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Abstract

Marine renewable energy, including tidal renewable energy, is one of the less expdoiedble
energysources that could contribute to energy demand while reducing greenhouse gas efessi@is.
proposals to build tidal rang&gctures, e.g. Swansea Bay Lagoon (SBL), m@¢eeceived suppafitom
the UK government due to the high electricity costsncertainty about the environmental impattsis
makes the optimisation of such schemagicularlyimportant forthefuture.

The aim of this research was to optimise the design and operational characteristics of Tidal Range
Schemes (TRSs) tmakethemmore economically attractiiey maximising the energy generation, or
a flexible energy outpub achievemulti-objectives. The study has focused on two key issues of TRSs
optimisation. Firstly, the majority of studies before adopted the traditinanflexible operation
scenarios for electricity generation. In this approdlch, operation headsere fixed throughout the
operation simulatiam It ignores theariability of tidal range ovetime and the fact thahe operation
of each generation pke affects the water levels inside the basin which in turn impact the electricity
generation of the next phasgecondly, the flexibilityf energyoutputprovided by renewable energies
including tidal energy was underexploited, but it is regardezhasf the mosimportant pas of the
UK6s energy mix

Hence, the first objective was to propose and optimise flexible operation schemes to maximise
energy generatior.o achieve thispptimisationapproachesvere considerelly breaking the operation
into small components to optimise the operatiofiRBsusing a widely used-D modelling methodology.

The optimisation outcomes were verified bg-B unstructured model under the sacemditions The
flexibility of operation cold at least increase generated electricity by 10% compatée teaditional
nonflexible head operation. Thisicreasevasfurther improvedby at least 10%vhen pumpingvas
included.Meanwhile a Genetic Algorithm (GA) method used for flexible operatptimisation was

able to achieve the same amount of electricity generation compared to using a Grid Search (GS) method.
However, the GA model could save approximately 50% of the computational cost, and it could be 95%
in the optimisation of multiple variéds, e.g. design parameter combining with flexible operation.
Additionally, the optimisation using GA was used in designing of the two of the biggest lagoons
proposed in the UK, namely West Somerset Lagoon and North Wales Tidal Lagoon, with the energy
geneation of 5.57 TWh/Year and 4.81 TWh/Year, respectively. The second objective in this study was
to achieve the flexible energy output optimisation, includitilgsing generation flexibilityfrom multi-
lagoongto help match the continuous trerafsenergyoutput. Theflexible operatioroptimisation was
proved to facilitate better utilisation of renewable energy through the development ofor R8sti-

objective decision making
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1. Introduction

1.1 Background

There isamuch better understanding of the impact of the Green House Gasses (@Hsgte
change and thereare further social and political presssréo reduce GHG41]. The utiising of
traditional energy, e.g. burning of coal, oil and natural gas could lead to a certain number of serious
issues. Firstly, it is the main reason of the cause of global warming, which does harm to the planet and
the living beings. Secondly, the exjétion of fossil fuel could cause unfortunate mish&pst but not
least traditional energy sources are finite and will be exhausted one day in the future. Hence, it is crucial
for researchers to pay more attention to the development of renewable effieiggcy and so make
it as the leading sources for electricity generation. Since clean and sustainable nature of renewable
energy causes less harm to the environment comparing to the conventional energy including fossil
energy technologiesnthusiasm dr devdoping renewable energy hdseen continuously growinig
recent years in the UKNnd globally Scientists and engineers globally are continuously working in this
area, especially in finding ways to develop these resources of énergyore efficiat way.

As mentioned above, it has caused a change in mindset at the demand level. At the same time,
government schemes such as the Low Carbon Innovatiarddwation Group (LCICG) aim to tackle
supply issue$2]. The UK governmenivants to making sure thatk has a secure supplieducing
GHGsto slow down Climate Change and to stimulate investment in new jobs and businesses. Alongside
this, the UK hasettargets to deliveb0% of its energy consumption from renewable sources B 20
[3], and @ 80% decrease in carbon emissiffls and finally achieve NeZero targeby 2050[5].

MarineRenewablénergy (MRE) is one of the emerging renewable energies being explored further.
Currently, around0.5 GW of commereill marine energy generation capacity is in operagiobally
and another 1.7 G\i¢ under construction, with most of this accountedfietidal range[6]. However,
hydro and wave/tidal electricity generatiomy accounsfor less than 5% dhe totalrenewable energy
in 2019[7]. Tidal energyhas thevital advantage of predictability over ethrenewable energy sources
including wind and solar energy which largely depend on the weather condit®asiimated that the
tidal range resource in the UK will be between 25 and 30[&\WWHowever, the cosgfficiency of tidal
range structures Bdeen questioned amday notrepresent a goodalue for moneyFor instance he
UK Government hasot supported the propos&ivansea Bay Lagodi$BL) due tothe high cost of
electricity[9]. However, infrastructure projecise deemetb bea crucial way of creatinthousands of
jobs and this can help to speed Wpr i t ai n6s the CQVIDEL9 pandémiddGh This
emphadies the importance of fully exploiting these predictable tides to generate maximum possible

electricity and revenue while keeping the cost dowiApart from the maximisation of the energy
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generation, it is also possible to operate the schemes more flexibly to respond to the grid requirements.

For example, generate and sdthenfedmoreintethesgtideachtgh i c i
demand times. As another example is, to generate a continuous power output distribution, known as
one scenario of the flexible operation optimisation. This is also significant sugpdy and demand
balance It is fundamental to the scheduling management of supply and demand for customers,
especially when other forms of renewable energy such as wind or solar energy shut down in some
extreme weather conditions includiagprm.

Thereare two major typeof tidal renewable energy schemes: tidal streaniléhel RangeSchemes
(TRSs), in which the tidal stream is designed to extract kinetic energy from tidal currents and TRSs are
designed to harness the potential energy from rising and falling[fitledt will be a key scientific
advancenentto bring TRSsto a technological level thahey can bea viable component in the
renewable energy mithroughengineering design, operation,iadliility and cost reductiofiL2]. With
the dscountof thesurges and other meteorological effects, tide times and levetsteate predicted
long into the future, anthereforethe potentialenergygeneratiorcan also be accurately assessed.

Tidal lagoons and barrages share the same theory for energy generation, whicheestecan
artificial head difference across the structure by impounding \eatartain times and then using this
hydraulic head difference to generate electrifi§]. However, rather than spanning the whole rivers
or estuaries like barragesjal lagoors aredesignedo beoffshore or onshore impoundnterwhich
encompass only part of the rivarhis isconsidered to be more environmental frienciynparing to
barrages, particularly due tioelesser impact on fish migratigt4].

In the absence of any operating tidal lagoon and the limited number of barrages, numerical models
have an important role in the development of TRE&x.only do they play key part in the design and
optimisation but also facilitat¢he environmental imga assessmeifit5, 16] These numerical models
extend from €D modelg[17-20] to more sophisticate mullimensional modellingl 3, 15, 17, 2430]
with High Performance Computing (HPC) capabilitiedD Gnodeb, which are based on a range of
simplifications and therefore have significantly reducethputational timghave been widely used in
the optimisation of the TRSs which require an extremely large numbéterations [31-33].
Subsequently, the-R or 3D models can be apptieto validate the performance of the optimisation
from 0-D model and assessment of environmental imgacts34]

In the preliminary TRSs design stageeoof the key aspects the optimisation of operational
characteristicsThis mainly involves the calculations of the head difference during the coursethehen
schemestartsgeneratingelectricityand when generation sto@d also thective number of turbines,
etc. Therefore this operation will influence discharge transégtbetween the impoundment and open
water, the basin water level, and therefore affde amount of energy to be generat@d, 35}
Conventionally, the TRSs operatader the assumption that the generating head differences tre set
be a constant value, which means the large difference in tidal ranges over time has been iignored,

similar operation heads fafl spring and neap and flood and ebb tidésweverjt was found that this



scheme may not generate any electricityrysome neap tides under fixed operation due to insufficient
head difference across the schgBtg. This high variability inthe generation as well as maximising
potential generation emphasise the significance to operate the schemes flexithieve this, this
study will facilitate theflexible operatiorby splitting the operation for each tidal cycle up into smaller
comporents e.g. every tide or every half tidendoptimising the operation of TRSISingtwo typical
optimisationapproacks namely Grid Search method and Genetic Algoritfinis can help to either
generate the maximum enemr@gyd reduce the cost of theergy generatiqmorfacilitate better utilisation
of renewable energy by makingulti-objective decisions tthe needs of differemesearches.

Anotherkey stepof the preliminary design of TRSs is ittentify the most suitable and optimised
characteristics of the scheme, including the number of turbines and sluiceThienuld lead to a
very large number gbossibilitiesdue tovarious combinations the number of turbines, sluice gates
and the tides over time which could affect the operation of the schemes and hence its electricity
generation[36, 37] However,this optimisation is crucial as it is directly linked the economic
feasibility of the schemand its cosbenefit analysis. All these variables present a complex multi
objective taske.g a continuous or flat power outptihat requires an efficient decisiomaking tool
using advanced optimisation methods for optimisation

The sheer scale of the tidal range plants requires a significant initial investmém aadcent status
of thetechnology relative to other electricity generation methvaaish make the researches in TRSs to
be essential fdurther developmeriB1]. Hence, the operational characteristics and deployment of such
hydraulic structures play a decisive role in not only the aspect of electricity generatiosdbtlieal
economical aspect of the scheme includimgestmentand earnings This in turn directly impacte
approval otheschemeand therefore needs to be conducted to a high level of accuracy.



1.2 Research objective

In this thesisP-D model coupling wh two optimisationmethodshas been developéd deliver the

complete design of the most optimised BRiBrough identifying the@umber of turbines, sluice gates

andmost optimised operation schemes including pumping, for particularBite aim of thigesearch

was to optimise the design and operational characteristics of Tidal Range Schemes (aksjhem

more economically attractivey maximising the energy generation, or a flexible energy output

achievemulti-objectives. The objectives were to propoaad optimise flexible operation schemes to

maximise energy generation atodachieve the flexible energy output optimisation, includitigsing

generation flexibilitfrom multi-lagoongo help match the continuous trerad®nergy outputlheaim

has been attained by achieving the following key objectives:

T

Assessing the modelling approaches for the TRSs simulaéispscially for the electricity
generations and the staiéthe-art hyperparameter optimisation approaches
Implementingtraditional and two differenpptimisationapproachese.g. Grid Search and
Genetic Algorithmmethods, to maximise the electricity generatioder flexible operation
scenarios, by breaking the operation into small comporegt&very tide or Every half tide,

to optimise the operation of TR&d coupling witha widely used @ modellingas the
evaluation toal

Developing theoptimisationapproaches to optimise the design and deployment of TRSs
coupled with flexible operation and even lkvjumping utilised

Achieving optimisation to contribute to flexible power output by utilising the flexibility of

multi-schemes using multibjective decision making, including continuous power output.

Achieving these research objectives will help to prtamthe TRSs proposals being more

economically attractive and help the electricity system. It will provide a better understanding of the

operation flexibly and assist with more reasonable designs of TRSs proposals.



1.3 Outline of the thesis

The thesis is dided into eight chapters, including:

Chapter 1: Introduction, which introduces the research background and identifies the research
objectives for this study.

Chapter 2: Literature review, which provides an introduction of the Tidal Range Schemes and
relevantoptimisationmethods, as well as an overview of the published articles in the relevant fields
while highlighting the gaps in knowledge which this thesis aims to fill.

Chapter 3: Numerical modelling, which presents the relevant governing equations and background
of a traditional 6D and 2D models, including the DIVAST-DU model used in this thesis.

Chapter 4. Case studieswhich illustrates the details of different case studies t®elefor this
research, including Swansea Bay Lagoon, West Somerset Lagoon and North Wales Tidal lhagoon.
particular, the baseline scenario with the traditionatHhexible operation wagmplemented with both
the GD and 2D mode| which constitutes thieaseline scenario for the development of more advanced
optimisation schemes.

Chapter 5: Tidal Range Schemes Oper at i o n @ptimisatiod, wbhiah addrgsses the
optimisation of flexible operations using various Grid Search methods with a casek&dgnsea
Bay Lagoon, and then the performance will be verifigdeveloping the 2D modelling under the same
scenarios.

Chapter 6: Tidal Range Scheme®ptimisation using a Genetic Algorithm, which proposes a
developedGenetic Algorithm model téurther optimise the design paramete@mbiningthe flexible
operatios simultaneouy. A comparison between the Genetic Algorithms herein and Grid Search
methods in Chapter 5 was carried out in terms of the amount of electricity generation and computational
efficiency.In addition, designing the optimal layout of West Somerset LagooiNarttd Wales Tidal
Lagoon were carried out in this chapter included optimisation of the schemes based on a single block
or multiple blocks of turbines, e.g. all turbines located in one housing unit or located in different housing
units along the structure

Chapter 7: Flexible operation optimisation, which discusseshe application of the Genetic
Algorithm model in the flexible operation optimisation for muabjective decision making by
considering multischeme collaboration.

Chapter 8: Conclusion which summarises thmain outcomes of this research and provides

recommendations for future works.



2. Literature review

2.1 Introduction

This chaptepresents an overview of the currently available literature relevant to this study. It covers
various aspects of the research. The emphasis has also been put on the introduction of two
hyperparameter optimisation methpasmely Grid Search methods (GS) and Genetic Algorithms
(GAs) which will be utilised in this thesis for optimisation of the TRSs.

In section2.2, a general insight into renewable energy, des@itiie development of tidal power,
is given. Then the operation approaches for energy generation (electricity) in TRSs are described,
known as flooebnly, ebbonly and dualway generation methods. On the one hamelpptimisation of
operatioral parameteritroducedn the generation method is one of the targets in this research; on the
other hand, thdesign parameteere another fundamental field for TRSs optimisatidms highlighs
the potentialof the multiparameter optimisation in TRSs, such asmoiging the flexible operation
schemes and even with design parameters simultaneously. In section 2.3, the existing numerical models
are illustrated, including a widely useeDOmodel and more sophisticated muimensional models
and software. The-B Unstructured model, known &epth Integrated Velocities And Solute Transport
(DIVAST 2-DU) mode] is presented. TheR model is utilised as an input tool for théd0modelling
setup and the validation tool to evaluate tHe @ptimisation performance inithresearch. And finally,

a quick review is given to the assessment of using GS and GAs for predictions and optimisations mainly

in the field of marine energy in section 2.4.



2.2 Renewablenergy

2.2.1 Tidal energy

Energy can be extracted from the marenvironment from either the tides or waves. Tidal energy,
in particular, has the important advantage of predictability over other renewable energy souitces and
is estimated that the tidal range resource in the UK will be between 25 and 38] G¥gwever, as
illustrated in the introductigrthe key scientific advanceserequired to bring tidalrergy generation
to a technological leveallowing it to be fully exploited with higher efficiencihis is a complex issue
that requires consideration of many factoiduding the engineering design, operation, reliability and
cost reductionj12]. With the dscountof the effects okurges and other meteorologigalpacts tidal
cyclestimes and levels can be predicted long into the fuamd,hence the energyenerating potential
can also be accurately assessed. Generating energihftides requires harnessing either the potential
energy of rising and falling tides, or kinetic energy from tidal currdrits

As two of the keyelements ofidal energy, the turbine and sluice play essential roles in the energy
generation. Aurbine(fromthe Gre k wor d " Ui y bd" f odisdretdnyimathineng" or
that converts kinetic energy and potential energy of water into mechanical38prk has two types
in general, namely theeaction turbine antheimpulse turbinein which the reaction turbine operates
by changng pressure as it moves through the turlziné itis commonly used itow and medium head
applicationse.g. in TRS$39] due to the variable and even low head of water levels especially during
the neap tidep40]; The impulse turbine operates blyangng the velocity of a water jawhich often
used in very high head applicatioi@ke thd.a Rance tidal plards an examplét employeda series
of smallreaction turbinegknown as bulliurbineg running alongwith the structure[41, 42] That is,
as one of the most efficient reaction turbinesbluibine is designed witthe generator attached to the
turbine shaft in a watertight pod, or bulb, directly behind the turbine r{#Bet4] as showrn Figure
2.1 To fully exploitedthe available energy more effectivethis type of turbine has been utilised in
the design of other TRSs including the SBL by Tidal Lagoon Power ([AISP)

Fig 2.1 Crosssection of aypical bulb turbine[43].

A sluice (from the Dutchsluis") is originally a hydraulic structure to control the water channel at
its head by a gate. The terms sluice, sluice gate, knife gate, and slide gate are used interchangeably in

the watesrelated field including hydropower and wastewater corj¢6]. It can be used to control



water levels and flow rates by regulating the water flow through an impermeable structure, such as an
impoundment wall in TRSs. An extended concept of sluice gate simply consists of an elre slu
caisson including the gate which is made of wood or metal barrier, sliding in grooves as-gawen

2.2, although technically speaking, the sluice gate refers to only the gate structure.
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Fig 2.2. An example of (a) a water pageway47] and (b) a sliding gat8] typically used in TRSs designs.

Sluice gates are one of the critical parts of the tidal range structures which allow more water flows
in/out of the impounded basin. The main functionality of the sluice gates is to indreasdiency of
the scheme as well as ensuring managing the kgavivsonmental and ecological impacts of the scheme.
A typical design of a sluice caisson used in SBL is represented as follows:
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Fig 2.3. Crosssection of a sluice caisson proposed for the Swansea Bay LEt#jon

They are two majorypes of tidal renewable energy schemes: tidal streamTd8s The power
output of tidal stream turbines is calculated as follpig§:

0O -#M©6 (2.1)



where P is the extracted powé€ is the turbine power coefficient i s t he ;Aidtheicrdssdensi t
sectional area of the turbine and V is the fluid stream velocity. Potential power extracted by TRSs is
calculated as follows:

0 mM(1 (2.2)
where g ighegravitational acceleratigid is thehead difference across the impoundment andtigeis
discharge through the turbindstegratingpowerto time is given as follows:

%0 I ( (2.3)
where! is the plan surfaceareaof the impoundment and E is the power outputhe equation
demonstrates that for high energy yield, a large surface area with a high tidal range must be enclosed.
Similar to tidal stream resougesites identified as havirgjgh potential for tidal range generatioarc
be hydrodynamically modelled to investigate yield, explore optimisation options and assess potential

environmental impac{&0-52].

2.2.2Tidal Range Schemes
2.2.2.1No pumping operation

Xia et al.[26] showed that the two most effective operational schemes arengpland 2way
generation. Therefore, this study mainly focuses on these operational schemes and schematic
illustrations of them are shown in Figei24(a) and (b), respectively.

Ebb-only gereration starts with a holding stagea high tideby closingboth the turbines and sluice
gates This means thahere is no flow between the outside sea and the impounded watearbdy
hencethe impounded basin water level stays at around high tidée thiei seaward water level recedes
with the tide. Ebb generation phase commences when the head difference between the water level inside
and outside the basin, referred to(as herein, is large enough to generate energy efficidmngly
t ur bi n e sThis ebb geadration ghakeepscontinung until the head difference across the
impoundment embankment is not sufficient to generate energy efficamtiyore referred to aé
herein At this time, the second holding phase commences, with both thiedsiand sluice gates being
closedagain The downstream water levels are then raised again with the flooding tide and the filling
phase starts by opening both sluice gates and turbiniet allowingthe seaward watemteringthe
basin. This filling stge is followed by a holding phase for the next cycle when the water dvabsh
sidesreach almost the same level. A schematic of the ebb generation scheme is illustrated in Figure
24(a).

Starting from the ebb holding phader two-way generationboth the sluice gates and turbines are
closed until the head difference across the impoundment embankment is large enangfficent
generation, in other words, reaching a starting head for ebb tiles.dfhis stage of the ebb generating
phaseworks by operating the turbines in order to generate enfragy water head differencend

continues until the head difference across the impoundment is no longer adequate for efficient energy



generation, i.e. reaching the ending heéadtowards the end dheebb tide Following that, the sluice
gatesand turbinesare opened to empty the basin, until the water levels across the impoundment
embankment are almost the sawier that the flood holding phase begins by closing the turbines and
sluice gates untihe head difference is higher than the starting head during flooding, i.&his is
followed by the flood generation phase, where the turbines are operated again to generafmanergy
water head differenc&Vhen the head difference is smaller thadieg head, namelfy , the sluice

gates are openead wellto raise the water levels inside the impoundme&hé next ebb holding phase
commences fen the water levels across the impoundment embankment reach the same levels and the
water levebutside the impoundment starts falling again with thetielebThis can be seen as a periodic
process, which repeats itself throughout each cycle. A schematic of tlveaywgeneration scheme is
illustrated in Figure 2(b).
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Fig 2.4. Schematic representation of the operational schemes: (@yanebbgeneration; (b) a twavay tidal power
plant.

2.2.2.2with pumping operation

The total energy generated by a tidal range scheme can be potentially increased by takiagadv
of pumping, at high and low wat§s3]. It should be noted that ihe turbines are also designed for
pumping there will nohaveany significant increase in the cost of the schéfmethermore pumping
could also bring adtibnal environmental benefif§3] not onlygenerating more energy.

In practee pumping is introduced during the holding phaktee bi-direction turbines utilised in a
TRS. In the ebkonly generation mode, the objective is tseathe water level inside the basin to a
maximum by pumping when the water level difference across the impoundment embankment is small.

This generates a bigger head differefice, and in turn more energy when the seaward water level falls

with the ebbingdide. For the tweway generation scheme, pumping during ebb generation will be similar

to pumping for the ebbnly scheme. Pumping will be used to lower the water ldvelsnside the

basing during the flood holding phase. This will generate a higher di€farence during the flood
generation phasdfter pumping,the extra energy output due to the larger head difference with lifted

or lowered basin water elevations could offset émergy consumptiomuring pumping. Hence,
pumping is economically feasible when the combined efficiency losses of pumping and generation are
partially offset by the gainegower output as a result of an increased head differamd¢be TRSs
revenue optimisatiarSchematic illustrations fdhe ebb-only and tweway generation with pumping

are illustrated in Figus2.5(a) and (b), respectively.
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Fig 2.5. Schematic representation of the operational mode (including pumping) of {ajagrebbgeneration; (b) a

two-way tidal power plant

Hence, oe of the key aspects of the operation of such schemes is the head difference at the time

when the scheme would peogrammed to start generating energy and when generationastdps/en

pumping during ebbing or flooding tideBherefore TRSs can be operated in various ways for each

type of operation scheme, i.e. for flood, ebb or-tmay generation, and this operation will influence
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the basin water level and discharge transferred between the impoundment and open waters, and

therefore affectig the energy generatd@1, 35]

2.2.3Tidal Range Schemegptimisation

Key aspectsf design, in the preliminary stageTiRSs,is the characteristics of the scheme, such as
the number of turbines and area of sluice gates, atithisation of operational characteristics as
introduced above. This optimisation could be carried out in different ways based on the requirement
and the purpose of the scheme. For instance, optimisation could be carried out fabjaciive
decision m&king, such as tenaximise electricity generation or revenue or use multiple schemes to
work in a synchronised way to generate a continpougeroutput

Flexibility in TRSs is the ability to generate flexible electricity through an unrestricted, free rang
of motion[54], refer to &flexible operation scheme and hence flexible electricity output. It is crucial to
achieve flexible operation of the scheme and its-besgfit analysis during the optimisation in order
to ensure that the seime is practical and the number of turbines and sluice gates are providing the
maximum benefitHence, theptimal designand operationatharacteristics at thgreliminary stage

can benefian informedjuantification of investment risk and retdan investors and decisiemakers

2.2.3.1 Operational Parameters Optimisation

2.2.3.1.1 Maximization of electricity generation

In fact, tidal power technologies have advanced considerably over the past feangkane of its
key purposes is to provide electricity for local needs. A variety of numerical modelling tools have been
developed to optimise the TRSs parameters and to maximise the electricity generation which has a
significant influence on the feadliby of any proposed schenjg5]. The researches in terms of the
maximisaton of annual electricity generation were mainly achieved usiBgn@odelling, which can

be seen in section 2.3.1.

2.2.3.1.2 Flexible operation optimisation

Flexible operatioiis the capture of energy produdskibly. TRS can be used as one of gravitadil
potential energy to convert potential tidal energy into eléstrat a specific timeHowever, @ knovn
that the tidal energy is intermittent from the seltnirnal flood and ebb of the tides for twice a day,
through toSpring-Neap variability for approximately 14 daj6], which makes it to be a big challenge
to produce flat or continuoysoweroutput froma TRS especially during neap tidésiown as oe of
the scenarios in the flexible operation optimisation. Hence, it is promigsoygimise the overall energy
generated fronmulti-schemg57] andto the supply for predictable changes in demand, such as the
daily patterns of human activity, as wedl anexpected changes from equipment overloads and storms.

Flexible operatiomptimisationplays aressentiatole in this balancing acAdditionally, it carfacilitate
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better utilisation of renewable energy through the development of TRSs by nmalitigpbjective
decisions tdhe needs of differemesearches, including the revenue optimisgia).

To compensate theudation withoufpoweroutputfor flat or continuougower output, future studies
could consider other renewable energy sources including wave, solar and wind acting on other
timescales and apply appropriate optimisation approaches to deteyptimaim renewable energy
roadmap scenarids6]. One of the concepts was the use of a land fault between lakes in a large park
preserve for generating and storing clean renewable efE9fyknown aghe pumped hydro storage
facility. This stored electric energy for peak demand is valuable on the wholesale electricity industry,
especially when it is created in a z&arbon renewable form. It is useful among worldwide to harness
hydroelectricity from wateims it is inputted and outputted to the grid during peak times and then
developed again during low usage to restore the waterupattkhereservoir.

However, based on the authorés r ev Aspuiforwarth er e
by Neill et al.[57] and Schaffeet al.[60], the gap withoupower output could be potentially makeup
by treating multiple lagoons as a system and taking advantage of oparfiéiriility to generate
electricity during highhational demand for electricity and thus the valupawer output was seen to
be increased with electricity price variance. Benefit from this method, tidal power will be fed to the grid
at several locations antwill contribute to a more efficient electricity distributi¢®2]. It has been
partially supported by limited studig3l, 32] For example, a combined operation of two tidal lagoons
was simulated by taking a gradidydased technique for flexible operation schemes optimisg&idnlit
revealed a flexible distribution gfower output if considering operation flexiyp although only the
maximisation of electricity generation was targeitethis study. More recently, Harcourt et 2]
improved the gradient approach for operation flgxdver the precise timing of power generation with
a single case study, aiming to generate grgaiemer outputduring peak demand for eleicity and
hence results inraincrease of more incomd3esides a continuous operationvas deliveredby
introducing financial incentives associated with reliable, baseload sumgalying the economic
assessment of the tidal power plant syskerimgachieved61]. However a comprehensive flexible
operationoptimisationwith more scenariois waiting to be achieved and evidenced through simulation
by developingan appropriate optimisation algorithm and taking multiple carealies[62] into

consideration

2.2.3.2 Design Pameters Optimisation

The design parameters of the scheme influence the cost and annual electricity generation, i.e.
revenue, and has a direct impact on the feasibility of the scheme and therefore it needs to be conducted
to a high level of accuracy. Hendgjs significant to optimise various scenarios with different basin
sizes, number of sluice gates and turbidesing the design phase of the scheme. However, the
researches in the optimisation of designed parameterariod&/Renewable Bergy(MRE) arelimited.
Leite Netoet al. optimised the dispatch of turbines during the generation process to maximise the

electricity generatiorj63]. Results showed that it was possible to increase the electricity generated
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significantly by optimising the dispatch of turbines with the -flerible operation schemg$3].
Aggidis and Benzon used @&®model to evaluattheelectricity generation in relation to varying trends
in energy demanlL8]. They optimisechonlexible driving heads based on the size and number of
turbines, whichvaries with the barrage and/or lagoon dimensions and characteristics.

However,as described above, there is limited research on the researches of traditieffeatiblen
operational and desigrarameters, and no study on the optimisation of operation flexibly with various
design factors simultaneously, which are closely relevant to the electricity generation and hence impact
the feasibility of the TRS4$:urthermore, some TRSs could have mutiplocks of turbines located in
sperate turbine housing units and the most optimised operation schemes for a single unit is expected not

be the most optimum one for all the other blocks
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2.3 Predictive tools for electricity generation

2.3.1 0-D modelling

A variety of numerical modelling tools have been developed for optimising the TRSs parameters
and to predict and maximise the electricity generation, fradbnrfodels[17-20] to more sophisticate
multi-dimensional modelfl 3, 15, 17, 2430] with HPC capabilities.

On the one hand, the accuracy of mdithensional models is higher than th®@nodel because it
underpins the inhrent basic fluid mechanics, with the preliminary assumptionsbinn@odel refined
and developed more accurately. On the other hand;Eher23-D models are more expensive than 0
D models, especially during the optimisation of TRSs which requires arlangieer of run$s5] even
with the utilisation of the HP{L7].

0-D modelling has been usedrfthe preliminary assessment of hydraulic structure representation,
in comparison with mukdimensional modellingll7, 52] For example, agrticular focusvasonthe
comparisonof the water levels adjacent to the impoundmehg dischargethrough thehydraulic
structure andhe powergeneratiorbetween the I and 2D modelling,which highlighted that the -0
D methodologycouldbe utilised for the optimisation of the proceqd464. However it was argued that
the 0D model overestimated the potential energy for large intertidal regions as well as the upstream
surface area, in comparison wittb2modelling[21]. For exampleAngeloudis et alshowed that D
modelscouldoverestimate thenergypredictiors by up to 40%whencompaedto thepredictionbased
on moresophisticatecand accurat@-D numericalmodels[17, 52, 64] They concluded that theD
approach oveastimation is relative to the size of the scheme. They suggestedDhatedlictions are
reliable for design optimisation at the preliminary stage and need to be complemented by more
sophisticated-D or 3-D models[64].

In 0-D modelling, atypical 0D backwad difference model based on the continuity equation was
proved to be able to minimise the overestimated results in some extgt&i@9, 65] ensuring it to
be a reliable tool for the prediction of thedricity generation and hence contributes to the optimisation
of TRSs However, in practice, the developmenito-D model refinement lsaconsiderable potential
with more accurate expressions and estimatibos example Burrows et al[29] took advantage of
the previous turbine hithart given by Bakel66], developing a Turgency program to calculate the
outflow andpower outputelationshipaccurately Also, Aggidis etal. refined its characteristida the
hill-chart with a nordimensional formula known as affinity la\86] andthe volume of water enclosed
the combination of deptholume curve and tidal cury&8]; Petley et al. implemented the cuttiadge
turbine data and higresolution bathymetric data inte@modelling for more accurate predictiffb].

It should be noted that af thesestudies havesedconstant driving and minimum generation heads
throughout the operationge. forall spring and neap and flood and ebb tidtswever, with this fixed

operation schemes, there might not have @ower outpuduring some neap tides due to insufficient
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tidal range. This emphasized the significance of using flexible operation schemes, which uses variable
operation head® each unit of operation to maximise the electricity generation.

Following that, various parameters including the starting water head, turbine numbers and turbine
diameters have been optimised to explore the maximum apowarr outpuutilising the 6D model
[65].Based onthe authsir e xt ens i v e Ahmadiarebal35]are Yates et a[@7)\have
separatelyliscussed the concept of variable driving and minimum generation heads for each operation
period, namely half a tide, and highlighted the potential improvements achievable by implementing
variable driving and minimum generation heads. More recently, Angeloudig&tJehnd Xue et al.

[33] took advantage of a gradiepasedand gridsearchmethod, respectivelyfor the optimisation of
flexible operation headwithan overall increase iglectricity generationf around 196 delivered with
pumping,compared to conventionabnflexible operaiton. Moreover Merlin et al.[40] haveexplored

the optimisation of TRSs in terms of the maximisation of revenue income. By improvigcatlient

based methofB1], it could increase the income for the case study of SBL to at least 20% compared to
a nonadaptive operatiof82].

Research on using pumping to increase electricity generation has been limited and was mainly
carried out using a constant driving and minimum generation leadghout. Yates et al. used an
unlimited pumping head and constant generating head to study the influence of turbines (including
pumping) efficiencies in a-D model[23]. They found that the overall energy cobleimproved by
about 17% if pumping was included in a tway generation schenwhich usesconstant values for
turbine and pump efficiencies. Furthermore, Douglas ¢68].showed that pumping could increase
energy generatioby approximately 10%. Their results were consistent with the findings of Aggidis
and Benzorj18]. However,it should be noted thdhey used the same hihart for both the energy
generation and pumping phases, with scaledn maximumpower output With a lack of detailed
information, they also assumed a combined efficiengind the pumping phase. In the literature there
is a very limited number of studies for the case of pumping, with the majority of studiefinethg
operation head®r the schemegdditionally, in these studiesinified operationscheme was adopted
at different blocks of turbines large TRS, ignoring that the tidal range varying at each blatkch
may not yield tahe mostoptimisel energy outputMulti-blocks operation refets different blocks of
turbinesoperates using differerptimal operation schemetaking the most use of tidal ranges at
different sitesConsequentlydevelopingthe flexible operation scheme/schenfes a single block or
multi-blocksof turbines duringthe whole tidal cy@ andincluding pumpingis anothe novel aspect
being investigated in this study.

Optimisation of the entire scheme with some degree of confidence is particularly crucial in the early
stages of operational design, due to its significant influence to the cost and annual electricitgdyenerat
and has a direct impact on the feasibility of any proposed scfEsheHowever, one of the key
challenges is the various design variables of the scheme, including basin size, number of turbines and

sluice gates and the operation schedule. The optimal design of a scheme requires a large number of
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simulations to be undertakéue to the multparameter nature of such schemes for optimisation which
can be computationally expensive. This simplified approachftbdelling is cheaper than any other
multi-dimensional models, although it provides a higher level of uncertairtig igatrly stage of design
which can be verified further using eitheb2or 3-D modelling tools.

2.3.2 multtdimensional modelling

The simulation of hydrodynamics of coastal waters is expected to provide significant insight into
tidal energy assessmemt. number of different hydrenvironmental models, including thH2epth
Integrated Velocities And Solute Transp(VVAST), Environmental Fluid Dynamics CodEFDC)
and TELEMAC-2D, and more computationally expensiveD3models have been used in hydro
environnmental modelling of TRSEL7, 69, 70]

Depth-average 2D models, including DIVAST model, enjoy tlyeeatly simplifiesin the analyses
by assuminghe solute can be welnixed vertically over the water columnhis model is constructed
usi ng -cae nit d efdlbe sahndver {7&]x 0i mn awb u &wdt rtended ficseldchi ev
assuming each grid as a controlled volume and the variables are placed at the centre of the volume, and
the Aimesh vertexo denotes that the variabl es ar e
been proved to be able simulate the mass and momentum transfer between the basins separated by
the structurd71]. These simulations can be a powerful tool for the calculation and optimisation of
energy extracted from tides, as well as the potential impacts of coastal constructions.

DIVA ST model was developed tte Cardiff University Hydro-environmental Research Centre
(HRC) for modelling the hydrodynamic, sediment transport and bacterial procesgdshas been
widely used in various projectsor exampleBrammeret al. simulated théaydro-environmental
impacts at Severn Estuary by using DIVAST and physical m¢@2]sThe numerical results showed
good agreement with the corresponding laboratory data. Ahmadian et al. developed DIVAST to
investigateboththe potenal far-field and neafield hydro-environmentalmpactsof the North Wales
Coas{73]. DIVAST showed a satisfying performance in terms of the prediction of the water elevations,
tidal currents and consequently flood risk, sediment concentrations and backgrowenidldavels in
a large domain in the Severn Estuary and Bristol Channel.

On the other hand)IVAST model can be used to predict the electricity generakanet al.[50]
used a numerical estimation based on the solution gained from DIVAST md@elpredicting the
potential annuapower outputfrom Severn Barrage, it has been demonstrated that the electricity
generation calculated from DIVAST model could be similar to the officially reported value by the
Department of Energy and Climate Change (DECC), in the UK. Fuortrer DIVAST model can be
developed with many improved terms, especially for turbines. For exafimeadianand Falconer
refined and applied this model with significant interactions of turbine arrays and flows succ38jully

Results proved that this DIVAST model is a vital tool for the assessmpotwalr otiput. Besides, the
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potential tidal stream energy was assessed by Xia[@dalnder with or without the Severn Barrage,
mean power distribution andffirent candidate tidal stream energy sites, which could also be the
evidence that the DIVAST model was reliable for the prediction of electricity generation. All of these
make DIVAST to be a useful tool to verify the electricity prediction usiiyr@odeling in this study.
Its full development and application will be presented in more details in Chapter 3, 5 and 6, respectively.
EFDC is a hydrodynamic modelling suite which is an epemrce code developed and supported
by the engineering company Dynamiol@ionsinternational. The code was first adapted for the
simulation of TRSs in a study by Zhou et[2B], including the numerical implementation of hydraulic
structures to represent turbines and sluice gates, the use of hill chart to calculate turbine flow rate and
implementation of operational sequence algorithnafiferent operating modes. The EFDC model was
further developed under a certain number of configurations of the turbines and slui¢ésjates
TELEMAC-2D is arotherhydrodynamic modelling suiie the field of freesurface flowby solving
the Shallow Water Equation (SWH)astudieddomain discretized by finite element meklis able to
simulate the hydrodynamidg6] with a wide range of applications, such as dam breaks, harbour
structures design and river floofi&/-80]. Apart from that, it can be developed for the evaluation of
tidal energies including the tidal stream enef8%] and TRSg[13], with the velodies over the
simulation period could be utilised for the optimisation of tidal structures at a wide range of sites. It
could bedeveloped and applied to analyse, predict, and quantify the potential changes in tidal
hydrodynamics (water levels, tidal rangeculation patterns and tidal currerdsie to a certain number
of scenarios with several numbers, size and location of TRSs.
3-D model is normally developed from thd2grid with the vertical direction extended by a certain
number of vertical layergs employed in the populaiC3software like TELEMAG3D [82] and Delft
3D [83, 84] Results showed that[3 models could simulate the magnitude of velocity more accurately
which may be overestimated in thd)2modds [82]. One ofthe significant concerns of thel3model
is that the computational cost is much expensive than idimeznsional models which are proportional
to the number of layers, but with higher accuracy of predi¢88n84]
The long list of the collected literature above indicated the gradual progression from a simple
conceptual model toféexible and sable numerical multidimensional mod&he simple €D model is
cheap under a large number of scendnosghe tidal energy analysis but with relatively lower accuracy
due to the absence of hydrodynamics simulation, compared with-dimansional models. Muki
dimensional models can support the investigation of hydrodynamics processes related to that TRSs
only under very limited scenarios due to its costly running time. Consequéhthg been shown that
the 0D model and 2D models can complement oaeother, particularly in enabling the number of
computationally expensive 2 model simulations to beeducedand improve the accuracy of theb0
model In other words, nalti-dimensional numerical models without barrages or lagoons can provide
the input water levehsboundary conditions for-O models. In return,- models can support multi

dimensionamodels with optimised parameters for more accurate predi¢88hs
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2.4 Hyperparameter optirsation

The problem of flexible operational and design parameters in TRSs described corresponds to the
hyperparameter optimisatig85, 86] In detail hyperparameter optigition or tuning is the prolie
of choosing a set of optimal hyperparameters for a learning algof8RmnA hyperparameter is a
parameter whose valueould be used to control theevaluation process.The approaches to
hyperparameter optimisation cover a wide range of metf88]sranging from the traditional local
optimisation approaches such as Grid Search (&%)and Gradientbasedmethodg31] to a global
optimisation approachescuas Evolutionary Algorithms (EA$37, 89] and BayesianOptimisation
(BO) [90]. Global optimgationfinds the optimal value of a given function among all possible solution
whereas local optirsation refers to findthe optimal value within the neighbouring set of candidate
solutiors[91]. In this study, the global optimisation reséo a most optimised results during the typical
Spring Neap tidal cycle while the local optimisationemsfto the optimisation during a small component,
e.g. Every Tide or Every Hatfde. Normally we consider the local optimisation as the baseline,
providing the prior belief of global optimisation to jump out of the most local optimal soly88hs
Thus, this research developed the GS methods as the representative of the local optimisation methods
and the GA as the global optimisation methods which will be developed further mainlygreCha6

and 7, respectively.

2.4.1 Grid Search Methods

A traditional way of performing mukbbjective optimisation has be&8 methodwhich is simply
an exhaustive searching through a manually specified subset of the hyperparametf@2siie
Figure 2.6 illustrates the G ninetrials for optimisation a functioof #4/0 C@ E@ Cd.
Each dot represents one trial with a set of hyperparameteesdistributions shown on each axis
represent the model's scovée're searching over a hyperparaenspace where the one hyperparameter
has significantly more influence on optsimg the model scorevhile holding all othemunimportant
hyperparameters constaAtl possible combinations of hyperparameter values defined by the grid are
evaluated to sett the best setThe advantage of the GS is that it is capable of finding the most
optimised parameters after exploring throughout the whole searching space and it is simple to
implement with no technical overhead or barrier. However, the GS method rfexyfiarh thecoarse
of the grid. For example, in Figure 2.6, the nine tridi&antly misedthe optimalscore, that is, the
peak ofC & (marked as green area) was not obtained via the grid with nine trials. However, if a finer
grid adopted, itwill spendredundant time exploring the unimportant parameied hence to be

computational expensijé4].
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Grid Layout

Unimportant parameter

Important parameter

Fig 2.6. Grid Searclof ninetrials for optimisng a functon/B40 C@ E@ C@ with low effective
dimensionality. Above squaf@@ is shown in green, left squaEe@ is shown in yellow. Nietrials only tesiC @ in three
distinct placs [94].

Therearea large number o$tudiesapplyingthe GS intoengireering and computational science
[95-97]. DinhandBaandeveloped the GS to study the discrimination between changes qirpssere
and watersaturationby predicting thegrids of timelapse attributes within a range of pressure and
saturationResults showed that the G#®del performed very well and the model was able to contribute
to the quality control and uncertainty amgals [95]. Ensor and Glynn implemented the GS in the
parameter estimation of stochastic optimisation. The objective function was managed to be optimised
by GS in thenathematical aspef96].

However, very limited studies can be found in the optimisation of TRSs using GS in the seeking of
optimal local paramete83]. Importantly,there is no research on the optimisation of operational and

design parametemhich needs to be conducted to a high level of accuracy.

2.4.2 Genetic Algorithm

Genetic Algorithm (GA)is one ofthe mostpopular typs of Evolutionary Algorithms (EAS) in
optimisation problemf98]. GA approach considers each parameter being optirassadjene and each
solution which includes all the genes is called an individual or a chromosome. Genes can be reproduced
in each iteration or generation fornse of the individuals in the population through evolugign
processes. For each generation, all individuals are evaluated for fithess using a fitness function. The
iterating process or reproduction of new generations is stopped if an individual in rieastopen
satisfesthe predefined termination criterion.

EAs have been widely used as an efficient and time effective optimisation tool which allows cutting
edge modelling especially in the fields of engineering and scj@8teEAs and particularly GAs have
demonstrated to be competitive metbad several fields including Engineeririj00-102]. Besides,

GA has been used for the predict of hydrodynamics such as tidal curreit@3], wave heigh{104]
and sea levelfl05]. For instancea GA modelhas been useadnd found to be quitsatisfactoryin

conjunction with empirical hogonal function analysis for the forecasttebasinscale tidal current
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[103]; Also, prediction of satellite altimeter derived fieldsS#alL evelAnomaly (SLA) has been carried
out using GAby Ratheeslet al.[105]. It has been found that GAasable to improve upon persistence
forecast in all the cases and thprovement varies from 6% to 23%owe\er, the exploitation of GAs
to MRE has been limiteftL06-108]. Sullivan and McCombie investigated the potential of using GAs
for optimisation of tidal power arrays as a muoltijective problenj106]. Their work demonstrated the
ability of GAs to find asuccessful arrangement of tidal stream turbines, with minimum cost and
appropriate performance of tidal stream turbirfasithermore, Child and Venugopal showed that
superior resultsauld be obtained using GAs for the optimisation of wave energy consdegout
[107]. Their results were consistent with the findings by Kontoleontos [@i0d] which proved that it
was possible to predict tidal stream enesgy RSsusing EAsparticular GAswith a satisfactory result.
Leite Neto et al. discussed the maximanergy gains obtained with the dispatchable turbines by using
GA for the optimisation. They investigated the potential of using GA to address the-sfifiepte
operation[63]. Two major advantageof GA coupled with 8D modelsareits rdative computational
simplicity andthe fact that itequires much less input information for optimisatimncomparison with
multi-dimensional model#\s a resultit can be concluded that although the @Ay not provide insight
into the physical connection betwe@iRSs it can quicklyprovide us with relable informationon
operational purposes atow computational cost.

It should be noted that there were very few studies using GAs or similar EAs to optimise the TRSs
with various variables, e.g. different numbers of turbines and sluice gates when ER&s Bexibly,
in terms of the maximisation of electricity generation or the flexible operation optimisation. But once

achieved, it will have significant value at the TRSs design stage.
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2.5 Chapter Summary

In this chapter, a literature review of usind®r multi-dimensional modelling in the optimisation
of TRSs has been presented. It emphasizes the significance of the optimisation of TRS$using 0
other multidimensional modelling for the purpose of maximisation of electrggtyeration and the
flexible operatioroptimisation Furthermore, GS and GA as the representatives of local and global
optimisation methods in hyperparameter optimisation were illustrated which provides significant
confidence of using both approaches in the optimisation of R8s study.

The previous studies aenewable energy and particularly TRSs have been investigated In section
2.2. Although there are a number of studies on the optimisation of TRSs in the literature, the studies on
the design and operational parametgrmisation were found to be very limited. Moreover, there was
no study on the optimisation of mulilocks operation in which each block of turbines has its own
operation scheme. This could significantly influence the cost and annual electricity igenearad has
a direct impact on the feasibility of the scheme. To fill these gaps, the flexible operational parameters
will be studied in this thesis using the GS and GA approaches, under single blocks afoakdti
scenarios, respectively. Besides, flagible operation optimisation by two schemes simulations proved
to be another aspect and required to be further studied. It helps the TiRSktabe better utilisation
of renewable energy through the development of TRSs by makiligobjective deisions tothe needs
of differentresearches. This will be addressed in this thesis by considering more schemes, including the
West Somerset Lagoon (WSL) and North Wales Tidal Lagoon (NWTL) in Chapter 7.

In section 2.3, a variety of numerical modelling srsbes have been reviewed for predicting and
optimising the TRSs, from-D models to more sophisticate medimensional models. It highlighted
that the @D model as a simple and cheap method could be considered an ideal tool for the optimisation
of TRSs vhich may require a large number of runs and cannot be achieved by othetimeitsional
models. In section 2.4, as the representatives of the local or global hyperparameter optimisation methods,
the GS methods and the GA have been introduced, respgctivel proved to be capable for the
optimisation of TRSs in this study.
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3. Numerical modelling

3.1 Introduction

This chapter mainly introduces the relevant governing equations and background of a traditional O
D and 2D models, respectivelyn the 0-D modelling, the basin water levels are calculated from the
previous upstream and downstream water levels accordiriget continuityprinciple The model
assumes that the water is distributed uniformly and instantaneously in the impoundment when the
inflow or outflow geesthrough turbines and/or sluice gates, instead of using a more complex but
realistic 2D modelling @proachComparing to multdimensional modelling,-@ modelling is able to
save the computational cost significantly and hesae be considered to be an efficient tool for the
TRSs optimisation with a large number of scenarios in this study. HoweverDmeimerical models
present to be a more sophisticated and accurate alternatiiz naodel because that they can underpin
the inherent basic fluid mechanics and hence are more accurately but computationally expensive.
Consequently, - modelling playsan important role in this study, to be used to predict the input water
levels in BD models and to validate the performance of a series of optimisation uBingdlelling
but with the simulation of hydrodynamics.

In section 3.2, the simplified continuigquation in the O model is explained. In section 3.3, the
methodology and governing equations that define the hydrodynamics properties- thedel are
introduced. Following the calculation of the water level from tH& & 2D models, the energy dn
discharge through turbines can then be calculated based on the hill chart, as illustrated in section 3.4.

Finally, section 3.5 describes the HPC utilised in this study.
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3.2 6D modelling

As one of the most important factors in the energy generatidicpos, the water level is calculated
based on the mass conservation equation, also known as the continuity equation, which reflects the fact
that mass is conserved in any npuaclear continuum mechanics analygi§9]. The equatio is
developed by adding up the rate at which mass is flowing in and out of a control volume, and setting
the net irflow equal to the rate of change of mass withid 1t0].

. 3.1)

whereN , N andN represent discharges per unit width in the w and zaxis directions,
respectively(m s?); ( denotes the water surface elevation above datum (m) and t represents time
(second).

In the approach outlined by Baé6], the key assumptions irD models include that the discharge
through turbinesl() is a constant and the wetted plan surface areia @ costant. So that the changes

of the basin water level\(() at a time duration’( Jxan be expressed as:
R (3.2)

Based on the assumption thiwe water is distributed uniformly and instantaneously in the
impoundmentvhen discharginga typical D backward difference model was developed from the Eq.
3.2 to solve the continuity equation for the wagsel calculation. The new upstream water levels inside
the impoundment (4, i+1) at any point in time can be calculated according to both the upstream water
levels at the previous time step¢4 and the downstream water levels(¥, as follows:

R TR 0 (3.3)

where ot denot es 1 hsetheinflomeutfiertetipe lago®retoraughdsgurces
other than through the TRS ), e.g. a river or outflows; ( is the wetted plan surface area)iof
the lagoon at thevater sirface( ; 1 ( is the total discharge through the turbines and sluicés)m

which is +ve when flowito the impoundment, which will be discussed further in sectioflF}§
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3.3 2D modelling

3.3.1 Governing equations

DIVAST 2-DU has been widely used in simulating marine renewable energy schemes in the past
[25, 51, 111] It has been modified in this study to simulate lagoons, Wgttible operation schemes
being generated from-D models. The governing equations used in the DIVASIW2 model are
developed based on the mass and momentum conservation equations.

3.3.1.1 Mass conservation equation

Developed fromhiemass conservatiorgaation in Eq. 3.1 and based on the assumption in DIVAST
2-DU model that thdlow in well-mixedin z-direction[112], the mass conservation equation can be

written as:
_ (3.4

3.3.1.2 Momentum conservation equation

The momentum conservation equations were utilised to describe the motion with viscous fluids and
devel oped based on Newtonds s e ddoelement7®.Wwhe@d mot i o
depthintegrated momentum cagvation equations in x and y directions, respectively, are given in Egs.

3.5-3.6 which are derived by integrating th®3Reynolds average equatidiid, 112]

—r— — AN G — — RC— — — (3.5)
— 71— — AN ¢ — — rR(g— — — (3.6)

where( is the total water depth (m) amds the water surface elevation above datum (m);
represents the momentum correction fac#@enotes the Coriolis parameter, which is caused by earth
rotation(rad 3); Cis the gravitational acceleration (mf)sz andz are the surface wind st®
components in the-and yaxis directions, respectively (Nf)z andz represent bed shear stress,
also in both directions; arwiis depthaveraged eddy viscosity {ra?).

Based on the finding that it is expected to have very limited impact on the predicted energy
generation as shown by Coz et[d@0], themomentumterms can improve the accuracy of the wake
characteristics. However, sintais study mainly focused on the optimisatiohTRSs,rather than
investigatingthe hydreenvironmental performance of the scheme extra momentursource terms
have been included across the impoundment wall. In briefly, té8rmlthe momentum conservation
equation refer to thiocal accelerationadvective (or convective) acceleratiandthe external body
forces, respectivelyror an accurate simutathe hydrodynamigshe momentum correction factprin

term 2is adimensionless value accountiftg the nonuniform distribution of velocity across the flow
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section This parameter can be estimated either from field data, which is preferable, or alternatively by

assuming a logarithmic velocity profile to gij#L2]:

b p — 3.7

3

wherekisv o n  Kar ma ndd G41land#nssleé Ghezy bed roughness coefficiartich can

bedetermired using théVlanning formula, which expresses C in terms of the local dejsit follows:
# — (3.8)

wheremn = Manning roughness coeffeit, with typical values of n being in the range from 0.015
for smooth lined basins rivers to 0.04 or more for complex bed topographies or where vegetation effects
are significant.

The effects of the eart ho sturhulertshetristeessgse denotedl s he a
as term 4 to 7, respectively. Tattee x-direction as an exampla, quadratic friction lawor surface

wind stresexpressiornis generally assumed, giving:
Z #mM7 7 (3.9

wherem is theair density(kg/n); 7 is thewind velocity component ithe x-direction(m/s) and
7 is thewind speedm/9)[112]; Cs represents thair-water resistance coefficiemthich is normally
specified using a piecewise formulation, sucfila8], whereby:
# pguvpn7 ®A&ET0 pljg
# ™ pmn7 °AEpO7 plijo (3.10)
# ® pmn AI70 plijo
For the bed friction, this term is also generally represented in the form of a quadratic friction law, as

given by:
0 joN— (3.1

where6 denoteglepth averaguid speedm?s).

A structured or unstructured mesh with grids is generated to make the master equation suitable for
the numerical simulatiofil14]. In this study, an unstructured triangular mesh has been deployed to
cover the studied domain which enables the arbitrary and geoate&ryfinite set bpoints to be

replicated at each time stgfi].

3.3.2 Domain decomposition

In numerical modellingdiscretization is the process of transferring continuous functions, models,
variables, and equations into discrete counterpatts]. This process is usually carried out as a first
step toward making thenuisable for numerical evaluation and implementation on digital computers.

As one of thediscretizationmethods,finite volume methochas been widely used in a variety of
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researchef24-27, 50, 70, 114, 116pbased on the integral form of the conservation laws rather than
pure continuum mathematical concglt5]. This enables two sutbomains to be generated and which
are fully detachabl® simulate the complex flow going through hydraulic structures.

Domain decomposition is used in this studgitaulate the lagoon. In particular, the upstream sub
domain represents the lagoon impoundment, whereas the downstredonsib represents the rest
of the Bristol Chanel and the Severn Estuary. It should be noted that both of-hensaibs are nen
overlapping, and each is covered by its own triangular unstructured mesh. Batbnsalns are linked
dynamically, according to interior open boundary conditions defined through a water level and
discharge relationship, as introduced in next section and openate time according to the sequences

without and with pumping implemented, respectively.
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3.4.Powerand discharge calculation

3.4.1 Turbines

A hill chart is commonly used in TRSs researches to represent the disdhaogeh the turbines
and subsequently the energy generf@éil That is, at a specific water head calculated from tBeo®
2-D models, the corsponding discharge and power output are interpolated through the explicit
relationship in the hill chart which is normally not available to obtain due to the commercially sensitive
nature. Alternatively, like in the continental shelf scale model, the aligehthrough turbines was
calculated by applying the Eq. 3.[686, 75}

The hill chart for the Andritz Hydro doublegulated bulb turbine with the diameter of 9 m is shown
in Figure 3.1 and this relationship was used in the caloulaif discharges and power output via
turbineg66]. This hill chart has been widely applied to a wide range of researches in terms of electricity
estimation and hydrodynamic assessment-ih @ multidimensional modelgl7, 24, 26] Notably,
the minimum operation head in the hill chart is from 1 m which indicates an operation head of equal or
greater to 1m should be considered when using the hill chart for the iateypaalculation.

The hill chart from turbines with different sizes have been derived by scaling the existing hill chart
based on the area. For this purpose, a coefficient of turbine ratio (Op_Turb_Ratio) in Eg. 3.12 was
implemented in this study to adjuthe hill chart for a specific size, with the results can be seen in Figure
3.2 with an example of a 7.2m diameter of the turbine.

| BOOAOEF— (3.12
0 OEEI |1 AEHOEDA OET (3.13
1 1EET 1 AJEBOGDA OE | (3.14)

where/ BO O A ®dpresents the squat of the ratio of the diameter afabigned turbines in a specific

andl E E1 1 deiofe@® power output and discharge in the hill chart, respectively; taad1

are the calculated power output and discharge for the designed turbines, respectively.
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Fig 3.1. Andritz Hydro threeBlade low head bulb turbine urjg6].
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Fig 3.2. Turbine QH and PH comparison for the diameters of 7.2 m and 9 m, respectively.

As introduced in Chapter Zy)umpingcan be implementetb increase electricity generatidoy

creating a higher water level difference for energy generation thtough b i ne s 6

and pump efficiency can be calculated as:
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s — (3.15)
s (3.16)

wheres ands are the turbia and pump efficiencies, respectively; andO denote the
power output for the turbines and the power used during the pumping phase, respéctively;
represents the potential power output of the turbines or as used in pumping.

The resulting turbine efficiency obtained from the hill chart is shown in Figure 3.3(a). Figure 3.3(b)

Clearly, the turbine efficiency utilised in this study matches very well with the measuicdneif,
mirroring the reliability of the hill chart used in this study.

Turbine efficiency as a function of head from Hill Chart
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Pump and Turbine Efficiency as a function of head
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Fig 3.3. Turbine efficiency: (a) calculated from Fig. 3.1; (b) measured turbine and pump effif2&hcy

3.4.2 Sluices

The sluice gates have been incorporated in the numerical moaainmlar way to turbinepl16,
117l]or wer e regarded as the 6gapbdb in a wall, using
and close, or changed between wet and dry. However, more recently, they have been represented as
orifices[75]. The discharge through a sluice gate is dated only during the sluicing phase using the

following equatiorn[36, 114}

1 #! ¢C( (3.17)

where g is the gravitational acceleration @n/s is the slice gate area (fand( is the head
difference across the impoundment wall, calculated,@s Zan; # is the dimensionless coefficient to
characterise the flow behaviour from an orifice or valve.

Backer suggested a value of 1 for thg[66]. The studies of the choice®#f have been very limited
[27] with the majority of researches also applietl @f 1 as the suggested val38, 116] Although a
certain number of uncertainties existing regarding this coefficient, Bray has shown that the impacts are

limited and minor changes # can be adjusted during the later stage of the d¢sigH.

3.4.3 implementation into the numerical model

Following the holding phase, the discharge and power output through turbines are interpolated from
the hill chart based on the psetetme in the table below. The discharge through turbines is calculated
during the generating and sluicing phase. The pawtgut is only interpolated during the generating
phase.
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Table 3.1 Pseudocode dheinterpolation method of the discharge and power output from the hill chart.

Algorithm The pseudocode of tlieterpolation method

Given

Number of points in the @ table: N
Q, P and H values in the table:(Q(P.i) and (H,)
Water level at upstream and downstrean; jZ&and (4,

Calculation

1
2
3
4.
5:
6.
2
8
9

10:

Calculate the head differende; :
If it is during generating phase:

f( (FOEAT 10
Elseif ( (5 OEAT 1 D 0
Else
For i=2, Np
If (( & ( (n

Calculate the interpolation factqr:

Interpolate: 1 p 11
0 P 104
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3.5 Use of High Performanc&somputer

High Performance Computing (HPC) is a rapidly evolving area which helps research in different
fields by increasing the computing power significantly.

The utilisation of HPC and running the models parallelly has a major impact on the speed and the
efficiency of the @D and multidimensional modellingOpen MultiProcessingOpenMP), as an
efficient method in shareghemory machines, can distribute theldop over the different threads: each
thread computes part of the iterations. It is a valualdé tttat enhances the performance of the
numerical model and reduces the computational time proportionally to the number of cores utilised
[118].

In this study, an OpenMP version of theDOmodel was developed which gave a significant
reduction on simulation time comparing to the original serial code, particulady thie models were

executed on the HRT he pseud@ode of achieving OpenMP can be seen in Table 3.2.

Table 3.2. Pseudocode of thepenMP utilisation in the GA model

Algorithm The pseudocode of the OpenMP in the GA model

1. proc Set_up /[Setad g o r patatmateéss

2: proc the mutation and recombination in the GA process

3: I1$SOMP DO /[Calculate the electricity generatiparallelly in the process of selection
4: Doi=1,solution_size

5: Evaluation of the electricity generation of each solution

6: Enddo

7: 13OMP END DO
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3.6 Chapter summary

This chapter outlined variousethodologies of numerical modelling in TRSs that will be utilised in
this study, including the-D and DIVAST 2DU models. Furthermore, the HPC along with parallel
programming using OpenMP has been illustrated in this chapter. Its technique will be tisedtudy
to speed up the simulations which require millions of runs with significantly reduced computational
time.

In section 3.2, the simplified continuity equation in th® Gnodelling has been introduced to
simulate the water levels based on a sesfeassumptions. After that, the mass conservation equation
and the 2D depthintegrated momentum conservation equations in x and y directions in the DIVAST
2-DU model were described in section 3.3, respectively. It followed by a domain decomposition
appoach that is used to link the upstream and downstream -af@uhins dynamically via a hill chart.
Then in section 3.4, the hill chart has been introduced which will be implemented and interpolated at
every time step within the simulation duration in thienerical models. In section 3.5, the technique of

HPC with a parallel programming method gi€dMP has been introduced.
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4. Case studies

4.1 Introduction

There are many possible locations in the UK that could be potentially feasible for the development
of Tidal Range Schemes (TRSs). Three notable sites currently being considered are Swansea Bay
Lagoon (SBL) andWestSomerset Lagoon (WSL) located in Bris@hannel in the &ithWest of the
UK, and North Wales Tidal Lagoon (NWTL) located along Mwth Wales coasfThe development
of the 8D model is achieved under the traditional fixed operation heads schemes and will be further
developed as part of the kegntributions in this study. Next, thel2model is set up with the optimised
operation schemes from theDOmodel to evaluate the feasibility of the schemes and identify the
differences betweenD and 2D models.

In section 4.2, the details of SRiropesed by TLRs introducedThe GD model is set up with a
case study of SBL and a typical Spring Neap cycle was selected in the year of 2012 as the representative
of the capacity of annual electricity generation. Following that, a range of fixed opetditones have
been optimised without/with pumping included, respectively, to achieve the maximum electricity
generation and this result is verified by th® 2nodel.

In section 4.3 and 4.4, the proposals of WSL and NVgildmoted by LondBay SeaPowerand
North Wales Tidal Energy & Coastal Protection (NWTEE® introduced, respectively. Currently, both
projects are ahefeasibility study stage and the finding of this thesis have contributed to these studies.
The operation of each scheme for the maximisaifoenergy generation is optimised and reported in
Chapter 6 while the combined generation of the schemes for fledelgyoutputoptimisation was

optimised and reported in Chapter 7, respectively.
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4.2 Swansea Bay Lagoon

Swansea Baig located inthe South West of tHgK andconstitutegpart of the South Wales coastline.
As a part of the Bristol Channel, the tidal range in the bay often ext8ed$65], which makesit a
suitable location for a tidal range sche!88L was proposed by TLP ip004[119]. SBL was granted
planning permission by the UK DECC in June 2(J120] and was positively supported by the
indepenént Hendry Review, commissioned by the UK government and published in January 2017
[121]. However, the cost of electricity has been found to be an j$82¢ and the UK government
Business and Energy Secretary Greg Clark said that the £1.3bn project was not good value for money
This wasdespite claims to the contrary by the develoféR [123]. The UK Government haseen
decided noto support the scheme duetie high cost of electricity9], al t hough more rec
Prime Minister Boris Johnsorwas urged to give the gahead forSBL, a pioneering green energy
project that willespeciallyp o wer Br i t ai nés -L9%pandemeiOly Thik furthenreC OV I D
emphasies the importance of optimising TRSs to generate maximum possible electricity and revenue
while keeping the cost down.

Theproposedagoon wall vould be about 9.%m long creathga lagoon area of about 11.5 kras
shown in Figure 4.1. The scheme would have an erggggrating life 0L20 yearsand would consist
of 16 bulb turbineseachof diameter7.2 m, andwith the installed capacity of 32dW [120]. The
lagoonspecific type of bidirectionalbub turbine is shown in Figure 4Phe area of the sluice gates
would beapproximately 800 fand the lagoois designed to be operated under the-tmay generation
schemd65, 119] Based on thmost recenteport published by TLRL20], the annuaénergygeneration
is expected tbbe about530 GWhper year.

.‘é’ | SWANSEA

TURBINE AND
SLUICE GATE
HOUSING

Fig 4.1. Swansea Bay Lagoon layout overlaid on thenkdlty Chart backgrounfl24].

37



Fig 4.2. lllustrative crosssection of ai-directional bulb fixed speed turbifi&25].

In the absence of substantial wetting and drying, the plan surfacefaadagoon A in Eqg.3.3)
could beassumed to be a constant value 4D thodels[19, 32] However, due to extensive flooding
and drying in some regions of Swansea Bag plhn surface area of the impoundment could change
significantly through theidal cycle. Figuret.3illustrates the bathymetry of the area inside the lagoon
andFigure4.4 shows thelan surface area of the lagoon for different impounded water levels (relatively
to Ordnance Datum) calculated based on the bathymetry. The varidlde wian surface aressa

function of the impounded water levid,used in this study.
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Fig 4.3. Swansea Bay Lagoon bathymejtp6].
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Fig 4.4. Wetted aea versus water levef Swansea Bay Lagoon.

4.2.1 Svansea Bay Lagoomodelling

4.2.1.1 Model Setup
In this studysensitivity test of the time step reimplemented, covering the time steps of 1 second,
1 minute and 2 minutes. Results indicatedapproximately 0.8% increase of energy calculation was
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obtainedwith a time step of 1 minute, in comparison to the 1 second time step sctraddference
wasabout 1.6% if a time step of 2 minutes was adbgt#encethe electricity generation from thed®

model can be considered as insensitivity to the time step and it can be set to 1 minute, ensuring an
accurate prediction of simulatiomithin the affordable computational cost the absence of precise
meaurements, the coefficients for sluices (CoefQ_sluice) and turbines (CoefQ_Turb) were set to 1
[127]. The coefficients of generator efficiency (CoefGT) was approximately 0.768musad study

according to the equation below:
#1 AE—4— 4.1)

whereo is the maximum rate per turbine, e.g. 20 MiVithis studyy andl are the water head and
discharges whe@ | Ar@aches, e.g. 5.856 m and 453.12smaccording to the hithart.

4.2.1.2 Optimisation

The model simulations were comparedhe0-D resultspublishedfor verification[65]. The model
was set up witltonstant operation heagdsamely( and( of3.0mand and( of1.0m. The
annual energgenerated was predicted to be 472.89 GMiith is wihin 2% of the value reported by
Petley and Aggidi$65]. This is considered to be acceptable and the very limited difference could be
due to differences in the downstreantevdevels or details itheoperation of the lagoon.

Tidal data generated from a more sophisticat&dr@odel, namely the Depth Integrated Velocities
And Solute Transport (DIVAST-DU) model introduced in Chapter 3. Théd2model withoutSBL
wasset up toprovide the downstream water levels in thB @nodel. However, it is common to use
nearby tidal gauges in the absence of such dataidentify potential errors introduced by such
assumptions,amparison of the model predictpdwer outpuusing the simulated downstream water
levels at the location of the lagoon and the Mumbles tidal gaageasried outThis gauges part of
the UK Tide Gauge Network of the British Oceanographic Data CEB@®C) [128]. It was noted
that using the fixed operati@and water levels from the Mumbles Gauging station underestimated the
annualpower outpuby about 10%, compared to the predicted energy using water levels generated from
a 2D model.

The yearof 2012 was chosefor this study due tohe availability of a complete set dioundary
conditiors provided bythe National Oeanographic Centr85]. Optimising the operation of the
schemes for different scenarios over the entire yeaamalgsis of the results could be thoensuming.
Therefore a typicalSpring Neaptidal cyclewhich represents an average electricity output throughout
the year waselectedor simulation Details ofthe power outputand variatiorper tidal gcle are listed
in Table4.1. For the accuracy of energy prediction, the date of the first cycledftarn 60.6 hr, which
coincides withthe first neap tidéor thatyear. The averageower outpuperSpring Neapcycleof about
360 hourswas approximately 20.85 GWHhwith the difference between the maximum and minimum
outputsbeingover 25%. Therefore, the representative tidal cyaechosen to exemplify an average

tidal cycleandto compae with theannual results. Theé'@cycle in the yeawhich deviatedy less than
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2% from the averagevaschosen as the representative tidal cycle for ogétign in this studyA
coefficient 0f24.377, which is the proportional time of the year for one complete tidal cycle, was used
to convert the mdicted energy over one cycle to the annual energy generated.

Table 4.1. Energygeneration per cyclor the0-D model

Cycle No Starting Ending Energy Relgti\_/e Cycle No S_tarting E_nding Energy Relr_;\ti\_/e
time (hr) time (hr) (GWh) Ej(;;:)\)/latlon time (hr) time (hr) (GWh) ?(;)\)/latlon

1 60.60 421.50 19.69 -5.57 13 4284.40 4619.60 22.62 8.46

2 421.50 781.80 20.44 -1.96 14 4619.60 499140 19.03 -8.75

3 781.80 1130.10 21.36 2.42 15 4991.40 5341.20 2231 6.99

4 1130.10 1489.50 19.86 -4.77 16 5341.20 5699.40 19.72 -5.42

5 1489.50 1824.90 21.81 4.60 17 5699.40 6061.40 21.43 2.76

6 182490 2197.50 19.06 -8.59 18 6061.40 6445.60 21.84 4.75

7 219750 2534.10 22.57 8.24 19 6445.60 6804.80 19.20 -7.92

8 2534.10 2892.90 19.15 -8.14 20 6804.80 7165.80 23.58 13.09

9 2892.90 324180 23.30 11.76 21 7165.80 7512.20 18.29 -12.29

10 3241.80 3612.30 18.55 -11.04 22 7512.20 7873.20 23.83 14.29

11 3612.30 3924.60 22.17 6.32 23 7873.20 8221.20 19.26 -7.63

12 3924.60 4284.40 17.98 -13.77 24 8221.20 8568.60 23.39 12.16

Dueto the large variability in the tidal range througBing Neapcycle, optimisation process in
this study involves finding the most efficient operational conditionghHersmallest component that
generation could occur independently, @ach ebb and flood tide. In order to achieve this, a range of
and(

m and in 1 cm increments, and for a range of ending generation watel levielsluding(

starting generatiowater elevationé , including( , wasconsidered, varying from 2 m to 8
and(

from 0.5 m to 4.5 m and also with 1 cm increments. Figdreg) ard (b) illustrate the contour map

of power outpuexcluding and including the impact of flooding and drying, respectively. Although both
( and( covered the whole range in theDOmodels, it was found that the generated energy was
insignificant wher( was between 6.5 m and 8 m gndbetween 3.5 m and 4.5 m. Hence, the contour
results shown in Figurek5(a) and (b), and for the rest of this study, only cover from 2 m to 6.5 m for
( and from 0.5 mto 3.5 m f@r .

It can be seethat the highest energy appears in the middle region areas in these figures, which
represents the operation head ofand( 8t should be mentioned that the red cross in Figdra)
represented the most optimised operation head§ of 4.6 m and = 1.9 m with the maximum
electricity generation of 21.30 GWh during the selected cythés showsan improvement of
approximately 4% in comparison with the original 20.44 GWh as mentioned in bl can also
be seen that the impact ekcludingflooding and drying within the impoundment is less than 5%

comparedo includingit.
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It should be noted that the optimum conditions are different for with and without flooding drying as
shown in Figured.5(a) and (b). These changes in operation are causigtiyack within the system
when the head difference across the structure is reduced, and is similar to that found by Hi=hAét al.
when the discharge was reduced in tH2 @odelling. However, these changes are often ignored when

comparing the simulations with and without flooding and dry84j.
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Energy output with a constant area (13.32 km?) Energy output with variable area
maximum energy (22.28) reached maximum energy (21.30) reached
when Hs=4.2 and He=1.8 whenHs=4.6 and He=1.9

@ (b)
Fig 4.5. Poweroutput: (a) with a constamhpoundedarea; (b) witimpoundedarea varying withthewaterlevel.

The details ofoperation scheduling of the impoundment and water head differeuater levels
inside the impoundmennd power outputaind discharge through sluice gates and turbines heag
tides during the typical cycle under the= 4.6 mand( = 1.9 mareshown in Figure 4.64.8,
respectively For the simulation opower outputduring the selected cycle, it can be concluded that
although the optimised pair of operation heads were implemented ifQhadilel, thepower output
during each neap or spring tides could not reach the maxipowar outpuiof 320 MW by trbines
rating.Importantly, it was founded that under fixed operation schemes, there might not hageosvany
outputduring some neap tides due to insufficient tidal range, this emphasized the significance of using
flexible operation schemes, which divided the tides into small components e.g. every tiddide half

and applied variable operation heads in each uniaiximise the electricity generation in Chapter 5.
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Fig 4.6. Operation scheduling of the impoundment and water head difference for four neap tidesinrtiaél
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Fig 4.7. Water levels inside the impoundment gwiver outpufor four neap tides in the-D model without pumping

included.
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Fig 4.8. Discharge through sluice gates and turbines comparisons for four neap tides-i thed@l without pumping
included.

4.2.1.3 Pumping

The model could include pumping in order to improve the generation and minimise loss of intertidal
habitats. Rage of pumping water elevatioils from 0 m to 2 m and with 1 cm increments was
considered. Results showed that the maximum electa€i®4.408 GWh could be obtained when the
( of48m,( ofl.9mand of2m, which revealed an improvement of more than 10% compared
with the scenario without pumping as reported in the previous section. The details of water levels and
power output discharge through turbines and sluice gates and water héa@dmies and operation

schedule are shown in Figures-4.91, respectively.

Operation scheduling
«Q
Water Head Difference {(m)

50 55 60 65 70 75 80 85 90 95 100
Time (h)
® Mode —— DH(m)

Fig 4.9. Operation scheduling of the impoundmant water head differenéer four neap tidegh the 0D model with
pumping included¢ h 6,06 f Giilg Gedé@note holding, generatinfilling , and pumpinghasesrespectively
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Fig 4.10. Water levelsnside thempoundmenandpoweroutputfor four neap tides the 8D model with pumping
included
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Fig 4.11. Discharge through sluice gates and turbines comparisofizaur neap tideg the D model without

pumping included
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4.2.2 2D modelling
4.2.2.1 Model Setup

The entire Bristol Chanel and Severn Estuaryich encompasses the lagoama and covers an
area of about 5,805 Kimis modelledin this study to accurate simulate the tidal flow and energy
prediction of SBL.Thetidal elevation aseawardopen boundary dataereobtainedfrom the National
Oceanographic Centii@5] and the domain extended from the River &avtidal limit closing to
Gloucester, to the outer Bristol Chanfg8]. This was set up based on sensitivity analysis of the domain
considering the objective of this research using the past and existing $iigfigdocation of the
boundary and computational co8tverage river inputs were included as point sosiinghe model.
The bathymetryvasprovided byEDINA Digimapandwas usedo build the mesh in this stud¥26].

The lagoon representation, model bathymetry aroundatieonand validation points arghown in
Figure 4.12, along with a satellite image as the backgroumds necessary to validate the two
dimensional model before the inclusion of the TRSs to ensatéhé results produced are reliable in
further studies in this thesis.

Bathymetry
5

e

L

Fig 4.12. Swanse®8ay Lagoon regioand bathymetry as includéathe DIVAST 2-DU model

Unstructurednodelsincluding and excluding the lagoon were set up tdvecomputational domain
using different grid size$\ mesh without SBL was refined to 50 m in the location of the lagoon to give
a higher resolution around the lagoon site. The computational domaistednsil17,377 nodes and
59,410elementsThe calculation othedischargs through the turbines and sluice gates wereled
with a rampsinusoidafunctionof 10 minutes and a minimum duration of sluicing and pumping of 0.2
hours which will be furthediscussed in Chapter 6 provide a smooth relationship between the
operation regime mod¢s0].

The time step in this study was set to 1 second due to the insensitivity of the timestep to the electricity
generation from this-B mode| based on previous studigd, 64]. The value othe bottom roughness,

represented by the Manningbés roughness coef fi
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4.2.2.2 Model validation

Validation of the models was carried out using available field measurements. In particular, the
models wee calibrated against water levels and velocity magnitudes and directions meddured
different offshore locationshownin Figure4.12. They were collectagsingseabed mounted Aquapro
Acoustic Doppler Current Profilers (ADCPsy Aberystwyth University as a part of the Smart Coast
Project[129]. For brevity, 3 points represémg the Western, Central and Eastern parts of the Bay,
namely L2, L3 and L5, arghown hereFigures 4.134.15showthecomparisons betweabserved and
predicted watelevels and depthaverage velocitynagnitudesand directios, respectivelylt can be
seenthat the 2D model overestimatkthe water levelby roughly 0.2m at hightide (HW) and 0.5m
at lowtide (LW), compared withithe obseved ADCP dataThe discrepancies between the measured
and observed current speatsrelimited, as shown in Figuse4.13(b}4.15(b),andthis is thought to
be due to inaccuracies in the representation of the wind effects, recently changed bed elendtions, a
constant bed frictiofir 1].

The rootmeansquare error (RMSE) and thedQuared (B between the predicted and measured
water levels and current speeds at all validation sieincluded in Tablet.2 The RMSE and R
valueswerecalculated according to the formulations given in£8and4.3

9. 3% B 0 / (4.2
|
& 1B 0 B 0 1B / B / o

wherel denotes the number of time stepsidg the simulation period, afidand/ represent the
predicted and observed terms at time &tepspectivelyThe relatively small RMSE and higi Ralues
indicatea good correlation between the predicted and measured values with the errors auittegr

water levels being less than 0.CTansidering that the main purpose of this work is related to-be 0
modelling, 2D model is only used as the input tool for water levels in tBen®odel and the validation

tool in terms of the performance of the optimisation, the DIVASD2model can beegarded as a
reliable tool in this study. However, the energy generation is very sensitive to the water level and there
existsa difference in the prediction of water levels which impacts the energy generation prediction
between different-> models. Consquently, in terms of the TRSs optimisation, a sensitivity analysis

of the input water level from differentl2 models is worthyf being investigated in future work.
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Fig 4.15. Typical comparison obbservedand predicted current direction from North at(@2, L3(b) and L5 (c)

Table 4.2. Analysis of measured and predicted data at L2, L3 and L5

No Location Latitude Longitude Terms RMSE R?
i i Water Level (m) 0.111 0.997
1 L2 51A31.7003A58. ¢
Velocity (m/s) 0.055 0.832
) i Water Level (m) 0.136 0.997
2 L3 51A33.5003A56. ¢
Velocity (m/s) 0.031 0.774
i i} Water Level (m) 0.147 0.997
3 L5 51A31.8003A51. ¢
Velocity (m/s) 0.017 0.787

4.2.23 Model independency

A coarsemmesh withoulSBL was set up, allowing the comparison with greviousmesh to check
the model independency on the grid being used in the study. The current computation domain is divided
into 22,074unstructured triangular cells, equivaleniig404nodes. One advantage of tt@arsemesh
was that the computational gridlimited to 200 m locally to give a cost aghortersimulation time
although witha lower resolution around the lagoon site.

Comparisons between the coarse mesh and the finer mesh of tidal water desrelsts and
directions are made at L2, L3 and L5 sites covering spring and neap tides. However, comparisons
between the course and finer mesh only shown for Lzhsite Comparisons of water levedurrent

speed directiofior spring and neap tides are showifrigures 4.16-4.18 respectively

& A N O N B O
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Fig 4.16. Water Level of L2 for model independency(&) spring and (b) neap tides.
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Fig 4.17. Average velocity of L2 for model independeriny(a) spring and (b) neap tides.
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Fig 4.18. Current directiorof L2 for model independerdn (a) spring and (b) neap tides.

Therewasonly aslight differencen thewate levels between the coarse and finer meshasmain

reasorfor these minor differencasthought to be due to thdifferences inthe surfaceslope gradients
i.e.theterm ofC (—in Egs.3.5and3.6, as a result of differences in thathymetry based on different

grid sizes. Therefore, it was concluded that the models were not dependent on the @ahsidering
the running time for the computational model cost with the finer nieistreasonable to apply courser

mesh insteath this study.

4.2.24 SBL Modelling

Model decomposition was used to model the lag@én 114]and the domains wetanked using
the hydraulic structures, i.e. the turbines and sluice {fstd$ The model only conserves mass through
the turbines and sluice gates and no momentum transfer was considered in the DIBASTdlel
for the flow through the turbines and the sluice gates. This is mainly because thmumage of this
study has been focused on optimising the operation head to maximize the energy generation, with more
detail being given ifil17].

The coefficients for sluices (CoefQ_sluice) and turbines (CoefQ_ Turb), and the coefficients of
generator efficiency (CoefGT) were set to Brid 0.768, respectively, allowing the consistency with
the 0D model. Snapshots of water levels, currents and diredtiong ebb and flood generation across
Swansea Bayre shown in Figuse4.19 and 4.20, respectivelfhese results are consistent with
previous studie$52] and give further confience in utilising the model for theurpose ofenergy
generatio prediction. The details dhe water levelsand power output, water head differenaad
electricity generation, discharge through the turbines and sluicesigates 2D can be found in
Figures4.21-4.23.
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Fig 4.19. Water level (a) and Current (b) streamlines during the flood generating mode iDthmael.
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Fig 4.20. Water level (a) and Current (b) streamlinesing the bb generating mode in the2 model

4.230-D and2-D comparison

In this sectionjn order to \erify the 3D model predictions0-D and 2D model predictions were
comparedThe main reason for evaluating the differences between energy generation predicted by the
0-D and 2D models is to ensure thatoptimised solutions are feasilligdrodynamicdy. The 2D
simulations were carried ouwising the optnised values derived from theDD model forconstant
operating headS hese values wefe of 4.6 m and of 1.9 m without pumping and of 4.9 m,(
of 1.9 m and of 2.0 m with pumping, respectively. Simulations were conducted over the typical
SpringNeaptidal cycles, i.e. the"™ cycle as shown in Tabk1. Figure 4.21- 4.26demonstratethe
water levelsaandpower output, water head differermedelectricity generation, discharge through the
turbines and sluices gatigsthe 2D and the €D modelswithout and with pumping, respectively. The
duration of generatioper tide anckelectricity estimation in the typical cyctge summased inTable
4.3

There is gooa@greemenetween theD and 2D models. The electricitgeneration predicted using
the GD model in this study overestimated the predictions relative to-ihenddel by approximately
7.5% as shown in Table 4.3hese are consistent with the overestimation of about 7% reported for a
similar G-D prediction foran independent stud$2]. If pumping involved, the difference could réac
approximately 12%This increase of electricity generation when pumping was considered is expected
to be mainly due the differences in the calculated basin water leveld Bn@d 2D models caused by
the simplifications considered in theDDmodel. Thes simplifications and particularly assuming flat
water levels inside the basin which is fundamental to #Beexpected to have higher impacts during

the pumping phas&enerally, the D modelcan beconsidered as a reliable tool for energy estimation
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for the preliminary desigrstages and implementation during optimisation, which requires a large
number of runs.
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Fig 4.21. 2-D and D model comparisabetween water level ammbwer output
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Fig 4.23. 2-D and 6D model comparisabetweerdischarge througthesluice gates and turbines
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Fig 4.26. 2-D and OD model comparisawith pumpingoetweerdischarge througthesluice gates and turbines

Table 4.3. Energy generation comparison betweeld Gnd 2D models.

Averagedduration of Averageenergygeneratedn the
generating in every half tide ol typical cycle (GWh
the typical cycle (hr)

No pumping 0-D model 1.9 21.3
2-D model 1.9 19.7
change 0% -7.5%

With pumping 0-D model 2.8 24.4
2-D model 2.8 21.4
change 0% -12.3%
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4.3 West Somerset Lagoon

One ofthe other TRSs proposed to be builfime Bristol Channel and Severn Estuary is the 14 km
diameter of West Somerset Lagoon (WSL) promotedidsl Engineering anBnvironmental Services
Ltd. (TEES)[130]. This company will manage the stagerpling application process to ultimately
acquire a Development Consent Order (DCO) and enter into the next stage of feasibility research,
planning, and desigfi31]. As the project is a new project and r@timisation had been carried out
previously as has been done for SBL, the design and parameters optimisation of the project is
completely carried out in this study. This is reported in details in Chapter 6.

WSL has been proposed to be built with an ab@uikrd perimeter of wall encompassed covering
approximately 80 k) from Culvercliff in Minehead to Blue Ben Point at West Quantoxt#&ad,
133]. The life of tre whole project is expected to be at least 125 y&hesscheme will also act as a sea
defence and combat coastal erosion and future floaicwrding to the developefddal Engineering
andEnvironmental Services Ltd. (TEER)30].

Fig 4.27. Map of the West Somerset Lagaon

4.3.1 WSL modelling
The bathymetry othe Bristol Channel and SewveEstuary includinghe area inside the lagoon is
shown in Figure4.28. The tidal elevation atseavard open boundary dataere obtainedfrom the

National Oceanographic Centf85]. Figure 4.29 illustrates the plan surface area of WSL for
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different impounded water levetghich would be used in ¢h10D modelling, as the term of Oin

Eq.3.3 for the calculation of

.

Fig 4.28. Map of the Bristol Channel, known as the black line, showing the location of the West Somerset Lagoon along
the southwest coast of Englanfdtom Google Mag132]. The validation points of Hinkley and llifracombe in th®2nodel
were marked as red dots.
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Fig 4.29. Wetted aea versus water levef West Somerset Lagoon

As shown in Figure 80,in the prelminary stage, the options for bulb turbines numbers were 75,100
or 125, each of diameter 7.2 m and\®® of installed capacity witla singleconcentratedhlock The
parameter ofSluice To Power Capacity3 4 0 was designed to be 0, 2 and 4, respectivehjichv

indicated the sluice gate aréa) calculated as follows

58



1 .0l 4" #340# (4.4)

In this preliminary study, te water levels series of tidesthe middle of the impounded wallas
generated from the verifiecCELEMAC-2D before includingany structurefl34]. TELEMAC-2D was
used to model NWI and simultaneously modelgnWSL and NWT as shown in Gud158].
TELEMAC-2D model was adopted here for consistency between the water levels used for WSL and
NWTL. The input water levels located only in the middle of the impounded wall will be further
improved in chapter 6. At the beginning of the design stagjesléctricity production in thgear of
2012 was shown in Figus30with the preliminarycombination of O 4ahd3 4 Owhen a non
flexible operation head scheme of 3.5 mand 2.0 m( applied referring to the settings for SBThe

peak output of 446 TWh/Yearcould be obtained whe. Ol 4of 100 and3 4 0o#4, as shown in
Figure4.30

STPC=0 (m2/MW)
o STPC=2 (m2/MW)
STPC=4 (M2/MW)

Electricity (Twh/Year)
&

75 100 125
Turbine Number

Fig 4.30. Electricity generation with preliminary design parameters undeflagible operation schemes.

Similar to SBL, a Sring Neaptidal cyclewas adoptetb represent the annual electricity generation
in order to save computational tinfs shown in Figurd.31, the tides in 2012 were separated into 24
Spring Neaptidal cycles which were between the first neap tide of approximately 62 &odithe last
neap tide of approximately 8570 hayregardinghe 01:00 on the date of 01/01/2012 as thédur.
An averagéd electricity generation of approximately 200.8W6 was simulated when O i 4of 100
and3 4 Ooft4. Itdemonstratethe 16 cycle, from 5389.70dursto 5737.70 howwith the electricity
prediction of 201.28 @/h, was the nearest to the averdgad hence it could be selected as the typical

cycle and the baseline scenario in this stlidyeeds to multiply a coefficient of about 24.6 if it consert
to annual electricity generation of 4.9%@/h/Year.
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Fig 4.31. Electricity generation per cycle for thelOmodel.

4.3.22-D Modelling

4.3.2.1 Model development

The DIVAST 2DU model covering the Severn Estuary &réstol Channel with an area of 5,805
km? was set up. The bathymetry data interpolated at the nodes from EDINA Difi@éjpand the
seaward boundaries during the typicapring Neapcycle were obtained from the National
Oceanographic Centrg85]. The domain extended from the River Severn tidal limit closing to
Gloucester, to the outer Bristol Channel joining with Irish [B8hensuring a sufficient domain for the
hydrodynamics study within an affordalgemputational cosThe model without the construction was
verified at different sites by comparing with the observed data downloaded from the UK Tide Gauge
Network of theBODC [128]. However,in Figures 4.32a) and (b) forfour spring tidesresults were
shown hereironly at Hinkley and llfracombeanarked in Figure 4.28espectively. Itan be seen that

the numerical model predictions were in good agreement with the observed data.
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Fig 4.32. A typical comparison of observed and prediateder levelst (a) Hinkley and (b) llfracombe

The model domain was divided into 72,760 nodes and 143,203 unstructured triangular cells. Figure
4.33showed the distribution of grid cells in theundaryof theturbines and sluice gates at upstream
and downstreamit can be seen that the computationatl gvas locally refined significantlyo
accuratyy simulae the hydrodynamics around the lagoon, with the minimum grid size being reduced
to approximately 50 m. Two studtiomains represesd the downstream and upstream of the lagoon

respectivelyand withthe length of about 1,200 m of sluice gates and about 1,800 m of turbines with
about 200 m between them, as shown in Figuga&

Fig 4.33. Sketch of grid refinement and deployment of turbines and sluice gates (Brown liaevalitbhoundary in the

mesh, with the Orange line showing the turbines and the Red line shows the sluice gates).
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4.3.2.2Hydrodynamics

After the construction of the lagoon, the water levels and currents distribution in the study domain
was predictedwhich could contribute to a better understanding of navigating conditions atband
WSL under the deployment of turbines and sluice gates. FguBd and4.35illustratedthe complex
velocity fields for ebb or flood tides during filling and generating madeterthe baseline scenario,
respectively. During the filling mode with the turbines and sluice gates opening, the velocity was usually
less than 2.0 m/s at the downstream of sluice gates and 1.0 m/s at the downstream of turbines. During
the generating mode, the watventthrough the turbinemeanwhileall the sluice gatewere closed.
The velocity near turbines could reach 2.5 m/s witwer magnitude of velocity existing around sluice
gateslt emphasizethat we should turn toptimise the turbines and sluicatesdeploymentespecially
consideringthe safetyof navigation and fish migration and other environmental factors including
sediment transporAs a result, in the most updated map of WSL, 5 blocks of turbines and 8 blocks of
sluice gates were distributealong the wall based on the findings in chapter 6, future work could be
focused on the investigation of the hydrodynamics and environmental modelling with this new
distribution.
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(b)

Fig 4.34. Water level and Current samlines in the 2D modelfor (a) ebb and (b) flood filling mode, respectively.
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water level(m). -4 -3 -2 -1 0 1 2 3 4 5 6

(b)

Fig 4.35. Water level and Current streamlines in thB 2Znodelfor (a) ebb and (b) floodeneratingnode respectively.

4.3.3 BD and 2D comparison

In this phase, the DIVAST-BDU model was modified and developed with the implementation of
the optimum design and operational parameters described. &iovtar to SBL there is no extra
momentum transfer added into th®2nodel, with more deils can be given if117]. In Figures 4.36
4.38,the comparisometween 2D and GD models was achieved towartt® water levels upstream
downstreanandpower outputdischarge through the turbines and sluices gates for 5 neap tides, as well
as the accumulateglectricity generation during the typical tidal cycle, respectivelgvealed a good
agreemenbetween the D and 2D models It should be highlighted that for the WShg0-D model
overestimated the electricity generation by approximdi@®p, which is consistent with the findings in
[33,52]
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4.4 North Wales Tidal Lagoon

North Wales Tidal LagoofNWTL) proposed byNorth Wales Tidal Energ§ Coastal Protection
(NWTE) to be builton the North Wales coasbm Llandudno to Restayn [135]. It would comprise a
31km long impoundment wall enclosing an area of 157 Basedbn the initial assessment, the scheme
would have arinstalled capacity of appkimately 2.5 GW [136] by using about125 20 MW bi-
directional turbines and have slaiand lock gates within the impoundment vealilshown in Figure
4.39. It wasanticipated that the project would generate sufficient electricity to power 1.1 milliorshome
It would reduce GHG emissions by 1.5 million tonnes annually, equivalent to 18@hnhnes over
a 120year project lifg137].

The project aims to diversify the sources of renewable energy in the UK and take advantage of the
tidal time differences in the North and South Wales. The chairman of the NWTE has pointed out that
although other sources of rendses including wind and solao a good job and are part of the energy
solution, we needhulti-schemes from TRS®e providecontinuousgpower outpuisan important part
of t he UK Od HE38JeThe aopppstunityn pravided by the tide difference between tliisrae
and schemes proposed in the Bristol Channel in the -sulitme optimisation and potential for
continuous electricity generation from TRSs led to the inclusion of this scheme in this work. The
location of the scheme on the north wales coast is siowigure 4.39. The initial proposal included
10 sets of turbine housings and 8 sets of sluice gates distributed along thénevalhtiymetry of the
area inside the lagoon is shown in FigdréQ and Figured.4lillustrates the wetted plan surface area

of theNWTL for different impounded water levels.

StAsaph

Contains OS data © Crown Copyright and database right 2077,

Fig 4.39. Location of North Wales Tidal Lagogh35].
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Fig 4.40. North Wales Tidal Lagoon bathymetry.
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Fig 4.41. Wetted aea versus water levef North Wales Tidal Lagoan

4.4.1 NWTL modelling

As illustrated in section 4.3.1, a typical cycle, e.g. Spring Nétg cycle, was adopted here to
represent the annual electricity generation. It should be noted that the input water levels used in the 0
D model wereobtained fromthe TELEMAG2D model.As shown in Figure 4.31, the same time slot
of the typical Spring Neagycle used for WSLfrom 12/08/2012 13:45:00 to 27/08/2012 01:4548s

used for NWTL, ensuring a reliable joint optimisation to be done in Chapter 7.
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Accordingto the updated deployment of the blocks of turbines and sluice gates from Figure 4.42,
there are 10 blocks of turbines and 8 blocks of sluice gates. The water levels at High Water (HW) and
Low Water (LW) have been shown in Figures 44484, which indicagd that the water levels at point
6 was the nearest to the averaged water level and hence was selected as the representatives of the input
water level point in the @ model.Figure 4.45 is the input water levels for the WSL and NWTL
calculated from TELEMA-2D during the typical SpringNeap cyclewhich will be used for Chapter

7 for the simulations of two TRSs at the same time

Fig 4.42. Layout of the North Wales Tidal Lagoon constitutes including the blocks af@isrand sluice gates, in which
the left 10 red rectangular represent the blocks of turbines and the rest 8 for sluice gates.
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Fig 4.43. High Water at the outside of each block of the North Wales Tidal Lagoon marked dstbiith the

averaged value shown as orange line.
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Fig 4.45. Water levels in typical Spring Neapycle forWest Somerset Lagoon and North Wales Tidal Lagoon

During the typicalSpring Neapcycle, the electricity productiorunder traditional nofflexible
operationwas shown in the Figuré.46,a range of Ol 4ffom 50 to 300 with 25 increasg 4 0 #
from 0 to 10 with 2 increasé, from 2.0 m to 8.0 m with 0.1 m increment afd from 0.5 m to 4.5
m with also 0.1 m incremen®hen the O 4of 150 and3 4 Oo#10 with the optimal operation
heads of of 3.7 m and( of 1.4m, the maximum electricity generatioof 159.71GWh could be
achievedduring the typical cycle, equals tB83.TWh/Yearwith a coefficient of approximately 24.01
applied as shown in Figuré.46
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It should be noted that the water levels downloaded from BODC at LIandudno can also be considered
as an alternative input source in thB @nodel with the RMSE of approximately?20m. Following this,

a maximum ofLl56.21 GVh electricity generation can be calculated with the same operation heads to it
using the 2D model, which corresponds to an around 2% difference. Similar to WSL, with the turbine
numbers increases, the electgaiistimated increases at the beginning and deencasemoderately

with the peak value appeared when th@ [ 4dround 150, and witlthe STPC increasethe
productionof electricity showed a growing trend. Furthermore, we can sélat electricity estimaion
risesslightlywhen. Ol 4ahd STPC exceed approximately 150 and 8.

Under this scenario, the details of water levels inside the impoundmembard outputdischarge
through sluice gates and turbines; and water head difference for Gdesapnd electricity generation
during the typical cycle in theD model have shown in Figusd.47-4.50, respectivelyit can be seen
that although the nefiexible operation heads and design parameters have been optimised, there was
still no power outpufor some neap tides becauséhainsufficient tidal rangereatedIt reeemphasied
the significance oéxploringthe optimally designed parameters combining with operation flexibly in
NWTL projectoptimisation
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4.5 Chapter summary

This chapter atlined the three potential TRSs proposed to be built in the UK and used in this study,
known as the Swansea Bay Lagoon (SBlMgst Somerset Lagoon (WSL) and North Wales Tidal
Lagoon (NWTL). Notably, one of the key objectives in this study was addresisith, was to set up
and develop the-D model under a variety of fixed operation scenarios and will further be developed
as part of the key contributions in this study. Then the verified DIVA®IUZ2model was set up to
evaluate the I simulation results, ihout and with pumping used, respectively. With the simulation
of hydrodynamics in the-B model, more accuratdectrcity generation was estimated which makes
it to be an ideal tool for the evaluation of optimisation performance developed-ftomdileling. The
electricity generation predicted using th®0nodel in this study overestimated the predictions relative
to the 2D model by approximatel§0%. This revealed the availability of using th® @nodels in the
prediction of electricity in TRSs optisation.

In section 4.20 4.4 the design parameters of SBIVSL and NWTL were illustrated, respectively.

The 0D modekwereset up and the details parameter setting in tbenfodel have been clarifiedthe

input water level for the-D models were gemated from the 2D modelsknown as the DU DIVAST

model refers to SBL case study afiBLEMAC-2D for WSL and NWTL.With using the variable
wetting area instead of a constant value which has been traditionally usdd mo@glelling, the
electricity estimations showed that only less than 5% compared with including the flooding and drying
within the impoundment. It followed up by the optimisation of using a wide range of fixed operation
heads for generating and sluicing during the typigairg Neap cycle. Particularly, when optimised
pumping head involved, a more tha®®d improvementn electricity generation could be obtained.

Secondly,model independence has been demonstrated between the hydrodynamics comparison
from finer and carser mahes, with an example of SBIt proved the reliability of usinthe0-D model
in the optimisation of further studies, especially in flexible operationoptimisation in Chapter 7
which required the prediction of generation duration with high accuraeghi®vemulti-objective
decision makingln conclusion, the-® model can be considered as a reliable tool for energy estimation
for the preliminary design stages and implementation in terms of TRSs optimisation, which requires a
large number of runs.

Importantly,it was founded that under fixed operation schemes, there might not hapewaes
outputduring some neap tides due to insufficient tidal range, this emphasized the significance of using
flexible operation schemewhich divided the tides into small components, e.g. every tide oftitialf
and applied variable operation heads in each unit, to maximise the electricity generation in Chapter 5
and 6.
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5. Tidal Range Schemes
Operational and Design

Optimisation

5.1 Introduction

It has been shown that the electricity generation under the traditionfierilile operation schemes
during neap tides are limited and even zZ@®b, 55] dueto the insufficient tidal range whiclwas
reconfirmed inChapter 4. Thishighlights the significance of using flexible operation schemes to
generate electricity even during neap tides. This chapter disthiesoptimisation of flexible operation
schemes using various Grid Search (GS) metlaadsrding to thdide splitting approach SBL is
selected to be an ideal case study in this chapter with couples of supports. Firstly, a certain number of
studies for SBL have been put forw§6s, 119] Following that, the operational schemes optimisation
could be further developed based on pr &nvmeous st
Minister Boris Johnsorwasurged to give the gahead forSBL recently[10], which highlights the
importance of this study that optimising TRi®sgenerate maximum possible electricity aadenue
while keeping the cost down.

In the GS models, the operation of TRS$roken into small components, e.g. every tide or every
half-tide, then using a widely used®modelling methodology to evaluate the generation of electricity
during each tidatycle until the maximum electricity output obtained. Then the optimised operation
schemesareused to simulate the lagoon operation by usiiegnodified DIVAST 2DU model and the
differences between the GS an® 2esultsarehighlighted. Furthermore, tH8S modelwas revised to
alter the number of turbines being utilised during different cycles in order to ensure maximum
generations. These flexibilities of the operations aimed to contribute to the improvement of electricity
generation and once achievéad;ould have a great impact on the feasibility of a TRS.

Section 5.2 demonstratéhe methodology of various GS methods without and with pumping
included. Then, the feasibility of the operation schemes designed by the GS method is verified using
the DIVAST 2-DU model with the simulation of hydrodynamicSection 5.3 is focused on the

investigation of utilising flexible turbine numbers tine optimisation of TRSsAccouning for the
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changes of tidal range between spring and neap, titheschanges in watetevels across the

impoundmenslow downby using fewer turbines.
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5.2 Flexible operation heads

5.2.1 Methodology

In order to respond to the changes in the tidal range during the tidal cycle, the optimisation of starting
and ending heads was carried owrofller components of the simulation peradollows: Optimising
the operation of every single tide, from high water to the next high water. This was denoted as Every
Tidal cycle (ET) modelin this study and illustrated in Figure 5.1 for 3 imaginarggidThe optimum
operation was calculated separately for each tide A, B and C, as shown in Figure 5.1(a). This included
running the @D model for the complete range of feasible starting heads for ebb tidés, j.and flood
tides, i.e( , from 2.0 mto 8.0 m with 1 cm increments and the ending heads for ebb tid€s, i.e.
and flood tides, i.€. , covering a range from 0.5 m to 4.5 m, also with an increment of 1 cm. In this
method, different starting and ending heads were examined for Tide Aheitptimum starting and
ending heads defined when the maximum energy for this cycle was aghasvskown in Eg. 5.1
Similarly, the best and selected operations for Tide B and Tide C were calculated in isolation, as shown
in Figure 5.1(a).

i ADEIOEQOK h®OAEABOG catyst AT A v mdha (5.2
where0 is thecalculated power output for the designed turhifieand( are the starting and ending
heads.

However, the water level inside the lagoon for the start of Tide B was the water level calculated
inside the lagoon at the end of Tide A, obtained using the selected operation for Tide A. The link
between the operatiorf the tides led to the next approachhe optimisation of the operation. In the
second method, the optimum operation for every cycle was decided in conjunction with the next cycle
which was referred herein to Every Tidal cycle and Next (ETN). FBenGockl was used over the
same range as for the ET method to simulate the optimum operation heads which gave the maximum
power outputfor two successive tides; for instance, Tide A and B as shown in Figure 5.1(a). The
optimum operation was used fibre F'tide of the two tides, namely Tide A in this example, and the
process was repeated for the next two tides, Tide B and C. This method takes into account the fact that
the inner water level for the consecutive tides,, &ige B, was influenced bthe inner water level at
the beginning of this tide or the operation of the previous tide. In other wordppiver output
generated for each cycle would be affected directly by the previous cycle.

Alternatively, every tidal cycle could beeseas an ebb and a flood tide, as illustrated in Figure
5.1(b). Every Haltidal (EH) model was set up to simulate the most optimised operation head for every
ebb and flood tide. In a similar manner to the ETN approach, the EH model could be used & consid
the next ebb or flood half tide, which was referred to as Bdatitidal cycle andNext (EHN) model

in this study. The rationalisation for using the next half tide in the EHN was the impact that the operation
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at every haltide would have on the nekalf tide, similarly to the ETN approadBriefly, the EH and
EHN can be considered as the approaches between local and global optimisation methods.
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Fig 5.1. 3 Schematic illustration of different optimisation methodologies: a) full tide optimisation illustrations: ET and
ETN methods; and b) halfde optimisation illustrations: EH and EHN methods.

Pumping was also considereditlre flexible operation ira similar manner as discussed in Chapter
3. The l etter O6PO6 has been added to the abbrevi:
As a result, the models including pumping were: Eviédde cycle andPump model (ETP Model with
pumping), EveryTidal cycle andNext Pump model (ETNP Model with pumping), Evedalf tidal
cycle andPump model (EHP Model with pumping) and Eveigif tidal cycle andNext Pump model
(EHNP Model with pumping). The same range of starting fjeathcluding( and( , waschosen
from 2.0 m to 8.0 m, with a 1 cm increment, and also the ending(hea&utluding( and( , was

from 0.5 m to 4.5 m, with a 1 cm increase. These models also included a wide range of flexible pumping
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head( , including a pumping head during ebketide.( , from 0.0 m to 2.0 m, with a 1 cm increase;
a pumping head during flood tige , from 0.0 m to 2.0 m, also with 1 cm increase, in order to capture

all feasible scenar®

5.22 Optimisationwithout pumping

A wide range of starting and ending headseonsidered in this study to ensure that all the potential
scenarios were capturdgigure 5.2 shows typical energy generation levels for different lradyg
10 spring tides using the ET made can be seethat the electricity generated for the large and small
operating heaglwas negligibleSimilar results were found for other models amal@fore,main energy
generation graphs used in tisidywere focused on starting generation hea@ dirom 0.5 m to 4.5
m and ending generation head offrom 2.0 m to 8.0 m for clarityThe maximum energy generation
point, which corresponded to the best possible operasishown with a red crosa electricity output
figures highlighting the changes from tide to tide.

Figure 5.3 showthe water levels inside the lagoon aogtimised @eration heads ¢f and(
from the ET model during the typic&pring Neapcycle. The 2 order polynomial lines denote the
trend of operation heads in terms of different tidal ranges. The opt{muanged from 3.In to 5m
in which lower( were relatd to theneap tides and highenes corresponded to thgring tides. Wan
the optimum( variedbetweenl.3 m and2 m, there was naignificant differenceobserved fof
valueshetween spring and neap tides. Hence, It can be concluded thathleiesnveremore sensitive

to the tidal range changes in comparison \ith
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Fig 5.2. ET model for 10 tides, with the maximum energy point, i.e. most optimised opersisbown with a red
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Fig 5.3. Optimised operation schemes frohe ET model during the typical Sprirgeap tides.

The traditional fixed operation of the lagoon was optimised in Chapter 4, as the baseline in this study.
The electricity generated for each nmhover the 2 tidal cycle which represergd the annual
generation outpus summarised in Table 5.1. The EHN model, i.e. Eudajf tidal cycle and\ext
model, gave the besptimised operation, resulting in the highest electricity geiwerg8l]. The
electricity estimated using the EHN modelsaapproximately 12.5% higher thalectricity generated
for the fixed head operation. Using half tidasoperaional units, i.e. EH modetould improve the
energy generated by about 1.@mpamg to each tide based units, iET model However,the
inclusion ofthe next half tidei.e. EHN modelpnly improved the outcome by about 0.@#mparing
to excluded model, i.e. EH model

Table 5.1. Optimisation scenarios fof©tidal cycle.

Scenario Energy (GWh) Change to fixedhead
schedule
Fixed head schedule 213
Optimised ET model 235 10.5%
ETN model 23.6 10.6%
EH model 23.8 11.9%
EHN model 24.0 12.5%
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The behaviour of impoundments operated based on different optimisation models, including fixed
headoperation models, are compared in order to highlight the differences. $bgdfe6illustrate the
operation scheduling of the impoundment, the water levels inside the impoundmeoiamndutput
for four neap tides, based on different opsiation modelsrespectively Comparisons of the models
show that generatn generallystars at a lower head difference for the fixed head modefsparing to
operation flexibly This causes a lower peak generation and prolonged generating phaseseMoreov
less reductionn the tidal range within the lagoda observed with the flexible operation which is
expected tdave environmental benefitawhich requirefurther detailed studid$1, 114] Considering
two successive tides or hdifles,i.e.the ETN and EHN modelshowed a better capability of finding
a balance point between each current tide and the next tide, thus allowing for the energy generated to
be moreconsistentlt can also be concluded that the maximuower outpubbtained from each tide

is usually less than the total installed capacity, even tdlériple operatiorschemes into consideration.

Operation Scheduling
[(e]

15 20 25 30 35 40 45 50 55 60 65
Time (h)
fixed-head ET ETN —EH EHN
Fig 5.4. Operation scheduling of the impoundmeénn  whi ch o6h6, 6g6 and 6f6 denotes |

phases, respectivelyfor 4 neap tidal cycles frothe 13" hour during the Spring Neap cycle, equalk3i®8/2012 00:42nd
based on ET, ETN, EH, EHN and fixed head models.
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Fig 5.5. water levels inside the impoundmédat 4 neapitlal cycles fronthe 13" hour during the Spring Neap cycle,
equals t3/08/2012 00:42andbased on ET, ETN, EH, EHN and fixed head models.
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Fig 5.6. Power outputomparisons for four neap tidem the 18" hour during the Spring Neap cycle, equals
t013/08/2012 00:42andbased on ET, ETN, EH, EHN and fixed head models.

5.2.3 With pumping operation

The optimisation results of the flexible operation includingiiexpumping are shown in Table 5.2.
It can be seen that the EHNP model, which is Every Half tidal cycle and Next Pump model, produces
the best optimised flexible operating schedule. This scenario, which includes flexible operation and
pumping, resulted impproximately 27.2% more electricity in comparison to a fixed head operation
without pumping These results from thel® model suggested that the optimisation schemes including

pumping can increase the potential of the lagoon for energy generatairidagtl0% comparing to
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pumping excluded schemesthout any significant extraosts, e.g. construct more turbines or sluice

gates.
Table 5.2. Plus pumping optimisation scenarios f8ttidal cycle.
Scenario Energy (GWh) Change to fixed head

schedule

Fixed head schedule 21.3 -
Optimised ETP model 26.7 25.5%
ETNP model 26.7 25.5%
EHP model 27.0 26.7%
EHNP model 27.1 27.2%

5.2.4 GD and 2D comparison

The DIVAST 2DU model was modified teimulatethe flexible operatiomcluding pumping which

is derived from theoptimisationmodels. Table 5.3 summarssthe energy estimatieusing various

flexible optimisation schemes in theC2and OD models and without and with pumping, respectively.

Similar results are reported in Table 5.4 for optimisation including pumpihg.elEctricty generation

predicted using flexible-® models were in very good agreemantl less than 5%ith those predicted

using the 2D models under the same conditioitdie difference between the D and 2D model

predictionswerelower for the flexible modslcompared to the fixed head mod€his highlights that

the optimised scheduling provided by tBeD model including flexible operation and pumpiwgre

reliable and could be used preliminary stagesf the desigrwhich requiesa large number of runs.

Table 5.3. Comparison of optimisation scenarios without pumping.

Scenario Energy(GWh) _ Change to Difference
2omosel  coDmodel  Bedhead - bebueen 2 and

prediction (%)
Fixed headschedule 19.7 21.3 - -7.5%
Optimised ET model 22.7 23.5 15.6% -3.2%
ETN model 22.8 23.6 15.7% -3.2%
EH model 22.8 23.8 15.8% -4.3%
EHN model 22.9 24.0 16.0% -4.6%

*as shown in table 5.1.
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Table 5.4. Comparison obptimisation scenarios with pumping.

Scenario Energy(GWh) Change to Difference
2omodel  0.0mosel DEnead - beteen % and

prediction (%)
Fixed head schedule 19.7 21.3 - -7.5%
Optimised ETP model 25.3 26.7 28.4% -5.0%
ETNP model 25.4 26.7 29.0% -4.8%
EHP model 254 27.0 29.0% -5.9%
EHNP model 255 27.1 29.6% -5.8%

*as shown in table 5.2.
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5.3 Flexible turbine numbers

Traditionally, the TRSs operate with all the turbirfaactioning during the generating phase.
However, increasing the number of turbines does not always increase the generated eleicinicty.
5.7 illustratesthe electricity generation with a rangetafbine numbers utilisetbr SBL under non
flexible operation schemek can be seen that the number of turbines was able to seriously impact the
electricitygenerated by th€RSs and the 16 turbinesethe maost optimisedolution in this caselt is
expected that very fewurbinesonly allow very limitedgeneration opportunities and hence limited
electricity generation. Moreover, in this case, limitgstharge goes iandout of the basin and hence
sufficient watellevel differenceacross thascheme could not be creaténl contrast, toonanyturbines
could lead to very fast emptying of the basin which would result in short generation or generating at a
low head difference with lovefficiency Similar behaviour could happen during different side
considering e changes of tidal range. Consequently, to maximise the electricity generatiahtit
be reasonable tdtilise the variable number tirbinesto slow down the flow across the impoundment,

e.g. shutting down a certain number of turbjksing neap tides.
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Fig 5.7. Electricity generation with different turbine numbers witthia typicalSpring Neap cycldf the nonflexible

operation adopted

Such multiparameter optimisation would be computationally expensor a Spring Neaptidal
cycle, especially considering the flexible turbines combining with flexible operation heads.
Consequently, to demonstrate such optimisation with affordable time, 8 neap tides at the downstream
of SBL site in 2012considered atypical neap tides for this optimisation in this chapiere selected
These tides are showngmneyin Figure 58.
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Fig 5.8. Selected downstream water level during neap tidestesas greyline.

5.3.1Nonflexible operation schemes

5.3.1.1 No pumping operation

The fixed operation schemeith ( of 2.5m and( of 1.5m, and the fixed turbines numbers
ranging from 10 to 1@ith the increment of 1 is considered first. The results are showigures 5.9-
5.14. It can be sedhat with increasing the number of turbines, the upstream water level became higher
during flood tides and lower during ebb tid@his is dueto a more flow allowed through turbines
during generating and sluicing phases. However, as the turbine number was intheasgzict on
the discharge through sluice gatess become less significarithe waterlevel difference was less
during neap tidewith theincreasechumberof turbines, as shown in Figure B0. Although the more
turbines opening during neap tides means the higher peak of power output, the electricity generation
may not reach the maximubecause of the shorter generation period. This caedyersFigures5.12
-13 wherethe maximum electricity generatieecurredvhen 14 turbines dispatched during these neap

tides.
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