rows 9.4 9.4 50.6 50.3

5 Rows 14.3 14.3 59.8 59.4

Blockage

= 0.314

1 Row 9.7 9.7 51.4 51.1

3 Rows 22.5 22.9 69.6 68.9

5 Rows 30.6 30.8 76.0 75.3

These cases demonstrate that a maximum permissible change in velocity could signifi-

cantly restrict array developments due to environmental impact, particularly for high

blockage arrays. The restriction of maximum permissible change in velocity will be a

limiting factor on the accessible resource, although, currently there is no regulatory ba-

sis for the limitation (Coles et al., 2021). In reality, the leased areas for development will

be a greater limiting factor on the number of rows in an array due to space constraints,

which affects the reduction of peak flow rate.
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Table 3.8: Percentage change in maximum velocity for low form factor constituent scenarios
with respect to the ambient case. Values exceeding 20% reduction in peak flow velocity in red
and permissible cases in green.

Change in Maximum Velocity [%]

Tidal Strait Shallow Channel

20% Permissible

Change

2 Cons-

tituents

4 Cons-

tituents

2 Cons-

tituents

4 Cons-

tituents

Blockage

= 0.01

1 Row 0.2 0.2 2.6 2.1

3 Rows 0.5 0.5 6.6 6.6

5 Rows 0.9 0.9 10.3 10.3

Blockage

= 0.16

1 Row 3.5 3.5 29.9 29.7

3 Rows 9.4 9.4 50.6 50.3

5 Rows 14.3 14.3 59.8 59.4

Blockage

= 0.314

1 Row 9.7 9.7 51.4 51.1

3 Rows 22.5 22.9 69.6 68.9

5 Rows 30.6 30.8 76.0 75.3

There are other factors that may have a greater environmental impact that need to

be considered for tidal development. An example across the cases presented in this

chapter is the high blockage scenario (B = 0.314), which increases the risk of collisions

with marine life due to such a large fraction of the channel’s CSA being occupied by

rotors (Polagye et al., 2011). Additionally, development of low turbulence sites is more

desirable for tidal energy because it reduces unsteady loads. Turbulence intensity in-

dicates the magnitude of flow velocity fluctuations. Typically, turbulence intensity in

the boundary layer of a tidal stream (5 m from the seabed) is 12 – 13% streamwise and 7

– 8% transverse/vertically (Milne et al., 2013). An increase in turbulence intensity can

reduce the velocity deficit in the near-wake region of a turbine and reduce the evolution

of vortices in high turbulent intensity environments. However, it can also have a sig-

nificant effect on the loading and performance of turbines (Nuernberg and Tao, 2018).
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Therefore, the impact of array deployments on turbulence intensity could be considered

as a limiting factor on the size of arrays for environmental reasons. Environmental

impact assessments (EIA) are beyond the scope of this thesis, but the potential negative

impact on the environment from tidal stream energy extraction is important to consider

and has been the focus of other studies (Polagye et al., 2011, Goward Brown et al., 2017,

De Dominicis et al., 2018, Haverson et al., 2018). Future research has the potential to

systematically incorporate restrictions that limit environmental impacts into resource

assessments, once regulatory guidance is clearer.

3.4.3 Rotor Design

An unblocked rotor design was compared to the performance of blockage designed

blades. For the highest blockage (B = 0.314) the average annual energy density, defined

as the average annual energy over the nodal cycle divided by the rotor swept area,

increased by up to 41% in the tidal strait and 34% in the shallow channel, when using a

blockage designed blade. At a low blockage (B = 0.01) the percentage increase in energy

density is much less significant with up to 3% increase in the tidal strait and up to 4%

for the shallow channel.

Figure 3.17: Performance curves of the 0.01, 0.16, 0.314 blockage designed blades and an
unblocked blade design for the same rated, cut-in and cut-out speeds.
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Rotors designed with blockage considerations can enhance the power output of arrays

compared to rotors without blockage considerations, operating under the same condi-

tions. Figure 3.17 presents an example of performance curves for the four blade designs,

CP values according to BC-BEMT, in agreement with Chen (2019) for the blockage-

designed blades. The increase in performance is significant in higher blockage scenarios

because the percentage difference in the coefficient of power between the 0.314 block-

age designed blade compared to the unblocked blade is 35%. For 0.01 blockage, the

coefficients of power have a percentage difference of 3%. Blockage is significant in tidal

streams compared to wind, where flow is effectively unconstrained. Therefore, design-

ing blades for specific blockages in tidal stream energy is an advantage for harnessing

the resource.

BC-BEMT allows the performance of rotor designs to be studied but it has limitations.

The incorporation of Glauert’s (Glauert, 1983) tip correction does not account for all

losses near the blade tip due to spanwise flows, and empirical corrections to the flow are

dependent on blockage and rotor design. BC-BEMT cannot predict the performance

of turbines in extreme operating conditions, high TSR and high and low pitch angles,

because it does not consider stall delay, and propeller and turbulent wake states of

turbines. However, BC-BEMT is a more realistic alternative to ADT, allowing turbine

specifications and operation to be studied (Chen et al., 2019).

3.4.4 Performance Curve Characteristics

The use of a VSVP power curve for turbine performance representation necessitates the

definition cut-in, cut-out and rated speeds. Investigating the effect of defining these

points, based on a study of a standardised power curve by Lewis et al. (2021), on the

resource is important to consider.

A Random Forest (RF) model was employed to evaluate the significance of cut-in, cut-

out, rated speeds, and the number of turbines on an array’s AEP. In RF modeling, the

outcomes (in this instance, AEP) are predicted based on a set of inputs, and the im-

73



Chapter 3

portance of each input is determined by measuring the error between the prediction

and the true outcome after permuting the inputs, as described in Molnar (2021). If

the error increases after permutation, it indicates the model relied on that input for its

predictions, therefore it is important to the outcome and will have a higher importance

estimate. The importance estimates have been normalised to range between 0 and 1,

where 0 is least important and 1 is most.

To work well, the RF Model requires continuous input data and a realistic range. The

input range of performance curve characteristics were defined as percentages of the

maximum velocity at the modelled sites, based on 4 constituents (M2, S2, K1, O1),

following the standardised power curve method (Lewis et al., 2021). For Figure 3.18, the

range of each speed was kept the same size, 25%. The number of turbines as a predictor

is not strictly a continuous data set. However, the number of turbines is defined by

the number of rows and blockage, giving a non-uniform and wide enough range to be

compatible.

In Figure 3.18, the number of turbines has the highest importance estimate, because

the model heavily relies on this predictor to predict the AEP of the array. The indication

that the number of turbines is an important parameter affecting the output of an array

is realistic and provides confidence in the model. Rated speed has the second highest

importance estimate. It dictates the rated power of a turbine and changing its value

would have a large impact on the AEP of an array because it affects a wide range of

velocities onset to the turbine and the subsequent power produced. The cut-in and cut-

out speeds have relatively low importance estimates suggesting they are not important

when predicting the AEP of an array.
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Figure 3.18: Random Forest model importance estimates for cut-in speed (5-30% of Umax ),
cut-out speed (65-90% of Umax ), rated speed (35-60% of Umax ) and number of turbines (1-50).

The same inputs were used to test the effect of range size on the results (Figure 3.19).

The ranges were kept the same except for the rated speed, which was reduced to a 5%

range.

Figure 3.19: Random Forest model importance estimates for cut-in speed (5-30% of Umax ),
cut-out speed (65-90% of Umax ), rated speed (45-50% of Umax ) and number of turbines (1-50).

The reduced range for rated speed resulted in a significant reduction in the importance

estimate, to almost zero. This is realistic because it is unlikely that any choice of rated

speed within a small range will change the overall array output at this scale. The range

provided for rated speed for the case presented in Figure 3.18 is a more reasonable

choice for turbine specifications. Hence the indication that rated speed is the most
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important performance curve characteristic is valid.

To ensure the observations predicted by the RF model were accurate, the correlation

coefficient between the models predicted and actual outcomes was calculated, giving a

90% correlation. A regression method was also used to determine the importance of

the same parameters affecting the resource to compare with the Random Forest model

results. The order of importance estimates of the predictors were in agreement for both

methods. A RF model is most appropriate to use to study importance estimates, instead

of a regression model, when a large number of inputs (four or more) are considered or

inputs are interrelated.

The outcome of the RF modelling indicated the choice of cut-in and cut-out speeds did

not significantly affect the resource, as measured by AEP. However, careful consideration

of an appropriate rated speed should be taken. Lewis et al. (2021) provides different

values for the definition of rated speed, as a proportion Umax , based on energy yield

scenarios and sites.

3.4.5 Power Capping and Combined Power and Thrust Capping

Thrust capping has a detrimental effect on power output over a small range of velocities

compared to power capping, as illustrated in Figure 3.10, where the combined capping

curve exhibits a slight deviation from the power capping curve. However, thrust cap-

ping offers the advantage of optimising support structure diameter according to the

maximum thrust the turbine will withstand, which only occurs over small periods of

time, resulting in cost savings in material usage (Wang and Adcock, 2019). In this study,

the support structure diameter is reduced by up to 63% in the shallow channel and up

to 23% in the tidal strait.

In this thesis, it is assumed that turbines are always aligned to face the oncoming flow,

which is realistic for horizontal axis turbines with the adoption of a yaw mechanism

(De Dominicis et al., 2017). However, the effect of yawing and fluctuations in turbulent
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velocity are not considered. The effects could increase the peak thrust, which requires

blade pitching to cap, thereby affecting turbine performance during thrust capping.

Additionally, the model does not consider the sheared velocity profile and subsequent

effect of loading on the support structure. Despite these assumptions, the low order

model offers valuable insights into the two capping strategies and their impact on

resource assessments.

The average annual energy density for 1 row arrays, at all blockages, were within

0.01 MWh/m2 for power capping and, power and thrust capping scenarios. With the

exception of the tidal strait at 0.16 and 0.314 blockages, where the average annual en-

ergy density was 0.09 and 0.06 MWh/m2 greater with the combined capping strategy.

However, power capping cases do not include support structure drag. To investigate the

impact of the support structure, a case was run where the support structure is modelled

with power capping and the initial estimate for the diameter of the support structure

(3 m) is assumed. With support structure drag included in power capping, the average

annual energy density of power capped cases decreases by 16% compared to the com-

bined capping strategy and 8% compared to the power capping strategy without the

inclusion of support structure in the shallow channel, and minimal difference in the

tidal strait. Therefore, the annual energy density is greatest for an array that adopts a

combined capping strategy (with support structure). Power capping strategies lead to

a lower annual energy density and when a support structure is modelled with power

capping, the lowest annual energy density is achieved due to the additional drag due

to the support structure. The capacity factor decreases up to 2% when power capping

compared with combined capping strategies, with the inclusion of the support structure

in both.

Whilst combined capping can offer a reduction in material cost, the results demon-

strate that the impact on the resource is relatively small. Considering the additional

calculations required for thrust capping, when higher order models are being used the
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additional computational expense is disproportionately large compared to the impact

on assessing the resource (Wang and Adcock, 2019). Additionally, economic limitations

on the viable tidal resource are not within the scope of this thesis, thus, the primary

advantage of thrust capping is not captured.

The results presented in Section 3.4.1, demonstrating the variation of the resource

of the nodal cycle, all include power capping. Capping reduces variability across the

nodal cycle because it caps power over short periods of time when velocity peaks

due to constituents being in-phase. Without power capping the variation across the

nodal cycle would be greater. For combined capping, the optimisation of the support

structure diameter through thrust capping limits the reduction of the flow, therefore,

the maximum variation in AEP from the mean, over the nodal cycle, decreased when

combined capping was adopted.

3.4.6 Wake Effects and Velocity Deficits

The inclusion of wake effects as a velocity deficit to downstream rows decreases capacity

factor and energy per swept area of multi-row arrays. The change in average annual

energy per swept area for 1 and 5 row arrays decreases by 5%, when flow downstream

of each row is assumed to fully mix and recover to the free stream velocity before the

next row, and 28% when flow velocity recovery between rows does not take place, for a

high FF tidal strait scenario at 0.314 blockage. An 8 diameter separation between rows

is assumed for Equation 3.26. In the shallow channel, the change in energy per swept

area for 1 and 5 row arrays is 52% (without wakes) and 64% (with wakes). The change

in annual energy per swept area for 1 to 5 rows decreases as blockage decreases. This

highlights that additional rows in the drag dominated shallow channel has a significant

impact on the resource and the inclusion of wake effects enhances this.

Stansby and Stallard (2016) compared the blockage correction and velocity deficit

superposition method with experimental results from Stallard et al. (2015) and found

root-mean-square errors in the velocity deficit up to 0.0682. Turbulence length scales

78



Chapter 3

and wake interactions are complex, and whilst the method proposed gives an initial

insight into the effect of wakes in a low order model, higher order modelling is required

to more accurately capture the effects.

3.5 Conclusion

In this chapter, the study of idealised channels in a 0-D model was undertaken to deter-

mine how channel characteristics and operational parameters impact the assessment

of the resource. The findings indicate dynamic balance is a key parameter affecting

tidal dynamics when turbines are present in a channel and therefore, key to resource

assessments. The influence of the nodal cycle on the variability of AEP was found to be

most significant in a drag dominated channel with increasing blockage, but in an inertia

dominated channel the variation from the mean decreased with increasing blockage.

Constraints on the maximum permissible reduction in peak flow velocity are more

limiting for a drag dominated channel and indicate that high blockage arrays are likely

to be unfeasible under such restrictions, which should be carefully considered in array

designs. Using turbine blades optimised for a given blockage results in substantial

increase in energy yield, compared to using unblocked turbine designs, especially at

high blockages. Despite UK sites being characterised as semi-diurnal, the FF within the

semi-diurnal range has an effect on the number of constituents that should be modelled.

For the calculation of head difference, it is important to consider the amplitude and

phase difference of each constituent at the two locations chosen to characterise the

site. When constituents have large amplitude and phase differences they have a greater

impact on the variability of the resource across the nodal cycle. The modelling of high

FF sites with limited constituents, cannot fully capture the variation of the resource as

constituents move in and out of phase. This highlights the importance of differenti-

ating sites within the semi-diurnal FF range to determine the appropriate number of

constituents for modelling.

The specification of turbines is vital to harness the optimum resource, and rated speed is
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the most important performance curve characteristic. The use of an RF model provided

confidence in the standardised performance curve method because it gives sufficient

consideration for rated speed (Lewis et al., 2021). The choice of cut-in and cut-out

speeds can also impact the assessment of resource, although not as much as rated speed

according to RF modelling. Adopting the same method for defining the performance

curve across all the cases presented in this chapter allows for conclusions from the com-

parative analysis to be useful, despite the influence of the choice of the characteristic

points.

Combined power and thrust capping is a beneficial strategy for savings in support

structure and foundation material costs and increases energy per swept area compared

to power capping alone, but it is computationally expensive for higher order modelling.

Adopting capping strategies decreases the variability of the resource across the nodal

cycle. An initial investigation of velocity deficit on multiple row arrays indicated that

change in energy per swept area from 1 to 5 rows is significantly increased when account-

ing for wakes. However, a more detailed study on turbulence and wake effects would

need to be undertaken in a higher order model, to ensure a more accurate evaluation of

wake effect on the resource.

The use of the 0-D channel model in this chapter has provided valuable insights into

how parameters affect the resource. One takeaway is the interrelated nature of these

parameters, making the identification of the key individual parameters affecting the

resource difficult, whilst highlighting the complexity of resource assessments. As the

thesis progresses into 2-D numerical modelling, it acknowledges the introduction of

additional complexities necessitating modeling compromises and assumptions. How-

ever, the foundational understanding derived from low order modeling allows informed

modelling decisions to be made.
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Implications of 2-D Numerical Modelling

Low order modelling has provided useful insights into key parameters affecting resource

assessments in Chapter 3, but limits the accurate representation of tidal dynamics and

the exploration of real-world constraints on the resource. Transitioning from low order

modelling to 2-D modelling of an idealised channel allows the opportunity to explore

2-D modelling techniques and validate the modelling software as an intermediate step

between 0-D models of idealised channels and 2-D modelling of a real site.

In this chapter, the idealised channels proposed by Vennell (2010), and modelled in

Chapter 3, are replicated using the 2-D shallow water equation model, Thetis (Kärnä

et al., 2018). The extensions (e.g., combined capping, multiple constituents, nodal-cycle)

implemented in Chapter 3 are not modelled in this chapter due to the computational

limitations of higher order modelling and the need to explore other parameters that

were not possible to investigate in the 0-D model. The details of the 2-D hydrodynamic

model, and turbine implementation and representation are outlined in Section 4.1. In

Section 4.2, results from the 2-D modelling of the Vennell (2010) idealised channels, with

continuous and discrete implementations of turbines, are compared to the literature.

Different array layouts are considered in Section 4.3, using the discrete representation

of turbines to investigate the impact of row spacing and arrangement of turbines. In

Section 4.4, the impact of boundary effects for different domains is highlighted and

discussed for an idealised channel.

4.1 2-D Modelling

4.1.1 The Thetis Shallow Water Equation Model

The SWE (Saint-Venant equations) describe flow beneath a free surface in a domain

where the horizontal scale and wavelength are much greater than the vertical scale

(Vallis, 2019). The 2-D SWE are commonly used to capture the leading order physics of
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tidal energy sites (Blunden and Bahaj, 2006, O’Rourke et al., 2010, Easton et al., 2012, Ad-

cock et al., 2013). The use of a 2-D depth-averaged model necessitates the assumption

of homogeneity in the vertical, in-depth, direction. It requires the shallow fluid layer,

described by the equations, to have a constant density and be in a state of hydrostatic

equilibrium. These equations are derived by depth-averaging the Navier-Stokes equa-

tions, with the flow’s motion fully described by the continuity (mass conservation) and

conservation of momentum equations.

The non-conservative form of the 2-D non-linear SWE are solved in Thetis to account

for velocity and elevation variation, which are important when considering large-scale

oceanic flows, and the Coriolis effect when modelling real sites. The discretisation

approach of the non-conservative form allows terms to be rearranged outside of the

derivatives. For coastal applications, this is appropriate due to the moving control

volume in the domain (Mackie, 2022).

The coupled partial differential equations that form the set of 2-D SWE are;

∂η

∂t
+∇· (Hu) = 0, (4.1)

∂u

∂t
+u ·∇u−ν∇2u+ f u⊥+ g∇η=− τb

ρH
, (4.2)

where η is the free surface elevation, t is time, H is the sum of the free surface elevation

and depth at rest (i.e., total water depth) and the vector u represents the components of

depth-averaged velocity (Kärnä et al., 2018). In Equation 4.2, ν is effective kinematic

viscosity, f u⊥ represents the force of the Coriolis effect, g is acceleration due to gravity,

τb is the bed friction and ρ is the water density (Kärnä et al., 2018, OpenTidalFarm, 2016,

Goss et al., 2020). For the idealised cases modelled in this chapter, the Coriolis force is

neglected but incorporated in subsequent Chapters of the thesis where modelling of

real sites is undertaken.

The bed friction, τb , is represented using a quadratic drag term (Equation 4.3), where
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the bed friction coefficient of drag is, Cd .

τb

ρ
=Cd |u|u. (4.3)

The kinematic viscosity, ν, is made up of the molecular viscosity and eddy viscosity

(turbulent viscosity) (Vouriot et al., 2019). Molecular viscosity is the measure of a fluid’s

ability to deform and is in the order of 10−6 m2s−1, therefore, considered negligible. Eddy

viscosity is similar to molecular viscosity in terms of diffusing momentum, however, it

acts at a larger scale and arises from the momentum transport through a flow field due

to turbulent velocity fluctuations (Du Feu, 2019).

A viscosity sponge, which is a layer of increased viscosity and friction, is applied at

the open boundaries of the model to assist uniform mixing and dampen numerical

instabilities or re-circulation at the boundary (Vouriot et al., 2019). The viscosity at the

open boundary is set to 1000 m2 s−1 and decreases linearly with distance away from

the boundary to the end of the viscosity sponge. The viscosity sponge increases the

model’s stability and is applied only at the open boundaries. Ensuring the sponge does

not extend to areas of interest (i.e., areas of the domain occupied by turbines) minimises

the effect on the results. The viscosity is set to 1 m2 s−1 outside of the viscosity sponge

(as used in Zhang et al. 2022 and Jordan et al. 2022) serving as a constant eddy viscosity

turbulence model. The constant eddy viscosity approach avoids excessive dissipation

of hydrodynamic structures in areas of the region with finer resolution mesh whilst

ensuring model stability (Vouriot et al., 2019).

The adoption of numerical modelling in this chapter, allows the partial derivatives

presented in Equations 4.1 and 4.2 to be approximated through discretisation, bypassing

the need for analytical solutions. This can be achieved through finite element methods

(FEM) or finite volume methods. Thetis is an unstructured grid modelling software

that simulates coastal flows using Firedrake’s finite element (FE) partial differential

equation (PDE) solver (Rathgeber et al., 2016, Kärnä et al., 2018). In this thesis, the

discontinuous Galerkin finite element (DG-FE) method is adopted to discretise SWE
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spatially, and solved iteratively by the PETSc’s Newton method (Balay et al., 2016). DG-

FE is well suited to applications dominated by advection with unstructured meshes,

such as coastal domains. The domain is discretised into a finite set of elements and the

variables that are being solved for are approximated and typically continuous within

each element. The unknown variables in this application are depth-averaged velocity

and free-surface elevation. They are discretised by a velocity-pressure finite element pair

(P DG
1 −P DG

1 ), which are represented by piecewise-linear discontinuous basis functions

(Kärnä et al., 2018, Goss et al., 2019).

The velocity and elevation are defined across each element of the mesh individually and

the value at the node is the same between connecting elements. The model is forced at

the boundaries: open boundaries are forced by tidal elevation functions with Dirichlet

boundary conditions, that differ for idealised and real site applications in this thesis,

and a free-slip boundary condition is applied for the closed (coastal) boundaries. The

shared adjoining nodal values and boundary values are used to solve the SWE across

the domain (Du Feu, 2019).

The unstructured triangular meshes used in this thesis were created in qmesh, which

uses Geographical Information Systems software to define the domain and interfaces

it with the mesh generation tool Gmsh (Avdis and Hill, 2017, Geuzaine and Remacle,

2017). The resolution for each mesh is dependent on the individual application and will

be described for each study in this thesis.

The semi-implicit Crank-Nicolson time marching scheme is used for temporal discreti-

sation. This scheme takes the average of the forward and backward Euler methods and

is advantageous because it is unconditionally stable for linear systems and has good

second-order accuracy in time and space. A constant timestep of ∆t = 50 s was applied

in this chapter.

All simulations were conducted on an Intel(R) Core(TM) i7-7700 workstation with 8
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CPUs, 32GB RAM and an Ubuntu 21.04 operating system.

4.1.2 Turbine Implementation

Turbines can be implemented in depth-averaged models in a number of ways, as

outlined in Section 2.2. In Thetis, turbines are represented as an additional sink term

in the momentum equation (Equation 4.2), to include the force on the flow due to

turbines (Kärnä et al., 2018). In this chapter, linear momentum actuator disc theory

is used to represent the performance of turbine rotors, keeping in line with Vennell

(2010) for comparison purposes. The turbine drag coefficient, ct is applied in addition

to the bed friction (Equation 4.3) in the area that turbines are placed such that arrays

are characterised by areas of enhanced bottom friction (Zhang et al., 2022). Equation

4.4 presents the sink term that is included in the momentum equation to represent the

inclusion of turbines (Goss et al., 2020).

ct

ρH
|u|u (4.4)

The non-dimensional and spatially varying drag coefficient, ct , is set to zero in areas

where turbines are not deployed. The force on the flow due to the array is

Far r ay =
∫
Ωar r ay

ρct d(x)|u|udx. (4.5)

The thrust force exerted by ‘N ’ number of turbines in an array is approximated by

Equation 4.6, where CT is the thrust coefficient and AT is the swept area of an individual

turbine rotor.

Far r ay =
N∑

i=1

1

2
ρCT AT |ui |ui (4.6)

The free stream velocity at the coordinate of the i th turbine is represented by ui . The

thrust coefficient is dependent on the velocity according to a performance curve and

individual turbine rotor area in the array, described in Equation 4.6, is assumed to be

homogeneous. The equivalent continuous version of Equation 4.6 is

Far r ay =
∫
Ωar r ay

1

2
ρCT AT d(x)|u(x)|u(x)dx. (4.7)
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The drag coefficient, ct , can be related to the turbine’s thrust coefficient, CT , swept area

of the turbine, AT and the turbine density, d(x), as ct (d(x)) = 1
2CT AT d(x), by equating

Equations 4.5 and 4.7. In Thetis, the combined turbine density can be calculated from

individual turbine densities, di (x), as d(x) =∑N
i=1 di (x).

The instantaneous power produced by the array is given by Equation 4.8, where, cp (x) is

the power coefficient function defined as, cp (x) =CP (u(x))At d(x),

Par r ay =
∫
Ωar r ay

1

2
ρcp (x)|u(x)|3dx. (4.8)

Turbines can be implemented using two approaches in Thetis; continuous or discrete.

The continuous method, also known as the distributed drag method (Coles et al., 2016),

applies the drag (Equation 4.7) over the representative array area to parameterise groups

of turbines, used by Kramer et al. (2015) and Funke et al. (2016). The continuous method

is better suited for regional scale modelling. For the discrete implementation of turbines,

the turbine drag (Equation 4.9) is applied over the representative area of an individual

turbine, used by Funke et al. (2014, 2016) and Jordan et al. (2022). This approach requires

the resolution of the mesh, in the location of turbines, to be finer than the diameter of

the turbine being represented so they can be resolved individually. This method is best

applied for micro-siting turbines or the modelling of arrays containing a small number

of turbines, otherwise it is computationally demanding and limits the exploration of

other parameters.

Fturbine =
1

2
ρCT AT ||u||u. (4.9)

Figure 4.1 demonstrates the concepts of turbine density and blockage for a simplified

channel by looking at the channel in two different planes. The representative planform

areas, used to calculate the turbine density (Equation 4.10), for discrete and continuous

approaches are presented. In idealised channels, the number of turbines used to

calculate the turbine density is defined by Vennell (2010) as N = NR B AC
AT

, where NR is

the number of rows of turbines uniformly arranged in an array across the entire width
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of a channel. The concept of blockage focuses on the proportion of the in-depth cross-

sectional area occupied by turbines, compared to turbine density, which is based on the

perpendicular plane.

Turbine Density,d(x) = Number of Turbines, N

Representative Planform Area
. (4.10)

Figure 4.1: Diagram demonstrating key features of turbine density, for continuous and discrete
implementations, and blockage in a simple channel.

Figure 4.2: Bump function for a 20 m diameter turbine with thrust coefficient, CT , (Du Feu 2019
adapted from Funke et al. 2014).
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A bump function, which is a smooth function with finite support, is adopted in the

discrete turbine implementation so that the friction value smoothly increases at the

position of each turbine. The 1-D bump function is described by Funke et al. (2014) as,

ψp,r (x) ≡

 e
1−1/

(
1−| x−p

r |2
)

for
∣∣ x−p

r

∣∣< 1

0 otherwise
, (4.11)

where p and r are the centre and support radius of the function. Figure 4.2 illustrates

the bump function (Funke et al., 2014, Du Feu, 2019).

Funke et al. (2014) compared the two methods of representing turbines, continuous

and discrete, through an optimisation study for conducting a resource assessment in

the Pentland Firth. Although their study identified that the discrete method provides

a more detailed depiction of the flow pattern within the array area compared to the

continuous method, the overall array wake and bypass patterns align closely between

the two methods. They propose that the continuous approach is suitable for optimising

turbine arrays because it approximates large scale flow patterns well.

By equating Equations 4.5 and 4.7 it is assumed that the local velocity, u(x), which

averaged across the depth of the water column and laterally between through-turbine

and bypassing flows, can be approximated as the free stream velocity at the turbine

location. This leads to the assumption that the calculated power is the total power

extracted from the hydrodynamics and incorporates unresolved mixing losses, because

assessing the power available to a turbine requires the velocity through the turbine to be

known (Zhang et al., 2022). In regional-scale studies, where turbines are continuously

represented and, therefore, a coarser mesh is used compared to micro-siting studies

employing discrete turbine implementation, this approximation is justifiable. As the

turbine density becomes more distributed across a coarse mesh, the local velocity

approaches the free-stream velocity (Schwedes et al., 2017). When the mesh resolution

becomes smaller than the wake recovery length scale, the approximation that the free-

stream velocity can represent the local velocity is no longer valid (Kramer and Piggott,

2016). A correction for the velocity at the turbine is presented by Kramer and Piggott
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(2016),

U∞(x) = 1

1+ 1
4

At

Ât
Ct(|u(x)|)

|u(x)|, (4.12)

where the numerical cross-section of the turbine is represented by Ât = HD. Equa-

tion 4.12 is derived from 1-D linear momentum ADT and based on the principles of

Bernoulli, conservation of momentum and the continuity equation (Jordan et al., 2022).

By correcting the velocity to consider the impact of introducing turbines, the correct CT

and CP values can also be applied to turbines. The local blockage and shear effects are

assumed to be negligible (Garrett and Cummins, 2007).

4.2 Idealised Channel - Validation

To investigate the hydrodynamic and turbine modelling capabilities of Thetis, the ide-

alised channels outlined in Vennell (2010) are replicated in the 2-D software to compare

outcomes. The tidal amplitude and surface phase difference, from Vennell (2010), are

outlined in Table 4.1, a value of Cd = 0.005 is applied to the domain, and the elevation

at each end of the channel for the 2-D Thetis model is presented in Figure 4.3.

Table 4.1: Channel data from Vennell (2010).

Shallow Channel Tidal Strait

Tidal amplitude, a [m] 1.0 0.7

Surface phase difference, φg [°] 10 180

As proposed by Vennell (2010), the head difference between either end of the idealised

channel drives the current through it. The open boundaries at x = 0 and x = l (according

to Figure 4.1) are forced by sinusoidal tidal elevation functions,

x = 0 : a sinωt , (4.13)

x = l : a sinωt +φg .

Table 4.2 summarises the results from Vennell (2010) for the shallow channel and tidal

strait. Three cases are presented for each channel; an ambient case with no turbines, 1
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Figure 4.3: Diagram of the simple channel from Vennell (2010) and the elevation from the 2-D
models demonstrating the forcing at either end of the channel in accordance to the values in
Table 4.1.
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row of turbines and 10 rows of turbines. In the cases where turbines are implemented,

blockage is 0.25 and the power available is presented. The shallow channel accommo-

dates 30 turbines per row and the tidal strait accommodates 800 turbines per row at this

blockage. The current amplitude is presented for all cases.

Table 4.2: Replication of results for shallow channel and tidal strait modelled in 0-D analytical
model, from Vennell (2010).

Shallow Channel Tidal Strait

Vennell (2010)

0 rows Current amplitude [m/s] 2.7 1.9

1 row
Average power available 4.8 MW 0.4 GW

Current amplitude [m/s] 2.0 1.8

10 rows
Average power available 8.2 MW 2.3 GW

Current amplitude [m/s] 1.6 1.6

Table 4.3: Results for the shallow channel and tidal strait represented in 2-D numerical model,
Thetis.

Shallow Channel Tidal Strait

0 rows Current amplitude [m/s] 2.7 1.8

Continuous

1 row
Average power available 4.4 MW 0.32 GW

Current amplitude [m/s] 2.1 1.8

10 rows
Average power available 7.8 MW 2.2 GW

Current amplitude [m/s] 1.4 1.6

Discrete

1 row
Average power available 3.9 MW 0.26 GW

Current amplitude [m/s] 2.3 1.8

10 rows
Average power available 7.7 MW 2.04 GW

Current amplitude [m/s] 1.5 1.6

Percentage difference from Vennell (2010) results [%]

+15 +10 +5 0 -5 -10 -15 -20 -25 -30 -35

The power available and current amplitude for each case and channel, when modelled

in 2-D, are presented in Table 4.3. The percentage difference for each result, compared
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to the literature, is presented by colour. Continuous and discrete methods for turbine

representation are implemented. For the cases presented in Tables 4.3, the array areas

have been modelled such that the length of the channel occupied by the array (lT ) is

large enough to allow enough mixing for the velocity to recover to the free stream value

between rows, in line with the assumption made in Vennell (2010).

For the ambient case, the current amplitude remains consistent in the shallow channel,

and only a 5% difference is observed in the tidal strait. To verify that the horizontal

viscosity value had no impact on the undisturbed channel in the ambient case, consid-

ering the absence of turbulent mixing, the horizontal viscosity value was systematically

altered and the current amplitude remained the same.

There are two competing effects in a channel, the thrust applied to the flow due to

turbines and the available power from the turbines. The introduction of resistance due

to the presence of turbines results in a decrease in flow velocity. When the flow velocity

through the turbine decreases as the faster flow bypasses it, both the applied thrust,

and consequently, the available power decrease. The tidal strait is characterised as an

inertia dominated channel and experiences minimal change in maximum velocity when

turbines are present, therefore, these effects are easier to balance because there is less

impact on the current. This is demonstrated in the Vennell (2010) results, reproduced

in Table 4.2, and corroborated through the examination of maximum change in peak

velocity in Section 3.4.2. With the inclusion of turbines in the 2-D model of the tidal

strait case, the current amplitude is in agreement with the 0-D model in Vennell (2010)

for both discrete and continuous methods. Conversely, the current amplitude in the

shallow channel, governed by drag, demonstrates a greater sensitivity to the presence of

turbines in the literature, and when comparing the 2-D model to the 0-D model results,

the current amplitude differs from the Vennell (2010) 0-D model by up to 15%. Across

all scenarios, the available power in the 2-D model is reduced compared to the 0-D

model. A lower value in power availability and greater current amplitude compared to
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the literature indicates less resistance in the flow due to turbines as per the description

of the competing effects, and is observed in the shallow channel with 1 row of turbines.

For the 10 row discrete implementation of turbines in the shallow channel, both the

power and the current amplitude are lower than the results in the literature by 5%. For

the continuous implementation of the same case, the power is 5% lower and the current

amplitude is 13% lower. Although row spacing in the discrete implementation and the

array area for the continuous implementation were great enough to fulfill the mixing

requirements between rows of Vennell (2010) it is possible that the decrease in both

current amplitude and power is due to interactions between rows. This would also be

applicable to the tidal strait where a decrease in power is observed compared to the

literature despite no change in current amplitude, indicating the 2-D model captures

more intricate turbine interactions and tidal dynamics.

The agreement between continuous and discrete implementation of turbines is im-

portant for assessing how well the continuous approach approximates the discrete

modelling of individual turbines, which is why turbines were modelled with both ap-

proaches. Better agreement between the different turbine implementations is observed

in cases with a greater number of turbines (10 rows), resulting in a 7% difference in

available power for the tidal strait and 1% difference for the shallow channel. This

aligns with expectations that as the number of turbines increases the more similar the

methods become in their implementation. This convergence occurs because as the

number of turbines or the turbine diameter increases for the discrete method, the total

representative turbine area becomes more similar to the representative array area used

in the continuous method. The case that deviates the most from results in the literature

is the discrete 1 row case for both the shallow channel and tidal strait.

The mesh resolution in each channel was determined based on the application of

continuous and discrete approaches for modelling turbines. In the shallow channel,

the continuous implementation utilised a mesh with 2600 nodes, while the discrete
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approach required a more detailed mesh of 33359 nodes. Similarly, in the tidal strait,

the continuous implementation employed a mesh with 3658 nodes, and the discrete ap-

proach necessitated a higher resolution with 135768 nodes. Simulations were conducted

on four nodes in parallel. As an example of the computational cost of a simulation in

Thetis, for the tidal strait simulations conducted on four nodes in parallel, the discrete

case with 135768 nodes took 27 hours to simulate 14 days and the continuous case with

3658 nodes took approximately an hour to simulate 14 days. The discrete approach is

computationally more intensive, due to its requirement for a mesh finer than the diam-

eter of an individual turbine in areas where the turbines are modelled. The minimum

element size was 5 m in the discrete cases and 50 m in the continuous cases. Moving to

regional-scale modelling for resource assessments introduces increasing challenges in

discretely modeling turbines, due to mesh resolution requirements.

In a transient simulation, where flow is varying with time, numerical stability and

accuracy of the simulations needs to be ensured, which requires a balance between

spatial and temporal discretisation. Therefore, a sensitivity analysis is undertaken to

test timesteps of 5 s, 50 s and 100 s for the idealised cases simulated in Thetis. Table 4.4

presents the maximum percentage change in instantaneous and average power for the

50 s and 100 s timestep simulations, with respect to the 5 s timestep simulation. The

results demonstrate there is negligible impact on the calculated power output from the

modelled arrays when different timesteps are used (< 1% change in average power and

< 1.5% change in instantaneous power). Figure 4.4 presents an example of power over

time for the tidal strait case with 10 rows of turbines modelled discretely to demonstrate

the agreement between the cases using different timesteps. In this chapter, a timestep

of 50 s was used in all cases. The choice of a 50 s timestep is considered reasonable

relative to the mesh size for all cases in this chapter, including the discrete application

where the mesh is required to be finest. Mackie (2022) modelled the Ramsey Sound

in Thetis using a mesh with minimum element size of 8 m and, having conducted a

sensitivity analysis for timesteps of 50 s and 100 s, considered a temporal discretisation

94



Chapter 4

of 100 s as appropriate.

Figure 4.4: Power for the discrete, 10 row, tidal strait case simulated with 5 s, 50 s and 100 s
timesteps over a high and low tide cycle and a detailed view of a subset of data.

Table 4.4: Maximum percentage difference in instantaneous and average power for cases using
50 s and 100 s timesteps with respect to cases using a 5 s timestep

Timestep
Maximum difference in

Instantaneous Power [%]

Maximum difference in

Average Power [%]

5 s - -

50 s 0.88 0.62

100 s 1.16 0.97
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4.3 Array Layout

Designing the layout of turbines in an array is an important aspect of developing a

site for tidal stream energy extraction, due to the interaction between turbines and the

flow. It will involve a balance between maximising energy extraction and minimising

alterations to the flow (De Dominicis et al., 2018). In the development of future tidal

arrays, the incorporation of multiple turbine rows necessitates careful consideration

of both micro-scale (turbine-to-turbine) and macro-scale interactions (array-to-tidal

channel) (Ouro and Nishino, 2021). Early development stages of tidal stream energy

sites focus on the performance of a small number of turbines (e.g., four 1.5 MW turbines

tested at the Meygen lease site for Phase 1 of developments). Further development

of the site will require the deployment of larger arrays of turbines (Zhang et al., 2022).

The micro-siting of turbines is driven by the dynamics of the accelerating bypass flow

between turbines and the turbulent mixing of wakes to leverage positive interactions

for power generation (Ouro and Nishino, 2021). The macro-scale effects are discussed

in Section 2.1.1.

The performance of turbines in a channel has been investigated with the adoption of

analytical models. Garrett and Cummins (2007) demonstrated that placing turbines in a

row to create a tidal fence enhances the power generated by each turbine in uniform

flow when compared to an isolated turbine (corroborated by experimental results by

Stallard et al. 2013, Noble et al. 2020), and Nishino and Willden (2012) further considered

a fence of turbines that partially occupies the width of a channel. A study by Draper and

Nishino (2014) focused more specifically on two rows of turbines and their arrangement

by extending LMADT in an analytical model to consider two types of turbine arrange-

ments, aligned and staggered (demonstrated in Figure 4.5). Their study on turbine

arrangement is important for applications where tidal channels are not sufficiently long

or wide to allow for wake recovery or avoid wake interactions. They place conditions on

longitudinal row spacing such that the distance is large enough for pressure to equalise

96



Chapter 4

but not for significant wake mixing before the second row of turbines. The findings

from these studies indicate that, two rows of turbines in a staggered arrangement out-

perform two rows that are aligned. However, the efficiency of a single row containing

the same total number of turbines and equivalent array width is greater than the two

row arrangements.

Numerical modelling has also been undertaken to study array layouts. Bai et al. (2013)

similarly demonstrated that a staggered arrangement of turbines yielded greater power

than an aligned arrangement. They find a lateral spacing of 2.5 rotor diameters to be

most appropriate, whilst longitudinal spacing should be as great as possible. Funke

et al. (2014) used lease area and minimum turbine spacing constraints at the Pentland

Firth to micro-site 256 turbines and applied an efficient gradient-based optimisation,

computing the gradient of power extraction with respect to turbine positions and tuning

parameters. This approach expands away from a structured row format in order to

optimise the performance of turbines.

Figure 4.5: Aligned and staggered row arrangements in an idealised channel.

The adoption of a 2-D channel model in this chapter, allows the effect of longitudinal

spacing and array layout on the power output of the array and current amplitude of the

idealised channel scenarios, proposed by Vennell (2010), to be investigated. Aligned

and staggered turbine arrangements are considered. Table 4.5 presents the results of

10 rows of turbines, modelled discretely, spaced 5 and 10 rotor diameters apart in the

longitudinal direction and with 0.25 blockage.
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Table 4.5: Average power available for 10 rows of turbines, implemented with the discrete
approach, with row spacing constraints and array layouts in the tidal strait and shallow channel
proposed by Vennell (2010).

Layout
Array Length,

lT , [m]

Longitudinal

Row Spacing

[Rotor Diameter]

Average

Power

Available

Average

Power per

Turbine

Current

Amplitude

[m/s]

Shallow

Channel

Staggered
900 10 7.08 MW 22.48 kW/turbine 1.44

450 5 6.69 MW 21.22 kW/turbine 1.42

Aligned
900 10 6.97 MW 21.78 kW/turbine 1.44

450 5 6.63 MW 20.72 kW/turbine 1.42

Tidal

Strait

Staggered
1800 10 1.34 GW 0.155 MW/turbine 1.56

900 5 1.01 GW 0.117 MW/turbine 1.55

Aligned
1800 10 1.19 GW 0.137 MW/turbine 1.56

900 5 0.97 GW 0.111 MW/turbine 1.55

Comparing the power for each scenario in Table 4.5 to the 10-row, discrete implemen-

tation in Table 4.3, demonstrates that the power decreases by up to 7% in the shallow

channel and up to 52% in the tidal strait when rows are arranged such that full mixing

between rows does not occur. The most significant decrease in power for both idealised

channels is observed in the scenario with aligned arrangement of turbines and the

shortest longitudinal row spacing (5 rotor diameters), which is observed in other studies

(Bai et al., 2013, Draper and Nishino, 2014). For the shallow channel, the power per

turbine increases by 7% when turbines are arranged in a staggered layout and rows are

spaced 10 rotor diameters apart. For the tidal strait there is a 38% increase in power

per turbine between the same scenarios. The increase in power per turbine through

doubling longitudinal row spacing is up to 6% in the shallow channel and 32% in the

tidal strait. The change in array layout, from aligned to staggered, leads to an increase

of up to 3% for the shallow channel and 13% for the tidal strait, which is at least half the

impact of changes to row spacing for each channel. The current amplitude between

cases are similar, but the 5 rotor diameter spacing leads to a greater decrease compared

to the 10 rotor diameter spacing.
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The results illustrate the impact of relaxing the limiting assumption made for the Vennell

(2010) channel model (Section 3.2.2), that the longitudinal spacing between rows is

adequate for the full mixing of the near-wake flow and the bypass flow such that it to

returns to the free stream velocity. At real sites, there will be a constrained lease site

for turbine deployment, making the Vennell (2010) assumption unrealistic to maintain.

In order to exploit the resource it is necessary to balance the spacing between rows to

minimise negative wake-turbine interactions, whilst maximising the number of rows

at each site. In Thetis, the mixing is controlled by the horizontal viscosity, which was

set to a relatively low value to ensure full mixing does not occur at an unrealistically

short horizontal length scale. It is noted in Vennell (2010) that deploying 10 rows of

turbines in the 0-D channel model, whilst maintaining row spacing to allow full recovery

of the velocity between rows, is in conflict with the assumption that the length of the

channel occupied by turbine rows, lT (Figure 4.1), is much smaller than the length of

the channel, l , (lT ≪ l ). In the shallow channel, turbines with rotor diameter of 10 m

are deployed and 20 m rotor diameter turbines are deployed in the tidal strait, with the

array length for each scenario presented in Table 4.5.

4.4 Boundary Effects

Transitioning from a 0-D analytical model to a 2-D numerical model necessitates careful

consideration of the placement and influence of open boundaries. The introduction of

turbines in a model and changes in the hydrodynamic model domain have implications

at the open boundaries. Therefore, it is important to understand how these affect results

and analysis.

To assess the influence of boundary conditions on power and capacity factor, a row of

20 m diameter turbines, simulated using the continuous approach, is studied across 15

idealised channels with distinct uniform channel depth (ranging from 35 m to 50 m)

and seabed drag coefficients (Cd = 0.002 – 0.003 to reflect values in the Pentland Firth)

(Equation 4.2). The rated speed was incorporated as a turbine design parameter (rang-
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ing from 1.6 – 2.0 m/s), in addition to the channel characteristics. Capacity factor is

dependent on the rated speed and it was demonstrated in Chapter 3 that rated speed is

the most important characteristic point of the turbine performance curve for predicting

the power output of an array.

Figure 4.6 presents the capacity factor and power normalised by the kinetic flux at the

boundary for the cases. The peak capacity factor of the array is observed in the channel

characterised with lowest drag coefficient (0.002) and deepest bathymetry (50 m). This

channel has the least resistance, due to the low drag coefficient of the seabed, and the

greater depth results in a smaller drag effect and the least dissipation compared to a

shallower channel. The effect of depth on dissipation is observed between the deep

tidal strait and shallow channel when examining the impact on current amplitude with

the introduction of turbine resistance. In contrast, when considering power normalised

by kinetic flux at the boundary, the peak occurs in the channel with the shallowest

bathymetry and greatest drag coefficient, presenting an inverse relationship to the

capacity factor results. The rated speed was found to have no impact on this trend

across different channels, although it can be observed that as the rated speed increases,

normalised power decreases while capacity factor increases (illustrated in Figure 4.7).
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Figure 4.6: Surface plots for normalised power and capacity factor of turbines in 15 channels
with different depth and seabed drag coefficients, operating with different rated speeds.
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Notably, the capacity factor results do not account for changes in boundary effects.

However, since power is normalised by the kinetic flux at the boundary, these results

account for different boundary effects in each domain, allowing for an assessment of

how effectively the resource is extracted in each channel. When comparing channels

with different characteristics in a 2-D numerical model, if the power is not normalised or

the capacity factor is being considered, the results can be misinterpreted because they

do not account for boundary effects in the changing domains. The normalised power

for cases outlined in Section 4.5 are not presented because normalising by the kinetic

flux does not affect the trends in power. Only channels with the same characteristics

are compared, therefore, the flux into the domain is unchanged because the same

number of turbines and channel characteristics are implemented in each domain that

is compared, as opposed to comparing the power output of the shallow channel to the

tidal strait.

Figure 4.7: Capacity Factor and normalised power for turbines operating at rated speed in
the range of 1.6 – 2.0 m/s, in channels with depth ranging from 35 m – 50 m and seabed drag
coefficient ranging from 0.002 – 0.003. Dashed lines demonstrate the case of a channel with
50 m depth and 0.003 seabed drag coefficient.

In this Section, the physical parameters of the idealised channels have been chosen
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to create hypothetical cases, which is not applicable to real sites where the physical

parameters of a channel are predetermined. However, the results demonstrate the im-

portance of incorporating boundary effects in analysis of results from a hydrodynamic

model. When modelling a real site, it is important to place open boundaries far away

from areas of interest and avoid shallow water areas to ensure their effects are negligi-

ble (Garrett and Greenberg, 1977, Venugopal et al., 2010, Adcock et al., 2011). Placing

open boundaries beyond the continental shelf decreases the influence of boundary

conditions.

4.5 Conclusion

In this chapter, the transition from a 0-D analytical model to a 2-D numerical model of

a channel has been explored and allows the investigation of 2-D modelling implications

in an idealised channel before more complicated domains are introduced. Comparing

results of idealised channels, proposed by Vennell (2010) and studied in Chapter 3,

with the literature presented the opportunity to validate the 2-D software and how it

represents turbines in models, which is identified as a key difficulty in the literature

review. The agreement of results with the literature provided confidence in the model

and exploration of 2-D parameters and techniques informs the 2-D modelling of a real

site. Demonstrating consistency between 0-D and 2-D models results allows applicabil-

ity of the insights from the study undertaken in Chapter 3, whilst acknowledging their

differences.

The continuous and discrete approaches for implementing turbines in Thetis, and

how they meet the needs of different applications (e.g., resource scale vs. array scale)

are considered. It is found that the discrete implementation is more similar to the

continuous implementation, in terms of power outputs, for a greater number of turbines

due to the representative array and turbine areas being more similar. The computational

expense of discrete modelling is demonstrated through the number of nodes required

in the mesh for each application. The transition to real-site modelling will require large
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arrays to implemented, thus requiring the adoption of the continuous approach for

modelling turbines.

For the simple domains adopted in this chapter, it is reasonable to explore array layouts

through the use of discrete turbine implementation. Array layouts are considered with

cases of staggered and aligned rows of turbines spaced at different longitudinal distances

apart. This investigation extends the study of the idealised sites by not assuming rows

are spaced to allow full mixing before the next downstream row to emulate more realistic

space constraints of lease areas at real sites. The results indicated that the longitudinal

distance between rows has a greater effect on the power than the arrangement of

turbines and that the staggered layout and greater longitudinal row spacing cases yield

the greatest power.

The impact of boundary effects on capacity factor and power is also investigated to

highlight the effect on analysis when they are not accounted for and the importance of

placing boundaries far from the place of interest when modelling a real site. The study

of real sites will require open boundaries to be placed far from the area of interest and

will typically be in much deeper areas of water than the cases modelled in this chapter.
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Heterogeneous Array Design Framework: Inner

Sound Case Study

The study of a real site introduces new constraints on the resource. In this chapter, a

heterogeneous array design framework is proposed to specify the diameter and rated

speed of turbines based on the bathymetry and flow velocity across a site. The mo-

tivation for exploring array design in the context of spatial variability is presented in

Section 5.1 through the review of other studies that have considered array design and

resource extraction. The Inner Sound of the Pentland Firth is used as a case study to

represent the variability of a real site, outlined in Section 5.2. However, the intention

is to draw general, rather than site specific conclusions. In Section 5.3, details of the

2-D model of the Pentland Firth are presented and model validation is presented in

Section 5.4. The heterogeneous array design framework is presented in Section 5.5,

which implements heterogeneity of turbine specifications across a site as a whole, but

maintains homogeneity within smaller array areas. This allows a compromise between

uniformity of turbines, for ease of manufacturing, operation and maintenance, and

heterogeneous turbine specifications to maximise utilisation of site area and power

extraction. Cases that were homogeneous in diameter, homogeneous in diameter and

control, and heterogeneous in diameter and control were defined and the results are

presented in Section 5.6. The impact of site variability and design compromises on the

power and capacity factor of arrays are discussed in Section 5.7. The performance of

homogeneous and heterogeneous arrays are compared and further impacts of arrays

on the flow at the site are also discussed.

5.1 Array Design and Practical Constraints

The investigation of low order parameters affecting tidal stream energy resource assess-

ments in Chapter 3 considers some of the constraints on the resource (Figure 2.4) but
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limitations of the model did not allow many of them to be explored (Patel et al., 2023).

The study of a real site, in a 2-D model introduces the opportunity to explore additional

constraints limiting the tidal stream resource.

There are a number of key challenges that need to be addressed to develop technology

for extracting tidal stream energy. Two of these challenges are evaluating the magnitude

of the resource and considering how to develop arrays at specific sites. Many prior stud-

ies have focused on arranging turbines to maximise positive hydrodynamic interaction

(Draper and Nishino, 2014, Funke et al., 2016, O’Hara Murray and Gallego, 2017) with

other work looking at optimising economic factors (Goss et al., 2020). Phoenix and Nash

(2019) explored array layouts to minimise hydro-environmental effects and Du Feu

et al. (2017) considered the trade-off between maximising the power yield of an array

and the impact on the flow. The positive and negative hydrodynamic interactions are

investigated by González-Gorbeña et al. (2015) for different array densities and thrust

coefficients to conduct a resource assessment and the findings suggest the need for

optimising complex array layouts to maximise power and reduce negative interference.

However, perhaps the biggest issue is the variable conditions across a typical tidal site.

The flow at tidal sites is constrained by coastline and bathymetry, which is what causes

the fast flow, and typically varies significantly over length scales of the order of the water

depth. This means turbines in a farm may experience very different flow patterns and

will be installed in varying water depths, which merit alternate turbine sizes. Thus,

ideally a tidal farm would be designed so that each turbine was optimised for its local

water depth and flow regime. However, homogeneity of turbines is typically preferred

for array design because the uniformity offers ease of operations and maintenance, and

reduces manufacturing costs by exploiting economies of volume. For large arrays, a

degree of heterogeneity is expected, either due to incremental advances at the site or

significant variations in the marine environment. There are limited and relatively few

sites suitable for tidal energy extraction, in comparison to wind energy, therefore it is
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important to maximise tidal sites.

The need to consider turbines of different specifications to accommodate spatial varia-

tion across a site is also recognised and investigated at the Alderney Race (Bahaj and

Myers, 2004, Coles et al., 2020). Coles et al. (2020) expand on a notable early study of the

site (Bahaj and Myers, 2004), demonstrating the need to update and refine site-based

estimates. Bahaj and Myers (2004), use data from Admiralty Charts and Publications

(1999) to define sub-arrays of ‘first generation’ devices, with different rotor diameter

and rated power to assess the resource. The work is extended further in Coles et al.

(2020) by using 2-D hydrodynamic modelling to improve data resolution, incorporate

blockage effects and improve performance through power coefficient, array capacity,

rotor diameter and device micro-siting enhancements. However, the consideration of

heterogeneous arrays at the Alderney Race is site-specific.

A more systematic framework for defining and implementing heterogeneous arrays at

any tidal site is presented in this chapter. The tidal resource of the Inner Sound is mod-

elled and includes the parameterisation of turbines for different rotor size (diameter)

and control (rated speed) to explore the impact on the resource when keeping these as

uniform as possible. The framework enables the compromise between uniformity of

turbine specifications and maximising energy yield from a site to be explored and can

be used as a basis for defining what specifications of devices can be applied at a site for

further micro-siting of turbines. Implementing homogeneous turbines is often the first

step in quantifying the resource. This study looks at how array design can be prescribed

by bathymetry and how much energy is sacrificed by implementing homogeneous

arrays, rather than heterogeneous arrays at a site.

5.2 The Inner Sound and Meygen Lease Site

The Inner Sound is chosen as a case study because it is a significant site of interest,

hosting the largest tidal energy plant in the world (Meygen), which has a lease area
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covering 3.5 km. It is located north of the UK, between the Scottish mainland and the

island of Stroma. The Inner Sound has characteristics that are typical of many tidal sites,

including significant variation in bathymetry across the site and high flow velocities.

Additionally, like the majority of tidal sites globally (Figure 3.5), the Inner Sound is

characterised by semi-diurnal tides (Egbert and Ray, 2001, Martin-Short et al., 2015).

Figure 5.1: Map of the Pentland Firth with bathymetry data obtained from Edina Digimap Service
(2020). The Meygen lease site and a transect used to evaluate the flow rate through the Inner
Sound are presented.

The bathymetry for the Inner Sound is illustrated in Figure 5.1. As with most tidal stream

energy sites, the Inner Sound, and the area occupied by the MeyGen lease site, has

limited areas where the bathymetry is deep enough for large turbines to be deployed.

The site was agreed for lease based on a 398 MW potential installed capacity. Figure

5.2 presents the planned development phases for the project to achieve this installed

capacity.
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Figure 5.2: Development phases of the Meygen lease site.

Phase 1 is operational and involved the deployment of four 1.5 MW turbines, which have

produced 51 GWh in their 6 years of generating to grid (0.97 MW annual average power),

as of March 2023 (SAE Renewables, 2023). The 18 m diameter turbines are bottom-fixed

and horizontal-axis, with three blades each. Meygen has identified troughs across the

site that are deep enough to deploy four turbines of this diameter. In initial stages of

development, this is feasible, however, Phases 2 and 3 will require an increased installed

capacity of 50 MW, necessitating more areas for turbines to be deployed by a target of

2028. The remaining 342 MW of installed capacity intended at the site are in planning

stages.

5.3 Model Details

The 2-D modelling software, Thetis, utilised in Chapter 4 is used to model the Pentland

Firth to undertake the study of the Inner Sound. The non-conservative form of the 2-D

non-linear shallow water equations (Equation 4.1 and 4.2) are solved in Thetis (Kärnä

et al., 2018, OpenTidalFarm, 2016, Goss et al., 2020). The 2-D shallow water equations

are commonly used to capture leading order physics of tidal energy sites (Blunden and

Bahaj, 2006, O’Rourke et al., 2010, Easton et al., 2012, Adcock et al., 2013).

The model has been adapted from Jordan et al. (2022) and modified for this study.

The drag on the flow due to bed friction is applied to the seabed area using a spatially
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variable Manning coefficient in this chapter, therefore, the bed friction in Equation 4.2

is represented as,

τb

ρ
= g n2 |u|u

H
1
3

, (5.1)

where n is the Manning coefficient (Mackie, 2022, Jordan et al., 2022). The Manning

coefficient was defined by Jordan et al. (2022) according to the classification of the

seabed composition based on British Geological Survey data, with the method described

by Mackie et al. (2021).

For large coastal domains, it is necessary to include the advection forces due to the

Earth’s rotation. The term that represents the Coriolis force in Equation 4.2 is made

up of the Coriolis forcing parameter f and u⊥, which is the velocity vector rotated

such that the components (−v,u) are the transverse and longitudinal components of u

(anti-clockwise over 90°).

Bathymetry data was obtained from Edina Digimap, with a resolution of 1 arc-second

(approximately 30 m), and tidal constituent data from TPXO8-atlas (Edina Digimap

Service, 2020, Egbert and Erofeeva, 2002). The model is forced with M2 and S2 con-

stituent data for 14 days, representative of the spring-neap cycle, once fully evolved flow

conditions were established from an initial state of equilibrium. The open boundaries

are specified far away from the Pentland Firth (approximately 85 km east and west and

130 km north and south of the site) so that results are independent of the open boundary

locations (Venugopal et al., 2010, Adcock et al., 2011). This is critical to avoid boundary

effects impacting the analysis of results, as emphasised in Section 4.4. In Chapter 3

and previous studies it has been demonstrated that using two constituents to model

a semi-diurnal site leads to up to 9% difference in power, in comparison to modelling

with 8 constituents, and has been shown to capture the leading order physics of the site

(Adcock et al., 2014, Patel et al., 2023). In this study, the relative changes between cases

are being considered, therefore, modelling with 2 constituents is sufficient to capture

the variability over the spring-neap cycle as a minimum requirement.
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Prescribing the elevation at the boundary is theoretically incorrect because the free-

surface at the open boundaries should be allowed to change due to changes in tidal

dynamics within a model. However, according to Rainey (2009), the error in the free-

surface elevation at the boundary will be negligible if the changes to the tidal dynamics

at the boundary are small and the boundary does not induce any resonance due to

the principal constituents of harmonics. Adcock et al. (2013) found that deploying a

significant number of turbines, which would lead to a 25% decrease in flow rate through

the Pentland Firth, would only cause up to 3% change in flow rate at the boundary

demonstrating the insignificance of the error that is introduced by the forcing and

locations of the open boundaries.

The unstructured triangular mesh used to model the Pentland Firth in this chapter is

presented in Figure 5.3. The domain is discretised with the discontinuous Galerkin

piecewise linear velocity-pressure finite element pair. The final unstructured mesh has

20,710 nodes, with a minimum element size of 60 m in the area where turbines are

placed. A timestep of 50 s was used.

Figure 5.3: Mesh used in the study to model homogeneous and heterogeneous arrays in the
Inner Sound.
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Between high and low tides, inter-tidal zones can be observed at coastal areas. During

high tides, zones are submerged and during low tides they are exposed, leading to

wetting and drying of the coastal areas during the tidal cycle. Wetting and drying is most

significant in areas with a large tidal range and gently sloping bathymetry. The wetting

and drying process is represented by the modified bathymetry formulation, presented

by Kärnä et al. (2011),

h̃ = h + 1

2

(√
H 2 +αW D

2 −H
)

, (5.2)

where h is the bathymetry and h̃ is the modified bathymetry, which is used to ensure the

total water depth, H , is always positive. The wetting and drying parameter is denoted by

αW D and dictates the size of the transition zone between wet and dry areas. The value

of αW D is set to 0.5 m, as used in other studies (Kärnä et al., 2011, Mackie, 2022, Jordan

et al., 2022).

5.3.1 Turbine Implementation

Turbines are modelled as a momentum sink, as in Chapter 4, which is an approximation

and cannot fully capture the 3D interaction between the turbine and the flow. The

thrust generated by a turbine is also not applied uniformly across the water column in

reality, which is what is imposed in a depth-averaged model (discussed in Section 2.2).

The continuous approach for implementing turbines is used in this chapter because

the focus is on the resource across a site and how it responds to different turbine

specifications in arrays, rather than the micro-siting of turbines. Therefore, individual

turbines do not need to be resolved discretely. The number of turbines is applied as a

turbine density to the relevant subdomain (Equation 4.10).

Blockage is an important effect to be accounted for in models because it allows greater

energy to be extracted from tidal turbines (Garrett and Cummins, 2007, Whelan et al.,

2009, Dehtyriov et al., 2021). When modelling a real site it is difficult to assess the

blockage that turbines experience because the depth and width of a channel at a real

site varies and blockage is dependent on the cross sectional area of flow. There is no
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formally robust method for incorporating the effect of blockage into models given the

different methods and assumptions of including turbines and their interaction with

the flow between different models. In this chapter, blockage-corrected blade element

momentum theory (BC-BEMT) is used to calculate the coefficients of power and thrust

of turbines included in this study (Vogel et al., 2018, Chen, 2019), despite the difficulty

in calculating blockage for a real site. Performance curves are defined based on the

assumption that all turbines adopt VSVP control in this study. Although a VSVP control

strategy is prevalent for large diameter turbines, whilst smaller turbines typically operate

with fixed pitch (Adcock et al., 2021), VSVP operation is assumed for all turbines to allow

a more uniform approach.

The number of turbines implemented in each array area, to calculate and assign the

turbine density, was based on a spacing between turbines to allow for approximately

0.16 blockage. The blade designed by Cao et al. (2018) for optimal performance in 0.16

blockage, that was adopted in Chapter 3, was used as the closest relevant blade design.

The thrust applied by the cylindrical, bottom-fixed, support structure is calculated as,

FS = 0.5ρCD,S ASu2, (5.3)

with drag coefficient CD,S = 1.2 over a wide range of Reynolds numbers (Muchala and

Willden, 2017). The frontal area of the support structure, AS , is the product of the

support structure diameter DS and the length of the support structure LS . The length of

the support structure is the sum of turbine radius and the seabed to blade-tip clearance.

The diameter of the support structure is based on a 0.2 ratio between AS and the rotor

area, AT , as proposed by Muchala and Willden (2017) for a 20 m diameter turbine. This

method is simpler and more conservative compared to the thrust-capping approach

suggested by Wang and Adcock (2018). When turbines are deployed in areas with greater

depth than the minimum clearance requirements, the diameter of the support structure

is increased according to the increased length of the support structure.

Individual turbine wakes and associated turbulence cannot be explicitly represented
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in this work due to the resolution of the mesh required, which is unfeasible in large

domains. However, turbulent mixing cannot be excluded and the horizontal viscosity

approach adopted in Chapter 4 is reasonable for the objectives of this thesis because of

the scale of modelling undertaken.

5.4 Model Validation

The model of the Pentland Firth used in this study has undergone validation in the

study it was adopted from (Jordan et al., 2022) through comparison of amplitude and

phase of M2 and S2 constituents and correlation of vector components of velocity

between observed data from ADCP and data predicted by the model and the comparison

of elevation data at Wick tidal gauge to the model. Given the minor modifications

made to the model further validation checks have been carried out to ensure there

is no substantial change in the natural flow considerations. Comparing the model to

observed data from in-situ measurements is important for modelling real sites due to

the necessary simplifications in the model and the assumptions regarding boundary

conditions, seabed characterisation and accuracy of bathymetry data. Adcock et al.

(2021) suggests the phase difference is most important to examine in the validation of

currents. The phase is primarily dependent on accurate characterisation of the dynamic

balance, emphasised as a critical parameter in Chapter 3. Therefore, it is less dependent

on local factors that are affected by measurement and post-processing errors due to

in-situ measurements susceptibility to noise.

The modelled and observed data for harmonic products of the M2 and S2 constituents

(amplitude and phase) are presented for velocity in Table 5.1 and for elevation in Table

5.2. Figure 5.4 presents the three acoustic Doppler current profilers (ADCPs) (green)

that were used to validate velocity and the tidal gauges (red) that were used to validate

elevation.
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Figure 5.4: Points across the model’s domain where observed and modelled data were compared
for validation.

Table 5.1: Validation of model velocity against observed data from ADCPs.

Constituent

Observed

amplitude

[m/s]

Modelled

amplitude

[m/s]

Amplitude

difference

[m/s]

Observed

phase

[ ◦ ]

Modelled

phase

[ ◦ ]

Phase

difference

[ ◦ ]

ADCP 1 M2 1.70 1.68 0.02 248 240 8

S2 0.59 0.62 0.03 281 279 2

ADCP 2 M2 2.53 2.78 0.26 244 250 6

S2 0.98 0.94 0.04 291 293 2

ADCP 3 M2 2.35 2.31 0.04 251 256 5

S2 0.67 0.86 0.19 296 291 5

The observed velocity data from ADCPs was obtained from the literature, published in

Adcock et al. (2013). The comparison of observed and modelled data for harmonic anal-

ysis of velocity are more sensitive to bed friction, as indicated in Garrett and Cummins

(2005). Modelling with a spatially variable Manning coefficient for bed friction across

the model’s domain aligns well with the observed data.

For the elevation comparisons, the results demonstrate good agreement and changes

in bed friction values across the domain, modelling with quadratic drag and spatially

variable Manning coefficients, show little to no difference in results. The co-tidal chart
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for the M2 constituent is presented in Figure 5.5.

Table 5.2: Validation of model elevation against observed data from tidal gauges.

Constituent

Observed

amplitude

[m]

Modelled

amplitude

[m]

Amplitude

difference

[m]

Observed

phase

[ ◦ ]

Modelled

phase

[ ◦ ]

Phase

difference

[ ◦ ]

Wick M2 1.02 1.03 0.01 322 321 1

S2 0.35 0.35 0 0.30 357 3

Burghead M2 1.16 1.22 0.06 340 336 4

S2 0.39 0.43 0.04 18 12.9 5

Cromarty M2 1.29 1.21 0.08 335 335 0

S2 0.46 0.43 0.03 12.2 10.9 1.3

Fair M2 0.61 0.57 0.04 300 305 5

S2 0.21 0.21 0 331 336 5

Moray Firth M2 1.30 1.27 0.03 337 336 1

S2 0.45 0.45 0 15.1 11.7 3

Nigg M2 1.29 1.27 0.02 335 335 0

S2 0.46 0.45 0.01 12.2 11 1

Penrod M2 1.09 1.11 0.02 331 332 1

S2 0.40 0.39 0.011 6 7.89 1.9

For each mesh used to model the Pentland Firth in the thesis, mesh independence

was examined to ensure the elevation and velocity were unaffected by changes. The

resolution of each mesh was highly dependent on the use of the mesh and representa-

tion of turbines. Therefore, the balance between computational expense and accurate

representation of flow, particularly in areas of interest, was important, as emphasised

by Goss et al. (2018).
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Figure 5.5: Co-tidal chart from the model used in this thesis demonstrating the M2 amplitude
and phase across the domain.

One of the fundamental difficulties in tidal stream resource assessments is validating

power output. Due to the status of industry tidal developments, there is limited data

to assess against. Therefore, cases from previous modelling work by Adcock et al.

(2013) were replicated to assess the validity of power predicted with the method of

implementing turbines in Thetis. Adcock et al. (2013) solve the shallow water equations

in discontinuous Galerkin ADCIRC (DG ADCIRC) (Kubatko et al., 2006) and represent

turbines as line discontinuities in elevation. For undertaking this comparison, ADT is

adopted, rather than BC-BEMT, to keep in line with the original study due to the interest

in validating turbine implementation rather than turbine performance.

The mesh presented in Figure 5.6 illustrates the placement of the nine rows of turbines

modelled for the comparison of results in Adcock et al. (2013). This study reproduces

two cases from Adcock et al. (2013)—turbines in Row B1 with a blockage of 0.1 and
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turbines in all nine rows with 0.4 blockage. The average power for each case is outlined

in Table 5.3. Velocity data in the Pentland Firth was extracted from the same point in

both models (illustrated in Figure 5.4 as model Node) and compared to further assess

the validity of the Thetis model and the envelope of the flow rate is presented in Figure

5.7. The envelope of a signal demonstrates the boundary within which the signal is

contained in the time domain and provides a clearer representation of the variation of

the signal over time, calculated with the Hilbert transform (Ulrich, 2006). The results

show good agreement considering the different turbine implementations, numerical

schemes, bed friction representation, mesh and bathymetry data used in each model.

This cross comparison gives us significant confidence that the turbines are capturing

the correct fundamental physics with that of previous studies.

Figure 5.6: Mesh used to replicate Adcock et al. (2013) results with turbine row locations labelled
according to Adcock et al. (2013).

Table 5.3: Comparison of results for two cases from Adcock et al. (2013).

Average Power [GW]

DG ADCIRC

Turbine Rows Blockage Adcock et al. (2013) Thetis

Area B - 1 row 0.1 0.011 0.013

Areas B, C, D - 3 rows 0.4 1.94 2.24
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Figure 5.7: Envelope of the flow rate at a point in the model for the Adcock et al. (2013) DG
ADCIRC model and in the Thetis model using in this study.

5.5 Heterogeneous Array Design Framework

The heterogeneous array design framework defines the turbine specifications for an

array at any site based on site characteristics (flow velocity and bathymetry). The turbine

specification refers to the diameter and rated speed of the turbines. The framework

introduces heterogeneity of turbine specifications across a site as a whole, but deploys

multiple homogeneous array areas within the array. This allows a compromise between

uniformity of turbines, for ease of manufacturing, operation and maintenance, and

heterogeneous turbine specifications to maximise utilisation of site area and power

extraction.

Sixteen turbine specifications are considered in this framework; four rotor diameters

(5 m, 10 m, 15 m and 20 m) and four rated speeds (1.5 m/s, 2.0 m/s, 2.5 m/s and

3.0 m/s). To ensure minimum blade tip to seabed (5 m) and blade tip to sea surface

(8 m) clearances for bottom-fixed turbines according to the lowest astronomical tide

outlined in Meygen (2012), the turbine diameter assigned to each array was assessed
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against a bathymetry range presented in Table 5.4.

Table 5.4: Allowable turbine diameter based on minimum clearance requirements: 5 m blade tip
to seabed and 8 m blade tip to sea surface, outlined in Meygen (2012).

Water Depth [m] Turbine Diameter [m]

18 - 22 5

23 - 27 5, 10

28 - 32 5, 10, 15

> 33 5, 10, 15, 20

The framework for defining turbine specifications, developing the mesh and gathering

data for the simulations is outlined in Figure 5.8 and input values are presented in

Table 5.5. The extent of the area studied is specified and a grid of equally distributed

coordinates, spaced ls apart, are defined across the area, marking the centre of the

square sub-array areas. The value of ls should be determined based on the bathymetry

resolution and the desired number of array areas to maintain computational efficiency.

The bathymetry at each coordinate and at eight sample points around the coordinate,

within the sub-array, are calculated. This allows any areas shallower than the minimum

bathymetry to be excluded from having turbines deployed there because they would not

comply with minimum clearances required for the smallest diameter turbine considered

in the study (Table 5.4).

The distance from each coordinate to the coastline is calculated and turbines are not

deployed to areas within a minimum distance, lmi n , of the coast to avoid the width of

the sub-channel being fully occupied or unrealistically placing turbines too close to

the coast (Table 5.5). A similar proximity to the coast as the current MeyGen lease site

is implemented (The Crown Estate, 2023, SAE Renewables, 2023). For the remaining

coordinates, the minimum bathymetry across the sampled points are stored. Square

areas with side length, ls , are created around each stored coordinate. These represent

the individual array areas in this study. A mesh is defined and the individual array area
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subdomains are prescribed a unique ID to allow the assignment of different turbine

specifications to each array area.

Figure 5.8: Flowchart explaining the method for creating the mesh and collecting data for
assigning the turbine specifications in each array area.
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Table 5.5: Inputs and values for meshing method used in this study.

Input Value

Array area dimensions, l 2
s 300 x 300 m

Minimum deployment bathymetry, hmi n 18 m

Minimum deployment distance

from coastline, lmi n 400 m

Minimum turbine rated speed, ur _mi n 1.5 m/s

The rated speed is an important characteristic for turbine control and the turbine

performance curve (Section 3.4.4) (Vogel et al., 2019, Wang and Adcock, 2019, Patel et al.,

2023). It is the value of velocity above which, power is capped to the rated power up

until the cut-off speed, where the turbine stops producing power. Capacity factor can

indicate whether the rated speed is set too high or too low because the rated speed

defines the rated power. A low capacity factor indicates a high rated speed, which can

lead to a generator being oversized to accommodate peak velocities and subsequent

spikes in power that occur over short periods of time. If the rated speed is too low,

resulting in the capacity factor being too high, it indicates that high velocities occurring

during the spring tide are not being fully exploited.

An ambient case, with no turbines, is simulated and velocity data is extracted from the

stored coordinates of the remaining points. This simulation does not require use of the

specific mesh created for homogeneous and heterogeneous cases, because it does not

include any turbines. Therefore, it can be done as a parallel step to meshing by using a

mesh without separate subdomains if mesh independence is achieved. A rated speed

for each array is calculated, based on the ambient velocity data, to achieve a target

capacity factor of 40% using the Newton-Raphson method. The target capacity factor

is chosen based on the Verdant Power development, which has achieved a capacity

factor of 0.42 over nine months of operation (Verdant Power, 2021, Coles et al., 2020).

Any areas with a rated speed of less than 1.5 m/s is deemed to be not viable for energy

extraction due to lack of sufficient power density. For the homogeneous diameter and
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control cases, the modal value for rated speed across the array areas of homogeneous

diameter is applied. A cut-in speed of 0.5 m/s and cut-out speed of 5 m/s is applied

across turbines. The choice of cut-in and cut-out speeds were demonstrated to have

significantly less impact on the power output of an array in Chapter 3.

The turbine specifications that are varied in this study are the diameter and rated speed

(control) of devices within each sub-array. The homogeneous approach is split into two

classifications; homogeneous in both turbine diameter and rated speed (homogeneous

diameter and control), and homogeneous in turbine diameter only (homogeneous

diameter). For the homogeneous diameter and control cases, arrays of 5 m, 10 m, 15 m

or 20 m diameter turbines are deployed in allowable areas (Table 5.4) and the rated

speed of turbines across the site is uniform, based on the modal value assigned to

arrays considered in each case. The homogeneous diameter cases, consider the same

diameters of turbines but the rated speed for each array varies across the entire site.

For the heterogeneous case, all array areas are occupied by the maximum permissible

diameter of turbine, and the rated speed of turbines in each array varies across the

site. For cases with any aspect of heterogeneity, multiple turbine densities and turbine

performance curves must be defined with each thrust curve represented as an additional

momentum sink.

A number of assumptions are made on the placement of turbines. The seabed gradient

and associated foundation issues are not considered. Additionally, space required

for cabling and shipping lanes are not explicitly incorporated into the array design

framework.

5.6 Results

Across the Inner Sound, a total of 81 sub-array areas were defined following the proce-

dure outlined in Figure 5.8. The specification of turbines for each array area is presented

in Figure 5.9. In this case study, no turbines were assigned a rated speed of 3 m/s despite
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being considered as an option.

Figure 5.9: Individual array areas considered in the study. The maximum diameter of turbines
allowable in each array indicated by the size of the inner black circle and the rated speed
indicated by the edge colour.

In the heterogeneous case, 52% of array areas are occupied by 15 m diameter turbines

(42 areas). The 10 m and 5 m diameter turbines occupy 20 and 15 array areas respectively.

Four array areas in this study have bathymetry large enough to accommodate 20 m

diameter turbines whilst meeting minimum clearance requirements.

For homogeneous cases, 5 m diameter turbines occupy all array areas that meet mini-

mum siting constraints and as the diameter of turbines in each homogeneous case

increases, the number of array areas occupied decreases due to diameter-specific

bathymetry restrictions (as per Table 5.4). The results of the heterogeneous and ho-

mogeneous cases simulated for this study are summarised in Table 5.6. The power

presented in Table 5.6, and throughout the results, is averaged over the 14-day spring-

neap cycle and should not be taken as the maximum power output of the arrays. The

power calculated in this study does not account for power take-off efficiency losses.

To consider the results presented in Table 5.6 in detail, the individual performance of

array areas in the homogeneous diameter cases are presented in Figures 5.10 and 5.11.
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Table 5.6: Overview of results for homogeneous diameter and control, homogeneous diameter
and heterogeneous cases, all powers are averaged over the spring-neap cycle.

Diameter
[m]

Rated
Speed
[m/s]

Number
of

Turbines

Number
of

Array
Areas

Total
Swept
Area
[m2]

Installed
Capacity

[MW]

Average
Power
[MW]

Capacity
Factor

Average
Power

[MW] per
Turbine

Average
Power per

Swept
Area

[kW/m2]

Average
Power per

Thrust
[kW/N]

per Swept
Area

Homo-
geneous

5 2 6932 81 136110 300 80.96 0.27 0.0117 0.59 0.347
10 2 1413 66 110977 250 72.69 0.29 0.0514 0.66 0.369
15 2 438 46 77401 176 61.13 0.35 0.1396 0.79 0.418
20 1.5 21 4 6597 6 2.81 0.44 0.1338 0.43 0.426
5 1.5 - 2.5 6932 81 136110 260 79.45 0.33 0.0115 0.58 0.356

10 1.5 - 2.5 1413 66 110977 220 69.70 0.34 0.0493 0.63 0.374
15 1.5 - 2.5 438 46 77401 161 59.57 0.38 0.1360 0.77 0.421

Hetero-
geneous

5 - 20 1.5 - 2.5 2134 81 136110 260 75.32 0.31 0.0353 0.55 0.344

Figure 5.10: Average power for individual arrays in the homogeneous diameter cases, ordered
according to increasing average power for the 5 m diameter case.

In Figure 5.10, results are arranged in order of increasing average power according to

the 5 m homogeneous diameter case, which can be deployed in every feasible array

area. The average power for each array is plotted to allow comparison of the power

output based on the diameter of turbines placed in each area. For a heterogeneous

array, resource spatial variability is demonstrated in Figure 5.12, which presents the

average power, capacity factor and average power per swept area of each array area, and

the specification of turbines that occupy each area.
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Figure 5.11: Average power for homogeneous diameter cases: a) 5 m, b) 10 m, c) 15 m and d)
20 m diameter. The rated speed of turbines in each array area is illustrated by the edge colour of
the square and the diameter of the turbines is indicated by the size of the black circle.

The average power for each homogeneous case (both homogeneous diameter and

homogeneous diameter and control) decreases with increasing diameter of turbine,

whilst the capacity factor increases. Therefore, the greatest average power, for both

homogeneous diameter and homogeneous diameter and control cases, is achieved

when 5 m diameter turbines are deployed across the entire Inner Sound, with 79.45 MW

and 80.96 MW for each case respectively. The high value in average power is mostly due

to the large number of turbines deployed (almost 7000 turbines in total) and greatest

capacity installed in the 5 m homogeneous case. This is attributed to the deployment of

5 m diameter turbines across all 81 sub-arrays, including areas where larger turbines

are not allowed due to bathymetry constraints (Table 5.4).

In the 20 m diameter turbine array areas, control is uniform as they are assigned the

same rated speed. The 20 m diameter turbine sub-arrays are situated in the same area,

south west of Stroma (Figure 5.11), and the resource does not vary across these arrays as

significantly as it does across the whole Inner Sound. The areas where 20 m diameter

turbines are placed appear to have a low concentration of the resource because they are
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all assigned rated speed of 1.5 m/s, which is the lowest value considered in this study.

This highlights a trade-off between deploying larger turbines in deeper waters, which

offer the necessary space whilst maintaining minimum clearance requirements, but

consequently experience reduced flow velocities due to their increased depth. This

decrease in flow speed and subsequent reduction in the concentration of the resource

in these areas, due to conservation of mass, diminishes the potential power output,

despite the advantage of accommodating larger turbines.

The eight array areas on the right hand side of Figure 5.10 (K4, E5, J4, F4, I4, G4, H4, F5)

produce the most power on average for both the homogeneous diameter and hetero-

geneous cases. These array areas are located south of the island Stroma (Figure 5.11)

demonstrating the concentration of the resource close to the narrowest constriction

between Stroma and the mainland. All but one of the arrays have turbines operating at a

rated speed of 2.5 m/s, which is the highest rated speed assigned in this case study. This

indicates that in the ambient case the largest velocities occur in these areas as the flow

passes the island, Stroma. Not allowing heterogeneous control and assigning the modal

rated speed (to 2 m/s from 2.5 m/s) across the site leads to an increase in capacity factor

and decrease in power because the turbine is being capped at a lower velocity for each

array.
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Figure 5.12: Average power, capacity factor and average power per swept area of arrays in the
heterogeneous case. The rated speed of turbines in each array area is illustrated by the edge
colour of the square and the diameter of the turbines is indicated by the size of the black circle.

The 15 m diameter turbines consistently demonstrate higher average power outputs

compared to the 5 m and 10 m diameter turbines, across all permissible array areas

(Figure 5.10). This occurs because there are fewer permissible array areas for 15 m
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diameter turbines (the installed capacity is 62% of the 5 m case) and therefore less

resistance on the flow due to turbines, which results in a smaller reduction in flow rate.

The reduction in flow rate is evidenced by the decrease in capacity factor by 5 – 8%

between the 15 m and 5 m homogeneous cases (discussed further in Section 5.7.2).

The average power for the 15 m case compared to the 5 m case increases by more than

50% for some array areas, particularly those on the east and west sides of the overall

area occupied by turbines. Arrays A5 and B4, located on the east side, and arrays P3

and Q3 on the west side are examples of arrays that experience this scale of increase

in average power (Figure 5.11). These arrays are adjacent to areas designated for 5 m

or 10 m diameter turbines. Consequently, in the homogeneous 15 m diameter turbine

case these adjacent areas remain turbine-free, thus the flow rate is not reduced to the

same extent as in other cases during ebb and flood due to the predominantly east-west

flow in this channel.

5.7 Discussion

5.7.1 Array Composition Effects on Power Performance

The power per turbine and power per swept area are useful power performance indi-

cators to consider when comparing arrays consisting of different number and size of

turbines, but maintaining the same approximate blockage. The average power per tur-

bine and power per swept area increases as diameter increases. The 5 m homogeneous

cases have the lowest power per turbine and power per swept area compared to all

the other larger diameter homogeneous cases with only 11.5 – 11.7 kW/turbine and

0.06 kW/m2 because they have the greatest installed capacities and number of turbines,

introducing greater resistance to the flow. The rated power of the 5 m turbine at rated

speed of 2 m/s is approximately 40 kW. Deploying almost 7,000 turbines when each

turbine only produces approximately 10 kW is not a feasible development strategy for

a site, despite the seemingly high average power overall, considering the capital and

operational costs associated with tidal turbines (Goss et al., 2021).
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The highest performing array for the heterogeneous case in terms of power per swept

area is array H4, with 1.76 kW/m2 (Figure 5.12). The arrays that experience the least

power per swept area are located on the south east of the studied array areas. Array Q3,

located on the most south eastern corner of all the array areas, experiences the least

power per swept area (0.23 kW/m2). This array has a rated speed of 1.5 m/s, whereas the

highest performing array has a rated speed of 2.5 m/s. The rated speeds are indicative of

where the resource is concentrated based on ambient velocity data and the power per

swept area reinforces this by mapping concentration of the resource across the Inner

Sound.

Balancing performance, efficiency, and cost-effectiveness of an array is a key consider-

ation for any tidal development. Large thrusts applied by turbines can be associated

with increased costs and resistance to the flow but also the potential for greater power

generation. Table 5.6 presents the average power per thrust per swept area for each

case. Power per thrust is calculated by dividing the total instantaneous power and

thrust of the array at each time-step and averaging over the spring-neap cycle. The

power per thrust is divided by the swept area of the rotor. The metric of power per

thrust is presented per swept area to give a more comparable metric between cases due

to the different diameters of turbines in this study. The average power per thrust per

swept area increases with increasing turbine diameter in the homogeneous cases. In

contrast to the metrics of average power per turbine or average power per swept area,

the homogeneous diameter and control cases have lower values for power per thrust

compared to the homogeneous diameter cases for each turbine diameter. Although the

average power per thrust per swept area is only marginally higher for the homogeneous

diameter cases, compared to the homogeneous diameter and control cases, the result

does indicate that allowing variable rated speed for the operation of turbines across a

site is beneficial because it is a critical point in the performance curve for both power

and thrust (Section 3.4.4).
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5.7.2 Capacity Factor as an Indicator of Array Impact on Flow Characteristics

Although the rated speed was defined based on ambient velocity data to achieve a

40% capacity factor, a number of arrays in each case have capacity factors that are

notably lower (Table 5.6 and Figure 5.12). The decrease in capacity factor is a result of

array-induced flow adjustment compared to the ambient case, attributed to the thrust

imposed on the flow due to turbines and the drag from the turbine support structures,

when there are a large number of turbines present. The ambient case does not account

for the impact of the flow due to the presence of an array and therefore, the rated speed

specified for each array to achieve a 40% capacity factor will be either underestimated

or overestimated depending on array interactions.

The flow rate, Q(t ), is evaluated across the transect presented in Figure 5.1 as,

Q(t ) =
Ï

u(z, x, t )dz dx (5.4)

where x is the distance along the transect, and z is the water depth, and u(z, x, t ) is the

velocity normal to the transect (east-west). Figure 5.13 presents the flow rate across

the transect during a spring cycle and neap cycle for the homogeneous diameter and

heterogeneous cases and an ambient case with no turbines present. It is evident that

cases with low capacity factors also have the lowest flow rates compared to ambient

case. The rated speed is calculated based on ambient velocity, where resistance in the

channel is lower due to no turbines being present. Therefore, the overall velocity in

the channel is higher than when many turbines are installed. When the capacity factor

decreases significantly below the target capacity factor, this indicates that the reduction

in velocity due to the presence of turbines is large. Therefore, the array does not perform

as well as expected based on ambient data and could lead to a rated speed that is too

high being applied.
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Figure 5.13: Envelope of the total flow rate across a transect of the channel during a spring cycle
and neap cycle for the homogeneous diameter and heterogeneous cases and an ambient case
with no turbines present. Capacity factor (CF) of each case is indicated in the key.

In cases where only diameter is kept homogeneous, the capacity factor of arrays de-

creases by 3-6% for each diameter of turbine compared to when control is kept homo-

geneous, with the exception of the 20 m diameter case where there is no variability in

rated speed. The installed capacity of the homogeneous diameter and control cases

is greater than the homogeneous diameter cases. Therefore, the power metrics are

greater in the homogeneous diameter and control case compared to the homogeneous

diameter cases for each diameter of turbine, with average power increasing up to 4%

(Table 5.6). Considering the 5 m homogeneous cases, there is a 40 MW difference in
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installed capacity between the homogeneous diameter and homogeneous diameter

and control cases, however, the difference in average power is only 1.5 MW. Hence the

decrease in capacity factor for the homogeneous diameter and control case.

The capacity factor deviates from the 40% target by up to 13% in the homogeneous

diameter and control case and only 7% in the homogeneous diameter case. Whilst

the introduction of resistance on the flow due to turbines does lead to a reduction in

the capacity factor from the target value, Figure 5.14 presents the flow rate across the

channel for both 5 m homogeneous cases, demonstrating the difference is minimal.

Therefore, the reduction in capacity factor between the homogeneous cases is attributed

to the rated speed being too high for certain areas. In the 5 m homogeneous diameter

and control case, 40% of the arrays are operated with an increased rated speed (from

1.5 m/s to 2 m/s) and 9% of the arrays have rated speeds decreasing (from 2.5 m/s to

2 m/s) relative to the 5 m homogeneous diameter (Table 5.7). Therefore, more areas

are experiencing an increase in rated speed, to a value that is too large with respect

to the velocities in the areas, compared to the number of array areas that experience

a decreased rated speed (which would result in higher capacity factors). Therefore,

the overall effect is a decrease in capacity factor. This demonstrates that allowing

heterogeneity in control is important because at any real site, the tidal resource does

vary spatially. Tailoring the rated speed according to the spatial variability of the resource

is beneficial in terms of capacity factor.

Table 5.7: Rated speed of turbines across array areas in the the homogeneous diameter and
homogeneous diameter and control cases

Homogeneous Diameter
Homogenenous Diameter

and Control
5 m 10 m 15 m 20 m 5 m 10 m 15 m 20 m

Rated Speed
[m/s]

1.5 2 2.5 1.5 2 2.5 1.5 2 2.5 1.5 2 2 2 1.5

Number of
Areas

33 41 7 24 36 6 15 29 4 4 81 66 46 4

In the 5 m homogeneous cases, there are two arrays (H1 and I1) that experience a 21%

change in capacity factor when the rated speed increases between the homogeneous
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diameter and homogeneous diameter and control case, from 1.5 m/s to 2.0 m/s. The

capacity factors of arrays H1 and I1 increase from 0.27 and 0.32 to 0.48 and 0.53 respec-

tively. Therefore, the ideal rated speed for these arrays would likely be between 1.5 m/s

and 2 m/s to achieve a capacity factor closer to 0.4. It is important to note that the effect

of a 0.5 m/s change in rated speed on power generation is not equivalent between the

values of 1.5 m/s – 2 m/s and 2.5 m/s – 3 m/s, due to the cubic relation of rated speed

and power. Therefore, the change in capacity factor due to a 0.5 m/s increase in rated

speed for arrays H1 and I1 cannot be directly compared to arrays with the same increase

in rated speed to different values because the effects are non-linearly related to the rated

power.

The installed capacity when all array areas are occupied with varied rated speed is

260 MW. This capacity is 65% of the 398 MW potential capacity that the Crown Estate

awarded the lease agreement to MeyGen for the Inner Sound (SAE Renewables, 2023).

The installed capacity in this study is low due to the conservative utilisation of the

marine space based on the number of turbines placed in each array area. Therefore, the

predicted average power over the spring-neap cycle, presented in this study should not

be considered as the maximum potential of this site. The wind industry has taken the

approach of increasing rotor diameter to achieve installed capacity targets with fewer

turbines at sites, which reduces the cabling and foundation costs (Wiser et al., 2016).

The heterogeneous approach helps achieve a high installed capacity by maximising the

usage of the site with fewer turbines, compared to the homogeneous case, by deploying

the maximum permissible diameter of turbine in each array area.

5.7.3 Homogeneous Diameter vs Heterogeneous

The advantages of allowing varied rated speeds across the Inner Sound has been dis-

cussed in the comparison between homogeneous diameter and homogeneous diameter

and control cases (Section 5.7.2). Therefore, the subsequent discussion will focus on

the difference between the homogeneous diameter and heterogeneous results.
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Figure 5.14: Envelope of the total flow rate across a transect of the channel during a spring
cycle and neap cycle for the 5 m homogeneous diameter (rated speed = 1.5 – 2.5 m/s) and 5 m
homogeneous diameter and control (rated speed = 2.0 m/s) cases.
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Comparing the performance of homogeneous and heterogeneous arrays allows con-

sideration of the sacrifices when only turbines of the same specification are deployed.

The 5 m turbine diameter case is the highest yielding homogeneous diameter case in

terms of average power and produces 5% more power on average than the heteroge-

neous case due to the greater drag acting on the flow introduced by larger turbines. The

capacity factor between the cases only differs by 2%. Despite the apparent increased

yield in average power, the discussion on power performance (Section 5.7.1) highlights

the importance of comparing other metrics. As detailed in Section 5.7.1, as increasing

diameters of turbines are implemented at a site, the power per turbine, power per swept

area and power per thrust increases. In this instance, because the installed capacity is

the same for both cases but the power is less for the heterogeneous case, the power per

swept area is smaller. However, the average power per turbine is greater by 70% for the

heterogeneous case. This metric is critical in terms of cost, and a higher value means

better cost efficiency (Goss et al., 2021).

Having homogeneous turbines deployed at a site allows the exploitation of economies

of scale for turbine manufacturing, which will be key in reducing levelised cost of

energy (Milne, 2020). However, in this study, individual array areas are considered to be

homogeneous, even in the heterogeneous cases. Therefore, economies of scale can still

be utilised because numerous array areas consist of the same specification of turbines

and supply chains for varying turbine specifications will be developed for other sites.

The heterogeneous array design maximises the utility of space at a site without compro-

mising on the size of turbines deployed at a site. This approach minimises bathymetric

constraints that restrict areas where turbines can be placed if a single diameter were

considered. Heterogeneous arrays maximise the area of the lease site where turbines can

be deployed, but are also critical for expanding the lease site without only considering

small diameter turbines, which are less efficient in terms of power per turbine.

An advantage of increasing the installed capacity at a site is that costs can be distributed
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across the turbines in the array due to economies of volume (Goss et al., 2021). As the

installed capacity at a tidal site increases, the cost per unit of power effectively decreases

because costs of installation and maintenance per turbine decreases as the number of

turbines increases. For example, the costs of mobilising and demobilising vessels for

offshore operations, installations, and maintenance diminish per turbine as the total

number of turbines rises. The heterogeneous approach can help achieve economies of

volume whilst being more power efficient than homogeneous cases with the same or

greater installed capacity.

5.7.4 Further Considerations

The coarseness of bathymetry data introduces uncertainty due to under-resolved fea-

tures at the site (Jordan et al., 2023). However, high-resolution data does not guarantee

accuracy. The bathymetry resolution is required to be smaller than array resolution,

therefore, the method presented in this study could be refined with the acquisition of

accurate higher-resolution bathymetry data, enabling the division of array areas into

smaller units. By considering the minimum bathymetry across the array area and due

to the array resolution many array areas are only suitable for smaller diameter turbines.

Only four array areas in this study are occupied by 20 m diameter turbines. Sites often

have troughs across the sea bed, therefore it may be feasible to install 20 m turbines in

some areas, if the array areas were smaller and the bathymetry was refined to identify

these deeper areas. This refinement, however, necessitates a balance between allowing

a certain degree of heterogeneity within an area without introducing too many arrays of

different specifications and accommodating the highly variable bathymetry.

The velocity reduction of flow instigated by the introduction of resistance due to turbines

is a key consideration at sites like the Pentland Firth, which is split into multiple streams

(Adcock et al., 2013, Draper et al., 2014b). Figure 5.15 gives an initial indication of the

effects, presenting the change in volume of flow through the Inner Sound for each

case with respect to the ambient case. The volume of flow through the Inner Sound
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channel during flood and ebb decreases for all cases when turbines are present, most

significantly for the heterogeneous cases and least significant for the 20 m case. This

observation aligns with expectations, as it mirrors the order of resistance due to turbines

across the cases, consistent with the flow rate reductions discussed earlier (Figure 5.13).

The net volume, calculated as the difference between ebb and flood volumes, does not

exhibit a systematic increase or decrease trend across the various cases. The change in

net volume demonstrates the effect on the tidal asymmetry at a site due to the presence

of turbines, which has implications for the environment (Neill et al., 2009, 2014). Adcock

et al. (2014) demonstrate implementing large arrays leads to significant modification of

the flow and a reduction in asymmetry. However, the effect on tidal asymmetry across

the cases in this study does seem to increase the asymmetry, except for the 20 m case. In

this study the turbines only partially occupy the width of the channel unlike the study

conducted by Adcock et al. (2014) where turbines occupy the full width. Therefore, in

this study the change in net volume does not appear to correlate to the level of resistance

introduced by turbines and the effects on tidal asymmetry based on the different cases

are not as obvious.
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Figure 5.15: Volume a) percentage change and b) absolute change in flood, ebb and asymmetry
(difference between flood and ebb) in the Inner Sound channel for homogeneous diameter and
heterogeneous cases compared to an ambient case with no turbines present.

Quantifying the environmental impact of introducing resistance due to turbines on the

flow at a site is complex and multi-faceted. Some studies have considered limiting the

maximum permissible change in peak velocity, which could minimise sediment deposi-

tion effects (Neill et al., 2009, Haverson et al., 2018). However, it is a particularly limiting

constraint for real tidal sites and does not necessarily demonstrate the environmental

impact effectively (Patel et al., 2023). Figure 5.13 presents the flow rate for different

deployment strategies and an ambient case, which could indicate the maximum reduc-
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Table 5.8: Maximum change in amplitude and phase of the M2 constituent for elevation for
homogeneous diameter and heterogeneous cases with respect to the ambient case.

Maximum change
in amplitude [m]

Maximum change
in phase [◦]

Heterogeneous 0.048 0.097
5m Homogeneous 0.046 0.095
10 Homogeneous 0.050 0.060
15 Homogeneous 0.050 0.060
20 Homogeneous 0.021 0.025

Figure 5.16: Change in amplitude of the M2 constituent for current between the heterogeneous
case and the ambient case.

tion in flow rate. However, when a phase difference occurs due to the introduction of

turbines at a site, measuring the instantaneous difference in flow rate is not representa-

tive. Another environmental concern that needs to be monitored is the collision risk

between turbines and marine animals. Ensuring arrays only partially occupy the width

of the channel and avoiding excessively large blockages can help minimise this risk.

Shared usage of the seabed through Crown Estate leasing and balancing usage priorities

ensures turbines do not occupy the entire width of the channel allowing marine animals

to navigate around the developed area, which is also necessary for navigation channels

for boats (The Crown Estate, 2023). In this study, a minimum distance from the coastline

where turbines could be placed was implemented to ensure turbines do not fully occupy

the width of the channel.
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The impact on the flow due to the presence of turbines is investigated by examining

changes in amplitude and phase of the M2 constituent for elevation and current. Table

5.8 presents the maximum difference in amplitude and phase, for elevation, between

cases with turbines (homogeneous diameter and heterogeneous) and the ambient case.

The maximum change in amplitude is 0.05 m and the maximum change in phase is

0.097◦ across the cases, which is minimal and demonstrates the affect of implementing

turbines is negligible on elevation. Based on the principles presented in Garrett and

Cummins (2005), the elevation should not change significantly due to the presence

of turbines, but the current may vary. The change in amplitude of the M2 constituent

for current between the heterogeneous and ambient cases is presented in Figure 5.16,

where positive values represent an increase in amplitude compared to the ambient

case and negative values represent a decrease. The maximum change in amplitude for

current is 0.91 m/s, which is an order of magnitude greater than the change for elevation.

For the current, the greatest changes in amplitude occur directly south of Stroma. In

this region, the area of lower amplitude is due to the presence of the overall array and

the resistance on the flow due to turbines. The increased amplitude directly north and

south of this region is the accelerated flow bypassing the array due to the resistance in

the array occupied area with lower amplitude.
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Figure 5.17: Envelope of the total flow rate across a transect of the channel, solid line represent-
ing the proportion of the transect occupied by the array and the dotted line representing the
proportion of transect on either side of the array during a spring cycle and neap cycle for the
heterogeneous and ambient cases.

Figure 5.17 presents the flow rate envelope across the transect presented in Figure 5.1.

The portion of the transect occupied by turbines (solid line) is compared to the portion

of transect on either side of the array (dotted line) for the heterogeneous and ambient

cases. In the heterogeneous case, the flow through the portion of the transect occupied

by the array is lower compared to the ambient case, but the unoccupied portions of

the transect, which border the array see an overall increase in flow rate compared to

the ambient case. The changes in velocity demonstrated in Figures 5.16 and 5.17 are

expected when turbines are present due to the blockage effects that cause some increase
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in flow that bypass the array. A similar effect is observed by Coles et al. (2020) in the

Alderney Race and they suggest reducing the rated power during periods of high flow

velocity so that the drag due to the turbines is limited. However, a reduction in rated

speed (and hence rated power) would also lower the installed capacity and power output.

Given the changes in current amplitude for the M2 constituent from the ambient case

are reasonable and there are no formal limitations, this is not a necessary approach.

5.8 Conclusion

This chapter explores bathymetry as a limiting practical constraint on the tidal stream

energy resource and how it can shape array design. The conclusions of this case study

of the Inner Sound are applicable to tidal sites in general because the resource and

bathymetry will never be consistent across a real site and sites will have limited areas

for tidal development. It has been shown that homogeneous diameter cases achieved

better capacity factors, with regards to the 40% target, than homogeneous diameter and

control cases. This highlights the importance of allowing heterogeneous control at a site.

An inspection of the flow rate in the homogeneous diameter and homogeneous diameter

and control cases demonstrates that the difference in capacity factor is primarily due to

the misapplication of rated speed in the homogeneous control cases rather than the

reduction in flow rate due to the increased installed capacity. Targeting a 40% capacity

factor to define the rated speed of turbines across the array does have implications on

the assessment of the resource but the conclusions that arise from comparing cases

in this chapter will remain because the same target is applied across cases. However,

the impact on the resource assessment is that a greater capacity factor target would be

achieved by decreasing the rated speed and thus, less power would be extracted because

power would be capped at a lower velocity. Increasing rated speed to achieve a lower

capacity factor would result in a greater power output from the array. Implementing

heterogeneous control of turbines also allows areas with a large concentration of the

resource at a site to be identified. Identifying where the resource is concentrated at a
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site is useful for guiding where lease sites should be defined, updated or expanded. In

this case study, the areas primarily south of Stroma experience the greatest velocities

and produce the most power and power per swept area. Expanding the lease site

at the Inner Sound will allow the exploitation of the resource in these areas but will

require heterogeneity in turbine diameter and rated speed to maximise the energy

extraction and power performance. Comparing homogeneous and heterogeneous array

configurations revealed that while homogeneous arrays may offer economies of scale

in manufacturing and a 5% increase in power if small diameter turbines are deployed,

heterogeneous arrays maximise the utility of the available space without compromising

on deploying larger diameter turbines. The heterogeneous approach allows a balance

between the power performance and power output of the array and addresses the

issue of cost by considering sub-arrays of turbines with the same turbine specifications.

The design framework for heterogeneous arrays offers a valuable tool for future tidal

energy projects seeking to balance uniformity and power performance in array design.

The study details the importance of not compromising on turbine size solely due to

bathymetry constraints and utilising a heterogeneous rated speed of turbines across a

site to exploit the spatial variability of the tidal resource.
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Impact of Real-world Constraints on the Tidal

Stream Energy Resource in the Pentland Firth

In this chapter, a resource assessment is conducted of the Pentland Firth, considering

the development of arrays in high resource areas across the site, in addition to the

heterogeneous array in the Inner Sound from Chapter 5. In Section 6.1, the importance

of developing multiple arrays through the review of other studies is presented and the

need to strategically identify areas to develop within the practical limitations of a site

is highlighted. Section 6.2 details the method for successively defining multiple arrays

across a site through the extension and application of the heterogeneous array design

framework developed in Chapter 5. Additionally, the assumptions for tidal support

structure foundations are considered and their impact on support structure sizing and

resistance to the flow. The results for the incremental development of the Pentland Firth

are outlined in Section 6.3, presenting the evolving specification of turbines across the

site as each array is defined and the performance of the arrays in each case. In Section

6.4, the results are contextualised by examining the flow rate across transects in areas of

the site that coincide with each array to investigate the interaction between arrays. The

incremental development of the site, seabed usage constraints and the implications

of increased turbine density across the arrays are also discussed. Finally, the resource

of the Pentland Firth is considered in the context of previous studies of the site and a

range of strategic development options and subsequent resource quantification are

examined.

6.1 Deployment of Multiple Arrays at a Site

The enhancement of an array’s performance through micro-siting of turbines has been

the subject of many studies, as discussed in Section 4.3. However, with limited areas

suitable for tidal stream energy development, due to constraints on the resource (Figure

146



Chapter 6

2.4), it is important to consider the interaction between independently developed arrays

in close proximity. Zhang et al. (2022) highlight the risk of not successively developing

distinct nearby arrays, which can lead to interactions with negative impacts on the

power output of the array. They also emphasise that as the number of arrays increases,

the aggregate environmental impact may not scale linearly.

Goss et al. (2018) investigated two contiguous arrays in the Alderney Race, developed

by Alderney and France. They explored scenarios of collaborative, successive and

independent developments. The study focused on the micro-siting of turbines and

the competition effects between the arrays depending on the development strategy.

The greatest power output is achieved when the arrays are developed collaboratively,

although the power output between each scenario is similar. The array developed by

France is found to have a greater impact on the array developed by Alderney and that

a co-operative development would be more beneficial to Alderney. The effect of array

interactions and consequences for independent developers are also highlighted by

Waldman et al. (2019) in the context of policy implications.

One of the most notable sites for tidal stream energy in the UK is the Pentland Firth,

a strait between the north coast of Scotland’s mainland and the Orkney Islands. The

strong currents in the area are due to the elevation phase difference between the east

and west of the Pentland Firth, which is enhanced by tidal streaming due the area’s

topography (Neill et al., 2017). The area is divided into multiple streams due to the

presence of two islands, Stroma and Swona. A number of studies have been conducted

on the tidal stream energy resource at the Pentland Firth, with assessments ranging

from 1 - 17.7 GW (Black and Veach, 2005, Salter and Taylor, 2007, Easton et al., 2012,

Adcock et al., 2013, Draper et al., 2014a, O’Hara Murray and Gallego, 2017, De Dominicis

et al., 2017). In 2010 four lease sties were agreed by the Crown Estate and leased to

four different developers (The Crown Estate, 2023). Figure 6.1 presents planned lease

sites in the Pentland Firth and Orkney for wave and tidal stream developments in
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Figure 6.1: Planned lease sites for wave (yellow) and tidal stream (pink) developments in the
Pentland Firth and Orkney in 2010 (Scottish Government, 2018).

2010. The development of these sites in isolation could prevent the optimal amount of

energy being harnessed due to the impact of arrays on the hydrodynamics of a channel

(Draper et al., 2014a,b). Of the four original lease sites in the Pentland Firth, three were

discontinued after 2015, leaving the Meygen site in the Inner Sound as the only site

being actively developed, with Phase 1 already operational (Meygen, 2012). The Ness of

Duncansby lease has been reconsidered but has not progressed beyond the pre-planing

stage. The original Crown Estate lease sites were outlined based on unrefined older

modelling and have the potential to be updated as resource assessments are refined and

seabed usage is re-prioritised. The study undertaken by Goss et al. (2018) highlights the

need to carefully consider the development of independent arrays in order to maximise

resource extraction for each developer.

Another study that investigates the interaction of multiple tidal stream developments in

the Channel Islands was undertaken by Coles et al. (2017), looking at the Alderney Race
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in conjunction with two other potential sites, the Casquets and Big Roussell. The upper

bound estimate of the resource suggests the majority of the resource can be extracted in

the Alderney Race. When power is extracted in the Alderney Race, the head difference

and volume flux through the Casquets, a parallel site located 3 km away, increases as the

flow increases around Alderney. This leads to constructive effects for power extracted in

Casquets, when developed together with other sites. The third site, Big Roussel is located

40 km downstream of the Alderney Race and Casquets and experiences a reduction in

extracted power when developed with the other sites. They find that during the ebb tide,

the flow diverts around the Channel Islands when power is extracted in the Alderney

Race and Casquets, leading to a volume flux reduction through Big Roussel compared to

when power is extracted through Big Roussel alone. The study highlights the interaction

between sites is highly dependent on their location relative to each other.

The interaction between four tidal arrays in the Pentland Firth is considered by Funke

et al. (2016), through the implementation of a gradient-based optimisation method.

Three of the arrays coincide with the Inner Sound, Ness of Duncansby and Brough Ness

lease sites in Figure 6.1, and the fourth array is placed in Cantick Head, further east

of the Brims Tidal Array development. They demonstrate that optimising the arrays

individually and simultaneously leads to different outcomes for the resource. When

the four sites are optimised individually the potential of each farm is overestimated.

The Cantick Head and Brough Ness arrays have minimal differences when optimised

individually or simultaneously because they are far enough apart that interference

is minimised. However, the Inner Sound and Ness of Duncansby arrays lie directly

behind each other in the direction of the flow and are in relatively close proximity. The

optimisation of the Ness of Duncansby array is notably affected by the presence of the

Inner Sound array, as the latter experiences more constrained flow due to the presence

of Stroma.

A resource assessment of the Pentland Firth conducted by O’Hara Murray and Gallego
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(2017) investigates arrays in three, 2 km wide areas of the Pentland Firth: the Inner

Sound, the Outer Sound (between Stroma and Swona) and a third area between Swona

and South Ronaldsy (Figure 6.1). They first consider a theoretical upper limit of the

resource by considering all three areas with turbines distributed evenly across the

channels and turbines modelled to span the entire water column in their 3-D model. In

the second scenario, they acknowledge the deployment of 20 m diameter turbines is

restricted by bathymetry. As a result, they avoid placing turbines in areas shallower than

the turbine diameter to accommodate this practical constraint on the resource. The

turbines are also modelled to only occupy a small fraction of the column in the second

scenario, acknowledging that horizontal axis tidal turbines do not span the entire water

column. They found that implementing the turbines across the entirety of all three areas

generates the most power but leads to significant environmental effects. The power is

reduced by 70% with the consideration of practical constraints in the second scenario

but leads to a smaller reduction in flow rate through the Pentland Firth and the spatial

extent of environmental impact, measured through the changes in M2 elevation and

current, is much smaller.

Draper et al. (2014a) highlight the ranging resource in the Pentland Firth depending on

the development strategy of the site. They acknowledge that the resource cannot be de-

scribed by a single value but instead by a range of values due to the interactions between

developments in sub-channels of the Pentland Firth. Their findings indicate that devel-

oping sites in parallel sub-channels offers the advantage of increased power extraction

for both sites, which is also observed in the study by Coles et al. (2017). However, when

sites are developed in series, there is a disproportional decrease in power extraction

for each site. Therefore, they emphasise the need to regulate individual developers to

ensure optimal extraction of the resource. In a study of the inter-dependence of the

resource extraction from sub-channels, Draper et al. (2014b) apply the electrical circuit

analogy, discussed in Section 2.2. Using the analogy, they derive an equation to predict

the power when placing turbines in parallel sub-channels. The formula demonstrated
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reasonable agreement with a 2-D numerical model of the Pentland Firth, suggesting

it as a suitable method to provide initial insight into the resource. However, the ap-

proach primarily considers energy extraction, which is an over-simplification of the real

resource.

As the tidal energy sector continues to evolve, the deployment of multiple arrays in

close proximity becomes increasingly common, leading to interactions between them.

The studies outlined in this section have highlighted the importance of considering

these effects in the development of sites. Other than studies that consider lease sites,

the identification of the multiple arrays has not been strategic and very few studies

consider the practical constraints on the resource. In this chapter, the development

of multiple tidal stream arrays across the Pentland Firth, with the consideration of

practical constraints on the resource, is investigated to assess and refine the assessment

of the tidal stream resource in the Pentland Firth and inform the strategic development

of the site.

6.2 Development of the Pentland Firth

The heterogeneous framework developed in Chapter 5 is extended and applied to

identify key areas of the resource for extracting energy through multiple arrays at a

site. The investigation of how the resource in the Pentland Firth responds to extraction

through multiple arrays is important for guiding the next stages of marine spatial

planning. The changing status of lease sites leads the way for identifying new areas to

develop tidal stream arrays and update lease sites based on the best way to harness

the resource. An investigation of how the resource and power yield of arrays respond

to incremental development of the site provides insight into its development. This

approach can inform the The Crown Estate and The Crown Estate Scotland’s definition

of lease sites, enabling independent developers to develop sites individually while

minimising negative interference.
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Figure 6.2: Extension and application of the heterogeneous framework for identifying multiple
arrays at a site.

The approach undertaken for identifying multiple arrays across a site is presented in

Figure 6.2. The heterogeneous array design framework, developed and outlined in

Chapter 5, is applied across the Pentland Firth to identify additional areas to deploy

arrays based on the concentration of the resource across the site. The framework defines

the diameter and rated speed of the turbines based on bathymetry and flow field data.

Successive arrays are defined using the flow field of the previous deployment strategy

to account for effects of the increasing scale of development. The heterogeneous array

modelled in the Inner Sound in Chapter 5 is considered as the first array, given the

site’s preeminent status. A minimum distance of 1.5 km between independent arrays is
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maintained, a similar distance between the original Inner Sound and Ness of Duncansby

lease sites (Figure 6.1).

6.2.1 Tidal Turbine Support Foundation

In shallow water environments (less than 100 m), the fastest currents, and majority

of the energy, are usually assumed to be in the upper portion of the water column

(Prandle, 1982, Goward Brown et al., 2017). Yang et al. (2013) modelled tidal stream

energy extraction as a momentum sink in a 3-D model. They found that the energy

yield of a turbine was highly dependent on the hub height in the water column and the

maximum yield was achieved at the mid-depth. Therefore, the deployment of turbines

with a hub height in the upper half of the water column has been seen as favourable for

developers and turbines are designed to extract energy in the upper portion (Blunden

and Bahaj, 2007, Goward Brown et al., 2017). However, turbine loads increase with the

square of the flow speed, which poses challenges for turbine designers and developers

(Adcock et al., 2021).

The Pentland Firth has depths up to 100 m, with an average of approximately 60 m

across the area (Marine Scotland, 2016). The Inner Sound is the shallowest area of

the site (Figure 5.1), with turbines being placed in depths no greater than 50 m in the

scenarios presented in Chapter 5. However, other areas across the site are characterised

by deeper bathymetry. While most large diameter turbines are bottom-fixed and smaller

turbines are deemed more suitable for floating foundations, as detailed by Adcock et al.

(2021) in a comprehensive overview of key rotor parameters, deploying bottom-fixed

turbines in depths greater than 50 m with the aim of positioning the hub height in

the upper half of the water column would require tall and thick support structures.

The increasing size of support structures leads to an increase in thrust applied to the

flow, which detrimentally impacts the resource due to the decrease in flow velocity,

and also becomes uneconomical. Therefore, the option of a floating foundation is

considered because the inversion of the support structure allows for its length to be
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reduced, along with the diameter of the support structure, while still remaining in the

upper portion of the water column. Consequently, all turbines in any array deployed in

regions with an average depth greater than 50 m adhere to support structure dimensions

pertaining to floating foundations; otherwise, support structures are sized in accordance

with requirements for bottom-fixed turbines. The drag due to the vertical tower of the

support structure is accounted for in both scenarios.

The minimum clearances for the rotor tip to seabed and sea surface for bottom-fixed

turbines are taken according to guidance outlined by Meygen (2012), as presented in

Section 5.3.1. For floating turbines, guidance for the rotor tip to sea surface clearance

is taken from the Orbital O2 device, where the nacelle is positioned 14 m below sea

surface for a 20 m diameter turbine, leaving approximately 4 m clearance between

the blade-tip and sea surface (Orbital Marine, 2022, European Marine Energy Centre,

2023). The minimum rotor tip to seabed clearance remains according to Meygen (2012).

The support structure height is the sum of the clearance between the rotor tip and the

relevant surface (e.g., seabed for bottom-fixed and sea surface for floating) and the

turbine radius.

There are certain effects on the performance of turbines with floating foundations that

are not captured in the model, and acknowledged as a limitation. Floating turbines

may experience motion induced by the platform on the sea surface (Adcock et al., 2021).

The mobility of the floating platform can cause the turbine to tilt when the platform

experiences pitching motion, which affects the performance of the turbine and is a

problem in floating offshore wind turbines (Fang et al., 2020). Osman et al. (2020)

examined the performance of a tidal turbine with a floating platform under the effects

of surge motion and noted that the average power and thrust coefficients reduce in

comparison to a turbine that does not experience surge motion. In some instances

the rotor produced negative coefficients of power and thrust, acting as a propeller and

unsteady loading on the rotor increases with the frequency and amplitude of the surge
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motion oscillation. Additionally, the use of a depth-averaged model leads to a uniform

velocity profile assumption, therefore, the velocity variation at different heights within

the water column cannot be captured and does not reflect in the results. As an example,

if a 20 m diameter turbine is placed in a 70 m depth area and a 1
7

th
power law velocity

profile was adopted, the difference in placing a turbine 15 m above the seabed and 55 m

above the seabed, could lead to a 0.3 m/s change in velocity, which would translate to

an even greater difference in power.

The purpose of considering floating foundations in this chapter is to reflect a sensible

and realistic option for turbines, considering the practical constraints limiting the

resource, to propose a development strategy for the site and assess the resource. Only

the change in resistance on the flow due to the support structure size between the

floating scenario compared to a bottom-fixed turbine is captured in the model. A

comparison of the size of the support structure on the power output of an array in an

idealised channel is undertaken to demonstrate the impact of their size on the resource.

An array of 20 m diameter turbines is modelled, with support structure sizes appropriate

for bottom-fixed and floating turbines, whilst keeping the turbine in the upper portion

of the water column, to quantify the effect on the power output of an array due to

the resistance of the support structure. In the 80 m deep channel, the scenario with

bottom-fixed turbines are modelled with a support structure length of 50 m (extremely

large to position in upper portion of the water column) and for the floating turbines

scenario the support structure length is 14 m (4 m clearance and 10 m turbine radius).

The assumption of bottom-fixed turbines results in a 5% reduction in power output

compared to the array featuring floating turbines due to the change in support structure

size.

Having floating and bottom-fixed turbines brings an additional aspect of heterogeneity

to the study, but in this case it is not heterogeneity within arrays as with the rated

speed and turbine diameter, instead it is between arrays. This further emphasises the

155



Chapter 6

need to compromise between homogeneity for the benefit of achieving economies of

volume and heterogeneity in order to better harness the resource. Edwards et al. (2024)

undertook a review of early-stage floating offshore wind platforms and highlighted that

future trends indicate the competing priorities of developers will require a trade-off

between standardisation and specialisation.

6.3 Results

Four arrays are sequentially defined across the Pentland Firth, in addition to Array 1 in

the Inner Sound. The specification of turbines across the five arrays, defined through

the extended heterogeneous framework, is presented in Figure 6.3. The turbines in

Array 1 are assumed to be bottom-fixed because the average bathymetry across the

array is less than 50 m and the turbines in Arrays 2–5 are assumed to be floating. The

support structure sizes for each turbine reflect these assumptions. The turbines that

make up Array 2, Array 4 and Array 5, are all homogeneous in diameter (20 m) because

the areas have bathymetry deep enough to accommodate this size of turbine rotor and

meet minimum clearance requirements. Array 3 primarily consists of 20m diameter

turbines, although some 15 m diameter turbines are deployed in the north-eastern part

of the array.

Figure 6.3: All arrays identified for the deployment of multiple arrays at a site through the
extended heterogeneous framework (numbered in order of specification).
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Five cases are defined, extending from the heterogeneous case discussed in Chapter

5. Each case is established with the addition of an array, following the sequential order

of identification outlined in Section 6.3.1. With the deployment of each new array the

number of turbines and total swept area increases in each case.

6.3.1 Defining Arrays

Figure 6.4 presents the available areas for development as arrays are deployed and the

change of turbine specifications with the addition of each array is visible. Array 2 is

situated north of the Inner Sound, between Stroma and Swona, selected on the basis

that it is the only area with turbines operating at a rated speed of 3 m/s (Figure 6.4a),

which indicates a high flow velocity and concentration of the resource.

When the heterogeneous framework is applied, based on the updated flow field, the

change in turbine specifications across the available areas for development as the

resource responds to the deployment of Arrays 1 and 2 can be seen in Figure 6.4b, in

comparison to Figure 6.4a. Array 3 is defined around the area with turbines operating

with rated speed of 3 m/s, located east of Array 2 (Figure 6.3).

Following the implementation of three arrays, there are no more areas with turbines

specified to operate at rated speed of 3 m/s when the heterogeneous framework is

re-applied (Figure 6.4c). From the remaining available areas for development, Array 4 is

defined around the island Swona, with turbines operating at a maximum rated speed of

2.5 m/s. Subsequently, Array 5 is defined on the north-west side of the site, in an area

where the maximum rated speed turbines are operating at 2 m/s.
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Figure 6.4: Specification of turbines within potential remaining array areas to define and deploy
a) Array 2, b) Array 3, c) Array 4 and d) Array 5 as each additional array is deployed.
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6.3.2 Incremental Development of the Pentland Firth

The average power and capacity factor of each array is presented in Table 6.1 for each

case. In this chapter, as in Chapter 5, the average power is referring to the time-averaged

power over the spring-neap cycle. Considering the varying turbine diameter and num-

ber of turbines across the arrays, assessing the average power per turbine and per swept

area provides deeper insights into array performance and are presented for each array

in each case in Table 6.1. The table also provides details on the number of array areas,

swept area, number of turbines and installed capacity both individually and collectively.

The average power and capacity factor for each case are also presented in Figures 6.5

and 6.6 to visualise the distribution of the metrics spatially across the site and in context

of the turbine specification in each case.

Deploying turbines beyond the Inner Sound (Array 2) results in a 15% increase in power

for Array 1, averaged over the spring-neap cycle. The addition of Array 3 results in a

minor decrease in the power yielded by Arrays 1 and 2 (2 and 4% respectively). When

Array 4 and Array 5 are deployed, there is a minimal increase in power for Array 1 in

comparison to the 3 Array case. The average power yield for Array 1 varies by less than

1% between the case with 3 Arrays and 5 Arrays. There is a 5% decrease in power yielded

by Array 3 with the addition of Array 4 and 5. Array 4 also experiences a 5% decrease in

power due to the presence of Array 5.

The average capacity factor of the arrays ranges from 31% to 45%, depending on the

number of independent arrays deployed. Array 2 exhibits the highest power per swept

area and power per turbine, along with the largest installed capacity among the arrays.

Array 1 demonstrates the smallest power per turbine, power per swept area, and installed

capacity.
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Table 6.1: Overview of the size of arrays in each case and the average power, capacity factor,
power per swept area and power per turbine for each array.

Array 1 Array 2 Array 3 Array 4 Array 5 Overall

Number of array areas 81 309 231 92 124 837

Swept area [m2] 136945 518397 388002 154514 208257 1406115

Number of turbines 2134 1652 1260 492 663 6201

Installed capacity [MW] 260 1670 830 320 400 3490

1 Array

Capacity factor 0.31 - - - - 0.31

Average power [MW] 75.32 - - - - 75.32

Power per swept area [kW/m2] 0.55 - - - - 0.55

Power per turbine [kW/turbine] 35.30 - - - - 35.3

2 Arrays

Capacity factor 0.38 0.47 - - - 0.45

Average power [MW] 91.33 767.07 - - - 858.40

Power per swept area [kW/m2] 0.67 1.48 - - - 1.31

Power per turbine [kW/turbine] 42.80 464.33 - - - 228.5

3 Arrays

Capacity factor 0.36 0.45 0.48 - - 0.45

Average power [MW] 89.89 739.02 347.56 - - 1,176.47

Power per swept area [kW/m2] 0.66 1.43 0.90 - - 1.13

Power per turbine [kW/turbine] 42.12 447.35 275.84 - - 235.6

4 Arrays

Capacity factor 0.37 0.45 0.47 0.39 - 0.44

Average power [MW] 90.53 737.38 336.95 120.55 - 1,285.41

Power per swept area [kW/m2] 0.66 1.42 0.87 0.78 - 1.07

Power per turbine [kW/turbine] 42.42 446.35 267.42 245.01 - 234.7

5 Arrays

Capacity factor 0.36 0.46 0.46 0.37 0.40 0.43

Average power [MW] 90.15 741.89 330.25 113.97 154.28 1,430.54

Power per swept area [kW/m2] 0.66 1.43 0.85 0.74 0.74 1.02

Power per turbine [kW/turbine] 42.24 449.09 262.11 231.64 232.69 233.4
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Figure 6.5: Average power over the spring-neap cycle of the arrays. The rated speed of turbines
in each array area is illustrated by the edge colour of the square and the diameter of the turbines
is indicated by the size of the black circle. 161
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Figure 6.6: Capacity Factor of the arrays. The rated speed of turbines in each array area is
illustrated by the edge colour of the square and the diameter of the turbines is indicated by the
size of the black circle.
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Figure 6.7a presents the total average power yielded by the arrays in each case against

the total number of turbines deployed. Figure 6.7b illustrates the power per turbine for

increasing number of turbines in each case. To assess the relative differences between

each point on the curve in Figure 6.7a, the change in power divided by the change

in the number of turbines between cases, essentially the gradient of the line between

points on Figure 6.7a, is depicted in Figure 6.7c. The ratio of instantaneous power and

instantaneous thrust (i.e., power per thrust) is proportional to the overall power for each

case, therefore, the average power per thrust per turbine demonstrates the same trends

as power per turbine.

As more turbines are deployed, through the inclusion of an additional array in each case,

the total power output increases, evidenced in Figure 6.7a. As demonstrated in Figure

6.7b, the power per turbine increases to 230 kW per turbine, from 35 kW per turbine,

with the addition of Array 2, and remains almost constant as arrays are added until there

are 5 arrays, with a very small variation of 5 kW per turbine between the cases. When the

change in power over the change in turbine is plotted (Figure 6.7c) between each case, it

becomes evident that the gradient of the average power versus the number of turbines

plot decreases at a progressively slower rate and becomes almost constant. This implies

that power increases at the same rate, as more turbines are deployed in arrays across

the site.
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Figure 6.7: Relation between power and turbines a) average power vs number of turbines for each
case b) average power per turbine vs number of turbines for each case c) marginal additional
power with the addition of each array.
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6.4 Discussion

6.4.1 Array Interactions

To evaluate the influence of energy extraction through turbines on flow dynamics and

subsequent effects on the average power produced by each array, the flow rate across

5 transects illustrated in Figure 6.8 are considered. Table 6.2 presents the percentage

change in flow rate amplitude for each case with respect to the ambient case across

each transect. The relative changes in flow rate amplitude between cases is one way to

demonstrate the impact of developing arrays in the Pentland Firth on the flow across

the site.

When Array 1 is deployed, a 9.8% decrease in maximum flow rate is observed across

Transect B, which is extended across the Inner Sound and in the same location as Array

1. The flow rate amplitude across Transect C increases by 0.7%. Transect C, positioned

between Stroma and Swona, is located in the area identified to develop Array 2 due to

concentration of the resource north of Stroma, indicated through the rated speed from

the heterogeneous design framework (Figure 6.3.1a).

Figure 6.8: Transects across which the flow rate is evaluated.
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Table 6.2: Percentage change in flow rate amplitude with respect to the ambient case. Values in
bold are where the deployed arrays coincide with the transect in each case.

Change in flow rate amplitude [%]

Case Transect A Transect B Transect C Transect D Transect E

1 Array -2.9 -9.8 0.7 -6.0 0.1

2 Arrays -3.4 -7.1 -6.9 -3.6 -2.1

3 Arrays -5.2 -8.1 -11.9 -4.6 -5.1

4 Arrays -5.6 -6.5 -13.1 3.6 -5.4

5 Arrays -5.5 -6.9 -13.9 -0.1 -7.3

+15 +10 +5 0 -5 -10 -15

The extraction of energy through Arrays 1 and 2 results in a 3% increase in flow rate

amplitude across Transect B, contributing to the 15% increase in power yielded by

Array 1 compared to the case with 1 Array only. This illustrates the positive interaction

between Array 1 and Array 2, which are situated in parallel sub-channels of flow, similarly

observed in studies by Draper et al. (2014a,b), Coles et al. (2017). An 8% decrease in flow

rate amplitude is observed across Transect C between the 1 Array and 2 Arrays cases and

attributed to the presence of Array 2. Array 2 has a significantly large installed capacity

of 1670 MW, which explains the significant decrease in flow rate due to the resistance

imposed on the flow.

Comparing Figures 6.4a and 6.4b, it is evident that the deployment of Array 2 in com-

bination with Array 1, results in an increased rated speed of turbines in the remaining

areas for development on the east-side of the site. The increased resistance between

Swona and Stroma leads to an increase in flow velocity around the north and east of

Swona. Considering the change in flow rate amplitude across Transect D, which is

located east of Swona, there is a 3% relative increase in flow rate amplitude between the

1 Array and 2 Arrays cases. This demonstrates the deployment of 2 Arrays also leads to a

positive interaction across Transect D.

Conversely, Transects E and A, located in series with Array 2, experience a decrease in

166



Chapter 6

flow rate amplitude across both transects following the deployment of Array 2. Despite

the apparent relative decrease in flow rate amplitude across Transect E, Array 3 is

defined in the north part of the transect where the rated speed of turbines increases

due to the presence of Array 2. The area east of Array 2 appears to experience increased

flow velocity due to the acceleration around Swona. However, the area east of Array 1

and south east of Array 2 experiences a decrease in flow velocity due to the combined

negative interference of Arrays 1 and 2. The Ness of Duncansby lease lies in this area

but the study suggests this is a relatively low resource area.

Array 4 is defined around the north and east side of Swona. When three arrays are

deployed, the flow rate in this region decreases slightly, evidenced by a 1% decrease in

flow rate across Transect D and lower rated speed specification of turbines across the

site between Figures 6.4b and 6.4c. The flow rate amplitude across Transect D increases

with respect to the ambient case. It is expected that the presence of an array in the

area where the transect is located would relate to a decrease in flow rate relative to the

ambient flow, therefore the results seems counter-intuitive. Figure 6.9 presents the

change in amplitude for the M2 constituent in each case relative to the ambient case.

The plot reveals an increase in the M2 velocity amplitude on the east side of Transect

D, which is not occupied by the array. This indicates the increase in flow rate across

Transect D is due to the bypassing flow velocity increasing. Across the other transects,

the increase and decrease in flow rate amplitude relative to the 3 Arrays case reflects in

the power yielded from the relative array coinciding over each transect.

The final array, Array 5, is positioned in the north-west of the site and comprises turbines

with rated speeds of 1.5 m/s and 2.0 m/s. When all five arrays are deployed, the flow rate

amplitude decreases by 13.9% across Transect C relative to the ambient case, marking

the most significant decrease across all cases and transects. This reduction is primarily

attributed to the presence of Array 2, which is situated in the same area as Transect C

and is in series with two other arrays, Array 3 and Array 5. Consequently, the reduction
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in flow velocity through Outer Sound is heightened, due to negative interference, as

illustrated in Figure 6.9.

Figure 6.9: Change in amplitude of the M2 constituent for current for each case with respect to
the ambient case.

6.4.2 Pentland Firth Development

The cases presented in this chapter propose a gradual expansion of tidal developments

across the Pentland Firth, which prioritises the need to harness tidal energy as a com-

plementary renewable energy source to achieve net zero targets (Climate Change Com-

mittee, 2020). It is unlikely that the site will be developed all at once, and the method for

identifying each array in this chapter demonstrates how the site can be incrementally

developed as lease sites and seabed priorities evolve. Therefore, as every new array is

defined sequentially, cases were run with the addition of each array. This allows the

opportunity to consider how the resource responds to additional developments and the

power yielded by the combination of arrays in each case if the site is developed in the

same successive order, which is presented in Table 6.1.

Previous studies, as discussed in Section 6.1, have examined the dynamics of multiple
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arrays across a site and found significant positive and negative interactions between

arrays, dependent on whether they are arranged in parallel or series. However, in the

arrays modeled in this chapter, while there are observable interactions between arrays

in terms of power and flow rate amplitude across different areas of the site, their overall

impact is not as significant. One notable exception is the effect on Array 1 when Array 2

is additionally deployed, which experiences a significant positive interaction. This is

partly due to the installed capacity of the other 4 Arrays being more than half of Array 2,

therefore imposing less resistance on the flow. Conversely, Arrays 2–4 only experience

up to 6% fluctuation in power output between cases (Array 5 is not comparable because

it is the last array to be deployed).

Table 6.3 details the number of arrays that are in parallel and series for each case. Array

2 is a critical array for the interactions between arrays because all positive and negative

interference is due to the interaction with Array 2, which is centrally located in the site.

In the 5 Arrays case, Array 2 is in series and parallel with 2 arrays respectively, therefore

it is both experiencing and causing these effects. The significantly increased installed

capacity of Array 2, in comparison to the other arrays, causes the interference to be

enhanced.

Table 6.3: Combination of arrays in parallel and series for each case.

Number of Arrays

Parallel Series

1 Array - -

2 Arrays 2 0

3 Arrays 2 1

4 Arrays 3 1

5 Arrays 3 3

It has also been demonstrated in previous studies that increasing the number of turbines

at a site, and therefore increasing the thrust imposed on the flow, leads to diminishing

returns in power after a certain level of deployment (Draper et al., 2014a, Funke et al.,
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2016, O’Hara Murray and Gallego, 2017). Vennell et al. (2015) emphasises that the energy

available to an array is limited and therefore, the power per turbine will decrease with

increasing numbers of turbines after a certain point. However, as demonstrated in

6.7a, in this study the power does not demonstrate diminishing returns as the overall

resistance is increased through the addition of more arrays and turbines. A steep

increase in power per turbine from the case with 1 Array to the case with 2 Arrays is

apparent from Figure 6.7b. This occurs because Array 1 is made up of smaller diameter

turbines. Therefore, to achieve the same capacity, more turbines are required compared

to Arrays 2, 3, 4, and 5, which are made up primarily of 20 m turbines. The power per

turbines remains almost constant after this point, rather than decreasing as in other

studies, which highlights the benefit of identifying the arrays sequentially, based on

the flow field of the previous deployment. As a result, the array specification adapts to

how the resource is changing. Therefore, when multiple arrays are deployed, the rate

of power per turbine remains constant up to the 5 Arrays being deployed (Figure 6.7b).

The sequential identification of arrays, also contributes to the positive and negative

interactions between arrays being less significant, because the resistance of the turbines

in each array and the effect on the flow is accounted for in the definition of the next

array, which minimises the effect without eliminating it. The change in power may

diminish with a greater turbine density across the arrays. Therefore, a set of cases are

considered to investigate the impact of increasing in turbine density for all five arrays,

with the aim of testing the upper limit of power before diminishing returns are observed

(Section 6.4.4).

6.4.3 Seabed Usage Constraints

A key factor for developing commercial tidal stream arrays is ensuring navigational

channels and marine life passages are unobstructed, forming part of the decision for

defining lease sites. The Scottish Government proposed ‘Highly Protected Marine

Areas’ (HPMAs) to cover 10% of Scotland’s marine areas by 2026 (Marine Scotland

Science, 2022). The HPMAs were proposed to enable recovery of marine ecosystems
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Figure 6.10: Ship density across the Pentland Firth from AIS Tracking (Marine Scotland, 2012).

and encourage a thriving environment. Under the proposal, any ‘exploratory activity

or construction of new infrastructure’ for renewable energy would not be allowed in

HPMAs. However, all shipping, including shipping associated with the development of

renewable energy projects would be allowed. The proposal noted the need for offshore

renewable energy and therefore, suggested that any existing agreements for renewable

energy projects would be excluded when defining the HPMAs and remain unaffected.

The Scottish Government conducted a consultation on the proposal, from December

2022 to April 2023, and received strongly divided responses. Therefore, as of November

2023, they are not implementing the policy for HPMAs (Scottish Government, 2023).

Despite HPMAs not being implemented, a significant seabed usage constraint for tidal

stream energy developments that remains is the need to ensure navigation routes

through the Pentland Firth. To inform the marine spatial planning pilot of the Pentland

Firth and Orkney Waters (Marine Scotland, 2016), the Scottish Government conducted

a shipping study to ensure future developments in the area do not impede on critical

existing activities (Marine Scotland, 2012). The density of ships across the Pentland

Firth is presented in Figure 6.10 (Marine Scotland, 2012).
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While Figure 6.10 depicts multiple areas with high shipping density, the Outer Sound

is a critical area for commercial ships (e.g., container ships) navigating north of the

Scottish mainland. In the cases presented in this study, Array 2 occupies the majority

of the Outer Sound (Figure 6.3), and leaves no navigation route. Therefore, a more

practical case is presented where Array 2 is limited to accommodate a large shipping

lane through the Outer Sound. This case allows 5 arrays to be developed across the

Pentland Firth without significant rerouting of ships, which the Chamber of Shipping

emphasised as a key concern in a shipping and navigation consultation undertaken by

MeyGen (2012) regarding the Inner Sound lease site development. The navigation route

is approximately 2.8 km in width, which is reasonable for the size of ship that passes

through and the strong currents in the area (MeyGen, 2012, Marine Scotland, 2012).

Jones et al. (2022) reported that 36% of the world’s shipping carries energy products,

which are predominantly fossil fuels. An energy transition to renewable sources will

see the shipping of energy products fall, and could allow for the re-prioritisation of the

seabed and reduce the number of large shipping lanes required. Figure 6.11 presents

the update to Array 2 and the average power and capacity factor of the 5 arrays for the

shipping channel accommodation case.
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Figure 6.11: Average power and capacity factor of arrays in the shipping case. The rated speed of
turbines in each array area is illustrated by the edge colour of the square and the diameter of the
turbines is indicated by the size of the black circle.

Table 6.4 presents the average power, capacity factor and size of the arrays in terms of

number of array areas, swept area, number of turbines and installed capacity for the

5 Arrays case and the case adapted for shipping. In comparison to the 5 Arrays case,

the shipping case features only 38% of the number of array areas, turbines, and swept

area in Array 2. Despite this reduction, the installed capacity of Array 2 in the shipping

case is 47% of Array 2 in the 5 Arrays case. The areas of Array 2 that are retained in the

shipping case are characterised by higher rated speeds and greater resource, compared

to the north part of the Outer Sound. This strategic placement allows for the removal of

more than half of Array 2 to accommodate ships in areas with lower flow velocity, while

retaining turbines in regions with higher flow velocity that produce 50% of the power

than an array more than double its size. As a result, the power per swept area and power
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per turbine for Array 2 increases in the shipping case.

Table 6.4: Results for the 5 Arrays case and the Shipping case.

Array 1 Array 2 Array 3 Array 4 Array 5 Overall

5
A

rr
ay

s

Number of array areas 81 309 231 92 124 837

Swept area [m2] 136945 518397 388002 154514 208257 1406115

Number of turbines 2134 1652 1260 492 663 6201

Installed capacity [MW] 260 1670 830 320 400 3490

Capacity factor 0.36 0.46 0.46 0.37 0.4000188 0.43

Average power [MW] 90.15 741.89 330.25 113.97 154.28 1,430.54

Power per swept area [MW/m2] 0.66 1.43 0.85 0.74 0.74 1.02

Power per turbine [MW/turbine] 42.24 449.09 262.11 231.64 232.69 233.4

Sh
ip

p
in

g

Number of areas 81 117 231 92 124 645

Swept area [m2] 136945 195934 388002 154514 208257 1083652

Number of turbines 2134 625 1260 492 663 5174

Installed capacity [MW] 260 780 830 320 400 2600

Capacity factor 0.36 0.49 0.48 0.34 0.42 0.44

Average power [MW] 87.89 371.49 344.25 103.82 163.79 1,071.25

Power per swept area [kW/m2] 0.64 1.90 0.89 0.67 0.79 0.99

Power per turbine [kW/turbine] 41.19 594.39 273.21 211.02 247.05 207.0

Figure 6.12: Percentage change in flow rate amplitude across five transects for the shipping case
with respect to the 5 Arrays case. Transect C is presented in two portions, the portion occupied
by Array 2 in the shipping case and the portion bypassing the array.
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The adjustment to Array 2 for the shipping case impacts the interaction between arrays

and the power produced by each, which is reflected in the change in flow rate amplitude

across the five transects between the 5 Arrays case and the shipping case. Figure 6.12

presents the change in flow rate amplitude for the shipping case with respect to the 5

Arrays case. The flow rate across Transect C is evaluated separately over the portion

that is occupied by Array 2 in the shipping case and the remaining proportion of the

transect.

The adjustment made to Array 2 for the shipping case results in increased power for

Arrays 3 and 5 by up to 4%, which are located across Transects E and A respectively. The

flow rate amplitude across both transects also increases (up to 2.4%). In the 5 Arrays

case, Arrays 3 and 5 are in series with Array 2, however, in the shipping case, they are no

longer in direct obstruction of each other, which is why there is an increase in power for

each of the arrays in the shipping case relative to the original case.

The power yielded by Array 1 and Array 4 decreases in the shipping case, with respect to

the 5 Arrays case. The flow rate amplitude across Transect B, where Array 1 is located,

decreases by 2.16% and the power produced by Array 1 also decreases by 3% in the

shipping case. However, despite a small increase (less than 1%) in flow rate amplitude

across Transect D, the power from Array 4, located over the transect, decreases by 9%.

This is attributed to the fact that Array 4 partially coincides with Transect D, where the

flow rate decreases, but the flow bypassing Array 4 experiences an increase in velocity,

and this bypassing flow rate is enhanced when Array 2 is adjusted for the shipping case.

A similar effect is observed across Transect C for the shipping case because a portion of

the transect is occupied by Array 2 and the other portion experiences the flow bypassing

Array 2 with an increased velocity. This is demonstrated in Figure 6.12, where it can

be seen that the flow rate amplitude across the bypass portion of Transect C increases

by 6.72% in the shipping case compared to the 5 Arrays case and decreases by 2.64%

in the array portion of Transect C. The envelope of the flow rate across the array and

175



Chapter 6

bypass portion of Transect C is plotted in Figure 6.13. In the shipping case, the flow

rate amplitude across the bypass portion is 19% greater than the flow rate amplitude

through the array. Compared to the 5 Arrays case, where the ‘bypass’ portion is occupied

by Array 2 and only experiences an 8% increase compared to the ‘array’ portion.

Figure 6.13: Envelope of the flow rate across Transect C for the shipping case and 5 Array case,
solid line representing the proportion of the transect occupied by Array 2 in the shipping case
and the dotted line representing the proportion of transect on north side of Array 2 during a
spring cycle and neap cycle.

As discussed previously, the increase in flow rate bypassing Array 2 in the shipping case
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causes the negative interference for Array 3 and 5, to be less significant in comparison

to the 5 Arrays case. Similarly, the positive interference for Array 1 and 4, due to Array

2, are also diminished. This is because the flow in the parallel channels that the arrays

are located in, do not experience as great an increase in flow velocity because the width

of the Outer Sound is much less significantly blocked by Array 2 in the shipping case.

Therefore, the flow rate through the bypass portion of Transect C increases. As discussed

in Section 6.4.2, the interference between arrays is mostly dependent on Array 2 due to

its positioning and significant installed capacity in the non-shipping cases. Reducing

the capacity and spatial extent of Array 2 in the shipping case, demonstrates that it

was the driving force for these interactions because they are diminished as the array is

diminished (both in terms of installed capacity and occupation of the Outer Sound).

6.4.4 Turbine Density

To consider an alternative scale of development, the impact of increasing turbine density

in all the arrays defined across the Pentland Firth is examined. This analysis aims to

explore the extent of development that could take place across the Pentland Firth.

Increasing the turbine density means the thrust imposed on the flow due to turbines

also increases, therefore the power will only increase up to a certain point until too many

turbines are deployed (Funke et al., 2016), which allows the upper limit of development

to be investigated.

The 5 Arrays case is taken as the baseline case, where the turbine density for each array

area is based on a 0.16 blockage (Section 5.3.1). The turbine density across each array is

increased by 10% until 40% more turbines are deployed evenly across the arrays. The

average power is plotted against the number of turbines and thrust imposed by the

turbines in Figure 6.14.
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Figure 6.14: Average power with increasing thrust imposed by turbines as the turbine density
across the 5 arrays increases up to 40%.

The average power increases as more turbines are deployed, reaching a peak with 8,000

turbines (20% increase), resulting in a power output of 1.82 GW. However, beyond this

threshold, further increasing the turbine density leads to a decrease in power because

of the significant thrust on the flow causing a significant decrease in velocity.

Table 6.5: Change in M2 current amplitude and phase for the 5 Arrays case and the Shipping
case with respect to an ambient case.

Turbine

density

Change in M2

current amplitude [m/s]

Change in M2

current phase [°]

Baseline 0.97 3.05

110% 1.33 5.92

120% 1.46 7.83

130% 1.45 6.59

140% 1.49 11.37

It is important to consider the impact of the increasing thrust on the flow with increasing

numbers of turbines at a site. Table 6.5 presents the maximum difference in M2 current
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amplitude and phase for each case of increasing turbine density and the ambient case

with no turbines. The baseline case of 5 Arrays results in an maximum 0.97 m/s change

in M2 current amplitude and 3.05° change in phase. The change in current amplitude

reaches a maximum of 1.49 m/s in the 140% case and exceeds 1 m/s in all cases with

increased turbine density. This highlights the complexity of balancing maximising

power yield without significantly affecting the natural environment of the site, and

the maximum change in M2 current indicates how the flow is being impacted. The

preservation of the marine environment will always be a priority, therefore, significant

changes in velocity across the site are unfavourable. It is unlikely that the maximum

power yielded by the 120% turbine density case would be developed because of its

potential negative impact on the natural environment.

6.4.5 The Pentland Firth Resource

The results from this study demonstrate the range of the practical resource in the

Pentland Firth based on different development strategies and priorities. The maximum

power yielded from the 5 arrays studied in this chapter is 1.82 GW (120% density case).

However, if the change in M2 current amplitude is to be within 1 m/s from the ambient

case, the resource is restricted to 1.43 GW. In the case of shipping remaining a priority

for seabed usage, the restriction of a navigation channel results in a 25% reduction in

power output relative to not having this restriction and a minimal change in capacity

factor. Installing bottom-fixed turbines, rather than floating turbines, across the Outer

Sound could avoid needing to create a navigation channel through the array so that

ships could pass over turbines, if the clearance is sufficient. However, this would lead

to turbines being lower down in the water column, which would have implications on

the power available to them (discussed in Section 6.2.1). Additionally, bottom-fixed

turbines must still compete for seabed usage priorities (e.g. conflicting with bottom

trawling).

Figure 6.15 presents the time-averaged flow velocity for an ambient case with the
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arrays defined and proposed in this study, through the extension of the heterogeneous

framework, and the original 2010 lease sites. Two of the arrays defined in this study are

closely aligned to the original lease sites. The original lease sites are more conservative

in their occupation of the seabed, however, they are missing key areas of the resource

and were not defined with the consideration of the impact on the flow as the site is

developed. The arrays proposed in this study have utilised the specification of rated

speed across the site to define arrays sequentially and the interaction between arrays is

accounted for in their definition, therefore, maximising extraction of the resource.

Figure 6.15: Time-average flow velocity [m/s] for the ambient case with The Crown Estate 2010
lease sites and the proposed arrays illustrated.

Table 6.6 outlines how constraints on the resource (presented in Figure 2.4) are incor-

porated in this study of the resource at the Pentland Firth. The technical constraints

on the resource are accounted for through the use of BC-BEMT to more realistically

represent the performance of tidal stream turbines in comparison to ADT. Additionally,

the drag due to support structures is accounted for and assumptions for floating and

bottom-fixed arrays are assumed to minimise support structure size, whilst maintaining

the turbine hubs in the upper portion of the water column. However, there are limita-

tions, including the assumption that the turbines are achieving optimal performance

and experiencing 0.16 blockage, despite the difficulty in ascertaining the blockage each
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turbine is experiencing at a real site (discussed in Section 5.3.1). Due to the relation

between turbine density and blockage, and adoption of the continuous approach in

this thesis (illustrated in Figure 4.1) the arrangement and micro-siting or individual

turbines is not considered in this thesis. However, it should be noted that multiple levels

of turbines, particularly for smaller turbine diameters, might be required to achieve

0.16 blockage in deep waters. The study does not account for the additional power

yielded when a turbine rotor is placed higher in the water column, nor does it address

challenges like foundation issues in terms of bed type and bed gradient for bottom-fixed

turbines or the effects of motion on turbine performance on floating platforms. Despite

these limitations, the study provides valuable initial insights into the resource.

Table 6.6: The incorporation of constraints limiting tidal stream energy in the assessment of the
resource at the Pentland Firth.

Category Constraint Incorporation

Technical
Support structure Floating and fixed foundation assumptions

Turbine performance BCBEMT for more realistic turbine representations

Practical

Bathymetry Heterogeneity in turbine diameter

Flow Velocity Heterogeneity in rated speed

Navigation channels Shipping accommodation case

Fishing Not incorporated

Accessible

Institutional - Lease sites Framework extended to propose new sites

Public objection Acknowledged through HPMAs

Environmental constraints Change in M2 current amplitude

Viable

Economic viability Consideration of economies of scale trade-offs

Distance from mainland Not incorporated

Energy Storage Not incorporated

The development of the heterogeneous array design framework in Chapter 5 was shaped

by practical constraints, bathymetry and flow velocity. These constraints were used to

define the diameter and rated speed of turbines across an array according to the spatially

variable constraints. The practical constraints of navigation channels and fishing areas,

are closely linked to the legislative and regulatory constraints that are categorised as
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accessible. The categorisation of the resource was introduced by Sustainable Energy

Ireland (2004), and used by O’Rourke et al. (2010) and Segura et al. (2017). Although

it is not objective and the inter-dependency of constraints limiting the tidal resource

makes their categorisation difficult, the categorisation is adopted to remain aligned

with the literature. Fishing constraints are not explicitly incorporated into the study,

however, they are considered as part of the Marine Spatial Planning consultation in the

Pentland Firth and Orkney (Marine Scotland, 2016) and the definition of the original

lease sites (Figure 6.1). Comparisons between proposed development areas from this

study and previously defined lease sites indicate overlaps that might be feasible with

fishing considerations (Figure 6.15). Commercial shipping is considered in a case

to accommodate a navigation channel between Stroma and Swona. The effects of a

shipping accommodation on the power yield of the array and overall development are

demonstrated.

The evolving legislation regarding tidal stream energy development and leasing of the

seabed poses challenges for accommodating accessible constraints in models. Nonethe-

less, this work offers considerations and suggestions to inform and account for such

constraints. The institutional constraint of lease sites for the developing tidal stream

energy in the Pentland Firth, agreed by the The Crown Estate and now managed by

The Crown Estate Scotland, has undergone multiple changes with the exception of the

Meygen Lease site. Therefore, in this study, lease sites are addressed by initially focus-

ing on the Inner Sound, an actively developed area, and extending the heterogeneous

framework to propose sites for development, based on concentration of the resource

across the site and refined modelling. The proposed sites are compared in terms of their

placement with the original lease sites to indicate how leases can be updated as seabed

usage and renewable energy priorities evolve. While the consultation of public opinion

and assessment of environmental impact through an EIA are beyond the scope of this

study, the proposal of HPMAs was acknowledged and in absence of its implementation,

environmental concerns are considered by examining changes in M2 current amplitude
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and considering a blockage of 0.16 to mitigate potential hazards to marine mammals.

Environmental concerns are used to recommend that increasing the turbines density

by 20% across all arrays would not be suitable due to adverse environmental effects,

despite the increase in power (Section 4.10).

Finally, the constraints on the viable resource are mostly not accounted for in this study

because considering the economic and commercial viability of tidal stream energy is

challenging to do given the current stage of development of the sector and the need

to have considered other constraints lower down in the pyramid before tackling these,

which is the focus of this thesis. Although economic viability is not explicitly incor-

porated, the study considers the trade-off between standardisation for economies of

scale and heterogeneity to improve the yield of arrays (Section 5.7.4). Furthermore,

viable constraints such as energy storage and grid integration are not accounted for in

this study. While a minimum distance to land is maintained, establishing a maximum

distance to inhabited land may be necessary to facilitate grid integration.

In comparison with other resource assessments conducted in the Pentland Firth (Tables

2.1, 2.2), the range of the resource quantified in this study is in the same order of

magnitude as O’Hara Murray and Gallego (2017), De Dominicis et al. (2018) and within

the Adcock et al. (2013) upper bound assessment. However, this study not only provides

an assessment of the tidal stream energy resource in the Pentland Firth, it has also

informed the practical development of the site with the consideration of real-world

constraints on the resource in a strategic way that can be replicated for the development

of other sites.

6.5 Conclusion

The strategic and incremental development of a site, considering practical constraints

on the resource and the response of the resource to the deployment of heterogeneous

arrays, is detailed in this chapter. Utilising and extending the heterogeneous array de-
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sign framework, introduced in Chapter 5, multiple arrays are successively identified at

the site, showcasing another application of the methodology. The sequential definition

of arrays incorporates the flow field of the previous deployment strategy within the het-

erogeneous framework, thereby minimising negative and positive interference effects

between arrays, which have been significant in previous studies. The arrays are defined

in areas of high resource and when compared to the lease sites from 2010, they highlight

the areas where the resource would not have been exploited with the original leases. A

total of 5 heterogeneous arrays are deployed across the Pentland Firth in this case study,

with a combined installed capacity of 3.5 GW, yielding 1.43 GW. Array 2 is the largest

array in terms of installed capacity, swept area, and number of turbines, driving both

positive and negative interference effects for the other 4 arrays. The addition of each

array in each case reveals that the power per turbine remains nearly constant after an

initial increase from the power per turbine in Array 1 due to the specification of smaller

diameter turbines. Exploring various limitations on the resource, such as shipping

and environmental restrictions, demonstrates a potential power extraction range of

1.07–1.82 GW from the Pentland Firth. The range of development options investigated

in this study demonstrates the potential power yield from the Pentland Firth as priorities

evolve and how it can be developed by independent developers successively.
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Conclusion and Further Work

This thesis examines real-world constraints limiting the tidal stream energy resource in

the UK, focusing on the Pentland Firth as the most notable site due to its development

status. The limiting constraints on the resource are interrelated and challenging to

incorporate in resource assessments due to their evolving nature, particularly legislative

and technical advancements. However, integrating these constraints into assessments

is crucial for characterising the resource, refining assessments and informing the re-

alistic development of sites with an understanding of how the resource responds to

energy extraction by arrays. A more refined assessment of the resource leads to reduced

uncertainty and risk for developers, which helps to reduce cost, provide confidence for

investors and inform government policies.

7.1 Contributions of the Thesis

In this thesis, the identification of parameters affecting tidal stream energy resource

assessments has been undertaken to investigate their impact and importance in quanti-

fying the resource, as well as the uncertainty introduced through their exclusion from

models. The study highlighted the interdependence of parameters constraining re-

source assessments and difficulty of identifying individual key parameters. Instead,

the influence of parameters on each other and the resource was analysed. A combina-

tion of site-based channel characteristics, turbine control and rotor design parameters

and modelling assumptions were considered in the investigation. The study of chan-

nels with different geometries and dominant driving forces (inertia or drag) revealed

distinct responses to the deployment of turbines, highlighting dynamic balance as a

critical parameter in resource assessments. Furthermore, the thesis focuses on the UK,

where tides are predominantly semi-diurnal and the investigation of sites spanning the

semi-diurnal range suggests the number of constituents used to model sites should be
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informed by the form factor of the site. The study of site-based channel characteris-

tics illustrates how the application of the methods implemented in this thesis may be

adapted for studies of alternative sites, beyond the case study of the Pentland Firth.

The technical constraints on the resource are investigated through the comparison

of rotors designed for optimal performance in different blockages, the definition of

characteristic points on a variable-speed, variable-pitch performance curve and the

examination of different capping strategies. In the resource assessment conducted for

the Pentland Firth, modelling assumptions regarding technical constraints are made

according to the most probable strategies for tidal developers to best reflect the realistic

development of a site. Therefore, power capping is adopted due to the complexity of

combined power and thrust capping outweighing the benefits of support structure

savings compared to power capping alone. Instead, support structure savings are made

through floating and fixed turbine assumptions according to the average depth of the

array. However, the investigation of the characteristic points in a performance curve

underscores the significance of rated speed in harnessing the resource, which closely

relates to the practical constraint on flow velocity at a site and the spatial variability of

the resource in tidal energy.

The practical constraints of flow velocity and bathymetry are used to explore how vari-

ability of the resource at a site can inform array design by developing and applying

a novel heterogeneous array design framework. The framework provides a new per-

spective on how arrays can be implemented in domains characterised by complex

bathymetry and hydrodynamics, leading to a spatially variable resource, by utilising

the constraints to define the turbine specifications of diameter and rated speed, rather

than be limited by them. A key advantage in deploying heterogeneous arrays is the

increase in power per swept area and power per turbine compared to a homogeneous

array of small diameter turbines because fewer turbines are required to achieve the

same installed capacity, which is a key benefit for developers. Heterogeneity emerges
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as an important consideration for tidal stream energy developments due to the spatial

variability of the resource and limited areas suitable for developments. The necessity of

heterogeneity is underscored by the challenges facing future phases of development at

the Meygen lease site, which has limited bathymetry. Whilst, modelling the Pentland

Firth with 2 semi-diurnal constituents was appropriate for the purposes of this thesis,

modelling the Pentland Firth with additional constituents would allow investigation of

the resource over a longer time period than the spring-neap cycle. The variation over

the nodal cycle is important for developers to consider for long-term forecasting and

investment. Results from Chapter 3 indicate that from 2021 the tidal resource will enter

a low resource period over the first half of the 18.6-year cycle. This is significant for

investors and developers in their predictions of the resource and cost of tidal stream

energy. Developments that occur in the next 10 years extract energy in the low and

average part of the nodal cycle, which should be acknowledged when assessing the

success of projects, particularly in terms of the net-zero strategy and prioritisation of

the seabed.

The heterogeneous framework is extended to successively identify multiple indepen-

dent arrays, in areas aside from existing and changing lease sites defined by the seabed

leasing bodies, based on the evolving concentration of the resource across a site as each

array is deployed. The positive and negative interference between arrays is minimised

by strategically defining each new array based on the flow field of the previous deploy-

ment. Therefore, each array is defined with consideration of how the resource responds

to the incremental development of the site. Five independent arrays are defined across

the Pentland Firth through the heterogeneous framework, with the performance of

arrays examined as each array is deployed to provide insight into the yield of a real-

istic and gradual development of the site, which could be undertaken by individual

developers. The first array is developed in the Inner Sound due to its current lease site

and development status. The overall power per turbine increases with the addition of

another array and remains constant as further arrays are added. This underscores the
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importance of considering the effects on the flow when defining each array to minimise

array interference or avoid diminishing returns.

Multiple development options are explored to assess the range of development that

could take place across the Pentland Firth based on different priorities. To accommo-

date shipping, the largest array, situated within a major commercial shipping channel,

is adjusted by reducing the array size while retaining turbines in high-velocity areas.

Despite the decrease in overall power production resulting from the reduced installed

capacity, there is an increase in power per turbine and power per swept area, attributed

to the turbines remaining in high-velocity areas. The upper limit to the scale of develop-

ment in terms of turbine density is explored by increasing the number of turbines in

each array in 10% increments across all five arrays. The average power increases with

up to 20% more turbines before diminishing returns are observed due to the increasing

thrust imposed on the flow by the number of turbines. Despite the peak in average

power resulting from increased turbine density, a significant effect on the flow is ob-

served, which implies such a scale of development will have subsequent impacts on the

environment and marine habitat.

The heterogeneous array design framework can provide insight for leasing bodies and

developers to identify high resource areas across a site for leasing and developing,

and define rotor size and rated speed of turbines according to the bathymetry and

flow characterisation across the site. The adaptability of the framework for evolving

seabed priorities has been demonstrated and it is a useful tool for industry to realise

the potential of tidal stream energy at sites, whilst understanding and minimising the

impact of developments in close proximity.

The assessment of the resource to be within 1.07–1.82 GW based on a range of develop-

ment options aligns with other evaluations of the resource magnitude at the Pentland

Firth in the literature but proposes realistic development strategies that consider real-

world constraints at a site. Furthermore, it provides a more refined assessment than
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current upper bound and practical evaluations of the resource in the literature. The

assessment of the resource in this thesis is dependent on the assumption of a target 40%

capacity factor to define the rated speed of turbines in the heterogeneous framework.

A different value of rated speed and capacity factor would result in a higher or lower

power output of the array. However, the same target is used across all cases, which

allows conclusions from the comparative analysis between cases to be transferable and

the target value was chosen on the basis of an existing tidal development.

7.2 Future Work

A recommendation for future work is to extend the study of the Pentland Firth by mod-

elling the site with a 3-D (layered) model, whilst incorporating limiting constraints on

the resource. Previous adoption of constraints in resource assessments has been limited

due to the complexities in accounting for them and understanding their importance.

However, given the insights gained into the impact of real-world constraints on the

resource and the demonstrated methods for accounting for them in the modelling of

the Pentland Firth in this thesis, it is recommended to extend the research with a higher

order model. A layered model enables a more accurate representation of the in-depth

velocity profile, offering insights into the potential additional power that turbines in

the upper portion of the water column could yield. This is particularly relevant to the

proposal of floating and fixed turbines based on the average bathymetry across the array

to minimise support structure sizes.

Furthermore, the research could be extended by applying the heterogeneous framework

to other sites. A particular site of interest for tidal stream development is the Ram-

sey Sound, UK, which has an agreed lease with Cambrian Offshore Ltd. The site has

prominent and complex bathymetric features including a semi-submerged rock, deep

trench, and a rocky reef, which significantly influence the tidal dynamics (Haverson

et al., 2018, Mackie et al., 2021). A high resolution and accurate characterisation of

the bathymetry at such a site is critical and the heterogeneous framework could be
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implemented with array areas of a smaller resolution to define turbine specifications

across the array considering its complex bathymetry.

The heterogeneous framework is primarily designed to offer preliminary insights into

how a site can be developed and assess the resource. While this thesis has primarily

focused on resource assessment, the framework has the potential to be extended for

micro-siting arrays and subsequent work at the turbine-scale. As developers move

towards detailed planning and large scale deployment across a site, the arrangement of

turbines within arrays and their interactions become crucial factors. The deployment

of heterogeneous arrays in reality will necessitate the siting of individual turbines,

taking into account factors such as seabed composition, bed gradients, and other

complex considerations. In this context, the framework serves as a valuable tool for the

initial identification of suitable areas for turbine deployment and definition of turbine

specifications, but can be further extended to consider the arrangement of individual

turbines within each array area.

Finally, two key areas in the pyramid of constraints that have been considered as beyond

the scope of this work include environmental and viable constraints. In assessing the

resource, it is crucial to incorporate the levels of the pyramid of constraints as additional

layers of increasing complexity in models. Environmental constraints, categorised as

an accessibility constraint, and viable constraints are towards the top of the pyramid.

Therefore, it has been critical to address constraints lower in the pyramid before tackling

those higher up, a step that has been undertaken in this thesis, leading to the poten-

tial of their incorporation in future work. For environmental constraints, it is evident

that clearer legislative guidance is needed to formally incorporate them into resource

assessments. Conducting an environmental impact assessment would be key to under-

standing the effects of developments on the marine environment, going beyond the

commonly used metric of changes in velocity due to the presence of turbine, which may

not fully capture these effects. Quantifying the impact of noise and sediment transport
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could provide more insight to environmental effects. The viable resource of tidal stream

energy is also constrained by economic factors and grid integration challenges. Eval-

uating the levelised cost of energy for tidal stream projects will be essential to assess

their economic viability. Additionally, the framework would benefit from considering

seabed usage required for cabling, which is crucial for offshore energy projects, and

determining the most efficient methods for distributing electricity to the network.
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Appendix A

The Crown Estate Lease Sites

Table A.1 presents leased and agreed to lease sites by The Crown Estate to developers in
2010 and the project statuses as of 2015 (RenewableUK, 2015).

Table A.1: Leased sites for tidal stream energy development in the UK (RenewableUK, 2015)

Property Project Tenant Lease
Name Status Name Status
Torr Head In planning Tidal Ventures Ltd. Agreed
Portland Bill In planning Marine Current Turbines Ltd. Agreed
Stronsay Firth In planning EMEC Ltd. Agreed
Islay Demonstration
Zone

In planning EMEC Ltd. Leased

Kyle Rhea In planning SeaGeneration (Kyle Rhea) Ltd. Agreed
Isle of Islay (West Islay) In planning DP Marine Energy Ltd. Agreed
North Devon Demon-
stration Zone

In planning Wave Hub Ltd. Leased

St David’s Head In development Tidal Energy Developments
South Wales Ltd.

Agreed

Fair Head In development Fair Head Tidal Energy Park Ltd. Agreed
Lashy Sound In development Scotrenewables Tidal Power

Ltd.
Agreed

Perpetuus Tidal Energy
Centre

In development Isle of Wight Council Agreed

Mull of Kintyre In development Argyll Tidal Ltd. Agreed
Brims Tidal Array In development Brims Tidal Array Ltd. Agreed
Ness of Duncansby In development ScottishPower Renewables UK

Ltd.
Agreed

Westray South In development Westray South Tidal Develop-
ment Ltd.

Agreed

Brough Ness In development Sea Generation (Brough Ness)
Ltd.

Agreed

Holyhead Deep In development Minesto UK Ltd. Agreed
Mull of Galloway In development Marine Current Turbines Ltd. Agreed
Strangford Lough Ar-
ray

In development Marine Current Turbines Ltd. Agreed

West Anglesey Demon-
stration Zone

In development Mentor Mon Cyf Leased

Sound of Islay Pre-construction ScottishPower Renewables UK
Ltd.

Agreed

Skerries Pre-construction Sea Generation (Wales) Ltd. Agreed
Inner Sound Under construction MeyGen Ltd. Leased
Bluemull Sound Under construction Nova Innovation Ltd. Leased
Sanda Sound Under construction Oceanflow Development Ltd. Leased
Ramsey Sound Under construction Tidal Energy Ltd. Leased
Shapinsay Sound Operational EMEC Ltd. Leased
Strangford Lough Operational Minesto UK Ltd. Leased
Fall of Warness Operational EMEC Ltd. Leased
SeaGen Strangford
Lough

Operational SeaGeneration Ltd. Leased
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Appendix B

Hydrodynamic Modelling Software

Table B.1 compares 2-D and 3-D hydrodynamic software tools.

Table B.1: Comparison of 2D and 3D hydrodynamic software 1,2,3

1Source: Suárez-López, M. J., Espina-Valdés, R., Fernández Pacheco, V. M., Navarro Manso, A., Blanco-
Marigorta, E., Álvarez-Álvarez, E. (2019). A review of software tools to study the energetic potential of
tidal currents. Energies, 12(9), 1673.

2Source: Thetis Documentation, https://thetisproject.org/documentation.html
3Source: DTOceanPlus (2020) Deliverable D5.2 Site Characterisation - alpha version
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Appendix C

Other UK Site-based Resource Assessments

C1 Ramsey Sound and Bishops and Clerks
Fairley et al. (2013) used Acoustic Doppler Current Profilers (ADCP) data to evaluate the
maximum extractable power at Ramsey Sound, Bishops and Clerks and West Bishop
(Table C.1). Fairley et al. (2013) note the values should not be taken as available power to
the grid because once turbine efficiency and losses during transmission are considered,
the value will be lower.

Table C.1: Ramsey Sound and Bishops and Clerks resource assessments (channel)

Reference Method Resource Assessment

Fairley et al
(2013)

· Direct measurements from ADCP transects
· Vennell (2011) approach for calculating

maximum extractable power

· 7.2 MW (Ramsey Sound)
· 21.8 MW (Bishops and Clerks)
· 11 MW (West Bishop)

They evaluated maximum extractable power, P max , using Equation C.1 (Vennell, 2011),

P max = 4

3π

ρC Peak
F

A2
U Peak3

0 , (C.1)

where C Peak
F is the optimal drag coefficient for the farm, A is the cross sectional area of

the channel and U Peak
0 is peak velocity from direct measurements.

Evaluating power from direct measurements is not always feasible because it is expen-
sive and time-consuming (Neill et al., 2014). Fairley et al. (2013) acknowledge that some
data was not surveyed over a tidal cycle due to weather conditions. Higher temporal
resolution data over a larger area would have been beneficial and velocity interpola-
tion methods were not applicable due to non-uniform data. However, they propose
the method is useful for estimating power potential with limited information and it is
appropriate to assess sites for further measurements and investigations.

Ramsey Sound has significant bathymetric flow obstructions and at low water, geo-
graphical features (Horse Rock and The Bitches) emerge. This leads to a great difference
in flux at high and low water because the maximum flux area is divided in two at the
centre of Ramsey Sound. It is also noted that Ramsey Sound is a good location for
an array based on the hydrodynamics but due to the limited area it would only be a
viable site for a small array. The Bishops and Clerks channel shows the largest areas
of maximum flux with a symmetric flow and Fairley et al. (2013) indicate that the area
would be favourable for development. However, there are no lease sites West of Ramsey
Sound, only North at St David’s Head, presumably due to proximity to the mainland for
grid integration.
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C2 Anglesey Skerries
Serhadlıoğlu et al. (2013) assessed the resource at Anglesey Skerries (Table C.2). The
study found it is more beneficial to arrange turbines in long rows than many rows in
series. However, the area restrictions of lease sites will limit array layouts.

Table C.2: Anglesey Skerries resource estimate (headland)

Reference Method Resource Assessment

Serhadlıoğlu
et al (2013)

· 2-D model
· ADT - included as line sinks of momentum
· Quadratic bed friction term
Data Sources
· BODC
· Admiralty Charts
Software
· Discontinuous Galerkin ADCIRC

Maximum available power:
· 17.2 MW (0.1 blockage,
0.35 optimum wake
velocity coefficient)
· 70 MW (0.3 blockage,
0.37 optimum wake
velocity coefficient)
· 145.3 MW (0.5 blockage,
0.46 optimum wake
velocity coefficient)

C3 Orkney
Neill et al. (2014) used a 3-D model to investigate the impact of tidal asymmetry on the
resource in Orkney (Table C.3). The study demonstrates asymmetry in velocity leads to
significant asymmetry in power generated and affects turbulence properties. Turbulent
velocity fluctuations can negatively impact the performance of a turbine and lead to
excessive cyclic loading, which will cause fatigue and reduce the lifetime of a turbine.
Losses due to energy extraction were not considered and the analysis was carried out
based on undisturbed flow because only a single turbine was considered. Therefore, it
is important to recognise that an array will have a significant effect on the flow. Adcock
and Draper (2014a) state that modelling energy extraction as a constant drag resistance
will reduce flow rate tidal asymmetry and the environmental impact of this should be
considered.

Table C.3: Orkney resource assessment (channel)

Reference Method Resource Assessment

Neill et al
(2014)

· Investigation of tidal symmetry on tidal energy resource
· Generic length scale model for turbulence
· Single Segen device to analyse asymmetry in power
generation
Data Sources
· Admiralty tide tables
· GEBCO bathymetry data - BODC
· Boundary conditions – Aviso
· Wind data – British Atmospheric Data Centre
Software
· ROMS

N/A
Not intended as a
resource assessment
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C4 Portland Bill
Blunden and Bahaj (2006) produced a time-series velocity dataset using a 2-D model
at Portland Bill. They presented the power output of a single turbine as an example of
how the data could be used (Table C.4). However, they assume power generated is a
fraction of kinetic energy, which is not accurate for resource assessments. The impact of
the turbine on the flow is not considered. A large array would reduce flow speeds, and
change the velocity profile and flow direction.

Table C.4: Portland Bill resource assessment (headland)

Reference Method Resource Assessment

Blunden
and Bahaj
(2006)

· 2-D model
· Time-series of velocity was produced
Data Sources
· Validated with Admiralty Charts data
Software
· TELEMAC-2D

· 300 kW Mean power
from a single turbine
over spring cycle

· 730 kW Peak power
output

Adcock and
Draper
(2014)

· 2-D model
· Discontinuous Galerkin method
· ADT - included as line discontinuity
Data Sources
· Constituent data – le Provost database
· Bathymetry – Seazone Ltd., GEBCO

· 21.9 MW
(1 row, 0.25 blockage,
2.8 km from shore)

· 36.6 MW
(1 row, 0.25 blockage,
4 km from shore)

Adcock and Draper (2014b) studied the tidal stream resource at Portland Bill, evaluating
the available power, which accounts for the energy lost due to mixing downstream of
the turbines subtracted from the power extracted from the flow. The study did not
consider losses associated with a real, deployed turbine. Therefore, Adcock and Draper
(2014b) suggest the actual power that could viably be generated would be half of what
is presented. The study suggests that the time-averaged viable power from each site
would be in the order of magnitude of tens of MW.

C5 Irish Sea
Sustainable Energy Ireland (2004) carried out a resource assessment for The Republic
of Ireland and Northern Ireland. O’Rourke et al. (2010) identified that the assessment
needed updating based on developments in the tidal stream energy field including the
installation of a 1.2 MW Seagen turbine, developed by Marine Current Turbines Ltd. at
Strangford Lough (Power Technology, 2020). The performance of the turbine in practice
highlighted the underestimation of the resource presented by Sustainable Energy Ireland
(2004). O’Rourke et al. (2010) suggested a detailed 2-D model, with a finer mesh and over
a smaller area, could provide a more accurate assessment of the theoretical resource.
In addition, technical and practical limitations should be continually revised based on
new developments of technology and better understanding of sites to ensure an up to
date resource assessment.
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Lewis et al. (2015) investigated the resource of the Irish Sea, using a 3-D hydrodynamic
model to simulate velocities across the region. They quantify the resource based on the
practical requirements (bathymetry and spring-tide velocity) of different generations
of tidal energy devices, including future generations. First generation devices required
a bathymetry range of 25 – 50 m and spring tide velocities in excess of 2.5 m/s. The
second and third devices were defined as requiring bathymetry greater than 25 m and
spring tide velocities in excess of 2 m/s and 1.5 m/s respectively. The kinetic energy over
a 14.77 day Spring-Neap cycle in an undisturbed scenario is calculated to assess the
resource. They acknowledge the overestimation of the power available using the kinetic
flux method and the omission of resistance on the flow due to turbines in the model.
Instead, the practical resource is estimated by applying the performance curve of the
same Seagen device used in the O’Rourke et al. (2010) assessment of Strangford Lough.

Table C.5: Irish Sea and Strangford Lough (channel) resource assessment

Reference Method Resource Assessment

SEI (2004)

· 2-D model by RPS Kirk
McClure Morton
Data Sources
· Validated with ADCP results
· Admiralty Charts and Tidal Stream Atlases
· Irish Coast Pilot
· BODC
· Marine Institute Data

130 GWh/year Viable energy
(Strangford Lough)

O’Rourke
et al
(2010)

· 2-D model
· Marine Current Turbines Ltd economic model
Software
· MIKE 21

· 150 GWh/year Viable energy
· 400 GWh/year Practical resource
(Strangford Lough)

Lewis
et al
(2015)

· 3-D model
· Kinetic flux method
· Marine Current Turbines Ltd Seagen turbine
performance curve
Software
· ROMS regional ocean modelling system

Annual practical power available
with finest mesh resolution:
· 1st generation 24 GWh/year
· 2nd generation 111 GWh/year
· 3rd generation 182 GWh/year

216


	Introduction
	A Case for Tidal Stream Energy
	Tidal Stream Energy Resource
	Tides
	Potential UK Sites for Tidal Stream Energy Extraction

	Motivation
	Research Objectives
	Thesis Outline

	Tidal Stream Energy Resource Assessment
	Tidal Stream Energy Resource Assessment Methods
	Large Array Effects

	Modelling and Implementation of Turbines
	Modelling Limitations and Compromises
	Limiting Constraints on the Resource
	Pentland Firth Resource Assessments
	Conclusion

	I Idealised Channel Study
	Investigation of Parameters Affecting Resource Assessments through Analytical Modelling
	Overview of Parameters and Low Order Modelling Extensions
	0-D Model of Tidal Dynamics
	Simple Channel Model
	Combined Model
	Nodal Cycle and Constituents

	Turbine Model
	Blade Element Momentum Theory
	Blockage Corrected Blade Element Momentum Theory
	Turbine Performance Curve and Control Strategy
	Wakes

	Results and Discussion
	Nodal Cycle, Form Factor and Constituents
	Maximum Permissible Change in Velocity
	Rotor Design
	Performance Curve Characteristics
	Power Capping and Combined Power and Thrust Capping
	Wake Effects and Velocity Deficits

	Conclusion

	Implications of 2-D Numerical Modelling
	2-D Modelling
	The Thetis Shallow Water Equation Model
	Turbine Implementation

	Idealised Channel - Validation
	Array Layout
	Boundary Effects
	Conclusion


	II Pentland Firth Case Study
	Heterogeneous Array Design Framework: Inner Sound Case Study
	Array Design and Practical Constraints
	The Inner Sound and Meygen Lease Site
	Model Details
	Turbine Implementation

	Model Validation
	Heterogeneous Array Design Framework
	Results
	Discussion
	Array Composition Effects on Power Performance
	Capacity Factor as an Indicator of Array Impact on Flow Characteristics
	Homogeneous Diameter vs Heterogeneous
	Further Considerations

	Conclusion

	Impact of Real-world Constraints on the Tidal Stream Energy Resource in the Pentland Firth
	Deployment of Multiple Arrays at a Site
	Development of the Pentland Firth
	Tidal Turbine Support Foundation

	Results
	Defining Arrays
	Incremental Development of the Pentland Firth

	Discussion
	Array Interactions
	Pentland Firth Development
	Seabed Usage Constraints
	Turbine Density
	The Pentland Firth Resource

	Conclusion

	Conclusion and Further Work
	Contributions of the Thesis
	Future Work

	Appendix The Crown Estate Lease Sites
	Appendix Hydrodynamic Modelling Software
	Appendix Other UK Site-based Resource Assessments
	Ramsey Sound and Bishops and Clerks
	Anglesey Skerries
	Orkney
	Portland Bill
	Irish Sea



