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ABSTRACT

This thesis discusses the development of a site selection tool for positioning Tidal
Stream Generators (TSG) with respect to botHittamcial and environmental impact

that the site selection process has. This is particularly important due to the current
commerciakation of the tidal stream industry, which is presently transitioning from
testing and refining device designsfudly functioning devicedeploymentand even

tidal stream arrays.

Tidal power is billed asgreen and renewable energgurce thahas the advantage

of being reliable and predictable. However, current site selection techniques typically
look purely athe feasibility and the financial elementsapproject. The methodology
proposed in this thesis combines the results from a typical Technical Feasibility Study
(TFS) with a Life Cycle Assessment (LCA) to account for the Global Warming
Potential (GWP) thatccurs during the life cycle of ESG. These results are combined
with respect to a useatefined weightingystenmthat will enable the user to weigh the
importance of each of these elemeiitsis results in the creation ohavel decision
making support tol for site selection of tidal devicesvith both financial and

environmental assessment aspects right at its core.
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CHAPTER 1: INTRODUCTION

1.1. Summary

This chapter serves as an overall introduction to the thesis, initially detailing the
background and rationale behind the project before defining the scope of the research
in theformatof the aims and objectives. Following this, the thesis structure iseualitlin
providing a summary of each chapter. Finally, the contributions to this research are
detailed via a list of publications generated throughout the undertaking of the

investigation.

1.2. Project Background

Tidal power is an emerging renewable energy teauyyothat is currently generating
significant financial investment interest in the UK. Subsequently, the UK has become
a world leader in thigorm of power generation, with developers looking to take
advantage of the significant tidal resources that am@édcjust offshore. As a result

of this, as well as government funding for renewable technologies, a number of new
and nextgeneration tidal power schemes are being proposed, develupdd@ioyed

The stakeholders inaeh of these schemese looking to take advantage of this
renewable,dependable reergy source which is, most importantly, reliable and

predictable

These findings are in line with a number of reports includingifkeeelerating the
development of marine energy: exploring the prospects,fitemad challenges

(Jeffrey, Jay, & Winskel, 2013which identified the potential growth dfie still-
1



fledgeling tidal energy industry that can be achieved with commercial investment in
tidal technology As this report predicted, commercial interest has started to mature
and refineleading to increased development of tidal power schemes de$mtade
advantagefahisreliablesource of power. Of course, the advantages of renewable and
predictable energy sources are well known in a world tackling the threat posed by

global warming and energgsecurity,but is tidal power the solution?

Tidal power generation daffs an appealingrenewable method of producing
electricity, however that does not automatically guarantee that this type of renewable
power generation is an environmentdtiendly method With devices being placed

in offshorelocations a substantialjuantity of resources including time, energy and
financial outlay need to go into the manufacturing, deployment, grid connection,
maintenancendfinal recoveryof the device during its lifetime. All of these stages
and activities from creaton, operation andvendisposal have a direct influence and

impact on both the planet and, of course, the opésdiatance sheet

Current site selectiomethodologyrevolves around maxinsing the profits from a
scheme without having a negatimepact o the local infrastructure or environment,
particularly wildlife. This is achieved via a twstage processhereinitially a site is
identified from a wider area via a feasibility study and the preferred sites shortlisted
for further investigation. The shortlisted sitare then examined in detail to
corroborate the findings of the initial feasibility study and examine thethefr,
specifically with the undertaking of aNildlife Assessmento ensure that the
deployment of the device will not have an adverse etfiedhe faunaTypically this

is relatively costly as thesurveys oftennvolve long period of monitoringat thesite



to corroborateheresource data used in tfeasibility study anddeterminghe impact

on the local wildlife.

As a result of thisnethodologythe optimal site is chosen with respect to the financial
implications andvhilst the local environment is considered ghebal environmental

impact of the device isot

In an attempt ttelpascertain the truand holistiampact oftidal devices, ths thesis

sets out taletermine thempactthat a tidal energy device has on the environment
This will be achieved bincorporaing the environmental impaaithin a site selection

0 t dfronhtide initial stage of site selectiddowevertheenvironmental impact alen

is not enough to siteelect a tidal turbine locatioBy their very naturecommercial
companies will, with very few exceptions, continugtwritise business profits over

the environmendll costsunless those castire mandated Hence, thdinished site
selection tool will have to be able to factor in both the environmental and financial
aspects okachsite. This will createa comprehensivédecision Support Tool for

selectingpotentialdeployment sites @ Tidal StreamGenerato(TSG).

It is expected that the site selection process will have a direct infleeroeth the
outcomes of dinancial and environmentalssessment ahe deployment of a TSG.

Particularly with respect to the followirigpy areas;

- Powergeneration

o Different sites have different properties thaifect the output power

that can be generated by a turbine.

- Distance to infrastructure



0 Maintenanceactivities T greater distances require the maintenance
vehicles and (waterapable craft) to operate longkurning more fuel;

increasing cost and environmental impact as well as operator costs.

o Cables longer grid connection cables lead to increaseterial usage

and hence increased cost and environmental impact.

In order to account for thighe tool developedvill seek to combine a typical
Feasibility Study, which is used to assess site suitability, and@A, which is used
assess the holistic environmental impact of the deVibe.combination of the data
producedwill result in the generation of a novel tool for site selection of tidal devices
with respect to botfinancialand environmentdictors In turn, thiswill aid in the

initial decision suppoffor theidentificationof deployment sites foF S G.6 s

1.3. Rationale and Hypothesis

This investigation assumes that it is possible to develop a tool for selecting optimal
deployment sites for tidal turbigeby combiningan LCA study with the current
practice of carrying outrainitial Technical Feasibility Study (TF$) identify sites

This assumption is made owingttte perceivedmpact that site selection has on the
results of each of the methodologiemd the iderfication of the possibility to

generate and share dagtweerthem

As a result of this, the project will seek to develop a unique methodology that
combines the results of a typical feasibility study with environmental data generated
during the LCAstudy. Thiswill create anovelmethodology for selecting a site with
respect to both environmental and financial fact@fgimately this will enable
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developers tadentify sitesfor future deploymentising asite selection toalith the

environmental impact factored in.

In order to develop this methodology, initigllg full literature review will be
conducted This is requiredn order to understand the process of LCA application,
while additionallyto explore themethods and techniques used in the construatioin

logisticsof tidal power components.

The second stage of the project will involve developing a suitable methodology
frameworkfor providing decision support in site selecting tidal turbines. This will

corsistof the following significant stages:
1 Stage 1: Site and device identification and selection

1 Stage 2: Development of a generic LCA model that can identify the ideal
method of tidal energy extraction at a potential site, by taking into account the
technical and environmental factors relative to the system under scrutiny.
Alongside thisa TFS will be conducted to determine the financial impact that

the deployment of a turbine will have

1 Stage 3Development of a combination tool to amalgamate the reSolts
the LCA and TFSThis will then be usetb identify the preferred site for tidal
power generation so that it serves as a highly applicable deamsikimg tool
that can be used to identify a site with respect to both the financial and

environmental fators

The final stage of the project will strive to validate the developed methodology with a

case study involving a specified site and deviggh the goal of identifyingthe



optimal site for a deviceThe site identified will bespecified with respect to the

financial and environmental elemeiofsthe tool

The novelty behind this proposal is the use of LCA as an environmental analysis that
is incorporated, into a generic model that can be highliicaiye as a feasibility and
decisionmaking toolfor commercial entitiesn the still-emerging renewable energy

industry.

1.4. Research Aims and Objectives

The investigation proposed hdre would seek to develop a forwatkinking
methodology, which combigean LCA investigation with a typical feasibility study,
in order to improve and advance the current methait@$electingfor tidal devices.
The new methodology createdll act as a decision support tool for the identification
of deploymensites for tidaldevices, anavill be of particular importance due to the
relative infancy of the tidal power industryrhis will be achieved by diping
developerdocuson the environmental impacts that renewable energy devices have
by accounting for nabnly the technical and financial factors of different sites but the
environmental costs that each one will inciutom raw materialacquisition right
through to decommissioning These impacts are expected to béncreasingly
scrutinsed by projectstakehdders, including investorand planning officialsin the

coming years.
To achievehis aim, the following objectives will need to be met:

1. Conduct a comprehensive literature review to identify current LCA

methodology and its application in simifglds/industries.



2. Conduct a comprehensive literature review, with regards to contemporary tidal
power systems, and the statiethe-art designs as well as thagperation and

evaluation of the surveying procedure required for site identification.

3. Develop asuitable LCA framework that can be applicable to use within the

tidal powerindustryand, more specifically, analyse/choose preferred sites.

4. Develop a suitabléeasibility frameworkthat can be used to assegs@posed

sitewith respect to the financiabpects of the deployment of a device.

5. Combine the documentation into a concise methodolagy evaluatethe
performancef tidal power generatoesyainst the financial arehvironmental
factors This will result in the development of taol that aids inthe site

selection of tidal devices

6. Test and evaluate the methodology developed using a case study in order to

validate the methodolreajworldieappbpedt aal

1.5. Thesis Outline

The thesis is arranged inten chapters, which are pported with documentation in

the Appendix.Following the Introductory chapter, a complete literature review is
carried out in Chapter 2 to determine the extent of the research into tidal power, LCA
and relevant software packages. Using the findings oflitheature review the
methodology for site selecting with respect to LCA and TFS is detailed and defined in
an overview inChapter 3Thekey gages of thenethodologydefined in Chapter 3 are
thendetailedin the subseque@hapters; 45, 6and 7.The developedhethodologyis

thenapplied in the case study undertaken in Chatdihis case study acts as a test
7



case for the defined methodology detailing its application to avedd site and
device. The results of this applicati@me thendiscussed in Chapter Before a

conclusionsummarisinghe key findings of theasearch is provided in Chapter. 10

The following defines the key elements of each of the identified chapters:

Chapter 1: Introduction

This chapter outlines thgustification of the project by detailing the project
background, aims and objectivéglditionally, aclear overview of the structure of the

thesisis provided.

Chapter 2: ResearchDesign

This chapter outlines the methodology used to guidethiesis research. This is
achieved by outlimg the critical stages for undertaking a research project and
identifying the key findings that should be expected from each stage and how they will

be used to create the finished developedrwethodology

Chapter 3: Literature Review

The literature review sets out to define the current state of research in the proposed
topic areas; this acts as a method to ensure that the research produced is both novel
and relevant. In addition to this, the literature review helps to outline and steape
direction of the project with respect to the findings. In this case, the main topic areas
assessed are; Tidal power, LCA and software. The literature review focuses on the
basic theory and current methodologies as well as other relevant informatibmitfo

the TFS and LCA components. The final section discusses the specialist software

packages that are available to assist in the development of the methodology. These are



defined with respect to the three key methodologies: TFS, LCA and, ultimately, the

combination tool.

Chapter 4: Developed MethodologyOverview

This chapter defines the development of the generic site selection methodology with
respect to the findingsf the literature review. This results in the development of a
methodology that consists of three key stagdage * Site and Devic&pecification,

Stage 21 TFS, Stage 2B LCA and Stage B Combination Dol. Initial information

for each of thesstagesis outlined alongsidaletails ofhow the datas shared between
them Each of the key stagedentifiedis thenfurtherexpandedipon indetailin the

subsequent dedicated chaptgr§, 7 and8.

Chapter 5: Site and Turbine Specification(Stagel)

This chapter dfines the initial phasesf the developed methodologyith the
specificationof the site and turbine. This chapter outlinethe required information
thatmustbe gathered and collatéor eachin orderto conducthe remaining stages

of themethodology

Chapter 6: Technical Feasibility Study (Stage 2A)

This chapter dtails the undertaking of the TRS8ith respect to site and device
characteristics determined in chapteTHis is achieved by assessing each of the site
againstdeterminedinclusion/exclusion criteria tassessf the selected turbine is
suitablefor deployment at the sitBower generabn is thencalculated using tidal flow
informationfrom a specialistidal flow softwarefor each sitePower calculations for

both a fixed and yawing device are determined wa8pecto the parameters for the



turbine selected. The resulting power ougpare then used to determine the financial

impact of positioning the turbine at each site.

Chapter 7: LCA Study (Stage 2B)

Statesthe process for conducting theCA methodology which was developed with
respect to the four stages defined in the ts&hdard. Namely; theGoal andScope
definition, InventoryAnalysis, ImpactAssessment andterpretation of theesults In
additionto this a Sensitivity Analysisidentifies therequirements t@orroborate the

resultsof the undertaken LCA.

Chapter 8: Combination Tool (Stage 3)

This summarses the final stage of the developed methodolodiscussingthe
development of theombinationtool using a normased weighting system This
allows the user to assess the siith respect to th@reviously calculatedinancial
(Stage 2A)and environmentg|Stage 2Bjmpacs that the positioning of a TSG will
have The resulting outpudf the methodologis then detailedand a conclusion dhe

entiredeveloped methodology is provided.

Chapter 9: Case Study

The Case Study showcases the application of the developed methodology in an
industrialreatworld setting. This process demonstrates the application of the
methodologyand is used to bottest andrefine the method wheldemonstrating its
applicability. As a result of this proceshe methodology developed is verified and

proven its applicability tanform decisionmaking insuchreal-world situatiors.

Chapter 10: Discussion
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The development of the methodology is discussed and evaluated to determine its
applicability to the endisers. Additionally, limitations of the methodology are

outlined and ecommendations for further research are provided to adtierss
Chapter 11: Conclusion

The conclusion summaas the key research findings from theesis and the

contribution to knowledge.

1.6. Publications Generated

The following publications have been generated during the duration of the PhD

research,
1 Kelly, C.L, BlanceDavis,E.Mi chai |l i des, Cc. , Davi es,
Selection Appraisal for Tidal Turbine

Journal of Marine Science and Applicatidiil2121, online March 2018.

T Kelly, C. L., Al nvesti gat isquCA)iasnano t he
alternative met hod of L3MUIFacualty Resegrcht i d al

Week 2018 Proceeding®34-238, May 2018.

These publicationaredisplayedin AppendixA - Site SlectionAppraisal for Tidal
Turbine Development in theifer Merseyi AbstractandAppendx B- Investigation
into the uses of Life Cycle Analysis (LCA) as an alternative method of selecting tidal

power schemesConference paper
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1.7. Conclusion

The project background for the developmef the site selectiotool for tidal power
devices is defined, outlining the current methods for site selection of tidal devices and
the need to consider the environmental impact that theyqusetheir lifetime and

not just @ alocal - but aglobal- level. From this initial backgroundformation the

aims and objectives have been defined to fulfil the requirements of developing a site
selection tool that combines a typical TFS and LTAe method igurtherdetailed in

the thesis outlinewhich provicesan overview of the main chapters required to meet
the aims and objectives of the research. Finally, the publications generated from the
research have been listed showing the current stage of contributiesetrah from

the project.
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CHAPTER 2: RESEARCH DESIGN METHODOLOGY

2.1. Summary

The following chapter summarises the research methodology adopted for this
investigationInitially, anoverview of the research designprovidedbeforeeach of
the key stageare discussed hese stages are definadhe overview as thierature

review, methodologglevelopmenttesting anavaluation

2.2. Overview

Thisresearch assumes an initial rati@aid hypothesjsvhichidentifiesthat itmight
be possible to integrateCA into the site selection process s#lectingtidal power

schemes

This hypothesis was based on an initial observation that tidal power site selection
typically revolves around capitalising on device power outparid hence profits

when site selecting tidal power schenfislly, BlancoDavis, Michailides, Davies,

& Wang, 2018) Little to no consideration is paid to the environmental impact of the
turbine outside of the local ardaurthermorethisinitial investigation identified that
whilst there hae been some LCA investigations focusing on tidal turbitiesie is

currently no methodology thases.CA for siteselection purposes.

This initial research identified that methodologyencompassing both@QA anda
typical tidal feasibility studycouldbe a novel contribution tthe pool of knowledge,

and therefag worthy of furtherinvestigation.
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In order to investigate this hypothesis furtteeresearch methodologyustbe adopted
to ensure that the pegjt aims and objectives are achieveédure2-1 showcases the
four stages of the methodology adopted for the undertaking of this reseassential
to understand that the findings of each key stage aretasefbrm decisionsn the

subsequent stages in ordectimplete the investigation successfully

The following subchapters define each of the key stages identified in the proposed

resarch desigrand outline the critical functions of each stage

Stage 1 Literature review

¢

Stage 2 Methodology development

.

Stage 3 Testing

.

Stage 4 Evaluation

Figure 2-1: Adopted research ethodology

2.3. Literature Review

The literature review will set out timvestigate thenitial hypothesisand rationad
behind the projecthis will act to validate thenitial notions behind the research. In

addition to this, the literature review wilidentify any relevant research in the

14



appropriate fieldsn the case of this investigatigihis will include documentation on

the following key areas, Tidal power, feasibility studies, renewable energy finance,
LCA, LCA standards and previou€A studies The collation of all this research will
help define thedevelopment of th@eroposedmethodologyby providing a scientific

background to the research project.

2.4. MethodologyDevelopment

The methodology developed waléek to develop a unique and novel methodology for
site selecting tidal power schemes. In order to achieve this, the methodology should
incorporate findings from the literature revieand pecifically, any learnings form
any pr evi o ueasibiliyCsudies investigated. This provides eobust
foundationfor the development of a mettiology that combinean LCA and typical
feasbility study. It should be noted that any additional research that might barelev

should also be used in this process.

Themethodology generated in thigesishas to focus on incorporating the findings of
thetwo aforementioneghre-established methodologies and be easy to understand for
any user. As a result, the thedologydevelopedwill have to be easy to undertake,
and the results should be displayed in a-fisendly way to make it appropriate for
potential commercialse.Consideration should be paid to the type of data required to
undertake the assessment, and the ogetlogies should be fbored to accormodate

this. Once completed, it can then be used in a case study to assess a test site.
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2.5. Testing

Once the methaslogy has been developatithen has to be tested to ensure that it is

working in the correct marer and identify any issues theay be encauteral by a

userl n order to test this i n aacasesumys wor |l d
undertaken in order to analyse the effects of using the developeddoietyy. In

order to achave this it is expeced that a large amoumf data will be required

including; Flow speedshathymetricdataas well agdevice and financial information.

The collation and use of this information in the methodology will showcase its

application in site selecticend allow for evaluations to be nmead

2.6. Evaluation

The final phase of theesearchiesignis the evaluation of the methodology against the
goals and objectives identified for the project. This will involve crilycdiscussiy

the developed methodology and its application during the case stunigler to
identify its strendhs and weaknesseBy evaluating the finished toahny concerns
can beoutlined and addressadslith the intention of improvinghe methodology.
Finally, any further developmentareas ofthe methodology can be signposted

future work

2.7. Conclusion

The adoption of a methodological approach for this thesis investigation provides
addtional scientiic rigour to the process of developitigs thesisnethodology. This

is atieved by systmaticaly outlining the critera of each taskproviding a path for
16



the development oh new methodology witin this thesis. It should be notedts
incorporation inthe thesis can be identifidcbm the thesis layout, which @efined

by the stagesutlined inthis mettoddogy.
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CHAPTER 3: LITERATURE REVIEW

3.1. Summary

The following chapter outlines the key findingfghe literature review conducted. The
findings are displayed under three main subsections outlining the research findings in
the following key areas: Tidal Power, LCA and Software. Eaeda isexplored in

depth, withinformeddecisiors made from the findigs. Lastly, the conclusion of the
chapter summarises the outcoofethe reviewby highlighting key points in bullet

point form.

3.2. Tidal Power

Tidal power is the generation of power from the movement of the tides. In order to
explain this conceptthe following subsectios outline tidal theory, current tidal
technology, TidaBtreamGenerators (TSG}est centres, tidal feasibility studies and

the current methodology for renewable energy financing in the UK.

3.2.1. Tidal Theory

Tides occur naturally touglout the world and are generated due to the gravitational
interactions between the Sun, Earth and Moon. BHewing subsectionsletail the
formation of tides on a daily and lunar cycléAdditionally, the effects of

meteaological conditionsandgeographicastructures on tidal flows are detailed
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Daily Tidal Cycles

The Earth is cotinuoudy undergoing two high and low tides. This is due to the
gravitationaleffect of theMoon onEarth. This gravitation interaction can be seen in
Figure3-1. This figureshows how thgravitationalforce diminishes from one side of

theEarth to the otheias the distance from tidoon changes.

Effectively this change in force acts stretch theEarth. The land, being fixed, is
unable to moveHowever, theoceans being a fluidre affected bythis varying
gravitational forceThis results in high tide bulgerming on either side of thEarth

as the sidelosesto theMoon is pulled towards tHdoon, but theEarth is also pulled

away from the water on the opposite side offaeth. As a result of thjsaLow tide

occurs at the midpoint between these bulges. This is due to the gravitation effect of

theMoon acting perpendicular to the surfacehaf water and hence not lifting it.

tidal bulge tidal bulge
opposite Moon toward Moon

Figure 3-1: The gravitation effect of thoon on theEarth (Phases and Tides, 2014)

It takes theEarth 24 hours to complete ometation (one earth dayhowever the

Moon is orbiting thdzarth in the same directionastGear t h6s r ot ati on.
this, it takes on average®4 hours and 50 minutes for tMoon to realign above the
same point on thEarth. During this periodyvo tidal cycles are experiersteith each

tidal period lasting around 12 hours and 25 minutes.
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Lunar Cycle

On average it takes tioon 27.5 days to complete a full orbftthe Earth.However

a lunar month is described as the time tefke theMoon to realign with th&arth and

sun due to th&arth orbiting the sun. This results in an average time period of around

29.5 daysbutthere is some variatiofror example, ir2020a lunar month wilkange

from 29 days 17 hours 56 minutes (29.747 days) at its longest to 29 days 8 hours and

19 minutes (29.347 days) at its short@gicClure, 2019) As a result of thighere are

slight variations between tides.

Tides Earth Moan

Spring Tide: -
new moon M Maon

Spring Tide: o~ .
full moon Full Moon

) ™hird Quarter

1

Meap Tides:
quarter phases of moon

|

. Flist Qiiariar

The Moon has a 0% elfect on the tides and the Sun has a 30% ediect on the tides

Figure 3-2: Formationof Spring and Neap tid¢Davey, 2000)

The resulting combination of the daily and lunar cycles can be s€egune3-3. This

shows a plot of the tidal height over a lunar month observied abouth of th&iver

Mersey. From the ploit is clear to see the variation of the tides over time from spring

to neap and back over the lunar month. In addition tq thésdaily shifts in tidal

height due to the daily tidal cycle can be observed
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Tidal height of the Mersey at 30 min intervals for a lunar

month
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Figure 3-3: Tidal height (m) at Gladstone lock measured and@ute intervals over a lunar month

With a complete understanding of how travitationalinteractions between the Sun,
Earth and Moopntides can be predicted up to 50 years in advanced with a reasonable
degreeof accuracy(UK Hydrographic Office, 2019)This makes tidal power very
predictable and reliable as a soeiof renewable power. However, there are a number
of reasons that the tidal height observed at a site mighpmeisely match the

predictedheight These include the following.

Metearological Effects onTidal Height
Typically there is @mallvariationbetween the predicted lunar tide and the actual tidal
height observed at a locationThis can be due to metrological conditions

experiencd at the site, specifically the wind and the atmospheric conditions.

A change of Imillibar (mb) in atmospheric preare roughly equates to a change of
0.01m in the recorded tidal heigfBaker, 2006) This change caaitherbe positive

when there is a decrease in atmospheric pressure or negative if there is an increase. On
averagein the UK, the change in tidal height caused by atmospheric pressure rarely

exceeds 0.3r{National Oceanography Center, 2009)
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Wind speed and direction also has a similar effect on the tidal height. When there is a
strong onshie wind, the wind interacts with the water surface creating surface waves.
This effectivelyimpactsthe height of the observed tids waves are either pushed
towards the site, increasing the observed tidal height or driven away, decreasing it

(National Oceanography Center, 2009)

3.2.2. Current Tidal T echnology

Whilst tidal power is currently perceived as the harnessing of power from the shifting
tides in order to generate electrical poviRis has not always been the case. There are
records detailing the operationtidal mills dating back as far as 78with theoldest
sitein the UK being documented as having bdmnlt in 1170(Tidalpower, 2015)
These mills origindy harnessed the power of the tite mill wheat into flour
mechanically This was achieved by trapping large volumes of water at high tide
before releasing it tough a water wheel as the tide edbWith the advent of
electricity and the simplicity of using alternative r@mewable mettas of power
generationthese devices fell out of favour. However, in recent years with the global
concern of climate changthe technology is being revisited and revised as a method

to produce renewable, reliable and predictable power.

One specific advatage of tidal power compared to other sources of renewable energy
is its predictability which, unlike wind and solgrcan be heavily impacted by the
effects of atmospheric conditions. Tidal power is predictedreasonablelegree of
accuracy for hundds of years in advance. This issagnificant advantageas it

providesa reliable source of power generation to the local electrical grid. This is
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particularly important when dealing with energy secuaiythe device can be relied

upon to contribute tdhe county ONstional Gid baseload.

Currently, it is accepted that there are four main methods for extracting tidal energy at
a commercial levelTidal barrages, Tidal lagoons, Dynamic tidal power and Tidal
Stream Gener(Hitholslee & Tuddgly 2008) The aforementioned

methods are discussed further in the following subsections.

Dynamic Tidal Power

Dynamictidal power isa novel and as yet untestéorm of tidal power generation.

The idea is currently being explored by a collaboration between the Dutch and Chinese
governments. Between thethey are assessing the viability of this method with the
constructio of a demonstration facility along the East coast of China. This decision
was mae owing to the completion of mumber of successful computational fluid
dynamic simulationsThese ¢d to developments in the design and showcased the

method as a viablerm of tidal power generatio(Steijn, 2015)

The dynamic tidal power concept involves building a long T or Y shapedikam
structure perpendicular to the coast. This structure is intended to interact with tidal
flows running m@rallel to the coast. Whilst some water can flow around the structure

the interaction between the dam and the flowing water re@suitater getting trapped

on one side of the structure. This process creates a difference in pressure head between
the two &des, which the water naturally wants to correct. Turbines housed within the
structure of the dam allow water to transit between each side, and in the process
generate electrical power. The usk multidirectional turbines allows for power

generation to ccur with varying tidal flows. The concept is illustratedrigure 3-4,
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which shows thénteraction of the flovwith the structure. Areas of high press are

highlighted in dark red and lower in dark blue.

Figure 3-4: lllustration of how the Dynamic tidal poweonceptworks(Walton, 2012)

Whilst still in thedevelopment phas¢he concept looks promisinglowever there
have been some concerns regarding the effect that the structure will halve on

following: sedimentransportationshipping and marine wildlife.

Tidal Barrages

Tidal barrages are dalike structures that are built to create an artificial reservoir in
conjunction with existing geographical features. The structure and suimmgund
geography act to trap large volumes of watEater is allovedto flow between the
reservoirs and the ocean via tinds and in the process produce power. Sluice gates
can be used to control this flow creating a pressure head between the tidal basin and
the oceanwhich increasgpower outputs from the turbines. This process can be seen

in Figure 3-5 and with bidirectional turbines can be conducted on the inflow and

outflow.
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Figure 3-5: Operation of a tidal barrag€¢Encyclopaedia Britannica inc, 2019)

There are currently two operational tidal barrages in the world. The first one that
became operationalas inBrittany, France. This barrage, knows the Rancpower

station, is owned and operated by EDF and has been producing power since 1966. This
makes it the longesterving tidal power station globally. The barrage itself is 750m
long and contains 24, 100MW, bulb turbin€kis results in a combined rategeaity

of 240MW. This seup is capable of producing 500@/year of energ{EDF, 2019)

An aerial image of the barrage can be sedfigare3-6.

The second barragelocated on Sihwa Lake in South Korea. The tidal plant has been
operatioml since its commissiong in 2011 ad is capable of producing 550GWh
annually from 10, 25.4MW turbine@acific Northwest National Laboratory, 2019)
The combined 254MW rated capacity of the barrage surpassesltres of theLa

Rance power statipmaking itthe largesbperationatidal power plant.
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Figure 3-6: La Rancetidal barrage in Brittany FrancéEDF, 2019)

There are perational concerns regarding the environralkesffectsof tidal barrages
especially with regards to the loss of habitats ssamadurally occurring mudflats. In
addition to thisthere are a number of technical difficultisach as silting of the area

behind the dam and thepact on shippinghat need to be addressed.

Tidal Lagoons

Much like tidal barrages, Tiddhgoons operate by trapping large volumes of water
and releasing it tlough turbines. The only discernible difference between the two is
the requirement to build an artificial lagoon instead of using existing geographical
features to trap and contain wat&his means that the scheme can be used in areas
wherelarge tidal shifts occur but without the requirements of the geographical criteria
required by barragesAs a result,more areas can be exploited for tidal power

generation.

Currently, there are no ggrational tidal lagoondHowever there have been a number

of proposé sites, particularly along the Welsh coast. The SwaBsgatidal lagoon

was meant to be the flagship project for the development of the tidal lagoon concept.
As sen inFigure 3-7, the plamed lagoon would be capable of generating 530Gwh
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per year (11% of the Welsh electrical consumption) from 320MW of installed turbines

(Tidal Lagoon Plc, 2018)

Figure 3-7: Planned SwanseBay tidal lagoon(BBC, 2018)

Unfortunately,the Swanse®ay project has stalled, despite having £200 million in
funding support from the Welsh government. This has been attributed to the rejection
by the UK government to subssg the project with a 99@earcontractfor difference
valuedat £89.90 per MWh of pruced electcity. This decision was made due to the
length and value of theontract which is less favourable than tbhther schemes such

asthe new nuclear power schemt HinckleyPoint C(BBC, 2018)

Tidal Stream Generators

Tidal Stream Generators (TSG) also referred to as tidal stream @syednsist of
devices that are positioned directly into flowing tidal streams. These devices come in
a variety of designs varyi ng sforthe moreg h e

unfamiliar, such as tidal kites and oscillating hydrofoils.

All of these devices work to convert the energy of naturally flowing water into
electricity, unlike the othethreemethods which generate power using a change in

pressure head beter two water levelsCurrently, TSG technology is still in its
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infancy as a renewable source of energy. As a result of this, new devices are being
developed and tested as comparcompete with each other to develop their own
technology to a commercial lely andprovide a meanindul Return on Investment

(ROI).

Owing to the developmemate of this technologyand the opportunities to position
smaller devices at a larger number of sites, this report will focus on site selecting
T S G @As a resultthe renainder of the literature review wilbe focused on this

technology.

3.2.3. Tidal Stream Generators (TSG)

TSG6s are devices that convert the kinet
energy. The mechanical energy is then typically used to driyenarating device
producing electrical energy. Currenttiie European Marine Energy Centre (EMEC)
categorses TSGs into seven differentlesign classesSix of these categories can be

seen inFigure3-8. The seventh category is currently reserved for novel ideas that fall
outside the established technologies identified in the other cate{bneg£uropean

Marine Energy Centriéd, 2017) This covers the ongoing development of technology

in the advent of a new concept. A further description of the six main categories is
provided below alongside example turbines tbatformto each of the specified

categories.
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Tidal kie ~ Archimedes screw

Figure 3-8: Types of tidal stream generatqQUARET, 2008)

Horizontal axis turbines operate much like conventional wind turkifiéne force of

the tidal stream causes a mechanical rotation of the blades around a horizontal axis.
The mechanical energy is then converted into electrical energy using a generator.
Horizontal axis tubines arecurrently themost common designf TS G6 s , wi t h
number of devicesonformingto the defined design characteristics. These include the
300kW Seaflow turbineleployed initiallyoff the coast oNorth Devon, the SeaGen

in Strangford_ough, which las now been decommission@darine Space, 201&nd

the Orbital Marine Powe(formally Scotrenewables) 2MW floating turbine, the

SR2000(Orbital Marine Power, 2019)

Vertical axis Turbines operate similgr to horizontal axis device Instead of
operating in a horizontal plane, the blades rotate around the vertical axis. One
advantage is that the device by design is typically multidirecti@ama very little
consideration h&to be taken regarding device placement. One example of this system

i's Current 2c udireeional @mver@ividch S ourrently in its test
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stages with plans to develop devices capable of producing 1MW in the future

(CurrentZurrent Ltd, 2017)

Oscillating hydrofoil is a winglike structure that changes its angle of attack to the
oncoming water flow. This generates a lifting force across the wing whichstaese
wing to both rise and fall with the force of water flowiongr it, creating an oscillation.
This mechanical motion drives a hydraulic system in order to generate electrical
power. One example of this turbine is the Stingray built byEtitgneering Business

(James Glynn, 2006)

Venturi turbines, also known as enclosed tj@se tidal devices that are housed in a
ductedhousing that helps funnel and direct the tidal stream into the blades of the
device. The ducting makes use of the venturi effect to accelerate the flow of water
throughthe device in order to increase the power output of the device. The ducting
can also improve the efficiency of the device by reducing wake turbulence from the
tips of the bladesOne example of this technology is the Ogdwndro turbine
However thiscompany was liquidated in July 204&uropean Marine Energy Centre

(EMEC) Ltd, 2018)

Archimedes screwddevices convert the flow of the tidal stream into electricity using
a corkscrewshaped device. This helical surface rotates with the force of the water
moving across the surfacgenerating the spiralling motion as the water creates a
lifting force on ths surface. This mechanical motion is then converted into electrical
energy in a generator. Currenthnly the FluMill is being developed after it was tested

in the Shapinsagound at the EMEC in 201(European Marine Energy Cented,

2011)
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Tidal Kite devices are a relatively new category of tidal devighich accounts for

the developmendf Minestd #dal kite turbineconcept Tethered to the seabed with

a cable, the device is all owmédintersectionf | y o i
This swooping motion is due to the force imparted on the d@weieg structure and

is used to accelerate the deviceotlgh the water. This increases the relative flow

speed of water entering a small turbine moumtethe deviceincreasing the power
generated by it. This system has theamtiitlvantage of being capable of generating

power from relatively slownoving tidal flows. The only example of this category is

the Minesto tidal kite. This system is currently in the processeaifid tested and

deployed off the coast of Holyheddorth WalegMinesto, 2018)

Of thesevencategores identified it is clear that the majority afurrent and past tidal
devicesconformto the Horizontal axis turbine categof his technology seems to be
the most establishddrm of TSG devicesperhaps havingakeninspiration from the

development of wind turbines.

3.2.4. TSG History

TSGOs ar e a relatively new method of
investigations into theechnology only began in 199during which a period of river

flow testing was carried oytleremy Thake, 2005 he following is an account of

some of the key mektones achieved in the development of TSG technology since
these initial tests. The findings outline a trencdthe development of larger capacity

turbines and show the rates at which they are being developed and deployed:

1 Initial testingand proof of concept project ere conducted by IT power. Scottish

Nuclear & NEL in Loch LinnheScotland between 1994 and 1995 becoming the
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worl dés first TSG producing 15kW from a
pontoon(Fraenkel, 2008)

Stingray was bilt by The Engineering Business and then successfully deployed in
Yell Sound Shetland,in September 2002 producing 150kW from an oscillating
hydrofoil (The Engineering Business Ltd, 2005)

The Seaflow 300kW single rotor tune was successlylinstalled off the coast of
Lynmouth in Devon during May 2003. It was the first bladed turbine to operate in
exposed conditions but was not gadnnectedFraenkel, 2008)

SeaGen became the first TSG toiwial power to a national grid (the UK National
Grid) in July 2007 when it started prodiog 1.2MW from its twin 600kW turbines in

the fastflowing waters in Strangford Lgghin Northern Ireland.

In November 2008the Seaflow turbine was entirely removednfrits formersite,
becoming the first tidal turbine to decommissioned entirelgfter an extended
period of operatioffHughes Sub Surface Engineering Ltd, 2009)

Nova Innovation became tffiest company to deliver power torational grid from a
tidal array when it connected the second of five 100kW tushiméhe UK National
Grid in August2016(Nova Innovation Ltd, 2016)

In January 2016 it was announced that the SeaGen turbine would beeofirstth
commercial turbine (having supplied power to thiel)gto be decommissioned after
seven years of operation. This was to be the final phase of the SeaGen project and was
used as a learning exercise to help improve the understanding of the esuyreldif

of the turbine. Decommissioning was completed in 2@tlantis, 2017)

In April 2016, Scot Renewable (now Orbital Marine Power) deployed their 2MW
SR2000 floating turbine at the European Marine Energy Centre (EMEQkireD

To date, this turbine jointly holds the record as the most powerful, rgtet

connectedt ur bi ne i n operation with Open Hydr ot
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in the Bay of Fundy, Nova Scotia, in Canada, during November of the same year.

(Scotrenewables Tidal Power Ltd, 2016penhydro, 2016)

As of the end of 201&here was 14MW installed capacity for both wave and tidal
stream devices in Europe. However, this figure is far below the anticipated 641MW
that was set out in the National Renewable Energy Action Plan (NREAP). This
641MW value takes into consideratior BP40MW tidal barrage currently operational

in France. Howevethe difference can be attributed to a number of factors that have
slowed down the rolbut of devicesChiefly among the factors are development costs
and the time taken to conduct site anktexl environmental surveys. It is expected
that tidal power will continue to receive investment focus as ddtayof renewable
energy.This trend is predicted by current funding, which has been secured to increase
tidal stream power generation to 71M\Wmstalled capacity within the EU by the end

of 2020.However, this figure could be expected to rise as high as 600Mi\vasber

of different projects are in various stages of planningluding anew investigation

into a River Mersey tidal barrag®BC, 2017)and the possibility of building the

Swanseday lagoonMagagna, Riccardo, & Andreas, 2016)

3.2.5. PowerFrom a TSG

The power available at a site is typically influenced by two things, the fiesds
(m/s) and the density of the water (kgJmn order to calculate the power available
per nt, the bllowing equation canbe used. Where i s t he density and

of the water flow.

0 ™ " 0 (3-1)
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Typically the density of water ranges from between 1000kg/m3 for freshwater and
1025kg/nt for seawater(Shaikh, Tousif, Md, & Taslim, 20113nd flow speed
required for rated power production from abine is around 2m/slepending on the
devicedesign.It should be noted that flow speeds ttonoudy change with theidal

conditionswith faster flows occurring during spring tides.

In order to calculate the power outputadiypical horizontal axis turbinghe device
specification needs to be taken into account. This includes the swept area of the device,
the area that thielades turn ttough, and the @efficient of PerformancéCp) of the
turbine. This is the mechanical efficiency of the turbine accounting for losses. This
means the power equati@expanded to thillowing equationwhere A is the swept

area (M) andCpis theCoefficient ofPerformancef the device (%}Shaikh, Tousif,

Md, & Taslim, 2011) This equation has been previously used to agesesr outputs

in the site selection of tidal turbines in tRiver Mersey (Kelly, BlancoDavis,

Michailides, Davies, & Wang, 2018)

0 ™ " 06 0 60 (3-2
In addition to thisthe power from a device might be limited due to the design of the
device.lt is commonplacdor a turbineto have a cutn point and a rated maximum
capacity.This is the designed operating limits of the turbine and is illustrateidume
3-9, which shows the power curve of the 1.2MW SeaGen turbioenthe imageit
is clear to see that below water speeds of 1m/s there is not enough power inithe wate
flow to genera electricity. Hence the turbine iBhonoperationab and producgno
power. Equally, at flow speeds of 2.4rafsl abovethe water flowing into the turbine
hitsthe turbinesated power, the maximum power the turbine is capalppecafucing

and hence the power remains at 1,200kW. Between these two, ploentarbine is
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considered to bacutting in, as watespeeds arsufficient to produce powgbut not

yetreach theated limit of the turbine.

power
kW

1200 : o i SO ebb....... BTT LITTTYP ISR
1000 _::'.\ﬂood
800
600

400

200

0

0 1 2 3 m/s velocity

Figure 3-9: Power Cure of the 1.2MW SeaGen turbine deployed at Strangford Lilgévier Ltd., 2010)

3.2.6. Test Centres

As briefly mentioneckarlier, one of the biggest challenges to the development of tidal
power is thefinancial cost. One of the larger contributing factors to thighis
conducting of environmental site surveys. These are carriegfteuta site has been
identified butbefore a tupine is deployed to determine the local environmental impact
that the turbine will have, specifically on the local marine wildlffeis is conducted

as part of the current staardideployment methodoby, SurveyDeployMonitor. This
methodologyensuesthat the impact of any device on the immediate ecosystem is
reduced However the cost of carrying this out is both financial and in time (initial

site surveys can often take a year or tf@jown, 2016) It should be noted that

35



additional methodologies such as RB&sed Consenting for Offshore Renewables
(RICORE)(RICORE project, 2016)ave also been investigated as a replacement for
Survey Deploy Monitor in order to speed up the process of deplodiegces on a

commercial scale at other sites.

In an effort to ease this processnumber of test centres have been setnch
effectively maleit easier for companies to test both fsited and scaled devices in a
controlled environmentThis is facilitated by theéemoval ofthe requirements to
complete lengthy assessments on the local marinénliteese areas as they have
already been condtexl In addition to thisthese test centres provide monitored
environments with the ability to connect the turbioghe grid This has the added
advantage of providing a developeith anincome revenue during the testing phases
of their concept. Currdly, there are two majoglobal test centreshowever, other

centres have been proposed.

European Marine Energy Centre (EMEC)

The EMEC was established in Orkney in 2003 to act as a centre for developers to
develop, test and refine both wave and tidal power devices. Orkney was chosen for its
strong tidal currents and wave conditions as well as the additional utilities such as its
sheltered harbour and grid connection. The centre provides X4céld, grid
connected test berths for wave i@l devices as well as a number of test berths for

smallscale testingEuropean Marine Energy Centre Ltd, 2016)

Fundy Ocean ResearctCenter for Energy (FORCE)

FORCE is a dedicated test centre fesiream TSG, based in the Bay dfundy; Nova

Scotia, Canada. There are four test berths forsfidle designs providing grid
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connections. The facility provides aromon infrastructure for developers to work
with and helps provide device monitoring and fiaatked permit applications,
allowing developers to decrease the time it $aketest their device~undy Ocean

Research Center for Enerd?016)
North Devon Demonstration Zone

The North Devon demonstration zoneas formerly home to the 300kW SeaFlow

turbine. Wave Hub proposed that a demonstration zone could be set up in the
surrounding area along the North coast of Devon between Hangman Point and
Foreland Point. It was enwgedthat the site would be capable of generating 30MW

in an area of 35sq knwith key infrastructure points located along the North Devon
coast(Wave Hub, 2014) However, it appears that Wave
been abandoned in favour of a different test facility focusing on wave power in

Pembrokeshire.

3.2.7. Tidal Feasibility Studies

With the design and development phases of some turbines ending, companies have
started successfully depliog their devices at new sites. This indicates the beginning

of the commercial development of TSGO6s.

Much like otherformsof power generation, TSGO6s are
Typically, a feasibility study will be carried out in order to evaluate andssaisse

chosen site against a set of criteria. This allows a user to determine the practicality of
the project before undertaking the project. In addition to this, the findings from a

feasibility study can also be usedindorm decisions with respect to the size or type
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of device that will be deployed. In short, the undertaking of a feasibility study
increases the likelihood that a device will operate as intended if the site is deemed

suitable for deployment.

In order to undertake a feasibility stydigere needs to be a large amount of data for
both the site anthedevice. The entire process of the fedgy study can be used as

an iterative feedback loop with the results from an initial analysis being usgdrto

and make decisi@during additional stages. This allows the user to refine the results

owing to factors. An example of this can be ilfagtd as follows;

A site is analysed initially assuming that the turbine will have a 10m diameter. The
findings of the initial study indicate that the water depth is capable of hosting a 12m
diameter turbineThe feasibility study can be-ran with theinformeddecision made

to deploy a 12m turbineand the results can be compared if reqdirelhis
methodology allowthe developer to make amformeddecision between the 10 and
12m devicesTypically as with most projestthis decisions made with respect to the

financial analysis oeachsystem

Whilst a developer will already have a large amouninédrmation regarding the
device they want to deploy, typically there is less availdbtaregarding the site. As

a result of thisa large amount of data has to be obtained from various sources. This
includesinformationon water flow speeds, water depths, marine traffic, fishing areas,
seabed composition and local infrastructure points such as grid connection sites and
maintenance ports.yBanalysing thenformationwith respect to each site against the
known information about the device, namely th@perationalcod, power output,

rated water speed, cut speed, operating efficiency, operational life span and
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maintenance requidethe ste can be analysed. This will allow the user to determine

the following

1 Whether the device can be safely situated at the location

1 The expected power outputgith respect to the turbine and flow conditions at
the site

1 The cost associated with deploying ttlevice at the location

1 The potential earningsom the device

Because commercial decisgtypically revolve around finance, the financial analysis

of the device is typically used to select the optimal site. The undertaking of a feasibility
study can bdime-consuming and will require the gathering of data to support the
assessment. Howevehis process is preferable to wasting money deploying devices
unnecessarily. Once a site is located using a feasibility study, it is typically analysed
further to vaidate the findings. This can include re@brld measurements at the site

to ensure that the findings of the feasibility study are accurate.

Whilst no references can be cited for a companygingafeasibility study for a TS¢G

It is reasonable tassume thad number have been carried ,onving to the active
deployment of devices. These reports will likely contain commercially sensitive data
such as costs and devigerformancealata that companies will not want in the public

domain.

Whilst nocoome r ci al report can be found specif
number of feasibility reports for other largeale governmerfunded tidal power

projecs. Thesdncludeprojects such as the River Mersey feasibility study carried out
between 1988 antP992 by the Mersey Barrage Company and repeated again between

2006 and 2011 by the Mersey Tidal Barrage Gr@uRS Scott Wilson Ltd, 2011)
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These two studies looked at the feasibility of constructing a barrage across the River
Mersey between New Ferry amingle and identified a scheme that was capable of

producing 920GWh annual for an expected-$2ar period.

In addition to this, the recent Swansea bay tidal lagoon report detailed the process of
the application for fundingupportthroudh the UK governmerds contractmechanim

for renewable energy subgd(Crown, 2015) The findings from both these reports
identified strengths and weaknesses in the respective schemes but ultimately were
used tadetermine the projegtfate. In both of these cases, this meant the decision not
to proceed with the project due to the staggering upfront construction cost of the
Mersey barrage and the aforementioedtractrequirements of the SwansBay

lagoon.

3.2.8. Tidal Site Selection and Deployment

It is important to understand the stages of site selection from initial site identification
through tothe deployment of a device. Typically tipigocesoccurs over three stages
to mitigate both thetime and costof the assessmeln the case that the site is

unsuitable for deploymenthe following defined the three key stages

Stage 1i Initial site identification Once an area is identifiedninitial asgssnent s
performedto shortlist idealocatiors for deploymentThis istypically conductedwith

the use okasy to obtain data sgproviding aninitial low-costassessment of the esit

Stage 2 In-depth analysigOncethepreferred sites have healentified they @n be
investigatedfurther. Typically this requires the use @atworld measurements to

assess the site resource and environmental impact to local wildlifes. typically
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requires onsiténvestigationghat can be both time consuming and codtlgweve,
they provide an invaluableset of datathat can be used to seleat preferred

schene/location for deployment

Stage 3 Deployment and then monitoringhis ensures thétte devicas performing

as expected and not havingaverse effeabn the locaknvironment.

It is important to understand that the resultdhefsestages can be used to inform
decisionmaking with respect to the projectin the case that the findings are
unfavourablethe project can be cancelled before any more time or moneystedva
on the next stag&his processs showcased in the example of 2@062011 Mersey
Tidal Barrage Groupase study for a barrage the MerseyRiver (URS Scott Wilson

Ltd, 2011)

Theinitial stageof the projecexaminedourteenproposedites for consideratioand
assessmenivith threeschemes being shortlisted for the second stage of the analysis.
This analysis provided an-depthassssnentof each ofthesestagesidentifying a
preferredsite betweemMNew Ferry andDingle. Owing to the&eomplexityof the project
further investigatiors were conductedfor the preferred scheme However this
identified a number of issues with tpeoject andas a resujtthe schemevas not

implemented.

3.2.9. Renewable Energy khance

In order to tackle climate changbke UK government proposed funding to support the
development of renewable technologies such as wind, wave, tidal, solar and hydro.

This support takes thiorm of subsidisationwith the allocation ofcontracts for
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difference also known as strike priseThis effectively is an agreement to fix the value
paid for electrical energy generated over a set period, typically ranging between 15

20 years.

These contrastprovidesupplers with confidence in thealuefor theenergy thathey

will receive over a long periodlhis encourages theto advancewith a project
without the uncertainty of future energy pricaffecting the scheni@ financial
viability. This isparticularlyimportart in emerging renewable markets and hayist
construction projects such as nuclear power plants. Without these incentives, it is
highly unlikdy that companies would invest in thesgky schemess they could be
unlikely to recoup th cost of their untested device. This would be the case if they were

paid the actual value for the power that they would be generating.

Companies are encouraged to enter bids forctdmtractsduring allocation rounds.
Currently, there have been two roundsfunding specifically for renewable energy
that ha been finalised, with successful applicaimiving been notifieCrown, 2013)
(Crown, 2016) The third round is currently at a draft stagedhence the prices have
yet to be finalisedCrown, 2018) The strike price offered during each round are

displayed inTable3-1 with respect to their value of £/MWh in 2012 prices.

Table3-1: UK Strike prices for renewable technologies specified in £/MWh with respect to 2012 prices

Round 1 Round 2 Round 3

14/15 15/16 16/17 17/18 18/19 21/22 22/23 23/24 | 24/25

Offshore

- 155 155 150 140 140 105 100 56 53
wind

Tidal stream| 305 305 305 305 305 310 300 225 217

Wave 305 305 305 305 305 300 295 281 268
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It should be noted that for comparison, in January 2019, the price for energy in the UK
was around £35 per MWh. Accounting for inflation, this equates to around £30.17 in
2012 prices(Bank of England, 2019)When comparing thigalue to thecontract
allocationsit is clear that there is a substantial difference between the value paid and
the value of the electricity generated. As previously mentiathéglis to encourage

thedevelopment ofenewabldechnology.

3.3. Life Cycle Assessment

LCA is a methodology for assessing a product or systémrespect tahe impact

that it will have. In order to explain and expand on the procedure behind this
methodologythe following subsecti®woutlinethe philosophy ofife cyclethinking,

the hstorical development of th& CA methodology and regulations current
regulationsandthemethodology for conducting an assessment with respect to the four
key stages The subsections alexplains;impact categories, functional units ahd t
benefits and limitations of the methodology. A final subsection dissussC A 6 s

application in the offshore industfpcusing on tidal power and wind.

3.3.1. Life Cycle Thinking

Life cycle thinking is a produebriented philosophy that encourages users to think
beyond the traditional focuses of singular product impacts. This can be achieved by
exploring additional benefits of changes
social, economic and environmental impact of the produde Cycle Initiative,

2020) The philosophy draws from scientific methods of analysis such as LCA and
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life cycle costing methodologies, to create a holistic understgnof the overall

impact of the product/process. The results of each of these are combined using an
impact assessment to assess the findings. This can be used to provide insight to users
in order to help determine the optimal course of action with resfgecheir
requirements. Importantly the methodology sets out to reduce the impact of the
product/process without shifting the burden between different segments of the

lifecycle.

This is an important concept to consider owing to the cusewironmentalmpact
reductionculture. Currently, there is a shift towards environmesdakciousnessith
companies striving to do the right thing for the environment. As a result of this, they
are looking to improve their environmental impact. Timpact can beneasiredusing

the LCA methodologieswhich can be uskto quantify the envinomenal impact of a
product/serviceHowever, it should be noted that companies still have to make a profit
to operate effectivelyand & a result, there ameveralkey stakeholders to consider

when making decisions within a company.

3.3.2. LCA Development

Life Cycle Assessment, also known as Life Cycle Analysis, is a method of holistically
examining a product or system with respect to a functional unit. It was firstysed
the CocaCola Companyin 1969 when they commissioned the Midwest Research
Institute to quantify the emissions and resource requirements for different beverage
container materials for their soft drinks. Unfortunately, this report wmgsiblished
(Guinée, et al., 2011 however it established the idea which led to the modern

regulations developed by the International Organization for Standardization (ISO).
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During the1990s, concern regarding the inappropriate ugel CA within product
marketing promptedhe development ofhe current14000 standardsseries.This
conssted of four separate standartSO14040 1997 1SO14041 1998 1SO14042
and 1S01404200Q whichwhen releasedyere widely adopted globallySO, 1997)

(ISO, 1998YISO-A, 2000)(ISO-B, 2000)

In 2006 the standards were revisedrig this revisionit was proposed that two new
standards, namely 1SO14040 and 1SO14044, would replace the previous ones. The
new standards focused on improvthg wordingof the standards and reducing errors.
However the technical core of the previous methods was largetrporated directly

into the new standards. As a result of the development of the new standards, the
aforementionedstandardswere cancded (ISO-A, 2006) (ISO-B, 2006) Further
details of the arrent standards are providedsubsectior8.3.3 which discusses the

current regulations

It shouldalsobe noted that since its conceptitime LCA methodology has developed
for uses in a wide range of business /industry sedasra.result of thisgt isno longer
just limited to the manufacturing industriasd has been used as an analysis tool for

bothproducts and services

3.3.3. Current Standards

Since its inception in 199@he process of conducting an LCA has been refined and
developed into the modern procedure that is widely used today. The current
international standards, 1S0:14040nvidonmental manageent - Life cycle

assessmentPrinciples and framewotkhavebeen adopted by a number of countries,
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including the UK (BS EN ISO 14040:2006), as the method of best practice for

conducting a LCA (ISC-A, 2006)

The current 1SO:4040 regulations outline the core principles athefine the
framework to which all LCAs shouldconform Additionally, 1S0O:14044
Environmental managemenLife cycle assessmenRequirements and guidelines,
was introduced to further expand on the definitions of key stages of the framework
and provided further guidelines for the undertaking of L{(3XO-B, 2006) Both 1ISQ
14040and 14044 were reviewed and reconfirmed in 2016 g#sopshe 1SO review

policy which takes place every five years. The next review is due in 2021.

3.3.4. Methodology

The framework set out by ISO 14040 outlines the four key phases for conducting a
LCA. This can be seen Higure3-10. Due to the complexity of conducting an LCA,
the process is considered to be dynamic, allovimfigrmationto flow between the
four key stagesand informingboth the decisions made and the results of the

assessment. The four key areas are further defined in ISO 14044 as

Goal and Scope- Details the extent of the investigation being conducted by outlining
the product/system being investigated. Additionatie boundary conditions of the

assessment are defined alongside the functional units that will be used.

Inventory analysis- Lists all the parts and processes in the system being investigated,
providing data on inputs to the process such as material arnglyear& the outputs

such as emissions and waste.
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Impact Assessment Collates all the information from the inventory analysis into the
relevant impact categories with respect to the functional unit specified in the Goal and

Scope.

Interpretation - Defineshow the results are reported, ensuring that the process is fair
the method conforms to the regulations set out in ISO 1404Dthe results meet the

criteria set out in the Scope.

/— Life cycle assessment framework \

-

Goal and scope
definition

4 N

Direct applications:

- Product developmeant
and improvement

- Strategic planning

- Public policy making

- Marketing

- Other

¥

Inventory
analysis

Interpretation <3

Impact
assessment

\___/
N /

Figure 3-10: LCA Framework as defined by the ISGSO-A, 2006)

3.3.5. Impact Categories

The goal of the Impact categories is to create a base unit for compartsonllation
of emissionswith respect to a base unit that each impact cayagassignedThere
are a number of varying impact categories that can be sadalysingthe LCA

methodologyfrom Gobal WarmingPotential( GWP), acidification, eutrophication to
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human toxicity Each mpact categorfrascharacterizatioiactors that can be used to
combine differenemissionghat contribute into one easy to understand value. This

process is further detailed theexplanation ofGWPin the subsequent ssiction.

Global Warming Potential

There are a number of different gas emissions that contribute to global warming. In
orderto collate these different emissions into one unit, it was proposed that carbon
dioxide equivalents are calculated for each of the gadesse values can then be
summed to providean overall figure that quantifies the GWBr the released
emissions. FOGWP, the gas Carbon DioxidéCOy) is used as the baseline e
comparisons. As a result of this GWP values are specified imthef CQ equivalent
(COzeq).Table3-2 details some of the common GWP weighting factors §pdaver

a 100year life span

Table3-2: GWP of common Industrial designated emissigwsster, et al., 2007)

Gas Chemical symbol| GWP in CQeq (over 100 years
Carbon dioxide CO, 1
Methane CHa 25
Nitrous oxide N20 298
Chlorofluorocarbons CFCos 10,000 +

These weighting factors can be applied to their respective emissions to calculate the
equivalent value of the base unit. This process is highlighted in the case of the
emissions ofhe following gases3.4kgCHa, 11kg CO, and 0.2kgN20. By applying

the weighting factors detailed rable3-2, they can be incorporatento one easy to

understand value. This is observed in ti®iving equation,
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o8 U ppp TR CWY pLPL Q6N (3-3)
It should be noted that there are alternative methioatsmight be better suited to
examine GWP, such as Gldb@emperature Change Potentiblowever the GWP is
the simplest approach and has been widely used in the Kyoto Protocol, and for this
reason, it will be used throughout this The@bine, Fuglestvedt, Hailemariam, &

Stuber, 2005)

3.3.6. Functional Unit

The typical functional uni t used in LCA
emissions per kWh of energy produced. For exanpimi¢heimpact caggory of GWP,

the results araypically displayed as gC@qg/kWh. This functional unit requires an
understandingfahe power generatddom the device and the impact thiawill have.

This is a good metric for a comparison between different power generation methods.
Howeer, the value only accounts for the production of energiyd the GWP of the

device,it doesnot defineor provide anyinancialinformation Hence, in a commercial

world, driven by financial success, other solusomay be better suitefr defininga

functional unit when conductingn LCAfor power generation devices.

3.3.7. Limitations and Benefits

There are a number of advantages and disadvantdgesducting an LCA study.
The results of @ LCA investigation can be used both internally within a
company/busiess tanform decisions on materials and processes but also, externally,

as a method of comparisagainst competitoproducts. Additionally, by holistically
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analysing a product, instead of individual stages, areas of improvement can be

identified.

Some of the major drawbacks to conductamgLCA includes the amount of data
required toperforman assessment and the potential for lack of indicatory emissions.
In thecase of théormer, the generation of this data is tirnensuming and costly. In
addition to thisany errors in the data can lead to large uncertainties in the résults.
the case of the latter, the quantification of the release of emissions may beaddef
in parts or entiretyespecially when dealing with release rates or frequeRaoy.
example, C@may be emitted over a long period of time or in a short but significant
(and potentially damaging to the environment) butisivever the LCA processas t

currently standsdoes not give scope for indicating this.

The main benefit of aLCA study is in the way that it can be used as a decision
making tool, allowing users to identify ways of reducing their impact via identification
of the prefered materigl method or process. This is aahed by directing resources

to address potential hotspots in the lifecycle of the device.

3.3.8. Previous Ofshore LCAs

Due to the relative infancy of tidal power, only a limited number of LCA investigations

have been completddor TSGO6s. The majority of these
one deviceand all have been completed with respect to asppuated turbineor a

hypothetical locationAs a result of this a number of different research areas were

examined as part of thigerature reviewand are discussédrtherunder theollowing
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headings: Tidal power LCA, wind power LCA, additional L@#vestigations and

LCA in site selection

Tidal Power LCA

One sich examplas presented in the articleife Cycle Assessment of the SeaGen
Marine Current TurbingDouglas, Harrison, & Chick, 2007The study focuses on

the SeaGen turbine located in Strangford Loafiar its deployment. The report
examired21 of the caost compomienit s o thehtotat mad e
weight of the device. The objectives of the LCA were to determine both the embodied
energy required to manufactuhe deviceand their carbomtensityover the turbiné

life cycle,accountig for transportation and deployment of the deviliee results of

this study calculated the emissions of 1,924t @@d an embodied energy for the
device as 25,903@&uith an estimated anual power output of 4,746 MW his report
found that the device hadapid carbon payback period of just 14 months, confirming

that tidal powers both arenewableand environmentalljorm of energyproduction

Of particular note was the sdldal devicecomparative studyidal energy machines:

A comparative Life cycle asssment studgWalker, Howell, Hodgson, & Griffin,
2013) which set about comparing four different types of turbirtas: Deepgen,
SR2000, Flumill and Open Hydro Centered turbine, positioned at the same
hypothetical site. The fictional unit for this study was tleenbodied energy ar@O;
emissions for each of the different devicHse report determined thite Open Hydro
opencentred turbine was the optimal turbine tloat specific location with respect to

the embodied energy and €é@missions of 41,131 tGCGand 534,677 GJ. However,
over its life cyclethe device was credited with producing 7,546,63%f energy and

saving 1,099,708 0, with respect tahefuture energyscenario.
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This report additiondy detailed the high level of scrutimwhich comes when making
comparisons between devicésis is mandately 1SO:14040 to make sure the results
of the comparison are equal and fair. Tiiiecessvasdetailedin an appenia under

the heading of Sensitivity Analysis.

Theaim of thepaperi L1 f e Cycl e Assessment (LCA)
cl eaner e n e rwasto dpvelapdmuentironmental assessment analysis of
an innovative, 6m diameter, 160kW, horizonéxis turbine built by ADAG and
deployed in the Strait of Messina. The methodolagglysedhe device against ten
impact categories using the functional unit mfe completed energy praction
system. In addition to thia comparison was made betweendleetricityrequired to
build the device and the power produced dulisigperationshowing a large net gain.
This led to the conclusiatimat the environmental impact the device was extremely
low, thereforeprompting further investigatios into the technology(Cavallaro &

Coiro, 2007)

In addition to this reportthe paperiiLife cycle assessment of oceanergy

t e ¢ h n o Wasexaméneddrhis paperdiscusses generalizedolistic assessment
of 180 ocean energy devickeg examining thenaterial resources used by some of the
major device components. Thmategorieswere as follows; structural elements
electrical elements, mooring/foundations amivpr takeoff components. Bta for
each of these elements wavided from an inhouse database. The report noted the
wide variety of devicedesignsowing to the early stage afevicedevelopmentnd
recognized the rol¢hat LCA could play to aid in the reduction of environmental

impacts(Uihlein, 2016)
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As a result of the limited number of tidal LCA studies, a numbedditional fields
were examinedOf particular interestarewind powerdeviceswhich share atriking
similaritytoh or i zont al incladkng key deSg@dngponents anth some
casesoffshore operatinggnvironments While not completely100% relevantthese

studiesprovidea better understandirgf theapplicationof LCA.

Wind Power LCA

The articlefi L i Cyate Assessment of Onshore and Offshore Wind EiieFggm
Theory t o depgstratesacomparative assessment of the emissions
between different turbines placed on and offshore, With a 2.3 and 3.2MW turbines
positioned onshore and 4 ant@/ turbines offshore(Bonou, Laurent, & Olsen,
2016) The report identified the different infrastructure requirements to support the
operationof the devices in each of the environmemsparticular, the requirements

to use large amounts of steel in the foundation monopiles during deployment offshore.
The article detailed the impact assessment methodology, outlining the Re€ife

and a functional unit of kWh of power delivered to the ¢pidientfy a preferred site

A number oflimitations were highlighted in the articlgarticulaty the lack of data
regarding the end of lifsituations of the deviceand additionallythe irability to
recyclesome of the major turbine componemamely theturbine bladeswhich are

made from composite materials and arersbably recyclable

Another article compares a 4.5MW and 250W device paying particular attention to
the impact that distance and transportation methods have on the overall LCA
investigationinto the GWP of the devices. The article identified that boats and trains
were preferable to the transportation of components compared to the environmental

impact that trucks have due to their ability to move larger quantities of materials.
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However, moremportantly, the article identified the possibility that different degce
could be better suited to different locations with respect to the environmental impact
and local power requirements. For exam@all rural communities were better
served by smadi-scale 250W turbirg owing to the reduced power requirements of

the local area, and the reduced environmental impact of moving a smaller turbine to
these sites when compared to the large material mass associated with the 4.5MW

turbine(Tremeac & Meunier, 2009)

Additional LCA Investigations

In addition to the aforementioned devkgpeci fi ¢ L CAOG S, addi ti o
across alternative industries were also examifibdse artiles detail the processes

for parametrization and decisianakingwithin the field of LCA and will be highly

pertinent to the development of a generic site selection tool

The article fiThe life cycle costing (LCC) approach: a conceptual discussion of its
usetilness for environmental decisiomaking discussed the application of LCC in
regards talecisionmaking within the building industryt identified andanalyseden
existing environmental accounting tools, including L®&forediscussinghe future

developmenbf decisionsupport tools tdridge any shortcomings.

The conclusion of the article identified the nded the development of decision
making support tog| which combines the experience of researsirem different

fields, to cooperate and develop the tool that appeals to multiple. isgrsrtantly the
article concludes that further research may leatetosionmakingtools that involve

people in the desionrmaking procesfGluch & Baumann, 2004)

Additionally, o particularnote forthis research is thenethodologydefining the

parametrizatioof themodel foranalyzingwind convertersTheapproactbehind this
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methodologydemonstratechow 330 parameterswere definedwith respect toa
number of different wind turbines and were then linkechitee key userspecified
parametersthat informed decisionswithin the model with respect to different
converters. The redslgenerateffom this model were compared with respect to the
functional unit of KVh of energy produced. In order to validate the findings from the
model, the results were compared to data sources from literature. This shatileel
results were similato the other literature, which acted twalidatethe model(Till,

2012)

Another article discussing the positioningf a biomass power plantvas also
identified. The methodology detailed the applicationGa&fographicalnformation
Systems(GIS) to site selecta homass power planith respect to two analysis
methods:Suitability and Optimalanalysis where gtimal analysis considered the
locaion of the biomass fuel and the power plant identifyitig effects of
transportatioriogisticson the impact of the Biomass impact. During the prQceks

was used to identify the | ecacsstt t r a n s pThis articlpreconimeralgds 0
that every bieenergy project should includend.CA (Hiloidhari, et al., 2017)This
particular article identified the importance of understanding site selection and its effect

on environmentaimpact due to increased transportation distances.

LCA in Site Selection

Another key findingin the field of LCA research ithe comined wse of LCA and
GeographicalnformationSystens (GIS)to conducS p a t i a.Thetke@r& érifical
findings for the development of a site selection tool, as they showcase the impact that
geographical location can have on the environmental impact of a pisEivce As

a result, it confirms the rationale behind the thesis objective, which identified a
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perceived impact of the site selection process on environmental findihgs.

following provides a summary of the key findings in this area of research:

Seagate, an electronics manufaatunas identifiel the effect of customer location on
the environmental impact afs products using LCA. This process identified that in
different regions of the globéhe company has different transportatrequiremerg

to reach their customershis is with respect to the distanbetween thie factories

and the endiser. This inevitably resulted in a change in environmental impact with
respect to changes in the distance. Additionallyas observed that energy usage
requirementsariedbetween locations during operational phasfebeir device Each

of theseelements affestthe final results This outlined the fact thawhilst the
components are built in the same plant, the environmental irtiEidhe component

will have is dependent dhe customés location(Seagate, 2020)

Additionally, the articlefi | n f | u e nspecificgparamsteérs an environmental

i mpacts of pmsed dthre@astagei methodology using environmental
impact as the decisiemaking element for selecting a preferred desalination scheme
(Maedeh P. Shahabi, 2014his is achieved with respect to s#igecific criteria and
adopts a 3 stageeathodology:Stage 1- Identify feasible plant locations, Stage 2
Develop a range of feasible scenarios for each of the sites identified, Stagat®y

a preferred scheme from the scemarmased on their environmental impact as
determined using LCAThe methodology developed was used to examine sites in
Western AustraliaWhile the methodology was used to selaé¢asible solution for
desalination plantghe findings werepurdy based orthe environmental impacand

it did not account for the fimecial effectsof implementingand running the schemes.
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Additionally, the articlefiGIS-Based Regionalized Life Cycle Assessment: How Big Is
Small Enough? Methodology and Case Study of Electricity Genevadietailed a
new methodology for giforming regionalsed LCAs, with particular focus on
examining the impact of hoan areds sizecanaffectresults. This methodology was
showcased with the exampletbkeimpactof power generation in thenited States
Typically in an LCA model this is defined wth respect to a global modfdr the
power producedh that country The paper proposem separatenodel inthe formof
regionalemission aread hese specifically examine the emissions of power generated
with respect to the identified area, with the resploviding a better representatioin

theemissionsassociated with powgroductionin that region.(Mutel, 2011)

3.3.9. Additional LCA Literature

In addition to thepreviously mentioned & at ur e, TheHiteh HikesG®Quiden
to LCAO providedadditionalinsight intothe LCA metlodology. The book provides
ausefulguide for undertaking an LCA and provides sped#tailon the application

of the metledology using example® illustrate the poin{Baumann & Tillman, 2004)

One keyaspecidentified in the book was the two digtt types ofL.CA; Accounting
LCA (also known as attributional LCAndChangeorientated_CA (also known as

Consequentid_CA).

Attributional LCA is used to determine thetandaloneimpacts of theproduct or
procedurebeinginvestigated The results of this investigation can be used in studies

to compare products/services and make environmental product declarations.
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In contrast, Consequential LCA typically looks at the impact that a decision has on the
findings For examplethis might involve examining the impact that two different
methods of manufacturing a componentédan the produds life cycle, and making

a decision based on tisefindings. This approach could also be adopted when making

decisions about site selection.

The type of LCA adopted by the proposed mdtllogy isessentiato consideras it

will help define theprocesdor conducting the LCA.

3.4. Software

The following section identifies and discusses the software chosen in order to
complete the investigatioaims It was identified that three specialist software
packages would be requiteone for assisting imvith the LCA analysis, a secorfidr
providing flow data for a siteand a thirdfor processingand combiring the results

together.

3.4.1. LCA Software

The data produced when conducting an LCA can be exparmsieeder b manage

this, a number of softwarpackagesave been developed to simplifye process via
computeraided management of the data. This streamlines the process for the user
allowing for more indepth analysis to be carried out on large scale systems. There are
a number of different software packages available each with its owefitseand

limitations. The bllowing is a shortlist of some of the wédhown softwargackages

1 GaBi
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1 Open LCA
1 SimaPro

1 Umberto

Typically, the LCA software is combined with Datasets in them of different
databases. As the das generated from measured values, the cost to obtain data can
often be very expensiyand as a result, the databases are very valuable. Data sets
have to be updated regularly and checked to ensure thiaféh@ation provided is
accurate. There are a number of different databases availablergyhosever most
software comes with inbuilt datasets. The chosen software for the undertaking of this
project wasGaBi, which along with the inbuilt database was purcha®edthe
duration of the projectvia the Liverpool John Moores Universityraculty of
Engineering and Technologyaculty equipment fund. Thelfowing subsection

discusses th&aBi Software in further detail.

GaBi

GaBiis widely regarded as one of the besttware packages to use when conducting

anL CA. The name comes from the Ger man wor
translates to fAHolistic balance sheeto.
Thinkstep as a tool to ease the undertaking of an 0®#. is achieved in the software

using three simple elements which are explaiaed illustratedin Figure 3-11

(Thinkstep, 2017)

Plans The basic worksheet that details the system that is being analysed

providing basianformationof the entire component.

Process Define stages in the production of the system being analysed outlining

the process being carried out at each stage of production.
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Flows Used to connect process and represent the flow of energy and material

being moved/used thugthout the lifecycle.

Main Pla

Figure 3-11: Hierarchical sysem of plans and processes@aBi (PE International, 2013)

Whilst the software provides a simplistic interface for the user, the main component
of the software ighe GaBi databases. These have been rigorously put together to
provide detailednformationon awide range of manufacturing processes that can be
defined in the model. Thisformationprovides the backbone to conducting an LCA.
The databases iBaBi are checke@nd updated yearly and built on six fundamental

conceptgThinkstep, 2017)

9 Data gathered from real industrial proeesand materials

91 Data sets are refreshed annually

1 All data is subjected to quality assurance checks

1 Anindependent, critical review of all data is carried out by DEKRA
1 Global datasets encompass different global regions

1 Informationis provided on how each of the individual dataiestvas gathered
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These six concepts provide a very reliable and regulatectesof data for the
databases. This ensures u8emnfidence in data that they utilise initheodels. As
a result of these factqr&aBiis used by commercial companies in a wide range of

industries.

3.4.2. Tidal Flow Software

Mike 3 Student Lab Kit
Mike 3is a specialist 3D modelling softwamhich isusedwidely in industry as a tool
to simulate a wide variety of hydrodynamic conditiomfowing designers to

determine operational conditions that tretnucturesnay face(DHI, 2017)

In order toassess particular site, a bathymetry model needs to be produced. This is
constructed using depth locations to nitagpseafloor. At a commercial ley#iis data
originatesfrom realworld measurements, suchaurate depth soundinghis data

is typically a very realistic representation of the seabed for the area. Hqwever
alternative sources such as Admiralty Geaan be used to provide a basic analysis

of the areawhilst still maintaining a fairly good degree of accuracy.

Once the model has been prodyciéccan be subjected to tidal shiftgithin the
software. This generates flow simulatiomkich flood and kb into the model from
along the inlet boundary edge as specified. This results inflowationacross the
model as water level changes. Users can take specific flow data from an unlimited

number of pointshroughouthe model.

The Mike 3 softwarés produced by DHlandhas previously been used to site select

turbines in the river MersefKelly, BlancoDavis, Michailides, Davies, & Wang,
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2018) In addition to thisthe software isisedby the EMEC. This was highlighted by
theevidential support that the EMEC provided for the Maaeident Investigation
Branchreport into the sinking of the Cemfjord in the Pentland Firth in January 2015
(Marine Accident Investigation Branch, 201%his was showcaslwith the software

being used to detail the expected tidal flow conditions during the disaster.

The software requires the construction of a model area that is subjected to tidal
conditions based on the inbuilt global tidal model of the softwidoavever,this
process of modelling has to be validated extensively to ensure that the defined model

areaconformsto the examined site.

POLPRED
POLPRED is aspecialist tidal flow prediction software used in offshore industries for
analysing tidaturrents at varying sites within UK waters. The software was developed

by the National Oceanography Cen{fdOC, 2019)

The software uses aid layout and numerical modelling to interpolatead@abm
harmonic constantseween the gds with respect t@ range of sourceicluding

data from the UK tidal gauge networkdne advantage of the software is the-lpuét

model that has been generated from a combination of data sources to define the
bathymetry of the UK castal area.The model has undergone a rigorous validation

process with data from tidal gauges used te-fime the modgINOC, 2005)

3.4.3. Data Processing- Excel

Excel is a globally used spreadsheet program developed by Microsoloffivare

consiss of gridded cells thatare arranged across 16,384 lettered columns and
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1,048,57humberedows. The first version of the software was originally released in

1987 and has since been updated a number of times to the current office 365 versio

Overthe32y ear period of operation, Excel has

friendly and easy to understaidicrosoft, 2019)

Excel has previously been used to process large amounts of tidal data using the 484
functions built into the softwar@elly, BlancoDavis, Michailides, Davies, & Wang,

2018) Excelallows the user tperformsimple task such as calculatiorss well as
solving complex mathematical problems. Whilst there are a number of other software
packageshat are capable of processing data better then Excel, Excel was chosen due
to its commercial availabilitywhich means that a user will already be familiar with

the software and typically have it available to thesducing therequirement to

purchase additional licences.

3.5. Conclusion

The completion of the Literature Review brings about the conclusions of the first two
aimsof the project Theseoutlined the requement tanvestigatecurrent literature in

the fields of Tidal power and LCA he following remarks, identified in bullet point
form, highlight the mostmportantfindings in the chapterand as specified in the
research desigmethodology, this will be spgnificant in the development of the

proposed methodolodgr site selecting turbines.

1 TSGs tnodular design allows them to be deployed one at a tiree mase

in arrays
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Current TSG technology shows that it is reaching the point of commercial
deployment with a number of schemes

It should be noted that currentlyrere is no obligation for a company to look

at the environmental impact of the devices outside of the direct area of impact
of the turbine

The philosophy of Life Cycle Thinking enc@ges users to assess multiple

i mpacts of changes to a productos |if
different areaspromoting a greater understanding of the impact that a product
or service might have and encouraging holistic decisiakingto reduceits
impact The impact is typically assessed and quantified using LCA.

The typical functional unit used to defipower generation fothe GWP
impact caggories is gCQeqg/kWh. This functional unit accounts for the
production of energy from a devideowever it doesnot define thdinancial

costs associated with it

Parameters can be defined within an LCA methodology to create a generic tool
that can then be tailed to the user requirements via the alteration of the
specified values.

LCA has previowsly beenused in site selection. Thisequently involves
combining the assessment with geographical information to creatie a s
sekction methodologyfor identifying a preferred site with respect to the
holistic environmental impact. Of particular not@svthe identification that
changes in delivery distance and arggr energy requiremeniuld impact

the final resuk.

There has yet to be a published paper lookinghatenvironmentaland

financial impact ofsite selectingidal turbine. Current TFS reports instead
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focus on the immediate environmental impact at the site with respect to
wildlife and LCA studies have beemmducted post device deployment and
with respect to hypothetical sitetypically investigating environnmeal

payback periods.

Thefollowing software packages wediscussed andourced for the project,

POLPRED,GaBiand Excel
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CHAPTER 4: DEVELOPED METHODOLOGY

OVERVIEW

4.1. Summary

The following chapteprovides aroverview ofthe proposednethodologydevelgped
from the findings of the literature reviewhis is achieved bylefining the initial
conceptwith respect tothe project objectivesThe key stages of the developed
methodology aréhenexplained in detail in the following chaptevih respect t@ach
key work packageadentified. Namely: The Site and turbine specificatioechnical

Feasibility Study (TFS), Life Cycle Analysis (LCA), and Combination Tool

4.2. Initial Concept

The completion of the first two aim of the investigatimentified the emergence of

tidal power as a renewable energy souspecifically highlighting the current interest

in the commercialisation of TSGs due to their low capital cost and modular nature.
This has presented the opportunity for smaller companies to develop and deploy their
designs, generating interest in investment and commercialisation of the device. As a
result of this, it is expected there will be increased deployment of these devices in the
future, with companies looking to take advantagfetheir ability to generate

predictable and renewable electrical power.

At this time, site selection techniqudéscus primarily onthe known financial

implications of the schemeéWhile there are requirerés to assesshe direct
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environmental impact on wildlife aan intendedsite, currently there are no
requiremerd to assess the overall environmental impact that the dedce | i f e cyc
has on thedeveloper and, indeed, thpanet. In a world tackling chate change
companies areontinuouslystriving to improve their carbon footprirto achieve this

they areusing tools such as LCA to assess impact.LitexatureReview showed that

tidal energy systems evaluated using LCA are typically assessed sp#tteo their

GWP, in the unit of Emission of gCeg/kWh. Whik this generates a standard unit

for comparing different methadof energy production, it provides no direct
informationto the users about the actual emissions of the device, or more imigortant

the financial implications.

These discoveries highlighted the need for the development of a methodology for a
site selection tdain line with the 4th objective of the projedthe tal will have to
combine the results from a TFS with those ofL&A. This will help companie$o
betterunderstand the impact that their degiad@ll have. Whilst tidal power is already

a renewable source of energydoes not mean that the process of harnessing it cannot
be improved environmentally. As a result oistithe developed tool will allow the

user to make a site selection decision with respect to both the financial and
environmental impact that site selection Hasorder to facilitate the completion of
objective 4, objectives 2 and 3 will have to be adsked. These objectives identify the

necessityof developingnethodologies for the LCA anFS adollows:

1 Objective 2- An LCA will have to be conducted to assess the environmental
impact of positioning a device at each site. However, in order to datethe

true global impact that the device will have, a holistic analysis will be carried

67



out. This will involve determining the impact across the entire lifespan of the
device from cradle to grave.

1 Objective 3- A TFS methodology will have to be developed, not awaly
identify the sites available fateploymentoutto scrutingse sites with respect
to the financial impadhata deviceata particuladocation will have. This can
be used to determine if the schemmdinancially viable- an important factor

when dealing witttommercial decisions

It is expected that the process of site selection is going to affaahber of elements
of each of themethodologiesand as a result, impact the findings of the comathin

methodology as follows:

1 Changesn distance from the site to the grid connection point will affect both
the financial cost and material mass of the cable. This will have a resulting
effect onboththe environmental impact and the initial installatiostanf the
turbine.

1 The distance fronthemaintenance and construction port to the site will affect
the fuel consumption of any vessel transiting between thdms. will have
both a financial and environmental impact associated with the fuel required to
complete tle journeys.

1 There will be inancial implications of the turbine operating at each of the

differentsites.

Some of thdindings from each study can be usednform decisions in othestages
of the investigationThis results in thdevelopment of a methodology which reqgaire

data to be shared between the two studies. One example of data being shared is the
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distance data generated in the TFS. This data will also be useful to determine the fuel

consumption of a vessel trdineg thesedistances during the LCA.

Once the results from the TFS and LCA are generated, a nsatialimethodology

will be applied to combine the results. The resulting score for each of the specified
siteswill thenbe used to determine the optimum site for tagbideployment, with
respect to both financial and environmental factors. In order to create this tool, the
following methodology is proposed and develodedher over the subsequent

chapterg}, 5,6 and 7.

4.3. Proposed Methodology

The proposed methodology for a combined LCA and TFS site selection tool for TSGs
is depicted inFigure4-1. This process is then further explained, with respect to the

key stages identified.

Stage 1 Site Turbine
Specification Specification

Technical Life

Stage 2 Feasibility Cycle

Study Analysis

Stage 3 Combined Decision Making Tool

Figure 4-1: Stages of the developed methodology
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Stage 1:Site and Device specified by the user and relevant data gathered.

Stage 2:TFS and LCAanalysisto be carried out for the specified site and device.
Data isallowedto flow between the two models, namely the distanfcgmationfrom
the TFS to the L& and fuel consumption from the LCA to the TFS, allowing

calculations to be completed for both.

Stage 3:The resuls from the LCA and TFS are combined in the Decigidaking

Tool. This tool combinesand ranks the sites, identifying the preferred site for
deployment. The methodology will usenarmalsed weighting systemThis allows

the user to define their own weightings with respect to either the financial or
environmental aspectd the site This will allow the user to tailor this methodology

to theirspecific requirements.

4.4. Data Sharing Arrangement

The definedmethodologyproposes that data will be shared between each of the key
stages. As a result of this is important to understand the langgumeof data that

will be generate@nd sharedn order tovisualisethis movementFigure4-2 details

the dateexpected to bgenerated at each stagadshowshowthis will flow between
stages This data flow is particularly important to understand when data is used to
inform calculations within subsequent stageghe case of Stage 2 and 3 date is
situated on the lefand data generatday theindependent methodolag, and hence

i o uig$ sbatedn the right.
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Stage 1 - Device Stage 2 A - TFS

+ Device specified * Device specified *  Site suitability
* Design hife * Design life * Average power
* Rotor diameter or swept area * Rotor diameter or swept area * Site location
* Cut-in power * Cut-in power * Grid connection points
+ Rated power output * Rated power output * Financal information
* Flow speed at which rated power * Flow speed at which rated power is achieved + Distance information
1s achieved * Financial information
* Manufacturing and operational * Flow speed
information * Minimum and maximum water depth
+ Financial information * Key Infrastructure
* Deployment vessel specification * Shipping lanes

: Gud ction specification Pl T e izt Stage 3 - Combination tool
* Device performance areas,

Key information

* Fishing zones Key information
Sub-Sea nfrastructure * Financial

information
*+ gCOZ2eqkWh
Distance data * Fuel usage
* Harbour to cable * Cable information Additional info
site ; * Site suitability
. Hat’oourix_: site * Average power
+ Cable to site

*  Site location
*  Grid connection

1

points
Flow speed o Tissrm
* Minimum and maximum water Stage 2B-LCA information
depth * Fuel usage
+ Key infrastructure * Device specified + gCO2eq/kwh + (Cable lengths
+ Shipping lanes * Design life * Fuel usage
* Additional Hazards, e.g. military * Manufacturing and operational information * Cable lengths
testing areas, * Deployment vessel specification
+ Fishing zones * Gnd connection specification

* Sub-Sea infrastructure

Figure 4-2: Data movement and sharing betweéagss

Combined site score
Financial score
Environmental site
score

Additional info

Site location
Average power
produced
Operational
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Grnd conmection
point
gC02eq/lewh
Financial
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4.5. Contribution to Knowledge

It is envisioned that theedelopment of this unique, forwatdinking methodology,
which assesses tidal power sites with respect to faséimcial and environmental
factors, will be akey contribution to the pool of knowledge. Howevére main
contributionis expected to be thmol/methodologydeveloped This isbecausehe
tool will be able toprovide decisionsupportwith respect to botHinancial and
environmentalfactors This is particularly importantn the fledgeling tidal power
industry ast has the chance to effect change as the industry grows and mahees

tool proposed in this chapter is further developed across the subsequent chapters

4.6. Conclusion

It is expectedhatthis methodology will resulin the creation ofa holistic decision
making tool. By encompassing the environmental results from the LCA alongside the
financial findings of the TFS, the tool can be used to site select the optimal tidal turbine
location with respect to both the environmental impact and financial costs. The
following chapters go on to detail the development of this methodology, identifying

and explaining the key stages identifiedrigure4-1. These are as follows:
Stage 1 CHAPTERS: SITE AND TURBINE SPECIFICATIONSTAGE1)
Stage 2A CHAPTERG6: TECHNICAL FEASIBILITY STUDY (STAGE 2A)
Stage 2B CHAPTERTY: LCA STUDY (STAGE2B)

Stage 3 CHAPTERS: COMBINATION TOOL (STAGE3)
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CHAPTER 5: SITE AND TURBINE SPECIFICATION

(STAGE 1)

5.1. Summary

The initial phase of thenethodology ighe selection of both the site atigkturbine.

Both of these elements will have to be identified by the, asel thé characteristics

will be unique to the study. As a result of thay findings will inform the site
selection with respect to these. In order to provide the data required to conduct the
TFS and LCA a large amount of specififormationwill need to be sarced for each

of them. Thignformationis detailed in the following subsections.

5.2. Site-SpecificInformation

Once a site is identifiecite-specificdatawill have to begathered. This data might
have to be collected fromeveralsources and will have to includenformation

regarding the following element

1 Flow speed data

1 Minimum and maximum water depth data
1 Key Infrastructure

1 Shipping lanes

1 Additional hazards, e.g. mthary testing areas
1 Fishing zones

1 Subsea infrastructure
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A key source forthis information is an Admiralty Chart. Admiralty Charts are
specialist nautical chartpublished by the UKHydrographic Office, a UK
governmental department. These charts contaange ofinformationfor specified
nautical areas. This data includes flow speeds, water deptkeaubfrastructure and
shipping routes. Therefore, it is recommended that the appropriate chart be sourced

for the site selected.

5.3. Device $ecification

Onee a device has been identified for the ditégrmationon the operation of the
device will need to be defined. Typically, this is presented in the specification of the
device This outlines key operationainformation for the deviceincluding the

following;

1 Design life

1 Rotor diametefor swept area

1 Cutin power

1 Rated power output

1 Flow speed at which rated powelaishieved
1 Manufacturing and operationiaformation
1 Deviceperformance

9 Financialinformation

This informationwill be required for conpleting both the LCA and TFS elements of
the methodologyAs a result of thishie findings of each will be with respect to the

device specified.
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It should be noted that the site identifiedl likely have an effect on the turbine
specified. This couldbe due to restrictions that apply to the ,sstech as water depth
or flow speed. As a result of this, an initial assessment should be made with the limited

data for the site to ensure that the device selected is suitable for deployment at the site.
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CHAPTER 6: TECHNICAL FEASIBILITY STUDY

(STAGE 2A)

6.1. Summary

The following chapteroutlines the proposed TFS methodology. Firstly, an overview
provides a brief outline of the TFS beforthe individual stagesre defined for
assedsg the feasibility of asite The subsequent subsections will outline the
following stages; Sitdnformation Distance tolnfrastructure, Inclusion/exclusion
Criteria, Flow Data, PowelGeneration calculations and Optinfdsitioning of the

turbine before concluding with the Financledsessment.

6.2. Overview

In power generation, BFSis used to assess the potential of a site before development.

This is accomplished by examining the strengths and weaknesses of the proposal
against a technical and financial specificatibtnh er ef or e assessing tt
the project. Typically, there are a number of key components that are used to assess

the projectbs feasibility; these include:

1 Site surveg i ldentifies potential sitesand discourst areas that cannot be
developed due to specific constraints (e.g. shipping lanes, subsea wrecks,
seabed conditions).

1 Infrastructure requirementsldentifies grid connection points and site access

routes.
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1 Predicted power generatiénProvidesan assessment of the power available
at specific pointacrosghe site.
1 Financial analysi$ Determines the costs and potential earnings of the site

accounting for material usage and the power generation.

In order to assess power availability at the, satéechnical specification is required,
containinginformationabout the device being positioned at specific pabtise site.

This includes the device characteristics such as rated capacity, required operating area
and swept area (for turbine3his information will have been sourtan the first stage

of the methodologyUsing thisinformation the site can be assessed to identify any
points wherghe device cannot or should not be deployed. This could be due to breach
of one of the specified criteriguch as incompatible water depthspping hazards

or seabed conditions.

Once sites have been identified for development, potential power generation can be
calculated using flow data for the site. Flow data can be obtained dpewialist
modelling sofware or orsite measurements. This data provides a reasonable
assessment of the conditions expected at the site and hence can be used to calculate

the power outputs of the device.

Once an average power output has been established the financial vhleig@ajé¢ct

can be determineth order to calculate this, the costtbédevice has to be accounted

for and then offset against the profits generétech thesaleof powerto the national
electricity grid. Coss will include the initial capital cost ofhe turbine, the grid
connection cabléhrough tomaintenance and decommissioning costs. Profits will be
calculated considering the power output of the turbine, device life span, strike price

and loss in earnings due to turbine downtime.
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There are a numbef different ways of displaying financiaiformation However
the two key methods atbe PaybackPeriod the time taken for the project to break
even and the Cost of Energy production, which details the cost associated with

producing electrical energy {ft/kwh).

The findings of the feasibility studgaturally influence decisions on whether to
proceed, redesign, or canegbroject. Typically, the siidentified will be subjeed

to further analysis using data gathered frorst@ measurements. This is required to
corroborate the findings of the initial feasibility study before a device is physically

deployed at the site.

Once a site has been selelc#nd the relevant documentation sourced, the initial phase
of the TFS can beginvith the breakdown of the large site into smallerore

manageablsub-sections.

6.3. Site Breakdown

In order to holistically assess the site, the site identified will have tordken down

into subsections each with a known geographical locatioasdlbcatiors will be
specified as grid points with respect to their Longitude and Lafijmwaeviding a
precise location for each sit€he size othesesubsections will depend arumber

of variables, such as tlavailability of data or required separation distabheeveen
devices. By suddlividing the site into sections, a comparison can be made between
them to identify the optimal positions within the whole site. An example wfasite

can be broken down is shownRigure6-1, which identifies 73, 1km by 1km sites off

the east coast of Orkney near Yesnaby.
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AW | AX AY AZ BA BB BC BD

BE BF BG BH Bl BJ BK BL
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Figure 6-1: lllustration of how a grid can be used to divide a ¢®»ogle, 2020)

Whilst geogaphical coordinates such as Longitude and Latitude values can be used to
define the location of each ssiies, an alphabetical lettering system can be used to
reference each of the sites identified as seéfiguare6-1. It should be noted that the

cente of ead site is the point at whide individual siteassessment will take place.

6.4. Distance to hfrastructure

In order to calculate the distance from key infrastructure ptmrgach of thedentified
sites, key infrastructure points have to téeterminedinfrastructure for tidal turbines
will include ports, for construction and maintenance aiiyi as well as grid
connection poirg Once establishedhese site can be mappedith the individual

sites using the Longitude and Latitude values for their location.

In order to determine the distance from the site to the infrastructure points, a 2D
representation of the site can be generated. This is achieved using the defined size of
the site and the geogtaipal values for each individual site and infrastructure points.

By defining a 0,6reference poinfior the site, the geographical Longitude and Latitude

values can be converted to values of distance. This is achieved using the known
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distance of the site divided by the ratiotbé difference between the geographical

values to the reference point. For exdenp

The Latitude of site A is 53.0BInd site B is 53.5N. The distance between these two
values (Y) is 55.6knT.he infrastructure point, C, is located at a latitude of 53.17N

and is the 0 reference value for the calculation. The distance from C to Ausated

as,
A - .
00D =— YOO (6-1)
Y0 0O
b0 — P Q4
—— v Vo
& Uo @ X p @
And C to B as,
A . _
OB — V86 (6-2)
Yo 0O
L @ @ 0
00 — v v o a
v® uvo P X &

This methodology can be applied in both the Latitude (N to S) and Longitude (E to
W) directions. This allows the user to determine the X and Y components for the
distance between the infrastructure point and each subsitstraightline distance,

the distance travelled to the site (2),

d 0 © (6-3)

While this method determines the distance for strdiigiet travel from the
infrastructure point to the site, it does not account for situations where this is not
possible. An example of this is an obstruction duedastal geography. In order to
account for ay such obstructions, a nodal approach will have to be adopted. This
means that the journey from a point to the site will be broken down into separate

stages. The results of each of these stages are then combined to calculate the actual
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distance travelledrigure6-2 displays onesuchexamplefor when this additional step

may be required.

Figure 6-2: Annotation of the mdal approach tdhedistance to infrastructure

It should be note that while this method is not completely preeigs itdoes not
account for the curvature of the earth, it provides a good approxinodtioa distance
between sites. This is because the curvature of the earth has negligible effects over

relatively smallsitedistances.

In the event that there are multiple infrastructure points capable of serving the site, the
method can be applied to &aof the infrastructure points identified. The resulting
distances can then be compared, with the shortest distance being used to determine the

optimal infrastructure point for thatarticularsite.

It should be noted that distance data generated from this process is shared with the
LCA study. This willinform the results of the transportation phases of the device and

the length of the grid connection cable required to connect the site.

6.5. Inclusion/Exclusion Criteria

Exclusion criteriaareused to identify sites that are rsoiitablefor turbine deployment
Sites can be excluded for a number of reasons relating to hazardsonfoomityto

thedevicespecification As a result of thispformationabout the site and the device
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has to be taken into account at each-sitd This ensurs that the sites capable of
hosting a device. Any site that does not meet the requirements or poses a hazard can

be excluded fromhie analysis. Examples of exclusion criten@ude the following

1 Shipping lanes

1 Maximum water depth specified by the device
1 Minimum water depth specified by the device
1 Subsea infrastructure

1 Fishingzones

1 Wrecks

1 Military firing ranges

It should be notechat additional exclusion criteria might lekentified andappliedto

the site In these casethose consideratiorshouldalso be included at this stage.

Each subsite will have to be analysed according to the exclusion criteria points
identified. This wil determine if the sitesonformto the requirements or not. The
results ofthis analysiscan then be plotted using assigned numtmedetail if the site

is excluded or included. For simplicity, @6 will indicate that a turbine can be

deployed at theit®, and other values can indicate excluded sites.

The results from these assessments are then amalgamated to identify the sites that are
suitable for deployment. This process is seen showcasegure6-3, which displays

how two studies are combined into one. In this example, values of 1 indicate exclusion
due to water depth requirements and 2 due to subsea CHieesults of these two
studies can then be combined into one, with the sites having a cosvare of 0

being identified as capable of hosting a turbine. In this example, only 13 are available
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from the initial 45 sites identified. The remaining 32 sites have been excluded from

the study as they amecompatible
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Figure 6-3: Example ombination of exclusioariteria, from left to right, water depth requirements, subsea

power cables andombinedesults.

It should be noted that additional exclusion criteria might also be specified later on in
the project This might include values fa minimum return on investment (ROI) or
maximum device cost. These cannot be applied until after the results of the TFS are
generated and can be used to influence the results of the combined d®eaikiog

tool.

6.6. Flow Data

The power equation for a TSG identifies that the velocity of flowing water has a
substantial effect on the power generated by the device. Hence the flow speed at each
site needs to be determin&tthilst it is possible to collect reaorld measurements

for each of the sites, this typically requires a large amount of time and resources to
gather. As a result of this, specialist software packages can be used as an initial data
source for identifying potential deployment sites. This mewag aninformed

decisioncanbe made with respect tbesite
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Once a site is identified as the optimal deployment location, the specificardse
analysedfurther with realworld measurementto corroborate the findings. This
processaves a substaal amount of bothime andmoney that would be required to

gather data for thentirearea

Thereis a wide range of specialist tidal powenftsvare such asMIKE 3 and
POLPRED Theseallow the user to analgs site to determinearious elements such

asflow speed (m/s)low direction (deg) and tidal height (m).

Owing to the nature of tidethe flow rates at each site constantly change over time.
This is caused by the gravitational interaction betwee&uhgEarth andMoon This
typically resultsin higher flow speeslbeing generated few hours either side tfe

high tide. In addition to thjghe tidal phasesaffect the flow speeds with spring tides
generating faster flow speeds and neap tides slower ones. This effect varies between

these two peodsand makes up the lunar cycle.

In order to account for these varying conditions and provide an overall analysis of the
tidal flows at each site, the time frame for any analysis will have to cover at least one
lunar month. This will provide am-depth analysis of the flow conditions across an
entire cycle from spring to neap and back again. The flow data generated from the
software will then be used later to calculate the expected power output for a device at
each site. In addition to the flospeed, data for the flow direction and height at each

site will be generated during the analysibich may also be required.

It is recommended that any results generated frioensoftware are corroborated
during a validation phase. This will help ensure that any data generated from

modelling software corresponds to known values for the site. This validation can be
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achieved by comparing results from the model to dtegsources of data such the

Admiralty Chart.

6.7. Power Generation

The flow rate at each site will change over time due to the aforementioned interactions
between th&un, Earth andvioon. In order to calculate a power output for the turbine,

an iterative process will be requireddetermine the power output for each of the time
step defined in the flow data. The average paaérulatecbver this time can then be
used to determinthe power output of the turbine over longer durationth respect

to the variable flow condition§.he standard equation for calculating the power from

aTSG is

I I (6-4)

Where | is the de’nAisthesweptfaresof thenattine bladgsk g/ m
(m?); vt is the velocity of water flowing through the turbines at time step (t) {G/s)

is the turbine coefficiendf performanceP; is the power output at time step (t) (W).

While some of the factors are defined by the site, such as the water velocity and
densty, a number of factors are limited by the specification of a turbine. These include

the swept area andoefficient of performanceof the device Additionally, the
specification of a turbine will typically outline a eut speed and flow speed at which

rated power output is achieved. This will have to be considered when calculating
power output from a devic&his isbecause if these conditions are not met the device

will not be capable of producing power. The following setiionslook at these
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componentgletailing the individual steps to develop the power calculations for two

different types of tidal devicefixed and Yawing devices.

6.7.1. Power Ratings

A turbine operates in three distinct power pha&ated, Noroperation and Ctin.
These are typically spdied by the turbine manufacture and are dictated by the design

of the device. The following is a definition of each of the power ghase

1 Rated power is the maximum power that the device is capable of producing

1 Non-operational is where the flow speed o&ter thhough the turbine is
inadequate for power generation to begin. Typically, most turbines require a
flow speed of between 0a&hd1m/s tobeginpower generation

1 Cutting inT This stage covers power generation between the Rated and Non
operational phases as a result of there being sufficient flow to start power
generation but ndb reach the full rated capacity of the turbine. This leads to

variations in power oput between zero and the rated maximum of the device

In order to account for thithepower generated from a device has to be analgsed

the correct power phase idergid. This then allows the appropriate restrictions on the
power output to be appliedable6-1 shows the resulting power output at different
stagesassummg P is the power calculated for the device. The different phases can
also be used to analyse the turbine with respect to the amount of time it spends
operating in each of the phasd@ypically the goalis to maximisethe time that the

turbine is operatingt its rated power.
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Table6-1: Power phases of a tidal turbine and power output

Analysis Phase Output

P > Rated Rated Rated Power
Rated > P > Cut in Cutin P

Cutin>P No operational 0

This process is automated in Excel using the IF Function. The IF functionscheck
whether a condition is met and returns a specified true or false value. This is achieved
using three specified elements; a logic test, valukriie and value if False. The
function can be applied to the power phases of a turbine identifiéichlihe 6-1
resulting in the equation where the actual power output of a device;aR le
determined with respet the conditions. Where P is the calculated power output, R

is the rated power of the devj@nd C is the ctiin power.

06 YIVHO'D 6D (65)

Ca

6.7.2. SweptArea

The swept area of a turbine is outlined in the specification of the device and is defined
asthe maximum are@ whichthat the blades rotate. For most tidal devices the area
can be calculated using the standard equation for the area of a circle.
el (6-6)

T
Whilst this define the swept area of the turbine, the swept area exposed to the
oncoming flow is not always a constant.
categories, Yawing anBlixed devices. These categories refer to the ability of the

turbine to rotate/yaw. In the case of yawing turbines, the turbine has the ability to track
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the oncoming flow and rotate to compensate for changtseitow direction. This
ensures the maximunwept area is exposed to it. Fixed turbires not have this
ability. As a result, changes in flow angles result in a reduction of the swept area
exposed tahe oncoming flow. This change is with respect to both the flow direction

and the directional placemnt of the turbine.

The following sectioadiscuss Fixed and Yawing turbines furtreerd separate power

equations are developed for each type of device.

Yawing
A Yawing turbine allow a manufacturer to maximise the device power output by
controlling theyaw ofthedevice. This is achieved by rotating/yawing the turbine in

order to expose the maximum sweptaarethe oncoming flow.

Turbines such as AtlantiResources AR1500have active yaw control using
mechanical systerfAtlantis Resources, 20167 he inclusion of these systems in a
device design comes with increased mechanical complexity and cost. Alternatively,
devices can be passively yawed. This is achieved using the flow of water to help
position the device, much like a weatheme pointing into the direction of flowT his

has the advantage of not requiring energy or complicated machinery to assist in the
process. However, a specific device design is requivbith can lead to an increas

in cost. One example & passively yawing system is the Scotrenewables SR2000

(Orbital Marine Power, 2019)

Typically, yawing systems are incorporated into larger devices, both in power and
size, to optimsethe power they duce. The cost of these systems is typically offset

by the extra power generated over the systdatime.
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Fixed

Alternatively, a number of tidal turbines are fixed. This mahatthey are unable to
yaw, leading to a reduction in exposed surface area with varying flow direcBgn
excluding the abilityof the device to yaw, the initial capital cost of the turbine is
reduced. This is why the majority of test turbines are fixed, as developers lookeo refi
the initial design beforsubsequentlimproving the devicperformanceExamples of
fixed turbinesincludethe aforementioned SeaFlow, SeaGklarine Space, 2016)
OpenHydro (European Marine Energ€entre (EMEC) Ltd, 2018and theNova

M2100 (Nova Innovation Ltd, 2019)

6.7.3. Directional PlacementEffect on Swept Area

Equation(6-4) is valid for all turbines that have the ability to yaw. This is because it
can be assumed that the yawing device ensures that the maximum frontal area of the
turbine is constantly being expak® the oncoming flonHowever, for fixed devices

the exposed area of the turbine changes with respect to both the turbine placement and
flow angle. An example of the effects tre swept area is shown Figure6-4. This

showsa representation of the exposed area at different angles betgderadon

flow to 903 sideon flow.

0 25’ 45 700

Figure 6-4: Representation ofxposed swept area at different flow angles
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In order to calculate the exposed swept area (Af), the follofemmgulahas to be used

Where A is the original area of the turbine®lm and &d i esbetivderethed i f f e |
angle of the turbine (dt) and the flow d
absolute value (a number without its sign) to ensure that a positive area is determined.

This can be achieved using the absolute function (AB&Xael. Dag for the flow

direction is obtained from the flow data generated in the POLPRED model. It should

be noted that angles are specified with respecttxalling North, 99East, 188

South and 278West.
6 6 Al 66 'Y— (6-7)
This calculation is further demonstrated in a case study for a 10m diameter turbine

seen inFigure6-5.

Turbine position

Flow direction

180

Figure 6-5: Turbine svept areaexample

The turbine has a specified swept area of 78%54&ituated at an angle of 8%ith
respect to a flow angle of 28Cthelexposed swept area can be calculated to be as

64.33m, a loss of 14.2f

X®T1T Al D6 Yuv cYymnm o®o
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This new value ofhe exposed area is then used to calcullasgpower output of the
device. This will result in a loss of power generated at the site due to the reduction in
the exposed area. Ehloss in power can lead to a significant impact on the power
produced by the turbine over its lif&s a result of this, the optimum deployment angle

becomes an important consideratwinen deploying fixed devices

In addition to the loss of area, a fixadbine is exposed to two directions of flow
through the front and back of the turbine. The front is clear of obstructions allowing
the water to pass into the turbine easily. However, when water flows into the back
there can be an interaction betweeanftbw and the structure of the device. As a result
of this, the Cp of the device is likely to be impacted. This is not the case for yawing
turbines where it can be assumed that the device will always poinbheatb the

flow.

In order to determine the flow is into the fronbr back of the turbinghe difference

bet ween the turbine pl acetodeadnsidered THishe f |
can be achieved using the AND function in Excel. The AND function works as a logic
check to determine if multiple criteria are met, returning either a True or False value.

By defining Gas the front of the turbinea ny v a |l tha is farger thase &but

less than 27€indicates the flow is into the back of the turbine. As a result oftties

following equation was developed to indicate which Cp value should be applied.

b0 O— wig xtY— p (6-8)
Note that in the equation, the function is multiplied by,ahes is to adjust output
defined in Excel fronTruefalse text into a numbéormat As a result of thisFalse
outpusproduce & value, identifying flow into the front of the turbirend True result

produce a value of 1, indicating a flow into the back of the turbine. This function can
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then be used to define which Cp value to apply to the power eqié@titomw into the

front or back of the turbine.

6.7.4. Combined Power Calculation

The following subsections identify the combined power calculations accounting for
the Power ratings, swept area and directional placement for both a fixed and yawing

TSG.

Yawing

The equation for a Yawing turbine only has to account for the power ratitige of
turbine This is becausie can be assumed that the maximinomtal area is constantly
exposed to the oncoming flow. This equation can be developed by combining the
standard equation for power from a turbine with the equation developed for the power

rating. This results in the following equation

” A = ” - =~ ” . =~ (6-9)
ot o~ @ O SNAINAT AT @ O v~ ® O
v 00 YRYHOO ohrth
S C
WhereRi s t he actual power producddisihe wat t :

swept areaf the turbine(m?), v is the flow velocity (m/s), gis the coefficient of

performanceor the turbine, R is the rated power of the turbine and C the cut in power.

Fixed

The calculation for dixed turbine is more complicateid define This is because it
has toaccount for the varying flow direction. As a result of thise equatios
identified in the previous secti@medisplayed inTable6-2 in theformatthat theyare
usal in Excel.
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Table6-2: Equations used to calculate power from a Fixed turbine

Name and denotation Equation
Flowdi r ecti on ( (ABS(d- db))
Sweptarea (A) (ABS(A*COS(RADIANS (&))))
Power in kKW (P) ( (0. 5#%/M00A* v
Cp Indicator (Gl) ((AND (&l >90,2703a))*1)
Powerincluding G (Pc) in kW P*IF(Cepl, CoB, CoF)
The pwer generated (Pa) in kW
(IF(Pc >R,R,IFPc <C,0,Pc)))

When combined, these equations create the complete equation for power from a fixed
turbineWherse,s d he wat eirs ftlloav tammrghiene dpl ac e me
water density, v is the flow velocity, R is the rated power of the turbig®,iCthe

value for the Cp whetheflow is into theback of the turbine andpE is the Cp when

theflow is into the fromn.

0® 00 Mz”2z 66§26 0 YO 000 BY¥Q—0 (6-10)
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Note that additional functions have been used in this equation due to the way that
Excel operates. Namely the ABS function, which returns the absolute value and the
RADIANS function, which convertsmaangle from degrees into radianghis is
requiredto use the COS function iBxcel. In addition to thisit should be notethat

the G Indicator (Gl) equation identified infable6-2 acts as the logic check for the
Power including @ equation hence there is no separate logic component defined in

the finalequation.

It should also be noted that it is possible to tis&®equation to calculate the power
from a yawing turbineThis can be achievdsly def i ni ng the angl e

as the angle of the flow (df) i f require:

Optimal Directional Placement ofFixed Turbines

As previously discussed, the directional placemofa fixed deviceaffects power
output. In order to account for thtke optimal direction will need to be identified and
then specified for the turbine as part of the feasibility stlilis can bechieve using

the power calculated from the devisguated at different angles aachsite. The
results from each angle will have to be analys&ti respect to the average power
produced at each angle, with the maximum average power output indicating the
optimal turbine angleThis will allow for the icgentification of the optimal angle for

the turbine placementhis can be achieved using the power equation developed for a
fixed turbineand iterativelycalculating the average power at varying angles over the

specified period, in this casglunar month.

An example of how the angle of the turbadfects the power outpus sen inFigure
6-6. This figure showcases tlaveragepower output of a 9m dmneter, 100KV rated

turbine over a single tidal period of h@urs and20 mirutes with respect to different
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angles of placement in ofkegree increments. In this example, the optimal angle for
this turbine is determined to be ate®hen the maximum averagpower output of

48.05kW isachieved.

Average power ouput over one tidal period for
varying device angles

(2]
o

a1
o

N
o

w
o

N
o

® av power

Average power (kW)

[y
o

o

0 30 60 90 120 150 180 210 240 270 300 330 360
Device angle (deg)

Figure 6-6: Average power output of a tidal turbine over one tidal period at varying angles of device placement.

By analysing each sitesing this methodologyhe opimal angle can be determined
and then specified for the turbiaethat siteThe optimal angle is the point at which

the maximum average power output over the specified period is achieved. In the
exampleshown inFigure6-6, this is for one tidal perigchoweverfor the full analysis

it will be across the lunar month.

In order to showcase the difference in power generation betwsaning turbine and

the optimally placed fixed devicthe power outpstover a single tidal periodan be
plotted against one another. The results of this process can be Begmes-7, which

shows a slight loss in power generation between the two devices on the inflow. This
is due to the water entering the back of the fixed turbine which has been specified with
a lower value for the Cp due to theédraction of the water and the nacelle, as detailed

in the development of the equations.
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Diffrence in power generated at the site between
a fixed and yawing turbine
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Figure 6-7: Difference in power generated from a yawing and optimally placed fixed turbine over a single tidal

period

6.7.5. Power Output

Using thetwo equationslevelopedthe average power output of a tidal device can be
calculated with respect the varying tidal conditions and device specification. This
average can then be used to determine the power output of/ibe oieer its life span.

This is accomplished using the following equation to calculate the power output of the

device in kWh.

O& 0'Yooe®hu ¢ T U (6-11)
Were Pl is the power generated over the lifetohéhe turbine (kWh), Ls is the life
span of the device (years) and Pa is the average power output calculated for the device

(KW).

This equation determines the power output of the device if it operates 100% of the
time. However, downtime for maintenanaetivities will have a resulting impact on
power production over the life of the device. In order to account fqrtil@squation

can incorporate these facsan the following equationwhere Mt is the number of
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maintenance trips over the devaedéifespan, Dt is the time in days that the turbine will
be offlinedue to maintenanand Pl isnowthe power produced by the turbine during

its lifetime accounting for the maintenance aties (kWh)

0a O0i cepHuv ¢t 0O OO0 ¢t O (6-12)
The resulting calculation allows the user to determine the power output of the turbine

in the standard unit for power generatthringits expected lifespan

6.8. Finance

The final phase of the feasibility study is a financial analysis of the scheme accounting
for profits and expendituresn order to simplifythe analysis of the sites for site
selectiornpurposesthe effects of inflation can be removed from the financialysis

This can be achievday accounting foall costs with respect tihe 2012 strike price

of electricity paid via a contract for difference. Thisethodwill providean initial

assessment of tHmancialimpact of each sitand allow for siteto be identified

It is envisioned thatrmce a site has been identifibg the combined methodology
further investigation using &ull financial analysis will be carried odor the site
selected siteThis additional assessment caaw uporadditional data generated from
further investigations into thate identified such aghe addition of realvorld flow

measurements and detailed finanaidrmationto guide theroject cash flows.

With this in mind, thdinancial results cahe displayed in a number of different ways
including the Profits, ExpendituresRevenue,Cost of Energy andPaybackPeriod.

Each of these points is discussed further in the following sections.
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6.8.1. Profits

Profits are generated directly from the sale et#icity toanational gid. Typically,
companies will sell their electricity at a prearranged strike price, whisbkt for a
specified time period. As identified in the literature review, the current strike price for
TSGo6s i s A 8Bodn, pO&s) ThisMalhe is with respect to the 2012 prices
adjusing for inflation between 2012 an2018 this would bevalued atapproximately

£353.79 per MWHBank of England, 2019)

In order b simplify the proces®f conducting a financial investigatioior site
selection purposeshe effects of inflation can be excluli&om the assessmehy
defining all costs with respect to 2012 pricAs a resultprofits generated at each site
can be calculatediith respect t®012 pricesremoving the uncertainty of the effects

of inflation over prolonged periods of time.

This @an be achievedsing the 6llowing equation; where AVp is the average power
output calculated (kW), Sp is tlearrentstrike price petkWh (£0.305kWh), andOpT

is the number dfious the turbine isperationalThis is a simple conversidhattakes

the average power output (kW) and the operational time (h) to determine the power
produced in kWh. This value can then be converteditaacal value using therice

of electricityspecified in the strike price.

& ®n YR Oy (6-13)

In order b account fotthe lossof earnings due to downtiméhe OpTis calculated
assuming there are 8,760 hours in a ybamultiplying this by the lifespan of the
device (Ls) minus the downtime in days (Dt) which can be converted to hours by

multiplying by 24 andhe number of Maintenance itis (Mv) over the turbing life.
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ON"Y Yyxemi ©OO6c¢gt 0L (6-14)

0.8.2. Expenditures
Expenditures account for any financial expenditure on the project. This will cover
multiple phases of the project from construction, deployment, maintenance and

decommissioning. Included in these phases will be the following major expenditures,

1 Device cos

9 Grid connection cable cost
1 Fuel prices

1 Decommissioimg costs

1 Maintenance cost

1 Number of maintenance trips.

The summation of all of these elements will allow the user to calculate the total
expenditure of the project. Note that some of these elementbendlffected by the

site selection processych aghe length of the grid connection cable and the cost of
travdling to the device tgerform maintenance tasks. As a resuhle following
equation is used to calculate the cost at each site; whgie fael consumption (kg),

Fc is fuel cost (#g), Grid to_site is the distance between thédgonnection point

and site (km)Cc is the cable cost (E/kmljjc is the initial device cost (£) Dc is the
decommissioning cost (£), Mc is the maintenance @)sand Mv is the number of

maintenance visits over the life of the device.

O 00 "OiqQ Od "0Q®BOw OO 0L (6-19)
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By defining these elements in 2012 pricaslirect corparison can be made between

the profits and the expenditures to calculate the expected revenue of the device.

6.8.3. Revenue

The revenue of the device can be defined by the profits minus the expenditures. By
defining all of the financialelements with respecb tthe 2012value of electricity
specified by the strike price a direct comparison can be drawn without the
requirement®f including estimateson inflation. This value provides a clear picture

of the expected profits or losses of the schefisea result of thisit will be used as

the key decisioamaking componentor the TFS in the combination stage of the
methodology However, inaddition to his, there are a number of additional metrics
that can be calculated to investigate the finarioiglactof the devicdurther. These
includedthe cost of energy artdiepayback periodThese can be calculatemprovide

additional assessmebiit are not randatory for the methodology.

0.8.4. Cost of Energy

Cost of energy is a key mettiicat specifies the farcial cost of producing electrical
energy. This metric allows the user to compare the cost of power generation between
different power schemes. It is calculated using the folloiengulg where CC is the
installed capital cost (£), FCR is the fixed charge (&), Co&M is the annual Cost

of operations and Maintenance ,(Bhd EA is the annual energy production (kwWh)

(Afework, Lyndon, Hanania, & Donev, 2018)
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56 "08°Y 8O0 (6-16)
006

6.8.5. Pay-back Period

The payback period is the time taken for the device to cover all the expected costs
associated with the device. It is calculated by dividing the total cost of the device by
the expected annual revendée result of this output is typically measured in years

for large scale projects.

The value determined is then compared to the expected life of the device to determine
if the scheme is going to make a profit or a Ig&ggarwai,2019) By dividing the
payback period by the lifespan of the device, a ratio of the payback period can be
generated. Higher rati@sdicatehigher profits to costs and values beldwidétermine

that the scheme will cost more than the profits it Wilhg in. This process can be
used toinform decisions regarding whether or not to proceed with the schetoe or

invest in alternative schemes.
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CHAPTER 7: LCA STUDY (STAGE 2B)

7.1. Summary

The following subsection outlines the proposed L@wthodology. Initidly, an
overview is provided as an introduction tbe LCA methodology before the
development of the generic tool is defined. The structure of these subsections
conformsto the four stages of conducting an LG¥ guided bySO 14044(ISO-B,

2006) namely the Goal arecope definition, InventonAnalysis, ImpacAssessment

and Interpretation.

7.2. Overview

As previously identified in thé.iteratureReview, the LCA methodology has been
developed over a number oéars io two official standards, ISO 14040 and ISO
14044(1SO-A, 2006) These standards define the requirements for conducting an LCA
and have been adopted internationadftyorder to develop the new methodology, these
intemational standards allow the tool to be developed for a generic global s&#ting.

a result, the methodology deveéapwill usethese ISGstandardss thebass for the
development of a generlcCA tool, with information obtained from thiterature
reviewbeing used to help define modelling choiteesreate the new methodolofypy
assessing tidal power schemiesorder to achieve thishe following subsections are
defined by the four key stages for the analysis as set out in the standdrasach

stage being defined and applied to generate a generic LCATSGa
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7.2.1. Defined Life Cycle Overview

Within the context of site seleoti for tidal turbinesthe objective of the LCA study
will be to determine the environmental impact of a TSG positioned &t afathe
separatesitesidentified. As a result, the main aim of the LCA will be to attribute the

impact associated with placing a turbine at each(Baemann & Tillman, 2004)

It should be noted that there is a comparative element defined 3 8tage of the
site selection methodolodyeingoutlined As a resultthere may be some elements of
the LCA that could be considered part of a&onsequentiahnalysis especiallyif a
standardturbine is being assessedhis is because thaiser will effectively be
comparing resudtbetweensitesin the third stage of the methodolqdy identify a

preferred site with respect to the environmeatal financiaimpact

However,becausethis comparisordoesnot take place usingurely the LCA data
generateat this poineand is notonducted during this stage of methodoldgg,LCA
was considered to be purely attributiorfdlis is in line with the goal of the developed
methodology whichdentifiesthatthe primary purposef the LCA isto generatelata
for each of the sites identifietbr subsequent processing in tisge selection

methodology

| A r——=--=-=-=--- i | 1 - m | ! | | r—-——====°-= i

| Raw material E’Manufacturing Transportation :>} Installation :E>: Operation :E>: End of life ! ' Recycling !

1 1 | 1 b I | I ] 1 1 | |

_______________ u_-_. prrTTTTeT. (TrrTeeeees | Sy See—— .
________ P

___________

___________

Figure 7-1: Highlighted life cyclgphases affected by site selection

In order to generate a holistLCA, a number of the key life cycle phases for the

turbine will have to be explored. These are identifieBligure 7-1. Whilst a holistic
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analysis will be carried out, the impact of site seledibwra modular deviceill most

likely be limited to the stages highlighted in this figufes a result of thisthe
remaining stagesould be assumei be common to each sit@s site selection will

not impact these phases. Thisbecause thprocessesccurring at these stagesll

bethe sameregardless of the site selected. This concept is highlighted in the example
of the manufacturing stage, where it can be assumed tmatdularturbine will be

constructed in exagtthesame way regardless of the gtavhich it will be deployed

As aresult of thimssumptionit would be possible to complete a GateGate analysis
for modular turbines, focusirgplelyon theidentifiedareas thagite selectiommpacts
However, it should be noted that teavironmentaimpact of site selectiomight
affectthe manufacturing cdome devicesspecificallydevices that are bespoKihis
can be seen in the caskthe SeaGen turbin€erhis turbine requirka steel monopile
to be driven intahe sea beg¢Atlantis, 2017) If the siteselectedwas to changehe
lengthand structurammakeup of the monopilevould be affected by the water depth at
the site with more material required to support the turbingratiterdepths This will

inevitablyhave an impact oenvironmentbemission®verthe lifecycleof the device.

In order to account for this, the developed methodology will require the undertaking
of a holistic LCA (cradle to graveassessmejt examining the impact from raw
material extraction to the end of lilecomrmissioningof the turbine. This will allow

the user to ascertain the entire environmental impact that a device at each site will have

over its lifespan.

However as identified inFigure 7-1, the most commoreffects of site selection are

expected to béhe transportation, installation operation and end of dif@ges of the
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device.This is because site selection will affect théolwing key elements of the

LCA:

1 Distance travelled frorambarkatiorPort to the Sité changes in distance will
affect the fuel consumption of any vessel trélugy this distance during the
installation, maintenance and end of life stages.

1 Distance from Brt to Gid connection point changes in distance will affect
thefuel consumption of any vessghen grid connecting the devidaring the
installation and end of life stages.

1 Distance from the Grid connection point to the $ithanges in distance will
affectthe fuel consumption of any vessel trélugy this distance during the
installation and end of life stages. In addition to this, the distance between the
grid connection point and the site will affect the lengftthe grid connection
cable requird. As a result of thighere will be an effect on the manufacturing
of the cable which will affect both cost and material usage. This Vo

determined in the installation stage.

As a result, dolistic LCA will be conducted to allow énfindings from the LCAo
inform decisions wih respect to the environmeniadpact ofpositioningthe device at
each siteThe following subsections go on to ohef the development ofgenericLCA
methodology for a TSG with respect to the four key statgfined in the ISO

standards

105



7.3. Goal and Scope Definition

The initial phase of the LCA is toutline the purpose of the study effectiueThis is
achieved by defining key elements of the LCAncluding the goal, scope,
methodology, assumptions and datdlection methods. The act of definiegch of
these elements allows the user to detail the extent of the anhslpisg to focus the
investigation during the other stages. Due to the dynamic natw€Afthegoal and
scope can be changed and updateroughoutthe project to reflect decisiorns

changesnade in other stages.

The goal and scope effectively act as an outline guiding the LCA and ipigpugErs
with a complete overview of the proce$he llowing elements of thgoal andscope

are discussed and defined;

1 TheTarget Audiencefor the project will be industrial partners and other key
stakeholdersvho have an interest in the deployment of a TSG at theAste.
result, the values will be presedtas a single impact per turbideployed
This decision is further detailedwhen specifying thefunctional unit.
Additionally, since the primary user will be stakeholders in the project, it is
expected that a large amount of data for the device will be provided.

1 TheScope as previously identified in thBefinedLife Cycle Overview the
impact of the turbine will be attributed to each site. As a rethdtscope of
the LCAIs to conduct a holistic analysis from cratibegrave fora singleTSG
deployed at the sit&@ his will bewith respect to the sitedentified within the
specified location andas a result, the outcome will be specific to that site.

However, as previously discussed and depict&tigare7-1, some sections of
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the assessment might be commorosgall sites This couldbe accounted for
in the assessmeimnt order to simplifymatters if required
Assumptions made during the LCA have to be statedabling a user to
understand thesffects that this will have on the results. The following
assumptions are applied to the Generic LCA methodalsgyl to asss the
impact of tidal turbine deployment
0 The manufactung of anymodularturbineswill be common to all sites
and hence ndie affectedby the site selection.
o The end of life phases ohodular turbinesvill be commononce the
device has been returned to port.

o Cable manufacturing will be specified per needf cable and their
construction willbe standardor all turbinesusing the same cable
TheFunctional Unit for the analysis will be the emissions per deployment of

tidal device athe specified siteandwill be presented ingkCOeq perturbine
ateach of the sites. This value will allow the user to holistically understand the
entire impact of situating the device at each site by presenting aficeasy
understand valuor the target audiencd his decision was made in order to
removethe need forhe user to have additional knowledge tbé power
generation of the deviand isthereforedifferent from thetypicdly presented
gCO2eg/kWhfound during the literature reviewrhe specification of this
functional unit allove directcomparisons to be maderossthe sitewith
respect forpurely the environmental impatt stage three of the developed
methodology, where tHewest impact device being identified as the preferred

site.
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1 Primarily, Data Collection will be obtained directlyrébm the industrial
partners foeach specific procesgnere applicableThis data may come in the
form of onsite measurements or as results frorregigting assessments. This
will result in data being specifically relevant to the life cycle impact of the
TSG, andas a result, it will provide robust base for the LCA.primary data
is not available,secondaryatacan be usedrhis datamaybe in theform of
publications specificationor literature All efforts should be made to use
secondary data that is sfexally relevant to the TSG; however, this might not
always be the case. As a result, generic secondary data might have to be used.
It should be noted th#éhe uses of angecondary data may impact the clarity
of the final results.

It should also be notel that asdetailed in the proposed site selection
methodology andlepicted inFigure 4-2, some data will be obtained from
findings generated duriripe TFS

1 Data Parametrisation, in orderto generate a generand adaptablenodel|
appropriate data will be parametrised thought the LCA model. This is required
in order to allow usespecified parameters to determine the impact of the
turbine specified foinvestigation allowing multiple sites to be investigated

within the methodology and the subsequent LCA findings calculated.

7.4. Inventory Analysis

ThelnventoryAnalysis, also referred to as the L@gcle Inventory (LCI) is the stage
where data is gathed and compiled into the model. In this case, the generic tool is

developed in the specialist LCA softwaBgBi, using the process of parametation.
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This is achieved firstly by defining generic proasahich are then parametrised

allowing userspedfied data to be defined at a later date for each process. This has the

benefit of determining the impact of each process with respect to these Vdlaes.

parameterisatioprocess is defined in detail in |dztion7.4.3

The processesodelledin GaBihave specified material flows in and pwhich can

be defined by inputs and outputs. An example of this is seé&gure 7-2, which

details the washing and dryirg Polypropylene RP) scrap The example details the

material inputand output flows. Note that these typically balance across a process so

inputs equal outputs specifically when dealing with material flows. These flows can

be defined using parameters to create generic manufacamthgistance processes

that vary with respect to the parameters.

Input:

Output:

Polypropylene scrap
500 kg

Thermal energy
712M)

Power
74.5 kWh

Process water
4,800 kg

” | Process

Washing and drying of

PPscrap

PP scrap (washed) -
495 kg _ =

PP (consumer waste)
S5kg

Waste water G
4,800 kg >

Figure 7-2: Example of material and resource flows in and out of a pro@g&Sdnternational, 2019)

7.4.1. Generic Manufacturing Processes

It can be assumed that there are a numbgeéricmanufacturing processes used in

the construction of a TSG. These are likelyinolude bending, cutting, welding,

abrasive blasting and painting. These generic processebedefined inGaBi and
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thenapplied tothe manufacturing ofomponents that make up the TSG. This will

require the use gdaramegrisation which is detailed in section4.3

The generic manufacturing proses identified and their correspondingmaterial

flows aredefined in the Generic LCATheseare detailedfor each process Table

7-1.
Table7-1: Material and resource flow for the generic manufactgrprocesses
Materialresource Flow
Process In Out
Bending Steel part Steel Part
Electricity
Cutting Plasma arc cutting Steel part Steel part
Shield Gas (Argon (Ar)) Shield gas
Electricity Scrap steel
Heat
Welding i Gas metal ar( Steelpart Steel part
welding Shield gas (Mix of Argorn Shield gas
(Ar) and Carbon dioxid¢ Heat
(CO)
Electricity
Welding wire
Abrasive blasting Steel part Steel part
Compressed air (14 Bar) | Dust
Blasting abrasive Waste
Painting Steel part Finished component
Paint
Compressed air (7 Bar)

It should be noted thdibr any processequiringa compressed air inpubis flow is
detailed in a separate process definitiin GaBi. Thesegrocesgequires electrical

power to run a compressand generate the specified compressed air
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7.4.2. Generic Distance Processes

As previousy discussegthere are a number of procesthat are uniquely influenced

by the site selection process. These are directly linked to the distance between the
specified kg locations. This process canWsualisedin Figure7-3 which identifies

the key locations and the defined distances between each distance fronfPort to
thesite, B- distance fronPort tothe gid connection point and €distance fronthe

grid connection point tdhe site. Data for each of these distances will have been

generated in the TFS and will be used in this stage of the methodology.

Figure 7-3: Travel distances between tBige, Port andGrid connection point

Each of these elements will have an impact on the following processes during the LCA
analysis. This is due to the distances that have to be overcome.prbessses are
further defined below, alongside the distance that affects them and a description of the

process

9 Turbine Deployment and recoveryi Distance A- The distance that a boat
has to travel to and from the site for deployment and maintenanciiastiv

i Cable deployment and recoveryi Distance A, B and @ the distance that
a boat laying cable to the site has to cover; this insltidedistance travelled

to reach the grid connection point, the laying of the cable and then returning
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to port. It shald be noted that the cable laying process will likely be conducted
at a reduced speed.

1 Cable manufacturing i Distance Ci the distance specified determines the
length of the cable that is required to be manufactured.

1 Maintenancel Distance A- The distace that a boat has to travel to and from

the site

These generic distance processes are defin€@hBi as CableManufacturing and
Ship Transporting. Each of these processes is defined with respect to matergal flow
in andout of the process. In the caskthe cable manufacturinghe processhis is
defined per mee of cable and for the ship transporting process it is peokéuel

used.The flows in and out of each of these processes are

Cable Manufacturing (per m of cable)

In: Copper, HDPE, PP fibres, PP granulateel, electrical energyhermal energy

Out: Heatgrid connection cable

Ship Transporting (per kg fuel)

In: Fuel, Cargo

Out: Carbon dioxide (C@), Carbon monoxide (CODust (particles to air)iethane

(CHa), Nitrogen oxide (NO)Sulphur dioxide (QS).

By defining the ship transporting process with respect to kg of fuel used, a calculation
for the fuel consumption needs tofmrformedo determine the mass of the fuel used.
This can be achieved using the partamsation ofthe modelto present different

scenarios
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7.4.3. Parameterisation

The process of parametsiion was identified in the literature review as being a
simple way of creating a generic model, that can then be used to investigate a specific
device/serwe. This is achieved by altering specified paraméielis2012) (Maedeh

P. Shahabi, 2014)n order to createhis generic modeleach of the process
identifiedhavebeen parametised.This is a key part of the development of a generic
LCA modelfor site selecting tidal turbineas it allows users to define thewninput

values thatffect the result generatebh order to achievéhis, parameters are used in
conjunction withformulasto create calculations. These calculations are used to

determine variable outpaithat change with respect to the inputted parameters.

The process of parangeisation can be demonstrated witlsienple function such as
1007 X=Y. The parameter X is defiddy the usemand any changes in its valaféect

the resulting output of the function. In order to generate generic processes,
paramedrisation was applied to each of the processes previously specified. An
example of how this is carried out@aBiis slown in Figure 7-4, which details the
parameters used in the welding process. The figure is then further explained by
expanding one of the parametermulae for the mass of welding material added to

the componentThis shove how the parameters within the functi@me used to
determine input and output flows in the process, with respect to thelefssed
parametersThe values used to specify the dieg process were obtained frdime

a r t iEoviroemefital and Social Life Cycle Assessment of Welding Technologies

(Ya-Ju Chang, 2014)
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Parameter

Parameter  Formula Value
elec_weld (@ MPs.elec_weld *Weld_L '@ MPs.W_pass)* (weld_L,‘@ MPs.W_Speed) ’@ MPs.W _pass 3.41E003
5_gas_argon (&8 MPs,S_Gas_Argon *s_gas_weld) =€ MPs. Argon_den 33.8
Sgas_co2 (EBMPs.S_Gas_Co2*s_gas_weld) *@hMPs.co2_den 8.23
5_aas_weld (EBMPs.S_Gas_weld/1000) *Weld_L *& MPs.W_pass 23.1
st_in 1

st_out 1

weld_in @ CH.CH_Weld '@ CH.CH_number '@ MPs. Weld '@ MPs.W _pass 9.6
weld_L & cH.CH_weld *@ CH.CH_number 16

Lica @ cc:40.78R 2 Lewe [) Documentation

Completeness | No statement

Inputs
Parameter Flow Quantity Amount Factor Unit  Trackac Standard deviation
S_gas_argon = Argon [Inorganic intermediate f .:: Mass 33.8 1 kg X 0%
S_gas_co2 = Carbon dioxide [Inorganic interr .:: Mass 8.23 1 kg X 0 %
elec_weld = Electricity [Electric power] Energy (net ca 1.23E004 3.6 M] X 0%
st_in = Steel plate [Metals] Mass 1 1 kg X 0 %
weld_in = Welding wire (steel) [Metals]  .:iMass 9.6 1 kg X 0 %
Qutputs
Parameter Flow Quantity Amount Factor Unit  Tracked ' Standard deviatior
st_out = Steel plate [Metals] .:i Mass 1 1 kg X 0%
S_gas_argon — Argon [Inorganic emissions to air] H 33.8 1 kg 0%
S_gas_co2 = Carbon dioxide [Inorganic emissions tr_,3i Mass 8.23 1 kg 0%

Figure 7-4: Parameters of the weldinggcesses ilGaBi

The process for weldinglepicted inFigure7-4, shows the inputs and outputs of the
process with respect to the parameters defined in the upper section of the figure. Each
of these parameters is then linked to either input, output orfdhe other equations

in the process. It should be noted that in this exantipéefunctions for defining the

St_in and St_out are left blank in this process. This is because they are pasachet

on the plan in the layer above to ensure that they caljnsted with respect to the

other processes that are defined in the manufacturing stages.

w'Qa 6@ CQA'DB @A o040 &QAD 0 BQA " (7-1)
The formula that has beedefined to calculate the mass of the weld added in the
welding process is identified in equati(/-1). By applying the parameters specified
in Table7-2, the calculation determines that 9.6Kgnasss added to the component

during this process. This value would change with respect to the parameters, defined

altering the flow in and out of the process.
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Table7-2: Defined parameters for the WeldikRgrmula

Parameter Description Unit | Value

CH.CH_Weld Length of welds on the components (m) 6

CH.CH_Number | Number of components being welded (#) 4

MPs.Weld Mass of material added per welding pass (kg) 0.1

MPs.W_pass Number of welding passes per each (#) 4
component

7.4.4. Distance Paramegrisation

In the case of the cable, the manufacturing emissions are defined peohustble.

The resulting outputs from this process are then calculated by multiplying the defined
emissions per megby the length of the cable in nnet. Similarly, the emissic@from
shipping can be calculated with respect to the mass of the fuelligdequires the
mass of fuel to be calculated with resptcthe distance travelled in order for the

emissiondo be determined.

However, it should be noted that the ship is likely to travel at different speeds during
different operations. For exampliyring cable deployment and recovery plsatee

ship will likely travel to theGrid connection point at cruise spestdthen slow down

to lay the cable. This will have to be accounted for by adding the results of the fuel
used during the cruise to theidyconnection point and the cable laying to calculate

the total fuel used during this phase. The calculated fuel consumption can then be used
to determine themissions fronthevessel As a result of thighe fuel used across the

life of the turbine wil need to be calculated with respect to a number of factors.

The fuel calculations and cable parametare definedurther during the application
of the developed methodology in the case stilithys can be seen in subchaf@et.5

GaBiModelling
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7.4.5. Parameterisation Summary

In total, the generic model contains 1g&ameters that pertain spigcally to the
device and manufacturing processes. Of these, only dbtinesewill be altered
between defined sitaBa common turbine is being ssssedThese arehe distance
between the grid connection point and the site (Cable_to_Site), harbour/pod to g
connection point (Harb_to_Cable) and harbour/port to site (Har8ité). In addition

to these distancethe average power generated by tilmbine at the site (Elec) was
also specified. These values are defined during thewRigh determinsthe distance
between points and the average power produced at eachTk&eremaining
parameters were defined in the event that a bespoke turbiga des being assessed

for deployment at the different sites or in the event that alternative construction

methods were to be assessed.

A full list of the parameters defined in the generic methodology can be found in
Appendix G- GaBi Parameterswhich details the parameters alongside the values
allocated to them during the case studydHAPTER 9: CASE STUDY. The
parameters defined in the generic mgatelvideinput values to 287rmulae. These
formulee are spreathroughouthe modelnd are used to determine the material and

resource flow across plans and process with respect to the input pasameter

7.4.6. Data Collection

With the use of parametetisroughout the modgtata will have to be collected for
each of the parameters specifiethe quality of thisdata will depend onts
availability, with primary data being providetiroughindustrial collaboration being

preferable. However, secondanformationmay have to be sourced from literature
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for some of the processidentified. One kg source ofinformation will be the
specification otheship that will be used to deploy, maintain and rectiverturbine.
This is because will define fuel flow rates and speed required to calculate tled¢ fu
consumption for deploying a TSG at eacle.sithisis critical because it is conceived

as beingone of the key impacts that site selection will have on the LCA findings.

7.5. Impact Assessment

The impact assessment stage defines the impact of the device with respect to the
selection of impactategories and classification. During this stage results from

the inventory analysis are collated and assigned to their respective impact categories.
These categories are defined by the different effect that emissions have on the

environment.

The mainaim of this methodology is the identification of the environmental impact of
deploying a TSG. Aaresult of thisthe impact of GWP is the main focus of the results

from the LCA for the device.

Within GaBi, there are a number of different characterisatieethodologes that can
be applied for assigning impact categories. Seeing as none of the previous LE#A stud
f oc us i n gdefmedwhich @éthodology was used, CML2aGN. 2016 Global

warming potential (GWPL00 yearswill be applied.

CML is a daaibase that comprises of characterisation factors developedibgtihge

of EnvironmentalSciences at thelniversity of Leidenn The NetherlandsThe factors

were last updated in 201®6he characterisatiofiactors defined in this methodology
effectively weigh each of the elements to a standard characterisation factor. In the case
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of GWP, CQeq is used to define the impaahd the characterisation factors defined
by CML are applied to any gases that contribut&WP. (CML - Depatment of

Industrial Ecology, 2016)

This methodology will be applied to the inventory analysi&aBi, allowing all the
material flows to be assessed and assignad ithlevant impact. The result of this
analysis is a holistic overview of the impa¢ the device with respect to the functional

unit defined in the scope. In this cakg COxeq per turbine deployed.

7.6. Interpretation

The final phase of the LCA is the interpretation and reporting of the results. An
important part of this process is ensuring that the results genei@temformto the

Goal andScope of the project. As a result of thise findings have been compared to

the initial goal and scope outlined to ensure that dwyformwith respect to the
scopegdata quality, functional unit, target audience and the assumptions made. This is
an important phase as it provides a check for the project to ensure that the process has

been conducted properly.

In order to report the results from the LCA stuthey haveo be with respect to the
functional unit specified in the goal and scope of the project. In this case, the functional
unit is emissions per deployment tife device atthe specified site. Using this
methodologythe emissions can be determined for eatehidentified during the site
specification. These results are then compared against one another to determine the

optimal placement of the device with respect to the findings.
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This comparative process will not be bound by the additional requirementfsespec

in 1ISO 1404Qwhich are required for comparing different produdthis is because

the target audience specifically identifies the industrial clients and key stakeholders in
the project. As a result of thithe comparisons are being made internaly not
provided to the greater public. In addition to tkile comparison is being made against

the same devicand hence there is no bias towards or against different companies.

The final phase of the LCA will be the undertaking of a SensitAitalysis. This is

required to check the results generated.

7.6.1. Sensitivity Analysis

Owing to the use of parameters in the modé&,gbod practice to ensure that all values

are correctly specified. In order to achieve this, it is recommended that a sensitivity
analysis is conducted to ensure that changing parameters does not have an adverse
effect on the results/findingsf the methodThis can be achieveth GaBi usingthe

in-built sensitivity analysisool. This toolcan be used to assess the impact of chnangi
parameters within usetefined variationso ensure that the resulting findings are as

expected

On completion of the sensitivity analysis, the results genenaiettiie LCA are used

in the final stag®f the developed methodologyta8e 3- CombinationTool.
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CHAPTER 8: COMBINATION TOOL (STAGE 3)

8.1. Summary

The final stage of the methodology is the development of an analysis tool that
combines the results from the TFS (£) and LCA (kg€f). Thissubsedbn details

the development ahe combination tool by first introducing the idea of combining
the results before detailing the use radrmalisationand usewdefined weighing
systems. The methodology established can then be used to identify timalopti
location for the turbine with respect to the environmental and financial factors

accounting fothoseuserdefined preferences.

8.2. Introduction

There are a number of different methodologies for combining results. In this case, the
simplest method woultle to combine the results of the TFS and Laxkievedoy
dividing. This could be by dividing the TFS by the LCA results to generate a unit of
£/kgCQeq or dividing the LCA results by the TFS findings to generate units of
KgCOzeq/£. Whilst this methodologyould allow the identification of a preferred site

with respect to these findings, the results cannot be adjusted with respect to user
preferences. As a resuwit this, the adopted approach for this methodology makes use

of normalsation.
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8.3. Normalisation

Normalisation is a process that lineathansformsa result with respect to a data set.
There are a number of different methods for norsmajidata; however, in this case
Min-Max normalisation is used. This methodology creates a dimensionless value

which is directly related to the data set.

Min-Max Normalisation is capable of defining a score between 0 andla score
of 0 identifying the minimum and a score of 1 indicating the maximum value in the
data set. The score is determined using theviaig equation, where x indicates the
result for the respective site and min and max indsdae minimum and maximum
values found in the data J&RAJ Education, 2019)
o i Ef (8-1)

Gonl ET
The resulting score can be used to determine the position of the result with respect to
the other results across the site. Whilst thrsnulacan be used in cases such as the
TFS, where it is desirable that a higher profit generates a higher scoreittoie is
not always preferable. In situations such as with the LCA results, it is preferable that
the lower value of emissions receives a higher score. This is achieved simply by
subtracting one from the calculated score, effectively flipping the ordstasing.
This creates a hierarchy where the lower values receive higher suwleme

determined by the following equation

w | ET (8-2)

(b ﬁ
P awwl EI
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It should be noted that for the financial sedrthe minimum net return is negatjve
the value will be assigned as 0. This will act as a method of ensuringhfinafitable

sites willreceiveareduced score.

Once these two normafid scores have been calculatdety can be combined to
create &ite Score. This value will be based on the results of both the LCA and TFS.
Whilst this method could be used to identify the optimal site, this process lends equal
weighting to each of the studies. Thm®wevermight nd be the desired outcome of

the user.

8.4. Weightings

In order to generate a uskiendly tool that can be used toform decisiors, a
weighting system can be applied to the norsedliscores. This weighting system can
be influenced by the user to define thetcome with respect to their objectiyes
allowing thetool to be used bynultiple stakeholdersSom boththe private and public
sedors. Whilstit is currently envisioned that the focustioé privatesectomwill be on

the financialimpact the public sctor may be more interested in the environmental

impact.

This could be of particular interestitiv the uptakeof the concept of lifecycle
thinking, whichpromotes decisionmakers to think about the environmental impact
that their choices have. This cduéncourage the aof this system as decision
makersareencouragedb think about the environmental impact that site selection has

Further down the lineit could even be public policy thakives theweightings to
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determine the balance between profits and environmiempalctof the site selectio

process

In orderto develop the weightings sliding scale betweera@d 10(percenis defined

for the LCA and TFS results. The specification of the weighting of btigese then
impacts the other in tHerm of a ratio. For example, if the TFS is assigned a weighting
of 70% the LCA will have a resultant weighting of 30% (100). This ratio can then

be applied to the norma#d result scores previously determined.

The overall weighted site score is defined in the following equation; where L is the
site results from the LCA study, F is the site results from the TS, Fmax Lmin and

Lmax are the minimum and maximum results frahe correspondinglata sets
respectrely, and Lw is the useassignedwveighting for the LCA component in the
Combination tool. Note thaas previously mentionethe assigned weighting for the
TFS is depenght on Lw and can be calculated by I0Dw.

0 0 0 "0 O p MmO (8-3)
P 0 0 pTT O O pTT

The weighted score calculated can then be used to compare each of the sites together
to determine a preferred site. This will be indicated byhighest score, with the
results calculated with respect to both the ‘dsfinmed weighting for the

environmental and financial impacts of the device at each of the locations.

8.5. Results

With the optimal location determined from the weighted score, thediagk of the

combination tool is the effective reporting of these results to the user. In order to
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achieve thisan overview of the site will be provided to the user with respect to the
initial site breakdown. Results from the studies can then be plotietb dhis
breakdown providing a visual representation of the results to the user. In this method
the area excluded from the study and the optimal sites for the placement of the device
can beeasily identified. This is showcasedHigure8-1 which clearly identifies the
tenoptimal sites (in green) with respect toitheeighted score along with exclusion

information for subsea cables (purpléand (black) and water depth requirements

(red).

o K
DK DL DM DN DO DP DQ DR DS DT DU DV DW
EW EX | EY EZ FA FB FC FD FE FF FG FH FI
GQ GR G5 GT GU
IE IF IG

-Subsea cables Water depth -Land Optiam| sites

Figure 8-1: Example of the result overview

Whilst this provides a quick overview to the ysi#rdoes not provide specific
informationregarding the sites identified. This additiomdbrmationwill have tobe
displayed alongside the findings from the model in a technical results section. This
will allow the users an Hilepth understanding of the resultdormationthat will have

to be provided to the user will include the following:

1 Userdefined weighting for the LCA and TFS
1 Site Score

o Finance score

o Environmental score

o Combined score

9 Site Location in théorm of longitude and latitude
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1 Findings from the TFSncluding average power generation, time spent in each
operational phase, financieformationand the directional placement of the
device (if appropriate)

i LCA results

In addition, the standard unit for comparing the impact of the turbin€abgqg/kWh

can also be determined and displayed for the site. This can be calculated from the
known data in the model by converting the total emissions associated with the device
from kilograms to grams and then dividing it by the power generated over thedife

of the device. This will allow rudimentary comparisons to other power generating
devices and can act as a check to ensure that the methodology has been carried out

effectively.

The results generated from the methodology will give the user atepin
understanding of the findings from the analy3isis provides additional information

for them tomake arinformedchoice regarding the deployment of the turbine.

8.6. Conclusion

The methodologydeveloped fulfils the requirements tife aims of the projecot
develop asite selectiontool for TSGS svith respect to both the environmental and
financial elenents The methodologgevelopedonformsto threekey stages that need
to beundertaken durinthe methodology. As previolysidentified data is allovedto
flow between the methodolag allowinginformeddecisiorsto be made with respect

to the findings
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The use of theveightingsystemprovidesthe usewith the ability to define thempact
that each of the studies has on the s#iection proces#t shoull be noted thatvith
this methodologya weighting of 100% for either the LCA or TFS will result in the

identification of the optimal site purely with respecthat particular methodology.

The next steputlined in theResearciDesignMethodology is to test and refine the
developed methodology by applying it to a case study situaftosis a major step
in compleing the final aim of the project, which requires that the methodology is
testedn order to beevaluated in d@eal worldsetting This will validate its use as an

industrial decisiormaking tool

126



CHAPTER 9: CASE STUDY

9.1. Summary

Thefollowing chapter demonstrates how the developed methodology is applied in a
practical settingising a case studyhe case study is the third phaselevdoping the

new methodol ogy -@aod| cacct s e ats jpedceditreleea | pr o p
demonstrating its application.This is achieved by applying the methodology to

position a turbine, thlova M10Q at a site off tha@orth coast of Devon. The chapter

follows the structured stages of the developed methodology, discussing the site and
device specification (Stagebgfore detailing the TFS, LCA {&e 2A and 2B) and

combination tool (Stage 3).

0.2. The dte and Device $ecification

9.2.1. The Site

The targetsite for analysis is a 53.8 km by 26km area off the coabloath Devon
extending from llfracombe to Mineheaaind across the water to Llantwit Major in
Wales. The site is identified FFigure9-1, with further details of each of the reference
coordinatesprovided inTable 9-1. In order to calculate thsize of the site, the
distances between each point have been measured usi@gdbke maps measuring
tool. These findings were then corroborated using an online latitude/longitude

calculator(Williams, 1997)

The North Devorcoastsite has long been of interest for the prospects of tidal power
generation, hosting both the SeaFlow turbine and\ibh DevonDemonstration

Zone This established track recoiid one of the leading reasofor the site being
127



selected as the castudy site to test the methodolo@g thesuccessful operation of

a TSGO6 depl daserdviossly beeatheved. i t e

.....

Figure 9-1: Boundaries of the North Devon s{tdicrosoft, 2019)

Table9-1: Reference values féfigure 9-1

Letter N-S E-W
51A2514A14N;j

B |[51A2513A27N,;
C |51A111014A14N,;
D |[51A1113A27N,;

Site Information

The site is covered by Admiralty Chart 1165, which details the area of the Bristol
Channel from Worms Head to Watch{€&rown, 2015) The current edition, Apkl
2015, is a key source afformationfor ships navigating the argmoviding Water
depth data, current speeaisd additional notes on the area. This data is particularly

useful for the TFS as it provided the backbone for the exclusion criteria, and provides
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known data that can be usiedtorroborate results from softwgpackages in order to

validate the data.

Identification of Key Infrastructure

In order to site select potential key infrastructure points, appropriate infrastructure has
to be identified. This inclugelocations for the construction, maintenance and grid
connection of devieacross the site. The original plans for tNerth Devon
demonstration zonelentified both Lynmouth and Ilifracombe agotential base for

the deployment and maintenance of deviceth@area.An assessment of the port
facilities stowed that lIfracombe had a gostced harbour with dockside facilities.
This resulted in llfracombe being selected as the base of operation for all deployment
and maintenance activitielsynmouth was considered as a second base of operation
However it was discounted due to the reduced port facilitiestae@ssumption that

only one maintenance/deployment port would be requireddonsite.

In order to connect the device to the UK Nationad(gid connection points needed

to be identified. It was asimed that any populated area along the coast would be an
acceptable grid connection point. This was based on the assumption that there would
already be infrastructure at these sites for connecting the local community with supply

from the National Grid andence energy could be fed back into the gtithese sites.

Four gid connection points were identified withiine site. Three are situated along
the coast ofNorth Devon atllfracombe, Lynton and Mineheadith the faurth at

Llantwit Major in Wales. The key infrastructure points are all identifideiguire9-2.
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Llantwit Major

lifracombe Minehead

Figure 9-2: Infrastructure points identifieGoogle, 2019)

9.2.2. The Device

The site selected hddrmerly been home to the woiddBrst offshore tidal generator,

the 300kw SeaFlow test turbin@idal Energy, 2003) Whilst this indicated the
possibility of generating power at the site, the relatively small power output of the
turbine indicated a potential limit of power generation at the site. This could be due to
a rumber of restrictions such as device size or current speeds but prompted further

investigation before the turbine was specified.

Initial analysis of the sitéavater depth using the Admiralty Chart showed that only
10% of the sitesveredeeper than 35m #te lowest astronomical tide. This indicated
that a relatively small turbine would be required in order to maximise the number of

sites that could be assessed. As a resultytiva M100turbine was specified.

The Nova M100turbine was a clear candiddteo r the site as it

leading smalscale tidal turbines. The turbine has been successfully deployed in the
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Bl uemull Sound since 2016 in an @ovaay

innovation Ltd, 2Q7).

9.2.3. Nova M100Specification

Figure 9-3: Nova M100QTurbine(Born to Engineer, 2016)

The Nova M10Q identified Figure 9-3, is a horizontal axis, fixed, gravigpased
turbine consisting of two modules, a base unit of steel and concrete and the turbine
nacelle and rota assembly. The modular design allows the euttibe easily split
into two modules. This means that the nacelle and turbine blades caoovered

without difficulty, for maintenancectivities

TheNova M100is a 100kW rated fixed baseddiirectional turbine. This means that
the turbine camot rotate to orientate itself into the water stream. To compensate for
this, the blades are designed to opefatdirectionally, generating power from both
flowsinto and out of the turbine. As a result of thie directional positioning of the
turbine will be an important part of the site selection procesisle 9-2 provides the

technical specifications fa typical configuration of the turbine.
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Table9-2: Specifications for thélova M10Qturbine (Nova Innovation Ltd, 2019)

Rated power 100 kW
Expected lifespan 20 Years
Rotor diameter 9 m
Swept area 63.62 m?
Cut in speed 0.6 m/s

Rated power spee 2.0 m/s
Draft 15 M
Weight in water 80 Tones

The specification provided for the turbineedmot detail a Cp or a cuh power for

the turbine. Both of these values can be calculated by rearranging thegopaon

for a TSG(3-2) and substituting the known values pia®d in the specification. In the

case of the Cp, when the turbine is operating at its rated power, the power output is
100kW at the specified flow speed of 2m/s. Rearranging the equation results in a
calculated mechanicaifficiency of 38.34% for the deee assuming the density of

seawater is 1025kg/fn

primnmnm® pmngu* 1® ¢ 6

. p T T TU .
° M pmgu® 1d C Yot

Similarly, once the Cp is determined, the -@upower of the device can be calculated
for the cut irilow speed of0.6m/s using the now established value for Cp. Théncut

power of the device is calculated to be 2,700W or 2.7kW.

™ prncu' 1® T ™Yok nn
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Owing to the device being fixed was likely that the Cp value would vary between
the flow into the front and back of the device. Unfortunately, there was no data
availableregarding flow into the back of the turbine, so in order to account fqitthis
was assumed that the Cp of flamto the back of the dece would be 5% less #h

that of the front. This defined the Cp value for the back of the turbine as 0.3334.

9.3. Feasibility Study

The following suBectiondetails the process of conducting the Feasibility study with
respect to thepecified site, off thélorth coast of Devon and the devitiee Nova
M100. The methodology follows the structure of the feasibility study setirout

Chapter6.

9.3.1. Site Breakdown

The site was broken down in&32 x 15 grid identifying 480 individual sites within
the defined area. Each site measures 1,681mM338Mn A distance corresponding to a
change irthelongitude of 1.5 minute and latitude of 1 mieacross each site. As a
result of thiseach site covers an area of 2.92kfihese measuremerndsrrespond to
the resolution of the OLPREDmodelling software, which &as later usetb generate
flow speed dataThis meant that the site bredkwn matched the available data set,

allowing for easy data transfer into the site selection tool.

By overlaying the sites on a mapis clear to see that of the original 480 sitét of
them fall onshore. This resulted in these sites being excluded from further analysis.

Each of the remaining 389 sithas been assigned an alphabetical nametag as a quick
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reference with values from A to NY. An overview of the sites being considetbd
study is provided irFigure 9-4, which identifies all the sites with thiealphabetical
nametags. A full list of the precise location of each site is supplidgp@endixC -

CaseStudy - SiteInformation

1 ) Y B R T D P P = T e e N T
[ y B
HEE IR i A L N R RN
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TR, A

Figure 9-4: Site overlaid with individual sites for assessm@ticrosoft, 2019)

9.3.2. Distance tol nfrastructure

In order to determine the distance between the key infrastructure points, the
methodology defined isubchapte6.41 "Distance tonfrastructuréhas been applied

As a result, the followinglistancesan be calculatedrom port tosites, sites toagrid
connection pointrd port togrid connection point. Theoflowing subsections outline

the results from this process. A full set of the results can be seerfanrhsitfor each

site inAppendixC - CaseStudy - Site Information It should be noted thahis data is

shared between the TFS and the LCA study to inébpm the fuel flow calculations
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Port to Site

The port of lIfracombe was identified fohe maintenance and deployment of the
device at each site. As a result of thie distance from the port to each of thessite
was calculated. This process determined the longest journey from the port would be
47km to site DM, and the shortest to site NM1.7km. A full set of results can be

viewed with respect to the sitesAppendix D- Distance from Port toites (km)

Site to Grid Connection Point

Grid connection points were identified at Lynton, Minehead Llantwit Major and
lIfracombe. This provided multiple connection options for each of the sites identified.
As a resultthe optimal grid connection point had to be determined. This was achieved
by assuming theptimal gid connection point would be the shortest distance between
the site and the grid connection. This would result in the shortest length of cable, which
results in cost savings for the project. This assumption then allowed the opitnal g

connection point to be determined for each site.

Figure9-5 identifies which grid connection point optimally ceseach section of the
site. In total, 140 sites are covered thg llfracombe point, 131 by Lynton, 30 by
Minehead and 88 by Llantwit Major. The calculated distances from each site to the
optimal gid connection point can be seenAppendix E- DistanceBetween Grid

ConnectiorPoints andSites (km) with reference to the optimal grid connection point
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lifracombe |Lyr1t0n |Minehead |Llantwit Major |Connection point5|

Figure 9-5: Identification of optimal grid connection point for each site

Port to Grid Connection Point

This accounts for théistancethat a vessel would have tmavel from the port at
lIfracombe toreach each of the grid connection points. The results of these
calculations are displayed rable9-3. Seeing as llfracombe is both a port amidl g

connection point, the distance between them is calculated as 0.

Table9-3: Distance from Ilfracomé to each grid connection point

Grid ConnectiorPoint | Distance (km)
lIfracombe 0
Lynton 18.8
Minehead 44.6
Llantwit Major 44.5

9.3.3. Inclusion/Exclusion Criteria

Of the exclusion criteria identified in sectiérb, only four were identified at the site
These were Shipping lanes, Subsea infrastructure, Water depth restrictions and
Wrecks. Each of these elemeistdiscussed further in the following ssértion before

the combined results of the exclusion criteria are defined and applied for the case
study. It should be noted that thr@herexclusioncriteriawere discounted from the

study for the following reasons
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Military firing ranges- No active miltary firing rangesare presenin the area being

assessed.

Fishing sites Therearecurrentlyno defined fishing areaound thesite However

some fishing activities can be observed frorarine trafficdata of the areaseen in
Figure9-6. It was assumed @uo the relatively low volume that these activities could

be redistributed around any turbines deployed at the site. Hence this was discounted

from the exclusiortriteria

Shipping Lanes

The Bristol Channel is a major waterway for marine traffic. ltosé to a number of
large port facilities such as Cardiff, Newport and Avonmouth. In addition to this, the
area is popular with smaller recreational pleasure dfagftire9-6 displays a density

map of marine traffic in the area in 2017. The map clearly identifies the shipping routes

taken by larger vessels in red and the-lgeB-travelled routs in dark blue.

Figure 9-6: 2017 marine traffic density map for the Bristol ChaniarineTraffic, 2017)

In order to avoid disrupting the major shipping lanesas assumed that any site that
sits in the path of heavy marine traffic would be excluded from the study. The results
of this can be seen Figure9-7, which identifies the sites excluded due to the shipping

lanes in red.
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Figure 9-7: Excluded sites due to shipping lanes (Red 1)

Subsea Infrastructurei Pipes andCables

The Bristol Channel is home to a number of subsea cables and Qipes) to the

critical nature okubseanfrastructure, a 500m exclusion zone typically applies to the

surrounding area. This is in order to protect the structure and ensure that maetenanc

vessels can access them in the event of a failure. Any site that contained a cable/pipe

was discounted from the study due to these constraints.

The Admiralty chart was a key sourceinformationon the subsea infrastructure in

the area, providing marms withinformationto ensure that maritime vessels do not

anchor at these points. As a result of the data gathered from the chart, the sites excluded

due to the subsea infrastructure are identifiegigure9-8in red.
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Figure 9-8: Subsea infrastructure exclusion zoiiRed 1)
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Ship Wrecks

According to the Admiralty charthere are a total of 29 shipwrecks charted within the
identified site. Owing to the Protection of Wrecks Act (197Bjaritime and
Coastguard Agency, 2018hd other considerations such as the historic and dangerous
nature of hese sitg any site coniaing a wreck vereexcluded from the site selection

process. These sites are identifiedFrigure9-9 in red.
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Figure 9-9: Locations across the site that containipwrecks Red 1)

Water Depth

The minimum water depth at each of thessitas obtained from the Admiralty chart.
The Admiralty chart provided water depth with respect to chart Datum, an
approximation of the lowest astronomical tide. This corresponds to the absolute
minimum water depth that will be observed due to astrononmitzdiconditionsat the

site. Figure 9-10 shows the minimum water depth within each of the sites imemet

The water deptlacrosghe site varies from @m at the shallowest site to 49m at the

deepest.
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Figure 9-10: Water depth at each sifen)

The Minimum water depth required to host Ma@va M100is 15m. This corresponds

to the draft of the turbine provided in the specificatByaccounting for this, 47 sites

are automatically excluded from the analysis. These sites are identifiggine9-11.

It should be noted that the minimum water depth can be specified by the user as
required and the specified value will need to be compared against the known values

to determine if the site is included excluded.

AB | AC |AD| AE | AF [AG [AH| Al | AJ | AK | AL | AM | AN | AD | AP
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CH| C |C|CK|CL|CM|CN|CO|CP|CQ|CR|CS |CT|CU|cCV
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IL ] IM [ INJ IO IP [1Q [ IR ]IS [IT [ U [ IV ] IW | DX IY | 1Z
JY | JZ | KA | KB | KC | KD | KE | KF

Figure 9-11: Sites excluded due to minimum water depths of 15m

The maximum water depth for this site was not considered in the exclusion criteria.
This was because the maximum water dejtiberved at the site was just 5é4m a

high tide It was assumed that this relatively shallow depth would be well within the
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specified operating parameters of the chosen turbine and hence have no restricting

effect on the placement of the turbine at the. si

Combined Exclusion Results

The combined exclusion results account for the findings from each of the individual
exclusion criteria. In thisase the shipping lanes, subsea infrastructure, wrecks and
the minimum water depth. In this example case stadynimum water depth of 25m

is specified to allow ample depth for the turbine to opethése assumptions are used

throughoutheremainder of th case study.

Applying these exclusion criteria to the site, of the original 389 sites identified 300 are
excludedAs a result of this89 sites were identified as potential sites for deployment
of the turbine Figure 9-12 displays the results from the combined exclusion criteria
with respect to the key ihable9-4. (Note that some sites are excluded due to multiple

breaches of the exclusion criteria but this is not reflected in the figure
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Figure 9-12: Exclusion criteria for the case study
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Table9-4: Key forFigure 9-12

Water depth requirements not met
Subsea infrastructure

Shipping rougs

Shipwrecks

Land

Sites for consideration

Despite identifying excluded sgethe exclusion criteriarenot applied to the results
of the LCA or TFS untiltheir combination. This means that results and data are
generated for all the site$his is requiredn case of the event that the user wants to

change the exclusion critergd a later date

9.3.4. Flow Data

The next stage of the TFS was the generatiditoof datafor the site Initial studies
typically use data generated from tidal models to predteds of interest. As a result
of this, the specialist software paaffe POLPREDwas usedspecifically theHigh-
Resolution UKCS model (CS2A5HC3). The POLPRED softwa is capable of
running two different types of analysis; spatial and time seriesfollbe/ing sections
discuss the findings of eadipe of analysisbefore discussing the validation of the

data generated from the model.

Spatial Analysis

The spatial malysis tool in POLPRED allows the user to vissathe tidal flows
across the entire sit with respect to the model resolution of 1,681m x 1,7.3Bhis

allows the user to make some initial observations regarding the general condition at
the site Figure9-13 shows four separate images from the spatial analysis of the site,

identifying the flow speed and direction at varying tidal conditions across thé site.
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should be noted that theOLPRED modé resolution was used to specify the
resolution of the site break down in section 8.24 a result, theite identified in the
site break down matched the available data $eis allowed for data to be easily

transferred into the site selection ltoo

Current Speed

1.80 metres/sec
1.60 metres/sec
1.40 metres/sec
1.20 metres/sec

1.00 metres/sec

S
SISO
e . B

0.80 metres/sec
0.60 metres/sec

0.40 metres/sec

0.20 metres/sec

T LT

Figure 9-13: Range of Tidal conditions at the sitp lefti slack water;Top righti tide running in,Bottom left
i tide running out an@Bottom righti approaching slack watgiNOC, 2019)

The following initial observations were made from the spatial analysis of the site

1 Water is faster flowing in the areas where the channel narrows between Devon
and Wales

1 The flow direction on the inflow isnainly easterly andon the outflow,
westerly. This is due to the geography of the North Devon Coast restricting the
flow.

1 Water speed at the siteachesaround 2 m/s, enough to hit the rated power
output of theNova M100turbine specified.

1 Flow rates a consistently above the specified 0.6m/sicuspeed of the

turbine.
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The initial observations identified that power production is possible at the site for the
specified turbine. This meant that a fuldepth analysis to determine flow speeds at

each ge could now be carried out using the time series analysis.

Time SeriesAnalysis

The time series analysis providesdepthinformation for a single point within a
model with respect to a specified time step. This allows the user to generate precise
information regarding this point providing a realistic picture of the tidal flow
conditions at the poinBy modelling a&ime period of one lunar month in conjunction

with time steps of 1 minut@ completeinderstandingf the flow conditions could be

geneated.

The analysis period chosen started on the 2/12/2018 at 1:32 and ended at 31/12/2018
at 13:15. In between these two points, thezeed2,464 timesteps. The data generated

via the software includedate, Time, Water level (m) with respect to the M&ea

level, Flow speed (m/s) and the Directiorflofv (9. An extract of this data is seen in

Figure9-14for Site A.

Data computed from High Resolution UKCSModel {CS20-15HC3)
Location:51°25'30.0"N 4714'15.0" W Time Zone: GMT Datum: M5L

Date Time Level Speed Direc'n
m my's deg
02/12/2018 01:32 2.46 0.17 71
02/12/2018 01:33 2.46 0.17 7l
02/12/2018 01:34 2.46 0.16 70
02/12/2018 01:35 2.46 0.15 70
02/12/2018 01:36 2.46 0.15 69
02/12/2018 01:37 2.46 0.14 68
02/12/2018 01:38 246 0.14 67

Figure 9-14: POLPRED time series results
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It should be noted that a time series analysis was conducted for each of the 389 sites
originally identified. This would allow for the event that the user wanted to adjust the
exclusion parameters previously defined. As a result afghtal of 16,518,496 time

step iterations were generated across all of the sites identified acrosgetigation

area. This data could then be used to calculate the power output of a turbine at each

site.

Data Validation

The POLPRED model has already been tested, refined and validated against the tidal
gauge network around the UK codBlOC, 2019) As a result of this validation
process, it is reasonable to assume that the results are retiallever it is an

importantpart of the study to ensure that the results are validated for this application.

In order to validate thdata obtained from the model for the North Devon sites, it has
to be corroborated against known values. The Admiralty Chart 1165 provides specific
tidal flow informationfor marine traffic in the area in tHerm of &idal diamondé
Thesediamonds are used to indicate sites on the chart that have been physically
monitored to determine the flow speed (knots) and direction (deg)infbisnation

is provided in onédour increments either side of a spring and a neap Tidis
indicatesthe maimum and minimum tidal flow situations that will be experiehat

the point.

There are three tidal diamonds lying in the area of study identiflesse are detailed
in Table9-5 alongside the data provided. It should be noted that the data is provided
for six hours each side of the high water time, which for this chart is the time that high

water occurs at Swansea.
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Table9-5: Tidal diamond data from Admiral@hart 1165 for points within the identified site

Tidal Diamond L N K
Latitude 51le 1606 ( 51le 1906 1 51e 206

Longitude 3e 4706 24 3e 3206 24 3e 5006 1

-6 225 0.4 0.2 280 0.9 0.4 244 0.5 0.3

-5 87 21 1.0 60 0.5 0.2 130 0.8 0.4

-4 97 3.3 1.6 78 24 11 89 2.3 11

-3 93 4.0 1.9 94 3.0 14 93 3.3 1.6

-2 % Tg 92 3.6 17 96 3.2 15 97 33 1.6
~ £ ¢

-1 2 o ° 94 2.6 1.2 102 2.6 1.2 101 2.3 11
z 2 g

0 s 2 =X 92 1.0 0.5 94 1.2 0.6 122 0.9 0.4
i3] I e

1 o g — 239 13 0.6 269 04 0.2 207 0.6 0.3
a b o

2 ;)-). & 271 3.7 17 276 2.2 1.0 286 2.7 1.3

3 276 4.6 21 272 2.9 14 291 33 1.6

4 275 3.9 1.8 271 3.2 15 272 3.2 1.6

5 278 25 1.2 272 25 13 281 2.3 11

6 275 1.3 0.6 271 14 0.7 265 0.9 0.4

In order to comparthe POLPRED analysis with tedmiralty Chart data, both flow

speed and directional data have to be obtained from the model at each of the specified
tidal diamond sites. As a result, a direct comparison can then be drawn with respect to
the high tide ocauing at Swansea. For the chosen analysis period, the spring and neap
high water conditions occurred at Swansea on the following dates; the Springtide on
the 8/12/2018 at 6:44 at 9.35m and the neap tide on the 17/12/2018 at 00:53 at 7.07m.
This information was sourced from the Swansea Titkbles(Dolby, 2019) The
following are the validation results for the flow speed and directional component of

the flow.

It should be noted that whilst data souriem POLPRED carbe used to help select
a site, further work would have to be undertaketotwoborate the flow results before

a device is deployedhis can be achieved by physically monitoring the site identified
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and comparing reakorld measurements to the data getestaThis step wiltypically
beundertaken after a site has been identified due to the large costs associated with the

collection of onsitalata

Flow SpeedValidation

The flow speedrbm the POLPRED model is in nre$ per second (m/s). In order to
compae the admiralty chart data to this, the chart datasieetle converted from
knots to the Sl unit of mess per secondA knot is calculated from the geographical
latitude travelled during a set time. A speed of one knot, if maintained for one hour,
would produce a change of 1 minute in the geographical latitude a distance of
1.852km. As a result of this Knots can be converted to m/s usinfplibaving

equation, Where V is the velocity in m/s and Kithisspeed in knots.

pYuC (9-1)
OCQTT
This conversion allows for a direct comparison between the results for both the spring

w U¢

and neap tides for each of the tidal diamonds. The results of this can be #&®n in

graphs presented Figure9-15.
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Tidal diamond L flow speed comparison
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Figure 9-15: Validation of flow speedsbtained from the POLPRED model against the Admiralty Gitestid,
during Spring and Neap tidal conditioas sites L (top), N (middle) and Kl{ottorm)
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Overall the flow data fronthe POLPRED model matched the data provided by the
Admiralty Chart. However it should be noted that there is a variation between the
flow speeds at site NFurtherinvestigation of the chart showed that this arehriat
beenupdated since 2008 when it became a
vessels are required teques up-to-date water depth data due to conyachanging
conditions The difference between the vakieould be attributed to thisVith respect

to thesdindings it was assumed that the flows across the site were valid.

Flow direction validation

In addition to the flow speethe direction of the flow could also be used to validate
the directional flowelement of the model. This is particularly important duehto t
specification of a fixed turbine at the site, which means that the directional flow has
to be considered in the analysis. The results of the analysiadbrsite can be viewed

in Figure9-16.

It was noted that there are some discrepancies between the flow directions across the
three sites however they are close enough to validate the model. Overall the
validation process determines that the resuitiined from the model were within
acceptable limits; as a resulhe data from the POLPRED model could be used to

assess the power output of each of the sites.
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Figure 9-16: Validation of flow direction obtained from the POLPRED model against the Admiralty Ghtart
for sites; L (top), N (middle) and K (bottom)
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9.3.5. Power Calculation

Owing to thespecification of a fixedurbine, the power output igffected by the
directionalplacement as previolysidentified. This meant that the power output of the
device has to be calculated with respect to the optimal placement using the power

equation(6-10) previously developed.

In order to determine the optimal position, the average power over the lunar period
was determinewvith respect tahis process. This was achieved by varying the angle
of the turbine placement increments of ne degred¢o determine the power output
over the lunar montat eaclof the potentiaB60 degreesf orientation.The maximum

powerdeterminedvas therused tospecifythe optimal direction of the turbine.

An example of this process is provided for site JG with the average power outputs
generated shown iRigure 9-17 at varyingdevice deploymenangles. Theoptimal
device placement is determined to be at 93 degtieegoint &which the maximum

32.359 kW is produced.

Additional analysis of the dafrom this process shathat the turbine reaceated
power 9% of the time and@asnon-operationalfor 23% of the time. The remaining
68% isthetime where the turbine is cutting ifhisinformationwas determineftom

the powergeneratedt each time step for the specified@3greeangle. By using the
known number of time stefd2,464)and subtractingthe number of occurrences of
rated and nofoperational power outpytthe time steps where the turbine was cutting
in could be calculated. These results were then presentgresntage of time spent

operating irthe definecbower phases
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Average power
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Figure 9-17: Average power output of tidova M10Qurbine at varying deployment angles at site JG

Figure9-18 shows the average power produced at each site over the lunar month for
the entire area under consideration. The optimal angle for the directional placement of
each of these turbisés then detailed irFigure 9-19. Further results specifying the
percentage of time that each of the optimally placed turbines spent operating in the
different power phasesR@ted, non-operationaland cutting i) can be seen in
AppendixF.1: Percentage dfime Spent atRatedPower (%) F.2: Pecentage of Time

Turbine isNon-Operational (%)andF.3: Percentage dfime SpentCutting in (%)
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Figure 9-18: Average power in kW produced by the turbine over the Lunar month
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Figure 9-19: Optimal directional placement of the turbine specified in degrees, with gerestingan Easterly direction and yellow a Westediyection
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9.3.6. Finance

Unfortunately, due to the commercial sensitivity of the data, no finainétamation
is provided publicly for the costings of the turbine or cable. As a result ofathis
number of assumptions had to be made regarding the expected @$B®These
assumptions are made with respecthe exclusion ofnflation from the analysis
Hence these values are specified in 2012 priae$ine with the2012 price specified
in the contracbf differencefor the sale of any generatpdwer(Crown, 2018) The

assumedaluescan be seen imable9-6.

Table9-6: Assumed device expenditures

Expenditure Cost in 201%rices (£) Variables
Initial device cost £250,000 ldc
Decommission cost £50,000 Dc
Maintenance cost £25,000 Mc
Cable cost £10,000 Cc

In addition to these assumptions the following additional financial elements were

determined from literature and the specification of the turbine;

1 Fuel cost 400$ per T(£0.32 per ky(Ship & Bunker, 2018)

91 Strike price  £305/MWh(£0.305 per kWh(Crown, 2018)

1 The number of maintenance visits was specified by Nova folsever the
20- year lifespan of the device. As a result of tmaintenancgrips will take

place everyour years(Nova Innovation Ltd, 2019)

Using site JN as an examptee net profits can be calculated using the previously
developedformulasfor the profits and expenditure@letailed in sectior6.8.1 and

6.8.2). These equations requitbe values for the average power and grid cable
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connection distance previously determined during earlier stages of the TFS
(33.276kW and 10km respectively). In additidnis assumedhat the maintenance
downtime (Dt) is 14 days. Using these figyrd®e following calculations can be

performed
Profits

ownYn WYxemi ©Oo gt 0L (9-2)

O@ xorm@mu Yxemmnm pPT T T Z ix ot wv

Expenditures
"0 O O 6@ 0QEO® O OU (9-3)
oxmmyuymdpe prnpimnm umnnu mnn ¢ &tmme
Z v o p
It should be noted that the values for the Fuel consumptiagg eme from the

calculations during the LCAnoddling. These calculations are detailed in (haBi

modelling process in sgbction9.4.5

In this particular examplethe net profits of a turbine located at site JN will be
£1,253,844. This process was carried out for all of the sites identified and used as the

metric in thefinal stage of theombination tool.

In addition to the net profits, both the payback period emst of energy were
calculated at this stage. The results for these studies can be foundowethiew

document presented ippendix |- CombinationTool Overview, which details the
results for the top 10 sites identified. These calculations wseesl to provide

additionalinformationregarding the financiallements of the project. However, they
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are not fundamental to the methodology, as the deemking element focuses on

thenet profits.

94. LCA

The fllowing sulsectiondetails the extent of the LCA study carried out for each of
the sitesat whichthe NovaM100 turbine will be deployedThis process follows the

structure defineth Chapter7.

9.4.1. Goal and Scope

The goal and scope of the LGalysishave previously beeoutlined anddefined in
subchaptei7.3. However, owing to the iterative process of th@A methodology,
wheredata is allowed tanform decisions made in other key stagée following
additional assumptions had to be made. Thexdditions are detailed during the
subsequent sslections However in keeping with the methodologyre listed as

follows.

1 The generator housed in the TSG nacelle was omitted from the analysis due to
a lack of available data

1 A number of assumptions were made regarding the operation of the
deployment and maintenance ship. These assumptions were based on the
specificaton of the vessel and are clearly stated and judtifiesubchapter
9.4.4 DistanceData under thesubsectiorheading Voe Earl

1 Only secondary data was sourceohf literature and other methods due to the

lack of available primangata.
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1 The Nova M100 turbine is a modular devitence it would be possible to
conduct a Gate to Gate analysis to determine the impact of site sel€btsn
iIs based on thassumption that the manufacturing of the device would be
independent of the site selection process. Howetvanould be notedatthis
would require initialinformationregarding the environmental impact of the
manufacturing that was not availabkes a resulta Cradle to Gravanalysis

was carried out

9.4.2. Inventory A nalysis

The following sulsectionsdefine the inventory analysier LCA of theNova M100

Initially, the Device data requirements are discussed and defined before the parameters
affected by the site selection process are detafedilly, an overview of the key life

cycle stages of the modelprovided in theorm of images from th&aBi software

alongside key equations which are defined with respect tepihafiedparameters.

9.4.3. DeviceData

In order to generate an accurate LCA model, specific device data has to be obtained
for the Nova M100turbine. Unfortunately, theurbine developmentompany Nova
Innovations were not able to provide tmformation In order tanform decisiorsand
helpgenerate realistic assumptions for the LCA model, a Computer Automated Design
(CAD) model of the M100 was generated in SolidWorks. This model was generated

using images of the device alongsiddormation provided from the technical
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specifications of the elice. The model can be seenkigure 9-20 alongside a

conceptual image of the turbine for comparison.

The development of the CAModel helped definendividual key components in the
turbine, namely the Front Block, Back BlocksBase, Feet, Concrekéolders, Front
Pillar, Back Pillars, Turbinélolder, Turbine Nacelle, Rotor hub and TurbBiaedes.

These components are identifiedrigure9-21 and further detailed ifiable9-7.

Figure 9-20: Nova M10Qurbine(Nova Innovation Ltd, 2019longside SolidMorks CAD Model

Turbine Turbine

Blades Nagelle Turbine
Holder

Back

Rotor -
= Pillar
Hub ar
Back
Blocks

Front
Pillar

Concrete
Holders

Front Block

Figure 9-21: Key Turbine components

It should be noted that all of the steel components in the CAD model were assumed to

be cutfrom a % inch steel plate (19.05mm). This is a standadssize for ateel plate
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andis readily availableThishad the added benefit of beingderthemaximum Zmm

sheet thickness defined @aBi for the generic sheet steel manufacturing process.

Owing to the difficulty in obtaining data for the device, temerator, which would
normally sit inside the nacelle, was omitted from the LCA study at this point. This
decision was made due to the lackirdbrmationregarding the component and the
assumption that it woulde manufactured ofsite. As a result of thjghe initial goal

and scope of the LCA were updated to include this assumption.
It is later determineth the

CAD Validationsectionthat this assumption results in a reduction of material mass of
6.009t. Approximately 7.5% of the wet weight of the turbimhilst this will have an
impact on the overall LCA results of the turbine because it is a common component,

it will not affect thefindingswith regards tdhe site selection process.

Material Mass andSurface Area

The individual models of each of the compogmbvided detailedihformation This
dataincluded thesurface area and volumehich could be used to calculate tnass
of material in each componerikhis was determined usirtge relationship between
mass, density and volumand was used wefinevaluesin GaBi.

o0t i % (5-4)

0 di Q WOGO‘Q
Three main materials were identified in the devi€encrete with a density of

2400kg/nii used to add mass to the turbine in fiien of the front and backlock,

steel with a density 07 750kg/nii used in the supportinstructure of the device and
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drive huband fibreglass with a density of 3.5 kg/fi used in theblades andotor

hub cover.

The results of the mass calculations can be viewedainle 9-7. These results
established the finished mass of each of the comp®aéet manufacturing. In the

case where there were mixed materials such as the rotor hub, these wereltwoken

into sepaate subcomponents. The mass of each individual component is calculated
and combined to define the mass of the component. This data is used in conjunction
with the parameters developed in the generic LCA model to gpkeibutput weight

of specific compnents. In addition, the total mass of the device was calculated by
summing all the component masses and specified as 116,591.05kg (116.59 metric

tonnes).

Table9-7: Breakdown of turbine componemtstailing total mass and volume of components

Total ‘
Main Number of | Volume Mater_lal Mass
Components| Image components| () density (kg)
Name P (kg/m?) 9
Front block 1 19.35 2400 46440.0
Back block 2 14.55 2400 34920.0
T Section 1 2.01 7750 15579.3
Feet /y 3 0.16 7750 1263.4
Concrete 4 0.11 7750 812.0
holders | ¥
Front pillar j 1 0.29 7750 2255.7
Back pillars \ 2 0.22 7750 1739.2
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Turbine 1 0.23 7750 1788.5
holder
Turbine :
nacelle c 1 0.75 7750 5823.8
Rotor Hub 1 3474.5
."—c,:’\
Drive hub & 1 0.45 7750
Composite j 1 291 35
cover : ' '
Blades 2 784.7
Composite { 0.9 0.92 35
part \ ' ' '
_Steel Internal
reinforced 0.1 0.1 7750
component
component

Manufacturing process
The development of the CAD model also leelpo determine the details of specific
manufacturingorocessesghat would be required to construct individeaimponents

Thisis illustrated in the case of tlwencrete holder.

The concrete block holder is a steel componentehsures that the concretblocks

sit on the base section correctly and restrict them from shifting in strong tidal currents.
The CAD model for the concrete holder can be observé&dgure 9-22. The figure
clearly shows that the component is assembled from three key igaritified in
separate colours. In order to manufacthegpart the individual components will have

to be cutfrom a steel plate before being welded togethéotm the component. The
surface will then have to be prepped for pamg using sandblasting to clean the
surface before a coat of paint is applied to finish the component and protect it from the

saltwater
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Figure 9-22: Concrete holder CAD model

Using the CAD drawindiles, specificinformation can be gathed This includes
informationsuch as the length ofit required to manufacture the component. This can

be visualised ifrigure9-23, which shows how the three components could be cut out
of one sheet of aterial. In addition to thighe length of the welds required to secure

the components together can be measured. All ofirifesmationis important as it

feeds into the Generic LCA process previously developed and used to conduct a
realistic assessmefdr the device. Additionahformationdetermine for each of the

steel components is displayedTiable9-8.

Figure 9-23: Visualisation of cutting the concrete holders out of a Steel sheet
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Table9-8: Steel component manufacturiimjormation

Main Cutting | Welding | Surface
Components Image Number length length area | Bending
Name (m) (m) (m?)
T Section 1 304.7 300.4 209.7 No
Leg @ 3 15.8 9.5 5.7 No
Concrete 4 8.8 4 284 | No
holders !
Front pillar \’, 1 8.2 3.7 29.6 No
Back pillars \ 2 8.3 3.6 24.8 no
Turbine 1 15.9 0 245 | Yes
holder "
Turbine 1 16.3 123 | 622 | Yes
nacelle

CAD Validation

In order to validate the CAD model of the turbine, the total mass of the turbine
excluding the generator was calculated to be 116.59t. The specifications for the turbine
do notprovidea dry weight for the device. Howevarywet weight of 80ts specified.

This is the weight of the device when immersed in w@ewa innovation Ltd, 2017)

This meant that a direct comparison of weight could be made by calculating the wet

weight of the CAD turbine, usintpe Archimedes principle.

0 QB QWWQ O QWL QWO Wa OCXW N aOOQQ (9-5)

|—> |-> ” (b

Where V isthevolume of 41.56rhio bt ai ned from the CAD model

of seawater as 1025kgimh e c al c ul a t)efthe @A turbiwedis 78.991t. ( o

164



This is relatively close to thepecified 80t. The missing 6.009T could be attributed to
the generator, which normally sits inside of the nacelle, but was omitted from the
study. As a result of this calculatiohwas concluded that the CAD model provided

a realistic estimate for the & of the specified components and the manufacturing

methods validating its use in the LCA.

9.4.4. DistanceData

The distance data determinddring theTFS in Section 9.3.2 affects a number of
componentsf the LCA, namely the cable and ship operationsa Assult othis, they
arediscussed further in thelfowing sulsectiors. An example of the distance data

previously generated during the TFS for sitec3id be seen ifable9-9.

Table9-9: Examples oflistance parameters defined @aBifor site JN

Distance parameters Distance (m)
Harb_to Cable 44,600
Harb_to_Site 39,600
Cable to_Site 10,000

Voe Earl
The Voe Earl is the muktat offshore service vessel that was chosen as the
transportation vessel for deploying, maintaining and grid connecting the turbines at

each siteThe Voe Earlhaspreviously been used for the deployment of Hwva
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M100 in the BluemullSound,making ita logical choice(The Shetlad Times Ltd,

2016) For referencgthe vessel can be seerFigure9-24.

VOE EARL

Figure 9-24: The Voe Ear(Offshore WIND, 2016)

Extracts from the spefacation of the shigDelta Marine, 2012)engine(Caterpiller,
2009)and generatdgiCaterpillar, 2007¢an be found iAppendix H- Voe Earl- Fuel
Consumption SpecificationsThese documentgrovided specific information
regarding the speed and fuel consumption of the vessel. The appropriate firaings f
these specifications were thpaametersed and are detailed imable9-10. It should

be noted that theflowing assumptions were made for different operational phases of

the ship bagton theinformationspecified.

i It is assumed that one generator is always running during normal transit to
power machinery aboard the vessel. This was due to there being no capacity
for the ship to generate power from the main engines. A second generator is
used toprovide power when prforming activities such as cable laying or

deploying the turbine
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1 Cruising speed (19.6km/h) is achieved when both main engines are running.
Each engine consumed 376.5L/h of fuel. In addition tq ¢ime generator will
be running to provide power to the ship consuming 24.6L/h

{1 Laying cable speed (10km/h), both main engines are assumed to be running at
reduced power consuming 20@ each, in addition to thiboth generators are
running consuming 24.6h each

1 Time on site (stationary), both enginese running at reduced power
consuming 100/h to holdthe ship onsite It is assumed thditoth generators

arerunning to power machinery to deploy turbine consuming 24.6L/h each

Table9-10: Ship specific parameters definedGaBi

Parameter value notes
Cable_laying_spee( 10,000 | Ship cable laying speed (m/h)
Cable_fuel_con 200 | Ship cable generator fuel consumption rate (1
Generator_num 2 Thenumber of generators othe ship

Generator_fuel_cor 246 | ship generator fuel cosumption(L)

Main_vist 4 Number of maintenance visits (#)
T_on_main 0.5 | Time on site per maintenance visit (h)
Speed 19,600 | Ship speed (meters per hour)
Fuel_Rate 376.5 | Main engine fuel consumption rate (L)
Num_engins 2 Number of main engines (#)
Onsite_fuel_con 100 | Ship main engine fuel consumption on site (1
F_density 1.194 | Fuel volume to mass ratio (L to kg)

Using the parametedefined, the fuel consumption at each stage can be calculated.
This is further discussed in sadxtion 9.4.5 GaBi Modelling where the fuel
consumption is detailed in tli@&aBimode| during thevarying stages of the device life

cycle.
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Cable

The Nova M100turbines that are currently deployed are servedalmedicated,
independent subsea calfieREBE, 2017) However, noinformationwas provided
regarding the sizing of the cable used. As a result of this and other difficuliresgp
informationregarding the cables, the cable manufacturing procespaxashetesed
allowing the user to define specific elements. This would then allow for the calculation
of the material used to manufacture the cable. In order to achieyié was assumed
that the materials used in the cable would be the same as others spedified in
literature. With respect to thithe cable was designated as a thpkase power cable
consisting of three copper cores wrappedan outer protection systefWwalker,
Howell, Hodgson, & Griffin, 2013)The material makep of the cable can be seen in

Figure9-25.

Key Material

Copper core

PP filler

HDP outer cover

PP Cover

Steel wire protection

Figure 9-25: Crosssection of thepecified materials in the cable

As previously mentioneth order to determine the mass of materials in the cable, the
crosssectional area of each component has to be defined by the user with respect to

their diameters. It should be noted that the outer diameter defined for a material
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informsthe inner diameteof the next material out from the centiéhis canthen be

used to calculatthe area of the material.

The cable can be split into two parts, the internal three cores, and the outer cable
protection system. The total mass of the cable can be calculasstidrathe mass of

the individual materials. The area of each ofititernal three cables is calculated in
Table9-11 and the external protection systemTable9-12. It should be noted that

the area of the internal pp filler is the outer diameter area minus the combined area of

the three internal caldg763.407mm) whichlso occupyhis space.

Table9-11: Area of inner cable compones

Diameters in mm Areas (mm?2) Thetotal area of

inner | outer inner outer cable section
Copper 0 11 0 95.03318| 95.03318] mm2
pp filler 11 14 95.03318| 153.938 | 58.90486] mm2
pp cover 14 15 153.938 | 176.7146| 22.77655] mm2
steel 15 17 176.7146| 226.9801| 50.26548] mm2
pp cover 17 18 226.9801| 254.469 | 27.48894| mm2

Table9-12: Area oftheextenal protection system

. . the total area of cable
diameters in mm areas (mmz2) )
sectiors
inner outer inner outer

PP filler 0 41 0 1320.254| 556.8473 mm?2
PP cover 41 42 1320.254| 1385.442| 65.18805 mm2
steel 42 44 1385.442| 1520.531| 135.0885 mm?2
HDPE outel 44 48 1520.531| 1809.557| 289.0265 mm2

The total mass of the cable can now be calculated pee oféhe cable by using the
density of each of the materials in conjunction with the volume calculated. To achieve
this, the area is converted from Mo n? and then multiplied by the length of the

cable that was calculated for the distance between tldec@nnection point and the
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Sitet hi s

calculations per meg of cable. In total, the combined mass of the cable is defined as

5.582kg per rater. This calculation is automated within the GaBi model using the

i s

defined parameters.

def i

ned i n

tTabke 9-148 showss the reseilting i Ca b |

Table9-13: Mass of matdal per meter of cable

Mass per meter of cabl(
mm2 m2 density (kg/m3) | (kg/m)
PP filler | 733.5619| 0.000734 860 0.630863221
PP cover | 147.6549| 0.000148 860 0.126983175
Steel 285.8849| 0.000286 7000 2.00119452
HDPE outel 289.0265| 0.000289 930 0.268794667
Copper | 285.0995| 0.000285 8960 2.554491818

9.4.5. GaBi Modelling

With the completion of the data gathering, the appropriate parameters were defined
within the generic model. Theoflowing subsections detail thi@aBi mode] initially
providing an overview LCA plan before delving into each of the elements identified
to display the model further. The following images are all screenshotsFainand

depict materibflows between processes and plans.

Overview

The overview plan, seen Figure9-26, identifies the four key stages of the turbine
life cycle; namely te Manufacturing, Installation, Operation & Maintenance and End
of life of the turbine. This effectively details the mass flow of the turbine between

these stages with each of the gldns being defined with additionaformation
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Manufacturing <LCx X;h Instalation <LCx Fh apperation and ;h End of Life <LC> ;!1,
Maintaince <LC»

1.17EQOS ka 117EQOS ka 117EQOS ka
Figure 9-26: Top plan of the LCA process modelled3aBi

Manufacturing

The first stage of the turbine life cycle is manufacturing. This plan, which can be seen
in Figure9-27, details the manufacturing and assembly of thibime. In total nine

major components were identified and defined within the model aglanb. It should

be notedn situations such as the Leabe turbine assembly requires three components.
Hence the mass flow between the leg manufacturing andhéudsisembly accounts

for the combined mass of these three 421kg components.

Leg <LC> psh Tidal turbine Assembaly <u-so>  p XMl
126E003 kg

Concrete Holders p;h_; >

<LC> 812 kg

T-Base <LC> pfh
1.56E004 kg

Front Pillar <LC>  pgh

2.26E003 kg

Turbine Holder <LC> pfh

_
1.79E003 ka

Turbine Nacelle <LC> p[h
4.58E003 ka

Back pillars <LC> p[h

4.51E003 kg

Concrete back block ;h
<LC>

Concrete Front block fh
<LC>

Figure 9-27: Manufacturing SudPlan

Each of the components manufacturedlefined inmore detail inadditional sub
plans. This is demonstrated Figure 9-28, which shows thesubplan for the

manufacturing process the turbine Legfrom plate steel to finished component.
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GB: Electricity grid ;h
mix (production mix) ts

422EQ04 M
EU-28: Solvent paint '°

white (EN13804 A1-A2) ts
8.55ka
$> 17003 MJ $3IFE004 MJ
EU: Steel plate .o Plasma Are Cutting - plisl Gas Metal Arc plist Abrasive Blasting - plist f:lr:n:g - Leg
_— — " — »
worldsteel 137E003 kg | Ine9isuzso> 1.24E003 kg Welding - Leg <u-so>  125003kg  Legs <u-so» 125003 kg
T2.15kg 140.3ke
63.4 kg 14.7 kg d13am | 5.17 M. ‘
DE: Argon (gaseous)ts§53  DE: Carbon dioxide  §93 GLO: Compressed air GLO: Compressed air
{CO2) by-product 14 bar (medium power 7 bar {madium power

Figure 9-28: Leg manufacturing process s{an

px0
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Installation Phase

The second phase of thebinds life cycle is the installation phase. This can be seen
in Figure9-29, which shows the deployment of the turbine and cable. In addition
should be noted that the manufacturing of the cable is defined at this stage i a sub
plan. Both of these elements are linked to the distance data gemknatedhe TFS

As a result, the mass flows for the fuel and cableféeeted by the specificatioof a

site.

GB: Diesel mix at
refinery ts

1.81E003 ka

769 ka

-
oo e A Pﬂo Deployment cu-scu:»pxh
<U-s0>

1.17EQ05 kg

1.04E003 ka S.64EQ004 ka
O

Cable manufacturing ‘;'z"l,- Ship cable laying [
=L C> <u-so>

S.64EQ004 kg

Figure 9-29: Turbine installation plan

The fuel consumed during this process is calculated usirigltbeing parametrised

equationswith respect to the paramestgreviously defined imable9-10.

AEOAI AEOAI (9-6)
3 E&RD

The following equations define the fuel consumption of transporting the device to the

site (Fuel_con_Transp) and the time spensits(Fuel_con_onsite).

173



_____ Q@i AOA (9-7)

D EBmAAA

SEEDI SE®OAT 3E&BAT AOAOT

AOATT1 OEGAED OEOCASEDEI A 33EEDI (9-8)
SEERAT ACAOCSBPERT ACAGI ODE T A

Note that the parameter, Fuel_con_transp, is multiplied by two. This is to account for

the ship having to make a return journey when tiengeto and from thesite.

Operation and M aintenancePhase

The operation and matenance plan defines the operational phases of the turbine and
can be seen iRigure9-30. It should be noted that normally tNeva M100turbines
moduar design allows the nacelle and turbine blades to be lifted off and removed from
the base of the structure. However, owing to the way that the component was defined
in GaBi, it was assumed that the whole adewvas removed which is depicted by the
mass flow value of 116.5{displayed as 1.17E005kd)espite thisit was assumed

that maintenance woul@nly be carried out on theacellesection this involved
sanding and repainting the steel components. Due to the omission of the generator

additional maintenance actiives could be specified.

GB: Dizsal mix at

refinery ts

&15E002 ka

Turbine pX Mation: Ship - pgo
opperation (life span) maintance <u-so>

1.17E0OS kg

Figure 9-30: Operation and maintenance plan
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The btal fuel consumption during this stage is defined usingdl@ifing equations
Y€ O © & & & 1 0 ME®&D (9-9)

Where the following equationare used

£ @ Y& OEQ C (9-10)
QE@OGI © s e o s o 0-171
WQ’Q YQF o & YCQH06 Q & YOQ8QQE Qi o € i ( )

"0 O (9-12)

O 3E&EHDOEOCAlI 3EE®I 4# 11 (9-13)

4#8 11 SEEBRT AOCAOB PERT AOBAAIO

Again, note that the fuel consumption accauior the number of maintenance visits
multiplied by 2in theequatiomnum_vist. This is to account for the ship having to salil
to the site to originally pickip and return the turbine to port before taking it back at

the end of the maintenance visit tanstall it at the site.

End of Life Phase

The final stage is the end of life of the turbine. It is assumed that both the turbine and
cable are recovered in keeping with typical UK procedures for removing devices at
the end of seabed liceng agreements. Upon recoveirywas assumed that 80% of

the mass of both the turbine and the cable were recyclable with the remaining 20%

going to waste landfill. The end of life plan can be sedfignre9-31.
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GB: Dissel mix at
refineryts

1.81E003 kg

l?é-? ka

Turbine Recovery pX Ship rocovering Pl Turbine <u-sox> p
“U-s0> turbine <u-sox>

564E004 kg 1.17EQ05 kg LI7ED0S kg

‘1.0:&003 kg
Pﬂo

Ship recovering _ cable cu-so= P
cable <u-so=»

SA4EQQE kg

Figure 9-31: Turbine end of life phase

It should be noted that the fuel consumption at this stage is assumed to be the same as
the installation phasé his isowing to the recovery of the turbine and the cable being
carried out in a similar method tts deployment. As a resylihe same equations for

fuel consumption are used.

9.4.6. Parameters

In total, thereare103 parameters defined within t&@aBimode| allowing the user to
tailor the generic model specificallg full list of parameters can be seerAppendix

G - GaBiParameters

Owing to the lack of primary data, the parameters for the generic manufacturing
processes were defined from literature. Tihidudesmachinery specifications and

research papers. The full list of the parameters defined aimd/étheesare provided

in Appendix G - GaBi Parameters However the following summarises the key

parameters defined alongside references to the literature
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Bendingi It was assumed thateel thatrequired bending during the manufacturing
processvas bent using Haeusleplate bender. This machine is capable of cold rolling
steel plates up to 60mm thick. This was well within the specified 19.05mm stesl plate
usedin the manufacturing othe turbine(Mach4Metal, 2018) The information
parameterised from this document includbeé speed obendingand machinery

power consumption.

Blastingi The blasting process required both the blasting material usage and air
pressure required to be defined. Thméormation was provided by a technical

document produced by the Society Ryotective @atings(SSPC, 2018)

Weldingi The article AEnvironmental and Soci a
Technol ogi éenfrnatipnorotiiel Ghe Metal Arc Weldingrocess This

includedthe following informationn weld speed, shield gas flow rates, shield gas
compositio, number of passes required, material added and electricity (isage

JuChang, et al., 2015)

CuttingT No specific literature could be found referencing steel cutting presess
howevert h e pEaranmentél Impact of SpiHu | | Repairo definec
of plasmaarc cutting. This isrequiredduring the removabf old sections of the ship

hull before repairs can staifhe paper provided the followingformationregarding

the plasma arc cuttingrocessncluding, energy consumption, cutting speergon

shield gas flow rates and thermal energy released.

A number of the manufacturing processes required thefasghieldhg gas consisting
of Argon ora mixture ofArgon andCarbon doxide (CO). The flow rate of thehield
gas was typically listed as a flow rate of.im order to calculate the mass flow rate of

the gasses, the density of each of the gasse® ttmddefined as the followingrgon
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as 1.784kg/handCQO; as 1.977kg/m(Engineeing ToolBox, 2003) This allowed the

mass of the gases to be calculated by multiplying the volume by the density.

9.4.7. Impact Assessment

During the impact assessment, the inventoglyais model is analysed andsults
attributed to thie impact caggories. This process is automated kit the GaBi
software However the results need to be weaghwith respect ta characterisation
factor. There are a number of differaftaracterisatiofiactors that can be apett

howeverin this caseCML was chosn.

CML2001 - Jan. 2016, Global Warming Potential (GWP 100 years) excluding Bio
C02 was applied to theanalysis CML was developed by the Institute of
Environmental Sciencat the Leiden University in th&letherlands It is world-
renownedandwas last ugated in September 2016 ML - Department of Industrial

Ecology, 2016)Thinkstep, 2016)

Figure9-32 shows the raw data results generated3aBi for site JGwith respect to
the fouridentifiedlife cycle stagesThese results are witbspect to the positioning of
site JG and hencehe following parameterflave been definedCable toSite of

10.9km, Harb_to_Cable asB&m and Harb_to_site as 28.3km.

Quantity/Weight. |CML2001 - Jan. 2016, Global Warming Potential (GWP 100 year | ... D Quantity view

Unit/MNorm. kg CO2 eq.

LA ® cc F Love

Inputs/Outputs Just elementary fic
Lefmiss End of Life <Li Instalation <Lt Manufacturing opperation ani
Flows 1L19E006 6.54E004 7.09E004 6.76E005 3.79E005
Resources
Deposited goods
Emissions to air 1.19E006 6.54E004 7.09E004 6.76E005 3.79E005

Emissions to fresh water
Emissions to sea water
Emissions to agricultural soil
Emissions to industrial soil

Figure 9-32: GaBidata results for site JG

178



Table9-14: Emissions duringach of théeylife cyclestages of Site JG

Stage Emissions (T CO2eq
Manufacturing 676.17
Installation 70.86
Operation 378.55
End of life 65.37

In total the emissions producedt site JG account for 1198T CO2eq over the
lifetime of the turbinewith emissionscoming from each of thefour key stages
identified inTable9-14. Using thisinformation theresultscan be depicted iachat.

This identifies thecontribution of the key life cyclstages to themissionsof the
device The results of this can be seeffrigure9-33, whichidentifies that a significant
portion of the emissions ocauuring the manufacturing and operational phases of
the turbines life cycleFurther analysis of the resultdentifies a number of key
resourceflows and processes that attribute directly to these findifgsesecan be

seen inFigure9-34.

m Manufacturing minstallation mOperation mEnd of life

Figure 9-33: Percentage othe totalemissiongluring key life cycle stages.
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m Fuel usagam Misc. manufacturing emissiorns Electricity m Cablem Materials

38.41%

Figure 9-34: Percentagef emissiongontribution fromkey processes

The information provided in the figures can be used to identify environmental
hotspots, such as the manufacturing and operational ploaske cevice. These can

be traced to individual elements suchrathe operation phaseshere23t offuel are

used to powerhte support vessel servicing theesiddditionally, the largeimpact of

the manufacturing process can Ipgimarily attributed to thehigh energy
manufacturing processrequired to build the devigsuch as welding and plasma arc
cutting. These processes draw power from the UK National Grid which is supplied by
a varety of renewable and nerenewable energy sourcesach of which hsan impact

on the environment.

Using thisinformation it is possible to address somettoése hotspots to improve the
impact of the deviceThis potential isdiscussedurtherin the LCA observations in

subchapte®.6.2

For the proposedhethodologytheoverall impact of the devids of specific interest.
As a result of thisthe holistic impactesultswereexported fromGaBiinto an Excel

spreadsheet. This process was repeated for each of the sites idueiitiifieespect to
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the threedistanceparameterslefined.As previously mentionedhese values were

calculated duringne TFS.

9.4.8. Interpretation

The results fom the GaBi software were calculated with respectite scope of the
project this defined the functional uhaskg COeq per deploymentOwing to the

size of the units andpace limitationsthey are convertedand displayed in metric
tonnesof COxeq. The values across the sitaried between anaximum of1254
COzeq per site and a mimum value of1065% COeq per siteA difference of B&t

COzeq which equates ta site-specific change accounting aboutl7% This change

in emissionsis directly attributed to the site selection procesand effects
environmental impact of the installation, operation and end of life phases. This impact
can be seen iRigure9-35, which showcases the difference in environmental impact

between site R and NM at each life cycle stage.

The difference in environmental impact between site R and NM at
each life cycle stage

Materials and Manufacturing

Installation
Operations Site NM
End of life Site R

0 200 400 600 800 1000
t CO2eq per deployed turbine

Figure 9-35: Impact of site selectiomn key life cycle stages between two different sites.
The LCA results are depicted iRigure 9-36. It should be noted that this image

displays avarying colour scale to showcase the effects that site selection has gn GWP
with sites that contribute more to GWP highlighted in red. It should be noted that the

preferred sites from an environmental analysis seem to be located arourid trelg
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maintenance port at lIfracombe. This data is later used to rank the sites with respect to

ther GWPfor uses in the combination tool
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Figure 9-36: Emissions at each site ir0Ozeq

In additionto the original ofective functional unit okg COzeq per site the typical
value of gCOzeqperkWh can also be calculated for each site by dividing the total
emissions by thelectricalpowergenerated. This is determined durthg TFS and
whilst not critical to he site selection methodologyt provides an additional metric

for analysing the sites.

Sensitivity Analysis.

Due to dealing with a large number of parametamsumber of sensitivitgnalyses
were carried out on the model. This was achieved using thdtisbusitivity amlysis
toolin GaBi. This allowsvariations to be specified ftineparametersvhich were then
used tacalculatethe knockonimpactto the overalloutcome of the modieWhileit is
impossible to verify all of the parameters in the mptthel key ones were testedthis
manner.The main parameters test@ttluded thefuel consumption and distance
values.These were specifically chosen due to their critical importance taitihe

selectioomethodology.
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The results of the sensitivity analysis showed that the model responded within
reasonable values when adjustments were made to the parameters. Hoveesere

this wasthe case a number of calculations were carried out to corrobooéter
parametersThis involved building arfexcel calculator sheet in order to douleeck

the calculations in the ®a software. The main focus of this was to visualise th
material flows and ensure that values were specified in the correct units. Every
calculation from thé=xcelsheet and GaBi ascompared and corroborated to ensure
that the model was calculating material flows as expegigain, the fuebnd distance

parametersverehighlighted as an area of particular importatwthe methodology

9.5. Combination Tool

With the decisiormaking data generated from both the TFS (net profits) and kGA (
COxe0), the final stage of the case study is the combination of thégebuorder to
achieve this the site scores have to be determined for both the financial and
environmental elements before they are combined. This process is illustrated with

example dataeterminedor site JN across thelfowing sulsections

9.5.1. Finance Sore

The financescore was calculated from the net profits from the. & previously
defined the sites with net profits below 0 were assigned negative schmsswas
achieved by defining the minimum profits as 0 across the site. This rieant
following calculation could be conducted for site yWere the net profits produced
at JN were equal to £1,253,88%is value was the maximum value across all of the

sites, and hence, the finaiat score is calculateds1.
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9.5.2. Environmental Score

Similarly, the sités environmental score can be calculated using the findings from the
LCA, where for site JN the site cortitites 2,118,200 kO.eq Themaximum value
for all of the sites identifiets 2,140,849kgCOzeq, andthe minmumwas1,962,926
kg COzeq. The resulting calculation determines the environmental site score to be
0.169 at site JN.
w | EI (9-15)
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9.5.3. Combined Sore

The combined site score can then be calculated using the wejghtthis example

a weighting of 50:50 is defined and applied to the scores for each site. In the case of
site JN a combined score @eterminedo be 0.5847. This ranks it as tHélfest site

with respect to the other sites in terms of finance and environmental factors.

™MW p p T ™ YT X (9-16)
This process was completed for each of the sites accounting for the defined exclusion
criteria in Subsection9.3.3 The results from this process damobserved irFigure

9-37, which shows the combined score across the sites for the 50:50 weighting.
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Figure 9-38 and Figure 9-39 show the siteweightings for the financial and
environmental elenms thatinform the results inFigure 9-37. Note that the purple
sites indicated ifrigure 9-38 are sites that have negative finance scores due to them

being unprofitable.
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Figure 9-37: Combined sites scores for 50:50 weighting
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Figure 9-38: Financial scores used to calculate the site score shov#giure 9-37
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Figure 9-39: Environmental scores used to calculate the site score shokigune 9-37

The overall results are presented in aareikew identifying the top 10 sites alongside

the exclusion parameters. This can be sedfigure 9-40. Alongside thisdetailed
results can be provided for the top 10 sites identified from the data generated in the
model. The complete overview page for the tool disptathe full results cabe seen

in Appendix |- CombinationTool Overview. This overview provides all of the
informationregarding the assumptions made as well as the weighditazatedind a

range of additional technicahformation This acts as the overall decisioraking

tool.
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Figure 9-40: Results of a 50:5@&nvironmental and Finance weighting factor
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The results from this methodology when applying the inclusions criteria previously
specified, identified site MH as the optimal site for deploying a turbiihés site
received a score of 61.46/10he remaining top 10 sites are identifiadrable9-15.

Note that these results avath respect to the 50:50 weighting specified for the

environmental and financial factors.

Table9-15: Top 10 sites identified when results are weighted 50:50

Site Latitude | Longitude Cpmbined Enyironmental Einancial

(DD) (DD) site score site score site score
1 MH 51.242 4.1375 61.46 89.94 32.98
2 MG 51.242 4.1625 60.52 85.82 35.21
3 NL 51.225 4.1375 58.77 96.80 20.75
4 MF 51.242 4.1875 57.27 79.88 34.66
5 IG 51.308 3.5625 57.18 16.68 97.68
6 IN 51.292 3.5375 56.36 12.73 100.00

7 NM 51.225 4.1125 54.22 100.00 8.44

8 LB 51.258 4.1375 52.71 82.62 22.80
9 LA 51.258 4.1625 52.42 79.42 25.42
10 LC 51.258 4.1125 50.67 83.99 17.36

As previously explainedadjustmens to the weightings will result in different
outcomes of the decisiemaking tool. This can be seen when adjusting the weightings
in the case of 75:25 in favour of the financial element. Woisld identify site JN with

a score 78.18/100 as the optinsdtle for deploying the turbineSimilarly, when
weightingpurely with repect to the environmergijte NMis identified as the optimal

site with a score of 100/100.

These results from thmethodology can then be used to makecationdecision with
respect to the environmental and financial factors analysed in the methodalhgy
accounting for theuseb sspecified weighting towards either the financial or

environmentaklements

187



9.6. Discussion

The fllowing subsectiosdiscuss the assumptions and additional observations made

during theundertaking of thease study.

9.6.1. Assumptions

Througlout the case studya number of assumptions had to be made due to data
limitations. These assumptions were statetbuflout the casestudy, where
appropriate. However, they will have had an impact on the findings. The main example
of this is thepreviously mentionedxclusion of the generator from the LCA. This will
have had a large effean the results of the LCA owing to the generat@ving
accounted foapproximately sixmetric tons ofnaterial mass attributed to the turhine

approximately 7.5% of the turbiéetotal mass.

Despite this exclusion, it does not affect the decismaking aspestof the model

This is because thmanudacturing stage of each turbine wasiform across each of

the sites. Hence variations due to the addition of a generator to the device will not have
affected the difference in emissions associated between sites. Hptveatditional
emissionswould haveimpactedthe typically functional unit of €£Oeq perkWh,

which is applied in other methodologies and calculated as an additional metric in this

one.

9.6.2. Observations

In addition to the assumptions madeyerabbservations were recorded redjag the

results fom both the LCA and TESThese are detailed in thellbwing sulsections.
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LCA Observations

One advantage of the LCA methodology is the ability to identify potentially harmful
environmental hotspots across the lifespan of the device.e@ample of this is the
large volume of concrete used to weight the device to the seafloor. At 81.36t this
accounts for just under 70% of the total weight of the de@oacrete is renowned

for its environmental impact, contributing around 8% of globe¢ghouses emissions
globally. This isdue to its expansive uses in the construction indykingwood,

2019) As a result of thisit could be suggested that alternative materials are used to
replace the material amdduce he environmental impact of the turbine. For example,
sand could be used to weigh down the devicarder to achieve the same weight
required 42.3m3 of sand would be requjra increasef 8.4nt assuming the sadsl
density is 1922kg/fm This potentially could have cost savings asatexl with it too.

As a result of this, further investigations could be undertaken to investigate the GWP
that this change would havehis highlightghe ability to makelesigndecisiors using

the LCA component ahe model

Additionally, it was noted that the electricity usbdoughouthe manufacturingtages
of the devicehad one of the largesinvironmental impast This is due toa large
number & high energymanufacturingprocessgsuch as weldingoending ad plasma
arc cutting. While it couldbe possibléo reduce the requirements tbe undertaking
of theseprocessegluring the manufacturingtage another alternative method of
addressing the environmental impacto assesthe mixof the energy usetd power

theseprocesses

For the LCA conductedhe British genericenergy mixiiGB - Electricity grid mix
(production mixd was specifiedwithin the GaBi softwareThis provided data foa
genericmix of energy foundsupplyingthe UK National Grid. The percentage break
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down of thisenergy mixcan beseen inTable 9-16 alongside the contribution to

emissiondrom the process

Table9-16: Percentage GB electrical mix and subsequent contribution to emissions

Source Mix makeup Contribution to emissions
Coal gases 0.34% 1.34%
Heavy fuel oil 0.49% 1.75%
Photovoltaic 1.19% 0.48%
Waste to energy 1.19% 3.12%
Biogas 2.39% 1.18%
Hydro power 2.59% 0.05%
Solid biomass 4.09% 0.58%
Wind power 9.45% 0.18%
Nuclear energy 18.81% 0.26%
Natural gas 29.71% 35.07%
Hardcoal 29.75% 55.99%

From the tablgit is clearthat coal playsa significant part in thenergymake up
accounting for 29.75% of the energy produced. Adgativeenvironmental impact of
coalis well documentednd clear to see. In this exampgteaccounts for 55.99% of
the emissiomproduced during electrical generatiors A result of thigshe UK has set

to phase out cofdlom theNationalGrid by 2024(GOV.UK, 2020) With theexclusion

of coal fromthis powermakeupand the assumption that the remaining methods will
increase equally tprovidethe required power, thenvironmentaimpact of power

generation foelectrical generationouldbe reducedby 44%.

Alternatively, it may be possible for the company tcadopta completely green
approachtand buy energy froras p e c i emérgyssigpléershat deadin renewables.
Whilst the company would have to pay a premium for the energy supplied, it has the
potential to drastically reduce the environmental impact tfie device when

considering its holistic impact.
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Anotherincredidy important observatiors mace by comparing the inputtedistance
parametersind thelL CA results These could be used teterminethe emissionger

mete for each of theaspectivalefinedparametersThese arealculatedasfollows:

Harbour to site 2.615kg COzeq per m
Harbour to cable 0.234kg COzeq per m
Cable to site 5.526kg COzeq per m

This isof particular interesas itidentifies the precise impact that the deploynant
the turbine haper meterof the defined parameterdowever it should be noted that
thee values arenot exclusively defined by the distance parametbrig are
additionallydefinedwith respect to other parametaghin the model Theseinclude
parametersuch ashe \essel specificatigmumber of maintenanceqs and the cable
manufactuing processAs a result of thisf any of these parameters were altetbd

observed impacts would be altersiwell

However, it was observdtatthe emissions of sailingrdm the harbouto site arell
timeslargerthanthat ofsailing between the harbour and cable Sitesis as aesult
of the boatravdling to and from the site fanaintenancactivitiesand accounts for
the additionaljourneysd and fuel burnton site.In contrast,the journey from the
harbour to cablaite is aoneway trip. As a result of thjgt was expected that this

value would bepproximatelytentimes largeiand is validated by this finding

TFS Observations

TheNova M100is a firstgeneratiordevicedeveloped by Nova Innovation. Currently
Novais testing the second iteration of thdevice, theNova M10GD turbine(Nova
Innovation, 2019)This turbine operates using direct drive, removing the need for a

gearbox to drive the generator. As a result of, e mechanical efficiency of the

191



device has been improved from 38.34% to 42.98A6 h addition the cutin speed
for the devicéhas been reduced from6m/s to 0.5m/sThefull specificationof the

newdevicecan be seem Table9-17.

Table9-17: Comparison of th&lova M100and M106D specifications

M100-D M100
Rated capacity (kW) 100 100
Life (years) 20 20
Diameter (m) 8.5 9
Cut in speed (m/s) 0.5 0.6
Rated speed (m/s) 2 2
Cp 42.98% 38.34%
Cut in power(W) 1562.5 2700
Cut in power(kW) 1.56 2.70

In thecase ofsite JN, by adopting the newer secegéneration M10D turbineg the
average power output of the dezincrease$rom 33.276kW to 33.541kWachange

of 0.265 kW. Whilst this is a relatively low figureutover the 26year lifespan of the
device it resuls in a potential increase in profitd £14,0Z- up from £1.764m to
£1.779m While this is still relatively smallthis value desnot account fochanges

in the cost of the turbinend maintenance activities, both of which are likely to be

reduced due to isnprovedmechanicatiesign.

Alternatively, if a yawing version of thé&lova M100turbine could be positioned at
the same locatignt would be capable of producirayn averag@owerof 34.879kW
This would increaserofit by £85,00. However this is likely to come with the
additional installation and nrgenance costand would probably not be worth the

additional investment.
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Combination Tool Observations

The combined results presented in the combinationaitml the user to identify a
preferral site with respect to the useefinedweightingsof the ewvironment and
financial factors. Howevegs suggestetheseweightingsare subjectivewing to the
fact that they are altered by the uskre specification of thesgeightings haa large
impact on the resultef the methodologyAs there is currently no requirement to
consider the global environmental impact of tidal devitiesre is the concern that
most companies wilfocus purely on thefinancial aspect of the methodology and

ignore the environmental impact.

However the additional benefit of themethodologyis the large quantity of data
produced durings undertaking Thiscan be presentedongside the results fwovide

an in-depthtechnicalunderstanding of the findings of both the LCA and TFBis
informationcan be useth to additionallyinform site selectiorlecisiors and provide

a holistic understanding of the impact of deployment of the device, including
informing the useraboutthe direct environmental impact that they will have. It is
hoped that this will prompt delopers to think about the impact of their devjdegh

financially andenvironmentally

It should be noted that data generated in the TFS and LCA could also be desigakto
additional inclusion/exclusion criter@uring the combination of the resulihis can
be showcased in thexample otheinstallationcost of the device, which is calculated
in the TFS. Thisvalue defines thapfrontcapital costequired to deploy a turbine at
thesite Thiscan beused todeterminef the company has enough capitaldeploy
the turbineat the site anddncehelp inform adecision regardinthefinancialviability

for the deploymenof the device.
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9.7. Conclusion

The chapter has detailed how the combination tool can be applied in atudge
settingby selecting a site fahe Nova M100 turbine off of the North Devon coast.
This showcasebhow a usedefined weighting system can be used to determine the
optimal deployment site faheturbine with respect to the environmental and findncia

factors.

In addition to this, the case study showcased the large volume of data that is produced
during the undertaking of the methodology. This additiomfakmationis detailedin
Appendix | - Combination Tool Overview, which highlights the holistic
environmental and financial consequences of site seledtimg technicainformation

canprovideadditionalassistancéo the useduring the siteselection process.
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CHAPTER 10: DISCUSSION

10.1. Summary

The following chaptedetailsthe key findings of the researdnd the methodology
developed,defining and explaininghem in the following subsection®kesearch
design methodology,contribution to the ield, encountered difficulties and

recommendations for further work.

10.2. Research DesigM ethodology

Themethodology developéduhs beerreatedn line with theresearclidesign adopted
asoutlined iINnCHAPTER 2:RESEARCH DESIGN METHODOLOGYThis acted as
a guide for the undertaking of the research and outlined the goals of each stage of the
methodology developmenthis provides a clearpath for the undertaking of the

research and the structure outlined in the thesis.

The research design adopted for this thesis outlined four key stages for the

development of the new methodology, a literature review, methodology development,

testing anakvaluation. This is a logical asgstematigrocess for the development of

the final methodology as each stage is developed using information and decisions
made in the subsequent stage. As a result, its application to the thesis provides

additional confi@énce in the newly developed site selection methodology.
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10.3. Contribution to ResearchField

A generic combined methodology has been developed for site selecting TSGs with
respect to the environmental findings from an LCA study and the financial elements
of a TFS. Its applicatiohas beeshowcased in a case study, thus achieving the overall
aim of the research projedthe following key elementBom this processepresent

the contribution to the field of knowledge.

A comprehensive literature review wasdacted This examinel the historial and
current states of research into botal power and LCAidentifyinga number of key

findings:
1 Tidal power is a renewable, reliable and predict&die of power generation.

1 The development of tidé&chnologyis coming to an endCompaniesare now

beginning to deployheirtechnology commercially.

1 Current site selection technologgmphasiseshe financial impact that the
device will havethis results in théocusof increasng power generatiofrom

asitewhen site selecting

1 Current site selection process papme consideration to the environmental
impact of the devicg solelyata local level but with particularattention paid
to theinteraction between wildlife anthe device.Typically this taks place
once a site has been identified doghe costs associated witlonducting a
wildlife study. It is noted that there are no requirementadoount for the

global impact of emissionsver the life cycle of the device.

1 LCA can be used to holistically analyse a product or system across the entire

life cycle, encompassing important phases such as raw material extraction,
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transportation and end of lif@ heseare not always accounted for ather

environmental impact methodologies.

This identified aknowledge gapleading to the development and propoal a
genericsite selection togfor TSGs with emphasis placed omoth environmental and
financial factors. The methodology developediédined by three key stages, which
allow informationand decisions made within themindorm the subsequent stages of

the investigation.

1 Stage 1: Site and device specification.

1 Stage 2: TFS and LCA studies. During this stégéh a generic TFS and LCA

framework are applied to the site and device specified

1 Stage 3: Combination tool. Results from the two studies are combined and sites
identified using a userdefined weighting systernombining environmental

andfinancialfactors

The application of thisnethodology provides a holistic understanding of the impact
of the device, both financially and environmentally. With the inclusion of a weighting
system within the methodology, the user pagcisdy tailor the outcome of the tool

with respect to theirgrticular criteria regarding these key elements.

The developed methodology wiastedthrouglout the undertaking of a case study to
site select the deployment of the Nova M100 turbine at a location off the North Devon
coast. This identified one of the maxitical elements of the tool, the ability to
incorporate angbresentiarge quantities of additional data. This additional data was
generated througlutthe undertaking of the TFS and LCA atah beused to provide

anin-depthunderstanding of the effect of site selection. As a result, it can be used in
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conjunction with the results from the toas$ part of the decisiormaking process,

providing an additionalholistic understanding of the impact of site selection.

It is expectedhat the methodology developed will be dises a tool for promoting
sustainableand holistic decisioamakingin an emerging renewable energy market
This is achieved bipcusing omot just the local environmentahpact that is typically
addressed in TE®ut thebroader impact oflevice deploymerdt a global level. The
adoption of this methodology will allow users to holistically understand the impact of
device deployment on the environmenthilst still identifying the need for the
company to make a giit. This is achieved by balancing the environmental site
selection process with the profitability of each scheffilee combinedoutput of the
methodologypromotesa greater understanding of bothese factors which are
impacted bysite selectiorand will encourageisesto tailor their decision criteria for

the identification of a preferred sitencerningeach element

This style ofdecisionmaking tool could bé&urtherpromoted thoughthe introduction
of legislationand regulationvhich promotes compaes toholistically understand and
mitigate the environmental impact of device deployment before peroits

deploymenaregranted.

10.4. Encountered Difficulties

A number of issues and limitations were encountered throughout the undertaking of
the research. Some of these limitations have been previously discussed in earlier

chaptersHowever the following are worthy of net

Data - A large amount of data is typically required for the undertaking of the LCA

methodology. One of thegnificantlimitations of this project was the lack of available
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primary data for conducting the case study. This issue was addressed in part with the
development of the generic modeding parametersrhis allowed thauser to enter

their own specific parameters. Howevtte results generated are based on values
specified in literature and a number of assumptions. As a direct reshil, dhere is

the potential for any uncertainties in the dataftect the outcome of the methodology
directly. The use of secondary dadnd assumptions was a far cry from the original
intention, which specified the use of primary data in order to create a more specific
and realistic case study. However, this was mandated due to the lack of available data
It should be noted that atterspivere made to validate this data, and a sensitivity
analysis was carried out to ensure that there were no adverse effects on the overall

finding when alterations were made to this data.

Data Costs- One reason for the lack of data is the cost associatbditaining it.
Typically, data will be generated from onsite measurements of material and energy
usage. This process is often very costly, both financially and in time. It should be noted
that this requirement for the undertaking of the LCA is one efrtiajor limiting
factors of the methodology, which candsfected by uncertainties in the assumed or
generic data used in place of primary d#a a resultany uncertainties within the

datahave a diect result on the findings of the methodology.

Flow Simulation - The use of flow simulation software was crucial for the generation

of data within the TFS. Whilst attempts were made to validate this data, specifically
against known values in the local area, it is highly recommended that once a site is
idenified, further investigation is undertaké®fore deployment of a devic€his is
required in order to assess the precise flow conditions at thelsité can be obtained
using onsite measurements. Tt&acould laterthen be used to corroboratedeven
update thdindings of the TFS before a TSG is deployed at the site.
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Specialist Software- Finally, the undertaking of this thesis required the mastery of
two specialist software packages, POLPRED and GaBi. Which, in order to operate
them appropriatgl required a robust and technical understanding of how the
programs worked. Of particular note is the GaBi software, which requires a holistic
understanding of the procedure required to connect and define; m®q#anss and
flows detailed within the mael. This was additionally complicated by the requirement

to develop a generic model, which additionally mandated -aeth understanding

of the parametrizatiorprocess. This was critical for the development of the generic

LCA component of the develop@dethodology.

Site selection- Owing to the sensitive nature of the decisinaking process that
companies will use for site selecting commercial turbines, no refereoncésbe

found for the process of optimizing deployment angles for them. Howevean he
assumed that it is highly likely that companies carry out a similar assessment to the
one presented. This assumption is based on the idea that by optimizing the power
output for a turbine at a site, larger profits can be generated from the sa&etiotief

at the same deployment cqgsdr deployed fixedurbine. Thereforecompanies can
increase their return on their investment over the lifespan of the dgvmgtimizing

device placement

10.5. Recommendations forFurther Work

The focus of thisreser ch was on the environment al
As a result of this, the scope of the LCA was limited to the GWP of the tidal device.
This decision was made due to the inherent link between GWP and the adoption of

renewable energy devicestaxkle the global problem of climate change. Howgiver
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should be noted that when appligtie LCA methodology is typically used to
investigate a number of different impact categories such as Acidification and
Eutrophication potential. As a result of thisirther work could be undertaken to
incorporate these values into the site selection process via a complaiefised
weighting system. Alternatively, the results could just be reported as additional data
provided for the device. This would offer arcieased understanding regarding the

impact the deployment ofdevice at each site will have.

Anothermajor limiting factorof the case study was the decision to deploy just a single
dedicated turbine at each site. In reality, with the commercialisati@is G, it is
predicted that turbines will be deployed in farms/arrays. This deployment strategy will
allow for specific infrastructure to be shared between deviatentiallyminimising

the environmentampact that each turbine has on its own. One ekamwigthis is the
environmental impact of the grid connection cable. This component could be shared
betweera number of turbines in the arrayhich, when compared to laying dedicated

cables, could lead to a reduction in emission

It is highly recommend#®that this methodology is developed further to account for
multiple turbines and the impact that shared comporentk have. However, this

will bring with it its own complex problems of minimum TSG spacing, required to
avoid wake turbulence, and the amporation of additional infrastructure into the
model, such as seabed power hubs. However, these issues should be explored further
due to the commercial focus on developing tidal arragsa sourceof power

generation.

Finally, the methodology and tool could be expanded to create a comparative tool that

would allow sites to be analysed with respect to multiple turbines. This would then
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provide a decisiomaking element that identifies to the user the best turbine for each
site with respect to the financial and environmental factors. This methodology could
be particularly useful in the future if companies develop multiple devices, allowing a
decision to be made. However, it should be noted thaew@A can be used to
performinternal device comparisons, comparisons between devices manufactured by

different companies would require additional scrutiny in line with $sddards

10.6. Conclusion

The aims and objectives of the project were achieved via the completion of a
comprehensiveliterature review into LCA and tidal power. This directed the
development of the defined methodology. This methodology was then tested in a case
study showing its applicability for site
environmental factorsThroughout this undertakinga number of difficulties have

been identified and discussed, paving the way for recommendations for future work to

address the shaamingsof the developed methodology.
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CHAPTER 11: CONCLUSION

The work presented within thiShesis has explored in detail the current state of
research into the fields of tidal power and LCA througtthe undertaikg of a
l'iterature review. This identified that
the findings of a TFSand as a resylsite selection is determined by the financial
factors of each site. Whilst accounting for the viability of device deployment at the
site. As a result of this, typicallythe TFS decisiomaking process is purely

financially motivated.

However with theissues of global warming prating the uptake of renewable energy
sources, it is important to have a holistic understanding of the environmental impact
of implementing these schemd@dis understanding isspeciallyimportantwhen the
impact of increasedransportation of a device is a potential concern, due to the
environmental emissions associateith it. This impact can be assessed holistically
using the LCA methodology to determine the direct GWP that the deviavbags

entire life cycle.

Thisthesis sets about detailing a new methodology for site selecting TSGs with respect
to bothfinancialand environmental factors. This is achievedtmbiningthe already
established TFand L CA met h oneaoricisegoglto sid inthre tleocision

making processsof siteselection This methodology provides a holistic overview of

the impact of the site selection process for the specified site and device with respect to

both financial and environmental aspects.

The proposed methodology is intended &pplication in an emerging renewable
energy market to aid in the site selection decismaking process. As a result of this,

the methodology was validated and tested using a case study. This was achieved by
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using the tool to identify a deployment sitg & Nova M100 horizontal axis turbine

off of the Northcoast of Devon.

The findings of this application showed hal¥ferent user groups could apply the
methodologyby varying the weighting of the combined methodology results between
financial (TFS) and environmental (LCAhe t h o d o Aduigonadlys the case

study highlighted how the extra data generated by each methodology provides a
complete understanding of thepact that device placement will have. This additional
data can also be uséal inform decisions with respect to individual aspects of the
findings. The undertaking of the case study acted as a means to validate the
methodology as a whole. However, a tognof potential issues were identified during

the processrThis lead tadiscussion of how to improve and develop the methodology

further in future iterations.

In conclusion, it igoundthat the methodology developed within this thesis can aid in
the cecisionmaking process an emerging renewable energy markigtwever with

the development of technology, additionahsiderationshouldbe madesuch as for
the deployment of multiple deviced®Vith these changes, it is expected that the
methodology deeloped will provide a specialist toad orderto support decision
making in an energy industry thiads the potential to supply renewable and reliable

power for generations to come.
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Abstract

This paper used a specialist software package to produce a detailed model of the River Mersey estuary, which can be subjected to
a range of simulated tidal conditions. The aim of this research was to use the validated model to identify the optimal location for
the positioning of a tidal turbine. Progress was made identifying a new optimal site for power generation using velocity data
produced from simulations conducted using the MIKE 3 software. This process resulted in the identification of site 8, which sits
mid-river between the Morpeth Dock and the Albert Dock, being identitied as the favoured location for tidal power generationin
the River Mersey. Further analysis of the site found that a 17.2-m diameter single rota multidirectional turbine with a 428-k W-
rated capacity could produce 1.12 GWh annually.

Keywords Tidal power generation - Tidal energy - Tidal site analysis - River Mersey - MIKE 3

223



Appendix B- Investigation into the uses of Life Cycle
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power schemes Conference paper

Investigation into the uses of Life Cycle Analysis (LCA) as an alternative method of
selecting tidal power schemes

Name of author(s) Cameron Kelly, LOOM Research institute, Liverpool John Moores
University, Liverpool L3 3AF, UK

E-mail address: C.kellyl@2012.ljmu.ac.uk

Abstract. Tidal power generation is a renewable source of energy, however this

does not automatically guarantee that it is an environmeyitedhydly method

of producing power. In an attempt to ascertain the true environmental effects

of tidal power geneation, this investigation outlines the key stages of a project

which has set out discover the direct impact that a Tidal Stream Generator
(TSG) has on the environment. To achieve this, a comprehensive Life Cycle
Analysis (LCA) will be conducted in order ttetermine the impact of a TSG

from fAcradle to graveo. This will pr o
associated with this renewable energy source.

While a project may seem environmentally friendly does not mean that it will

be economically viableSimilarly, economic impact will be a major factor in
companyods decision to invest in a pr o]
the proposed study, a Cost Benefit Analysis (CBA) will also be undertaken

using data generated from a Technical Feasibitudy (TFS), which is

conducted to identify the position of the TSG in a hypothetical location.

By combining the results of TFS and CBA, the author intends to create an
innovative methodology which can help support decisi@king within an
emerging reawable energy industry that will be at the forefront of producing
reliable, renewable and sustainable power for generations to come.

Keywords. Tidal power, Life Cycle Analysis, Technical Feasibility Study,
Cost Benefit Analysis Feasibility study,

Introduction

Tidal power is the generation of power from the global shift in sea levels caused by

the interaction between the gravitational forces of the Earth, Moon and Sun. Typically

two tidal periods occur every 24 hours and 50 minutes, which is tledtttakes for

the Moon to realign overhead at the same point on the Earth. This is due to the rotation
of the moon around the Earth being in the same direction as the rotation of the Earth.
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Currently it is accepted that there are four major methodsxfoaating tidal energy:

Tidal barrages, Tidal lagoons, Dynamic tidal power and Tidal stream generators (1).

The focus of this report is on Tidal Stream Generators (TSG) which are also known as

Tidal Stream Convertors. They consist of devices that areiqresit directly in

flowing tidal stream and come in a variety of different styles. These vary from the
traditional O0bladedd tidal turbine to the
and oscillating hydrofoil concepts.

TSG technology is currdly still in its infancy as a source of renewable energy. New
devices are being developing and tested, as companies compete with each other to
develop their own technology as it is scaled to commercial levels. In a world looking
to reduce its environmentapact and tackle climate change the appeal of a
renewable, predictable source of power is clear to seewBil¢ that shouldbe the

limit, this report outlines the key analysis packages for site selection for tidal power
schemes in an environmentaftyendly way. This is done through the combination of
LCA and a CBA, and then combining them within an overall feasibility study to
understand the effects of site selection of a turbine.

Technical Feasibility Study

A Technical Feasibility Study sets outdssess a sites ability to produce power. In
order to achieve this, initially the site has to be compared to the specification of the
proposed turbine to determine if donformsto the local/national requirements
(planning/nautical/Health & Safety). Typibaat this stage the water depth, site access
and ability to connect to the local power grid are assessed. Any problems encountered
at this stage of the feasibility study will, most likely, put a hold on development.

Once itis clear that a turbine camositioned at the site, the next stage is to determine
the power available using Equation 1. In order to account for varying tidal conditions
the power produced can be calculated over a lunar month providing a realistic
assessment of the potential avialiéaoutput power. To do this, water velocity data for

the lunar month has to be obtained via a computer simulation or from onsite data
measurements. Equation 1 demonstrates the power, P, calculation of tidal turbine (2),
where, |} i s t hékg/n3 Asithe swepbdrea of tha turbirte blades
(m2), V is the velocity of water flowing through the turbines (m/s), and CP is the
turbine power coefficient. The power, P, is generated in Watts.

Z=
[

CBA

As mentioned at the outset, ondlod major factors a company must take in to account

when choosing to invest in a project is the financial viability or Return On Investment
(ROlI'), of the scheme of which the agreed
factor. The current strike oe for tidal power is fixed at £305 per MWh until 2019.

Using the power data generated by the feasibility study it is possible to calculate how
much the device will earn over its lifetime, by extrapolating the power generated
during the lunar period. Thigetime earnings can then be offset against the costs

associated with the project, including
timed) and, al so, decommi ssioning in ord
ROL.
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ROI is, almost without excéipn, the most important indicator for investors in
determining the value of the scheme and whether or not it should receive investment.

LCA

Life Cycle Analysis, also known as Life Cycle Assessment, is a method of holistically
examining a product or sysh with respect to a functional unit. It was first used by
the CocaCola Companyin 1969 when they commissioned the Midwest Research
Institute to quantify the emissions and resource requirements for different beverage
container materials for their soft dkis. Unfortunately, this report was unpublished
(3), however it established the concept of LCA which, in turn, lead to the modern
regulations developed by the International Organization for Standardization (ISO) in
ISO 14040 and ISO 14044.

Methodology
/ Life cycle assessment framework \
Goal and scope

definition
Direct applications:
- Product development

and improvement

- Strategic plannin:

Inve?lolry Interpretation - Publicgpolﬁzy makgi;ng

analysis
- Marketing
- Other

Impact

nent

Figure 1: Key stages of conducting a LCA (4)

The framework set out by ISO 14040 outlines the four key phases for conducting a
LCA which can be seen in Figure 1. The four key areas are further defined in 1ISO
14044 as;

1 Goal and Scope: details tegtent of the investigation conducted by outlining
the product/system being investigated and defining the boundary conditions of
the assessment and the functional units that will be used.

1 Inventory Analysisoutlines all of the parts and processes in ystesn being
investigated, providing data on inputs to the process such as material and
energy and the outputs such as emissions and waste.

1 Impact Assessment: this collates all timformation from the inventory
analysis in to the relevant impact categospscified in the Goal and Scope.

1 Interpretation: defines how the results are reported, ensuring that the process
is fair and the methocbnformsto the regulations set out in ISO 14040 and the
results meet the criteria set out in the Scope.
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Impact categoes

There are a number of varying impact categories that make up the functional unit for
an LCA investigation. The goal of the functional unit is to create a base unit for
comparison against other studies. The key functional unit for this particulatr\nefbor

be Global Warming Potential (GWP)here are a number of different gases that
contribute to GWP. In order to collate all the different emissions carbon dioxide
equivalents are calculated for each of the gases that contribute to the GWP using
converson values. This allows for the gases to be collated in to the functional unit of
kg COeqwhich is used in the Kyoto Protocol (5).

Combination

To bring together the above three work packages (TFS, LCA & CBA) into a developed
methodology it is important to understand the effects that each has on the other
because the data generated in each methodology will feed between therom@nd
results. Thdollowing Table 1 shows some of the impact that site selection can have
on each of the main work packages.

Table 1: The effects of site selection on the key methodologies

Methodology Impact of site selection
Technical 1 Outlines characteristics of selected sitésfactors that
Feasibility affect the amount of power available at each of
Study locations
1 Confirms if the site meets the specifications of the turl
91 Determines the distances from the location from the
connection and the distantravelled by the maintenang
craft
LCA 1 Location of the site effects the travel distance which

result in changes in the environmental impact of

turbine with regards ttaying of the connection cable ai

the amount of fuel used teach the site.

CBA 1 Changes in the power available effect the profitability
the scheme

1 Changes in distance from maintenance ports and
connection result in changes in theantitiesof material
used resulting in a change in the cost of the project

The functioral unit of the final analysis will be, £/KgOeq. This quantitative outcome

will be generated by combining the data from the CBA and LCA. This value can be
used to compare a number of locations within a specified site allowing a user to
identify a prefered site with respect to the environment and the financial aspect. In
order to be industry friendly, the methodology will incorporate user definedficut
options that all ow users to identify
characteristics. Gnsuch example for this requirement is a minimum ROI; because
companies will only invest if a minimum ROI is achievédthis case only results
from sites that could meet this value will be display@dce a site is selected, it will
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be possible to inteogate the methodology to determine mmfermationabout the
individual components that comprise the product, thereby allowing a greakeptim
look into any sites chosen.

Conclusion

By combining these three methodologies into one combined asseskmatiéntion

is to create, a decision making tool to assess the environmental and financial impact
of site selecting tidal turbines. These considerations mean that the very core of the
process is built on the understanding of the environmental impactrived $o reduce

the environmental footprint afhatis a highly attractive renewable energy resource.
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Appendix C - CaseStudy - Site Information

The followinginformationprovided the precise longitude and latitude value of each
identified site, alongsidéhe site-specific information calculated for thedistances

between key infistructure points and the site.

4.2375 51.4250 24,000 0 24,000
4.2125 51.4250 23,500 0 23,500
4.1875 51.4250 23,100 0 23,100
4.1625 51.4250 22,800 0 22,800
4.1375 51.4250 22,600 0 22,600
4.1125 51.4250 22,500 0 22,500
4.0875 51.4250 22,600 0 22,600
4.0625 51.4250 22,800 0 22,800
4.0375 51.4250 23,100 0 23,100
4.0125 51.4250 23,500 0 23,500

3.9875 51.4250 23,100 18,800 24,000
3.9625 51.4250 22,400 18,800 24,700
3.9375 51.4250 21,900 18,800 25,400
3.9125 51.4250 21,400 18,800 26,200
3.8875 51.4250 21,100 18,800 27,100
3.8625 51.4250 20,900 18,800 28,100
3.8375 51.4250 20,800 18,800 29,100
3.8125 51.4250 20,500 44,500 30,200
3.7875 51.4250 18,800 44,500 31,400
3.7625 51.4250 17,200 44,500 32,600
3.7375 51.4250 15,500 44,500 33,800
3.7125 51.4250 13,900 44,500 35,100
3.6875 51.4250 12,300 44,500 36,400
3.6625 51.4250 10,700 44,500 37,700

A
B
C
D
E
F
G
H
|
J
K
L
M
N
O
=
Q
R
S
T
U
Vv
w
X
Y
z
AA
AB
AC
AD
AE

3.6375 51.4250 9,100 44,500 39,100
3.6125 51.4250 7,600 44,500 40,500
3.5875 51.4250 6,100 44,500 41,900
4.2375 51.4083 22,400 0 22,400
4.2125 51.4083 21,900 0 21,900
4.1875 51.4083 21,400 0 21,400
4.1625 51.4083 21,100 0 21,100
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AF
AG
AH
Al
Al
AK
AL
AM
AN
AO
AP
AQ
AR
AS
AT
AU
AV
AW
AX
AY
AZ
BA
BB
BC
BD
BE
BF
BG
BH
Bl
BJ
BK
BL
BM
BN
BO
BP
BQ
BR
BS
BT

4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125

51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.4083
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917

20,900
20,800
20,900
21,100
21,400
21,900
21,600
20,800
20,200
19,700
19,400
19,100
19,100
19,100
18,600
16,900
15,200
13,600
11,900
10,200
8,600

6,900

5,300

20,800
20,200
19,700
19,400
19,100
19,100
19,100
19,400
19,700
20,200
20,100
19,300
18,600
18,000
17,700
17,400
17,300
17,400

o O O o o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

O O O 0O o o o o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800

20,900
20,800
20,900
21,100
21,400
21,900
22,400
23,100
23,900
24,800
25,700
26,700
27,800
29,000
30,200
31,400
32,700
34,000
35,300
36,700
38,100
39,500
41,000
20,800
20,200
19,700
19,400
19,100
19,100
19,100
19,400
19,700
20,200
20,800
21,600
22,400
23,300
24,300
25,400
26,600
27,800
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BU
BV
BW
BX
BY
BZ
CA
CB
CcC
CD
CE
CF
CG
CH
Cl
CJ
CK
CL
CM
CN
CO
CP
CQ
CR
CS
CT
Cu
Cv
CW
CX
CY
Ccz
DA
DB
DC
DD
DE
DF
DG
DH
DI

3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625

51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3917
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750
51.3750

17,700
16,800
15,100
13,400
11,800
10,100
8,400

6,700

5,000

3,400

1,700

800

1,700

19,300
18,600
18,000
17,700
17,400
17,300
17,400
17,700
18,000
18,600
18,600
17,700
17,000
16,400
16,000
15,700
15,600
15,700
16,000
16,400
15,200
13,600
11,900
10,200
8,600

6,900

5,300

3,800

18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

OO O O o o o o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

29,000
30,300
31,600
33,000
34,400
35,800
37,200
38,600
40,100
41,600
43,100
44,600
46,100
19,300
18,600
18,000
17,700
17,400
17,300
17,400
17,700
18,000
18,600
19,300
20,100
20,900
21,900
23,000
24,100
25,300
26,600
27,900
29,200
30,600
32,000
33,400
34,900
36,300
37,800
39,300
40,800
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DJ
DK
DL
DM
DN
DO
DP
DQ
DR
DS
DT
DU
DV
DW
DX
DY
Dz
EA
EB
EC
ED
EE
EF
EG
EH
El
EJ
EK
EL
EM
EN
EO
EP
EQ
ER
ES
ET
EU
EV
EW
EX

3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375

51.3750
51.3750
51.3750
51.3750
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3583
51.3417
51.3417
51.3417
51.3417
51.3417

2,400

1,700

2,400

3,800

17,700
17,000
16,400
16,000
15,700
15,600
15,700
16,000
16,400
17,000
17,100
16,200
15,400
14,800
14,300
14,000
13,900
14,000
14,300
14,800
15,400
13,900
12,300
10,700
9,100

7,600

6,100

4,800

3,900

3,500

3,900

4,800

16,200
15,400
14,800
14,300
14,000

44,500
44,500
44,500
44,500

O O O/o o o o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

o O o

42,400
43,900
45,500
47,000
17,700
17,000
16,400
16,000
15,700
15,600
15,700
16,000
16,400
17,000
17,700
18,600
19,500
20,600
21,700
22,900
24,200
25,500
26,800
28,200
29,600
31,100
32,600
34,000
35,500
37,100
38,600
40,100
41,700
43,300
44,800
46,400
16,200
15,400
14,800
14,300
14,000
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EY
EZ
FA
FB
FC
FD
FE
FF
FG
FH
FI
FJ
FK
FL
FM
FN
FO
FP
FQ
FR
FS
FT
FU
FV
FW
FX
FY
4
GA
GB
GC
GD
GE
GF
GG
GH
e
GJ
GK
GL
GM

4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125

51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3417
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250

13,900
14,000
14,300
14,800
15,400
15,800
14,800
13,900
13,100
12,600
12,200
12,100
12,200
12,600
13,100
13,900
14,400
12,900
11,300
9,900

8,500

7,200

6,200

5,500

5,200

5,500

6,200

14,800
13,900
13,100
12,600
12,200
12,100
12,200
12,600
13,100
13,900
14,500
13,400
12,400
11,600

o O O o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

O O OO o o o o

18,800
18,800
18,800
18,800

13,900
14,000
14,300
14,800
15,400
16,200
17,100
18,200
19,300
20,500
21,800
23,100
24,500
25,900
27,300
28,800
30,300
31,800
33,300
34,800
36,400
37,900
39,500
41,100
42,700
44,300
45,900
14,800
13,900
13,100
12,600
12,200
12,100
12,200
12,600
13,100
13,900
14,800
15,800
16,900
18,100
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3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875

51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3250
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083

10,900
10,500
10,400
10,500
10,900
11,600
12,400
13,400
13,700
12,200
10,900
9,700

8,600

7,700

7,100

6,900

7,100

7,700

13,400
12,400
11,600
10,900
10,500
10,400
10,500
10,900
11,600
12,400
13,300
12,100
11,000
10,000
9,300

8,800

8,700

8,800

9,300

10,000
11,000
12,100
13,300

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

OO O O o o o o

18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800

19,400
20,700
22,100
23,500
25,000
26,500
28,000
29,500
31,000
32,600
34,200
35,700
37,300
38,900
40,500
42,100
43,700
45,400
13,400
12,400
11,600
10,900
10,500
10,400
10,500
10,900
11,600
12,400
13,400
14,500
15,700
17,000
18,400
19,800
21,200
22,700
24,200
25,700
27,300
28,800
30,400
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3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625

51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.3083
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917
51.2917

13,300
12,100
11,000
10,000
9,300
8,800
8,700
8,800
9,300
12,100
11,000
10,000
9,300
8,800
8,700
8,800
9,300
10,000
11,000
12,100
10,900
9,700
8,600
7,700
7,100
6,900
7,100
7,700
8,600
9,700
10,900
12,200
13,700
13,400
12,400
11,600
10,900
10,000
9,300
8,800
8,700

44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500
44,500

O O O O o o o o

18,800
18,800
18,800
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18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,500
44,500
44,500
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44,600

32,000
33,600
35,200
36,800
38,400
40,000
41,700
43,300
44,900
12,100
11,000
10,000
9,300
8,800
8,700
8,800
9,300
10,000
11,000
12,100
13,300
14,600
16,000
17,400
18,900
20,400
22,000
23,500
25,100
26,700
28,300
29,900
31,500
33,100
34,700
36,300
38,000
39,600
41,300
42,900
44,600
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JR
JS
JT
Ju
JV
JW
JIX
JY
Jz
KA
KB
KC
KD
KE
KF
KG
KH
Kl
KJ
KK
KL
KM
KN
KO
KP
KQ
KR
KS
KT
KU
KV
KW
KX
KY
KZ
LA
LB
LC
LD
LE
LF

4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375

51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2750
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583

10,900
9,700
8,600
7,700
7,100
6,900
7,100
7,700
8,600
9,700
10,900
9,900
8,500
7,200
6,200
5,500
5,200
5,500
6,200
7,200
8,500
9,900
11,500
13,100
13,700
12,200
10,900
9,700
8,600
7,700
7,100
6,900
9,900
8,500
7,200
6,200
5,500
5,200
5,500
6,200
7,200

OO O O o o o o

10,900
9,700
8,600
7,700
7,100
6,900
7,100
7,700
8,600
9,700
10,900
12,200
13,700
15,100
16,600
18,200
19,700
21,300
22,900
24,500
26,200
27,800
29,400
31,000
32,700
34,300
36,000
37,700
39,300
41,000
42,700
44,300
9,900
8,500
7,200
6,200
5,500
5,200
5,500
6,200
7,200
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LG
LH
LI
LJ
LK
LL
LM
LN
LO
LP
LQ
LR
LS
LT
LU
LV
LW
LX
LY
LZ
MA
MB
MC
MD
ME
MF
MG
MH
Mi
MJ
MK
ML
MM
MN
MO
MP
MQ
MR
MS
MT
MU

4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.8125
3.7875
3.7625
3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.9375
3.9125
3.8875
3.8625
3.8375
3.7625

51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2583
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417

8,500
9,900
9,100
7,600
6,100
4,800
3,900
3,500
3,900
4,800
6,100
7,800
9,500
11,200
12,800
12,900
11,300
9,900
8,500
7,200
6,200
5,500
5,200
9,100
7,600
6,100
4,800
3,900
3,500
3,900
4,800
6,100
7,600
9,100
8,600
6,900
5,300
3,800
2,400
1,700
7,900

0
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
18,800
44,600
44,600
44,600
44,600
44,600
44,600
44,600
44,600

O O O O o oo o o o

o

18,800
18,800
18,800
18,800
18,800
18,800
18,800

8,500
9,900
11,300
12,900
14,400
16,000
17,600
19,200
20,800
22,500
24,100
25,800
27,500
29,100
30,800
32,500
34,200
35,900
37,500
39,200
40,900
42,600
44,300
9,100
7,600
6,100
4,800
3,900
3,500
3,900
4,800
6,100
7,600
9,100
10,700
12,300
13,900
15,500
17,200
18,800
25,800
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MV
MW
MX
MY
MZ
NA
NB
NC
ND
NE
NF
NG
NH
NI
NJ
NK
NL
NM
NN
NO
NP
NQ
NR
NS
NT
NU
NV
NW
NX
NY

3.7375
3.7125
3.6875
3.6625
3.6375
3.6125
3.5875
3.5625
3.5375
3.5125
3.4875
3.4625
4.2375
4.2125
4.1875
4.1625
4.1375
4.1125
4.0875
4.0625
4.0375
4.0125
3.9875
3.9625
3.6125
3.4625
4.2375
4.2125
4.1875
4.2375

51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2417
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2250
51.2083
51.2083
51.2083
51.1917

8,500
9,900
11,500
13,100
12,600
10,900
9,200
7,600
6,100
4,800
3,900
3,500
8,600
6,900
5,300
3,800
2,400
1,700
2,400
3,800
5,300
6,900
8,600
10,200
11,300
1,700
8,400
6,700
5,000
8,600

18,800
18,800
18,800
18,800
44,600
44,600
44,600
44,600
44,600
44,600
44,600
44,600

o

O O OO O o o o o o

0
44,600
44,600

0

0
0
0

26,500
27,900
29,400
31,000
32,700
34,300
36,000
37,700
39,300
41,000
42,700
44,300
8,600
6,900
5,300
3,800
2,400
1,700
2,400
3,800
5,300
6,900
8,600
10,200
34,800
44,600
8,400
6,700
5,000
8,600
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Appendix D - Distance from Port to Stes (km)

EL| TR -]

€5 | 69 | 98

TS | 9L | T6
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o [ 8%F [EEF | LTF |TOF |9BE [TLE (SSE | FPE |9CE |TTE (962 (LB |89 |S6C |[T¥C (62 | LT |902 | 96T (98T [LLT | LT |#9T | 9T | LST (9GT | LGT | 9T |#9T | LT | LLT
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Appendix E - DistanceBetween Grid ConnectionPoints and

EL| 51T

Sites (km)

uouiy €5 69 98

Ta 9L T6

s S5 9 L S8 66 |ETT |6CT |BCT (ZTT | 56 gL TS | 8% | 6E SE | 6E | 8% Ta 9L T6 66 S8 L 9 S5 s 55 9 oL S8 66
69 L £4 g8 £°6 |60T |ZCT | LET (TET (STIT | 66 S8 L <9 55 [4-1 S5 T L S8 66 |60T | L6 9’8 £L TL 69 TL L8 98 £°6 | 60T
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Appendix F - Turbine Operational I nformation

Spent at Rated Power (%)

ime

Percentage ofl

F.1

VL | REL0L [ MEFL | 20000 | 00D | MO0 | R0 [ 2000 000 [ 000 | H000 | X000 | X000 000 | X000 | 2000 | 22000 | MO0D | 000 | X000 | HOQD 000 000 | 000 | 0000 | W00 | MO0 | H00°0 [ 200°0 | 000
MEDD | MEFE | MBPT | KIO0 | MERD | MEEL | MEVL | HI90 | X360 | MEVD | MO00 | HO00 | MO000 | MA5E | MEEE | M000 | H000 | X000 | <000 [ MO000 | X000 | X000 | X000 | <000 [ M000 [ X000 | X000 | X000 [ <000 | <000 | %000 | %000
MEVED | WOGE | MEV | MIAT | MEOT | MO8V | MERD | MUZE | WP | MELE | MEVD | MEFD | HMIPO0 | HIE0 | MER0 | MIUDE | W0 | X000 | X000 | 000 | X000 | X000 | X000 | X000 | <0000 (%000 | X000 | X000 | X000 | <000 | %000 | <000
MIDE | MO0E | MAZE | MBEE [ MGTL | MPE | MOG9 | MLZE | MO [ METR | MP0E | MASC | HMEZO [ 000 [ MOS0 | MEL0 | MPE0 | X000 | 2000 [ M000 | X000 | X000 | =000 | 000 | 0000 [ X000 | X000 | <000 | <000 | <000 | %000 | %000
MACE | MU | MEEE | WALY | MAE | MONE | MIEG | MIEE | KO | MO [ MED [ MANE | MIGT | MEE0 | WRLD | H20 | HO0'0 [ 2000 | 2000 | M0N0 | 000 | H00°0 | QD (000 000 | 000 | 0000 | W00 | MO0 [ H00°0 [ 2000 | 000
MEEF | MBSV | MICO | MO0V | MEFE | MATY | MOBYE | MVl | MLEL | MEOE | MOFT | MOVE | MEDE | KEL0 | MOS0 | HO000 | HO000 | X000 | M000 [ MO000 | X000 | X000 | X000 | <000 [ M000 [ %000 | X000 | X000 [ <000 | <000 | %000 | %000
MATR | WGE | MOS0 | MO0 | XAUG | MOTR | MPIC | HMBE0 | X000 | XA | MENL | MPE | WIS | X000 | X000 | X000 | S00°0 | X000 | X000 | 000 | %000 | X000 | X000 | X000 | <000 | %000 | X000 | X000 | X000 | <000 | %000 | <000
MET0 | MEND | H000 | MGET0 | MOSE | MA0E | MELL | H000 | M000 | 000 | MEV0 | MWl | MEZ0 | 000 | 000 | X000 | S00°0 | X000 | 000 | M000 | X000 | X000 | X000 | 000 | 0000 | %000 | X000 | #0000 | <000 | 4000 | %000 | %000
OO0 | HO00 | HO00 | MO0 | MEE1 | MEZ'Z | MEDD | HO00 | MO0 | MO0 | MO0 | HE0 | HO00 | RK000 | MO0 | MO0 | HK000 | H000 | R000 | MO0 | MO0 | K000 | HO00 | R000 | M0000 | H0000 | HK000 | H000 | R0 | 000 | MO0 | <000
=00 MEND | HO0D [ X000 | 000 [ MO000 | X000 | X000 | X000 | 000 [ MO000 | X000 | X000 | X000 | <000 [ H000 | X000 | X000 | X000 | <000 [ M000 | X000 | X000 | X000 | <000 | <000 | X000 | <000

MO00 | 000 | X000 | X000 | 000 | X000 | H00°0 | X000 | X000 | 0000 | X000 | S00°0 | X000 | X000 | <0000 | %000 | S00°0 | X000 | X000 | 000 [ %000 | X000 | X000 | X000 | <000 | %000 | <000

MO000 | 000 | #0000 | X000 | 0000 | H000 | X000 | #0000 | 000 | 0000 | %0000 | 000 | X000 | 000 | M0000 | %0000 | 000 | X000 | 000 | 0000 [ %000 | X000 | <000 | <000 | 000 %000 | %000

241



ional (%)

Is Non-Operat

ine

imeTurb

Pecentage of T

F.2

egat

HWEL [FLZRG | MEXER | MU0 [MOIAL | MAEGE | MKGUGE |MO0ZE (HKEYGE HITEE
MEEGT | MOYIE [HEEGE [0XET |MOF0E [MOE0E | MOVET |MIYLT [MEEE (MORED MO0 | MEY I [HORIE ek 08 | EIEPE | MNP (MEbAD MB000 | MU [MAVED [FBGR0 MO [MEGE [ MIERD | MAVED | MILVER [MOPED |MEPET | MEVIE (HEELD
MERVE |MAPPE [MPIIE (MEBPIT |MOEIT |MELGE [MBHGE [M0G9T | MOVAT KO LE [HAWNE [MAVED | MIVLE |HEGPE [MEG0D | MEGET | MR |MAVED | MOVIE | KIDZE |MA0CE [HETPD |MEFGE |MIFPE | MICGE [MENGE |MEEE | MEGE [HEE0E | KDL |MO0LE | HEEEE
SOVGE | MEVGT | MEBYLY (MOWFS MPLGT | MA0EE [MOFS [MIPET | MPEEE [HOTEE MIERT | MOVLZ [HAEYE [F099T | MEG0E [HATGE SpXET | MOVID [P0 | MELLC | MWD | MENRD [PhLGE |MEG P | MO MOR R0 | MOLCE [MP0DE ARED | MBL0D | Ml [H209E
16T | MIEPE |HO0'HE [M0GET MIVET |MEHE [MENET MIb P MOV GE [M0P P |MOLTE | HIEHE M8 LT | KITET |HEG0E X0 LE HPE0L | MEL 0L MOTTE MLV PD | KEFDE [MOE'IT [MIFPD | KBE'LE [HOPRD [METED | KALVE [HETGE [M00aT
MOGHE | MENPT [HVGE POPET |MOLTE | MIGHE | MEVRD | MEIPD |MA0GE | MEURS | MPUST |HP0EE (MERGE G007 | MEG0E (HETEe HPYES | ME00E MPETE [MIUPD | METOE [MOETLE [MEF QD | MBWGE | MITGE ML PE | MABHE | MAGGE | MIZLL
MOBEE |My30E [ MIFLE [MpL 9T |MELTE |MOEIE [HESPE [MA7°9T MO 9T | KOEGE [MEYEE [MEFGT | MIGGE |HITLT (MG 0D |MAFET |MER0C | MOS0 | HBS0E | MAGEE |MILCE [MEEPD |METE |MINEE MOV 80 [MEWEE |MEY LT |MAGIE [HKETAL (ML AT |MA0EE M0
MOEET |MOFGE [MO0LE | MELIT | MWET MV P00 |METLT [MGT0E M0T9T | MEGHT [HP00E FGL9T | MAVRT |MEE0C | MI0L | MELLE |MGETE | MOGTED | MOFED | MOFRD [MOERE MP0LL | MIVEE |MGEED I TR |MEN D [Meb 80 RO08E | MENED | MOG8E | MLy
MLELT | WEDEE HEIGE [%88'PT |MEWGET |WEL LT [H99'8T | MEDET |HEELE MRELT |MBEEE |MEG0E | MELIE | KIETD |HKE0PE [ MEURE MR PD | ML HOTLE |MGLBE [HOTEE [MOSEh | MEITH |HPLEE [MOGL0F | XOLE | XS0 (HEITH
HARD LGGE [MBD'GE |PREOT |MOPOT [MEREE | MODET |MEL0E SO0ES | MEWLE |MEVZE | WELED | MAVGE | MOEFE | HGEHE HEELD SGEDE | MANRE [ MOLED POLEE |MADDE [ ML | MIEER |MAVTE |MeG T | MEEEE
HIEHS [MBEPE | MELDE |XEE'IT [MOEET | X0 |XLLI0E [HEEET | KI8T MEVIE [MGEEC (MEFCL | MEWIL | HMENID (WIS 9T | HES LT HEVBE W58 |MENOF |MENLE |MOE [MEEER |MGYTE MBI (KOG PR [MEUAR |MEE b (AL G
MR AL |MIERE [MOTLE | MIVE0 | MIYET [ MO0 PGEED | MALPE | MOGEE M0 LD MG | MEETRE P ED MPL0R | MEFED | MET0F RAS0F | MPLTh | MOE 0 LR | MIG P [MeBTh LD | MLELR | MAY LY | MOE
MEFEL PR | MOV [HMIZEY |MEELE |METPE | MEVIE [MOBGE |MOPEE | MO0EE [MPFLL [MOPED M0G0 | METTY [HMOLW (MR |MELTE [ NOPER (MO [MISE RO |HELGE MNP0 by |00 |HEDER [MAS8Y | MIAEy
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(%)

ing in

Spent Cutti

ime

Percentage ofl

F.3

B A

et ok

ales

MELTE [ BTG | METES [MGEED [XP0PD | MG |X00°83 HEFLL [MEFLY | MPGET

SMBEEL |MEELY | MIBTL [MOP0L (MGUET | MATEL | LFIL |MELTL [MET0L [ MENLY | MOE1Y |MLEEE (GG BRIl |MERGE |P9PLE [ HMEETY |MIEED | MEYEY | MIE09 [ HIEIS (HEFEY MG |MRENGY (P99 |MET0L |MOF0L | MEG0L (LG I
HGLLL (FB0EL 0L |20LTL (HBXEL [MOEEL POETTL | MBREL [MEREL [MIZEL P09 |20ELD [MELEL | MBS | MANDS | MAPLL (MELED NG99 | M00D |MELD [HPEaD | MICET | MIRD | MEUGD (MEDPD [SBED | MIUTLD |MIERD [HO0ED [MEEEY 2004 | Al kD
MWL | AT | 2EE0L [FALNL [HEGIL | B | MILNL [FETL [MEPEL |METL | BAALL [ATL (MEGTL | MOEEL |MEGRD (MEFEL | e |SA0ETRT | MAL080 [ SeD (HEGLY | LG 00D (SGD | MOpEGY ShEGD | MGET90 [HOE09 (G MDY 20860 ey
HBILL [HB0EL MNP0 |320L0 (HETED [MAEDL |FMEFEY | MODLL [HNAFL [MADLL [MEE00 | ML [HEELL | MELLL | MIEY | MAVZL [HELLE [FMALET | MITEY |MIEE [HGLLT |MEGGY 2000 | MR0ED (MBGES (093 MGG | X0 [HP2G0 [HET R |00 | H05E0
HRVEL [MATIL | MOGLL | 2086 [ HELED | MEDL |MOT0L | M0I0L [HEZLL [HEE0L | ML | MUNLL (MBS | MIFLL |RAXEY | MIGLL (MEL0L [MAC0L | MIEED |MEUED [ MALLD | MOUET |MOL0H | MOLUZD (HIS0D [MEETI | MOLED |MI26E [HE0GD [Meded |MELZ | MBS 0D
HLTLL [MATIL | MOELL |MEETL (HET D | MANDL | MEFLL |MOCEL [HEBUEL [MAETIL | MoELL | MGEL [MGTLL |MEDEL | MIZED |MEF0L [ HIED [WAED | MIVED |MEPAD [HETa0 | MEUGY MALLY | MEELD (HEG1D [MIEY | MIGEY |MEPED [HMELED (MBI | MEE1 | MEEeS
MOLLL (MEEEL | MOUZL |MGETL [ MEOLL | MENLL | MAUZL |MOPEL [HELLL [HGEL | METTL | MIVTL [HB0EL | MbELL | KIPED | MEFED [XBIBD [G0LT | MEL 0T | XA [ HE1ES | MOUES |MOE'2 | MEE'0D (XEG0S HNA0ES | MLAUEE | MEG1Y [ HET1D [MEE0Y | MiF1d |MEYLS
MINEL | MIELL | BB [BEEL (WEL2d | MAVEL | MILTL (HEZEL [Pl | MIELL | REALL [MAPTL (W02 | ME0'0L | MIP'ET (HET8T | MEILY | MIE'SY | MI8'GT [HIG'8Y (W57 | MOZ'E |M0STA (G219 | MO0 |F0L9E | MIEULS [HI209 (HETES | MOD'ES |REXES [HELS
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Appendix G - GaBi Parameters

The following is a list of the parameters defined and used iG & LCA model for

the case study present@&bte that parameters highlighted asgiable between sites.

Back pillars Info BP_area 24.8 Surface area of Back pillars3m

Back pillars Info BP_cut 8.2 Cut length of Back pillars (m)

Back pillars Info BP_mass_F 869.6 Final mass value of Baphlars (kg)

Back pillars Info BP_number 2 Number of components

Back pillars Info BP_weld 3.7 Length of weld required (m)

Concrete blocks back_mass 17460 Mass of concrete back block (kg)

Concrete blocks back_num 2 Number of back blocks

Concrete blocks front_mass 46440 Mass of concrete front block (kg)

Concrete blocks Front_num 1 Number of front blocks

Concrete Holders Info CH_area 2.84 Surface area of concrete holder {m

Concrete Holders Info CH_Cut 8.8 Cut length of Concretelolders (m)

Concrete Holders Info CH_mass_F 203 Final mass value of Concrete
Holders (kg)

Concrete Holders Info CH_number 4 Number of components

Concrete Holders Info CH_Weld 4 Length of weld required (m)

Core Cable Par CP 5.5 Outer radius of theopper cores
(mm)

Core Cable Par PP_Coverl 7.5 Outer diameter of the pp cover
layer 1(mm)

Core Cable Par PP_Cover2 9 Outer diameter of the pp cover
layer 2(mm)

Core Cable Par PP_filll 7 Outer radius of the pp filler layer
1(mm)

Core Cable Par ST_prol 8.5 Outer diameter of the steel
protection layer 1(mm)

Distance cable_mass 5.641 Mass of cable per m (kg/m)

Distance cable_to_site 20000 Distance from cable land connectio
to site (m)

Distance Elec 20 Avgpower output from turbine
(kW)

Distance Harb_to_cable 15000 Distance from harbour to cable
shore connection (m)

Distance Harb_to_site 10000 Distance from harbour to site (m)

Distance turbine_mass 116591.05 | Total turbine mass (kg)

End of Life St RR 0.8 Steel recovery rate (%)

Front pillar Info FP_Area 29.6 Surface area of Front pillar gn

Front pillar Info FP_cut 8.2 Cut length of Front pillar (m)

Front pillar Info FP_mass_F 2255.7 Final mass value of Front pillar (kg)

Front pillarInfo FP_number 1 Number of components

Front pillar Info FP_weld 3.7 Length of weld required (m)

Leg Info L_Area 5.7 Surface area of leg @n

Leg Info L_Cut 15.8 Cut length of leg (m)
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Leg Info
Leg Info
Leg Info
Manufacturing processes

Manufacturing processes

Manufacturing processes

Manufacturing processes

Manufacturing processes

Manufacturing processes
Manufacturing processes

Manufacturing processes

Manufacturing processes

Manufacturing processes
Manufacturing processes
Manufacturing processes
Manufacturing processes
Manufacturing processes
Manufacturing processes

Manufacturing processes
Manufacturing processes

Manufacturing processes

Manufacturing processes
Manufacturing processes
Manufacturing processes
Manufacturing processes
Manufacturing processes
Outer Cable Parameters
Outer Cable Parameters

Outer Cable Parameters

Outer Cable Parameters

Outer Cable Parameters
Outer Cable Parameters

Outer Cable Parameters

Outer Cable Parameters

L_Mass_F
L_Number
L_Weld
Abrasive

Air_blasting

Air_Paint

Argon_den

Bending_Pass

bending_power
bending_speed

blasting_removal

CO2den
Cut_speed

elec_cutting
elec_weld
PAC_Heat
PAC_S_gas_AR
Paint

S_Gas_Argon
S Gas @
S Gas_weld

Steel_scrap_rate
W_pass
W_Speed

Weld

Weld_heat
Core_num
CP_den
HDPE_den

HDPE_out

PP_C _den

pp_cover3

pp_F_den
pp_filler2

421.1

9.5
60

0.14

0.7

1.7839

55

0.1

1.977
40

16

169.53

0.0378

0.5

0.82
0.18
241

10

21.6
0.1

8960
930

24

860
21

860
20.5

Final mass value of leg (kg)
Number of components
Length of weld required (m)

Abrasive required per meter
squared (kg/md)

Volume of 14 bar compressed air
required toblast 1m of surface area
(md)

Volume of 6 bar compressed air
required to paint 1m of surface ares
(m?)

Density ofArgon Kg/n3

Number of bending passes requirel
to bend 3/4inch steel sheet

Bending power consumption (kW)

Bending speed in meters per min
(m/min)

kg steel removed per meter square
blasting (kg/rd)

Density of carbon dioxide (kgfn

Speed of PAC cutting meters per
hour

Electricity used per meter cutting
(kwh per m)

Electricity used per meter welding
(kw)

Waste heat from plasma arc cutting
(KJ)

PAC shield gas flow rate {ger m
cut)

kg paint applied per meter squared
(kg/m?)

(%) shield gas Argon

(%)shield gas O2

Shield gas consumption welding
(L/m)
Steel scrap rate (%)

Number of welding passes (#)
Speed of welding in meters per hot
Mass of weld per meter (kg/m)
Heat out of welding process (KJ)
(#) number of core cables

(kg/m3) density ofcopper

(kg/m?3) density of HDPE outer
casing

(mm) outer diameter of the HDPE
outer casing

(kg/md) density of PP covers

(mm) outer diameter of the pp
cover layer 3
(kg/m?3) density of PP filler

(mm) outer diameter of the pp filer
layer 2

245



Outer Cable Parameters

Outer Cable Parameters
Ship

Ship
Ship
Ship

Ship
Ship
Ship
Ship

Ship
Ship
Ship
Ship

T-Base info
T-Base info
T-Base info
T-Base info
T-Base info
Turbine Holder info

Turbine Holder info

Turbine Holder info

Turbine Holder info

Turbine Holder info
Turbine Holder info
Turbine Nacelle
Turbine Nacelle
TurbineNacelle

Turbine Nacelle

Turbine Nacelle
Turbine Nacelle
Turbine_Char

Turbine_ Char
Turbine_ Char

Turbine_ Char

Turbine_ Char

st_den

St_pro2

cable_fule_con

cable_laying_speed

F_density
Fuel_Rate

generator_fule_con

generator_num

num_engins

onsite_fule_con

S_Content_fule
Share_CO2_bio

Speed

time_on_site

TB_area
TB_cut
TB_mass_F
TB_number
TB_weld
TH_area
TH_bend

TH_cut
TH_mass_F

TH_number
TH_weld
TN_area
TN_bend
TN_cut

TN _mass F

TN_number
TN_weld
DT_main

Life

Main_vist
T_on_main

Turb_num

7000

22

200

10000
1.194
376.5

24.6

100

10
0.05
19600
0.5

209.7
304.7
15579.3
1
300.4
24.5
3.14

15.9
1788.5

62.2

6.28

16.3
5823.8

12.3
30

20

0.5

(kg/md) density of the steel
protection wires

(mm) outer diameter of the steel
protectionlayer 2

L/h fuel consumption of engines
when laying cable

ship cable laying speed (m/h)
1.194 L of fuel = 1kg fuel

engine fuel consumption (L/hr)
whenship is transporting goods

(L/h)

number of engines on ship

(L/h) fuel consumed by main engin
when stationary at site

Sulphurcontent in diesel fuel (ppm)
Share of biogenic C in fuel (%)
ship transport speed (m/h)

(h) time spend onsite deploying
turbines
surface area of -Base ()

cut length of TBase (m)

final mass value of-Base (kg)
number of components

length of weld required (m)
surface area of Turbine Holder Ym

(m) length of bend in the turbine
holder
cut length of Turbine Holder (m)

final mass value of Turbine Holder
(kg)
Number of components

Length of weld required (m)
Surface area of Turbine Nacelleqjm
(m) length of bend

Cut length of Turbine Nacelle (m)

final mass value of Turbine Nacelle
(kg)
Number of components

Length of weld required (m)
(days) number of days taken to
maintain the turbine

(years) expected life of turbine
(years) number of maintenance
visits

(hours) time on site for
maintenance visit

(#) number of turbines being
deployed
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Appendix H - Voe Earl - Fuel Consumption Specifications

Voe Earl Specification Sheet
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CATERPILLAR

Right Side Front

238

7

H.2: Caterpillar C4.4 Generator Set Specification

C4.4 MARINE GENERATOR SET
&0 Hz, 1600 rpm 86 ekW (107 kVA)

Footprint (Bottom View)

BN 7 L
_ |J""
-_IT" B =l d
el | =88 i
[ e
I il
HE
o

;
Eled
po
T '8l
L] = =] [ .
DIMENSIONS
Engine Dimensions
Open Enclosed
mm [in} mm [in}
Overall Length 1689 (62.56) 1760 {68.8)
Overall Height® 1132 (44.60) 1215 {47.8)
Overall Width 724 (23.654) 1000 {39.4)

*Height dimension does not Include remote-mountad alr
fliter or electronic control panel.

CATERPILLAR GENERATOR

PERFORMAMNCE DATA

50 Hz DITA
Fuel Consumption
@ Full Power 24.6 L'hour 6.50 gph
ENCLOSED SOUND DATA
50 Hz DINA

Sound levels are average sound pressura
level @ 1 meter and 100% load 719 dbia)

RATING CONDITIONS

PowarFactor............cccvviiennineen.. 1D
Frame ... ... ... C4A
Insulation.............cccoeevveneane . Class H
Temperature Risa

@ 40°C Ambient .............Class H (150°K}
Winding Pitch Code.......... ... .. 33
Terminals ............... 12 lead reconnectable
DripProof... ... ..o ... IP23
AirFlow 580 Hz..............0.37 mys (784 cfm}
Excitation System .......................AREP
Voltage Regulation {steady state) ........=0.5%
Total Harmonic Content LLLN. . ...........<d%
Wave Form: MEMA=TIF. . .................. =50
Wave Form: LEC=THF ...................<2?%

*Ratings are based on SAE J1228/1508665
standard conditions of 100 kPa (29.61 in. Hg),
25°C (77°F), and 30% ralative humidity. These
ratings also apply at 1IS03046/1, DING271/3, and
B55514 conditions of 100 kPa {29.61 in. Hgl,
27°C (B1°F), and 60% raelative humidity.

Fuel rates are based on fuel oil of 35° AP

[16°C (60°F)] gravity having an LHV of

42 780 kX'kg (18,290 Bw/1b} when used at 29°C
{85°F) and weighing 838.9 g/L (7.001 I'LL.5. gall.
Additional ratings may be available for specific
customer requirements. Consult your Caterpillar
representative for additional information.

*Ratings at 50°C (122°F) ambient are 85.5 akW
(107 EVA).

Parformanoe data is caloulated in accordanoe with tolerances and conditions stated in this specification sheat and is anly intanded for purposes of
comparisan with othar marufacherers” engines. Achsal engire parformance may vary according to the particular application of the engine and

oparating conditions bayond Catarpillar’s control.

CAT, CATERPILLAR, their respactiva logos, *Caterpiller Yallow™ and the POWER EDGE trade dress, 2z wall as corporata and product idantity usad

hezrgin, are trademarlks of Catarpillar and may nat

UK Sourced
LEHM 509503 (B-07]

usad without permission.

&2007 Catarpillar

All rights resarved.

Matarizls and specifications ana :ubf'E-cth: changa without notica.
Tha International System of Units {51 is usad in this publication.



H.3: Caterpillar 3512B Marine Propulsion Unit Specification

CAVERPILLAR

PERFORMANCE CURVES

3512B

MARINE PROPULSION
2282 mhp (2250 bhp) 1678 bkW

E-HP/HIP - DM6904-01

Aftercooler Temperature 30° C (86° F)

1704
15040
1300 Matric
11Hp
10 ]
Engina Powsr KW 700 Fusl Rate L'hr
SO
EIL) ]
1040
-1 ey
GO0 700 900 1100 13000 1500 17000 1900
Enging Spead rpm
Enging Englng Englng BSFC Fusl Rate Enging Enging Engins BSFC Fusl Rats
Spesd rpm  Powsr KW Torque M-m  gikW-hr Lmr Spead rpm  Power kW Torque H-m  gikw-hr L
Zona 1 Curve 1 Max Limit Curves 4
173 1X30.5 ETT3 21 2048 1925 1678 a3124 2074 4145
1500 1122 T143 2002 267.7 1600 1536 3456 1891 3762
1300 623 4576 2083 1847 1400 1108 7358 2021 256.5
1100 454 4028 2138 118.3 1100 233 4827 2184 138.8
a0 340 608 226 89.8 500 370 3526 225 952
&S0 21 3100 230 a7.59 B50 224 3z 233.2 623
Zona 2 Curve 2 Prop Demand Curve P
1785 1342 T 2024 3238 1825 1678 8324 2074 4142
1500 1210 o3 1993 287.5 1600 983.5 arst 200.9 230.7
1300 B85 45E5 208.3 16351 1400 B8435.5 2403 206.3 156.6
1100 431 417 2148 133.2 1100 3131 2TE 2131 TO.5
a0 340 608 2.7 89.9 500 171.5 1820 2261 482
&50 21 3100 230 5759 E50 846 245 2851 220
Zona 3 Cunia 3
132 1454 TSET 2038 3534 1825 1678 8324 2074 4142
1500 1289 B206 1882 351 1600 1536 3456 1891 3762
1300 TS 17e 2083 1751 1400 1108 7358 2021 256.5
1100 43 4TE 2148 123.2 1100 233 4827 2184 138.8
200 40 3506 221.7 89.9 500 aTD 3526 225 952
S0 21 2100 230 57.5 ESD 224 391 233.2 a3

NOTE: Curve P |s 3 cublc prop demand cunve with 3.0 expanant for tisplacemeant hulls only.

2

5 May 2008 &35 AM
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Appendix | - Combination Tool Overview
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