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Abstract

Transition towards a low carbon economy raises earscof loss of security of supply with
high penetrations of renewable generation disptptiaditional fossil fuel based generation.
While wind and wave resources are increasinglycdastable, they are stochastic in nature.
The tidal current resource, although variable Iesadvantage of being deterministic and
truly predictable. With the first Crown Estate legsround complete for wave and tidal
current energy, plans are in place to install 180 of tidal capacity in the Pentland Firth
and Orkney waters. The aim of the work presemntdtiis thesis is to examine the role tidal
current energy can realistically play in the futatectricity mix.

To achieve this objective it was first necessarydéwelop new methodologies to
capture the temporal and spatial variability oflidurrent dynamics over long timescales
and identify metrics relevant in a tidal energytesth These methodologies were developed
for project scale resource characterisation, araviged a basis for development of a
national scale dataset. The creation of projectraatinal scale tidal datasets capture spatial
and temporal variability at a level beyond previausight, as demonstrated in case studies
of three important early stage tidal current enedgyelopment sites. The provision of a
robust national scale dataset enabled the develupmieealistic scenarios for the growth of
the tidal current energy sector in UK waters. Assegs the various scenarios proposed
indicates that first-generation technology soluidrave the potential to generate up to 31
TWh/yr (over 8% of 2009 UK electricity demand). Hewer, only 14 TWh/yr can be
sensibly generated after incorporating realistionemic and environmental limitations
proposed in this study.

The preceding development of methodologies, datased scenarios enabled
statistical analysis of the matching charactedstitfuture tidal energy generation potential
with the present UK electricity demand and trendselectricity usage. This analysis

demonstrated that the UK tidal current energy resolis much more in phase than has



previously been understood, highlighting the flamwsprevious studies suggesting that a
combined portfolio of sites around the UK can dalifirm power. As there is negligible

firm production, base-load contribution is insigeéint. However, the time-series generated
from this analysis identifies the role tidal cutr@mergy can play in meeting future energy
demand and offer significant benefit for the ogerapf the electricity system as part of an

integrated portfolio.
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1. Introduction

The ever growing global population, along with thereasing need for electricity has put a
lot of emphasis on the energy sector and the neesédure our energy sources. Global oil
prices reached a record high in July 2008 andpafth the current economic climate has
stunted the rising prices, the age of cheap oitaming to an end (UKERC, 2009).
Moreover, continued extraction and combustion gkilofuels has a negative impact on the
environment. The main culprit being Greenhouse &4$G) emissions. This has generated
anthropogenic global warming, with 40% more cardaxide (CQ) particles at present in
the atmosphere, in over 130 countries, than poitineé Industrial Revolution (DECC, 2009).

The 2010 British Petroleum (BP) oil spill in the IGaf Mexico (BBC, 2010) has
raised public awareness of and increased the facdinding alternative, sustainable sources
of energy. One low carbon option is to opt for maclenergy but the 2011 Tsunami in Japan
has exacerbated public concern (BBC, 2011). Fomplkg Germany is now planning to shut
down all nuclear power plants by 2022 in responghis event (Guardian, 2011).

In the United Kingdom (UK), ambitious targets hdeen set by the government to
reduce GHG emissions and to secure energy supplyefiective way of achieving this is
the inclusion of renewable generation such as wirade and tidal energy in the energy mix.
It is expected that there will be a transition framstly carbon-based fossil-fuel generation
to renewables. Hence, it is necessary to assesgeieration potential of such energy
sources and to address the issues that may arese ge@meration from these variable sources
is connected to the electricity network.

The main aim of this work is to quantify the extedale proportion of tidal current
energy available in the UK with specific regardite spatial and temporal variability. The
study will show how these datasets are assembigdiefime methodologies for combining a
number of datasets to improve the overall tempguality and spatial coverage of the study

area. As an application, the new re-appraisal ®efrésource, presented in the form of time-



series for each site of interest, will be used Yalwate the variability of the aggregate
resource. Of particular interest is characterishiy matching of demand for electricity and
generation. The impact of the time varying tidalaerce at different levels of tidal energy

penetration is also investigated.

1.1 Setting the Scene: Renewables and Electricity

A key driver for the UK government energy policyts meet the European Union (EU)
legally binding target of a 20% reduction in harm@HG emissions (compared to the
1990'’s level) and a 20% share of energy generaiedehewable sources by 2020. (CEC,
2008)

In the UK this translates into a demand for 30%hefelectricity to be supplied from
renewable sources in order to meet the target.tritlitg faces a higher proportion of
reduction as it is harder to reduce GHG emissiom® fother parts of the energy sector such
as heat and transport.

This section introduces the various drivers anemtiges that exist in the UK for

decarbonising the electricity network.

1.1.1 Policies and funding support

One of the most important drivers towards renevwatdehe opportunity to increase secure
energy supplies. Developing renewables will de@etiee dependency on oil and gas
imports. This would give more opportunities to alléthe economy to develop with the
emerging renewable sector. Economic growth cangamavith less adverse energy costs
and environmental issues. It is reported that atde0P6 of EU’s economically viable tidal
current resource is available in the UK (B&V Ph#s&005). Leading development of this
sector could be of great advantage to the UK, withpotential to establish an industry to

aid recovery from the recession.



The UK government has introduced numerous incestteedeliver these targets.
The Renewable Energy Strategy (RES, 2009) wasdated in 2009 to help direct the
sector towards meeting energy targets. RES hadifiddnkey areas as stimulants for
renewable promotion. These financial incentives are

1. In the form of Renewables Obligation (RO) wheremandatory requirement is
placed on the electricity supplier to source pértheir generation from renewable
sources. This scheme is regulated by the Officé&sa$ and Electricity Markets
(Ofgem). Renewable energy generators are awardedviRdle Energy Certificates
(ROCs) for every megawatt hour (MWh) of electricihat is produced. With the
introduction of the Energy Bill in 2008, ROC bangliwas introduced. This entitles
emerging technologies to additional ROCs to giventhbigger incentives. In
Scotland, tidal technologies are allocated 3 RO®¢fM as opposed to 2
ROCs/MWh in the rest of the UK.

2. Feed-in-tariffs are another form of financiatentive, where if a company generates
its own renewable energy, they are then entitlecor®mium payment for the
electricity and any excess exported to the elegtmztwork.

Better planning for grid connection of large scaitejects and improving grid coverage for
faster provision of connections are also being ickened.

Tidal current resources are abundant in the UKciptpit in a very favourable
position to not only exploit this resource but tecome one of the leading nations in the
world for tidal energy. With the introduction of @éhMarine Renewable Proving Fund
(MRPF), up to £6 million has been provided to sgsbd applicants to help meet the capital
cost and initiate prototype development. The SsottiGovernment also has funding
programs offering additional grants to encouragecgedevelopers to come to Scotland. An
additional funding avenue is the Saltire Prize vjatimg £10 million to the technology that
can first demonstrate commercial viability in Sisbttwaters by generating an electrical

output over 200GWh over a continuous two year pefide Scottish Government, 2011).



1.2

Project Objectives and Scope

The project objectives are as follows. To:

1.

1.3

Determine how well correlated different souroésidal current datasets for the UK
are and see if they can be used together to agsepstential tidal current resource
in UK,

Use site specific measurements; test and devedtbodologies that can be used for
project scale analysis,

Investigate the use of harmonic analysis tormfénnual Energy Production (AEP)
assessment and assess the impact of data covedgesalution on accuracy,

Use a Geographical Information System (GIS) tonlgine datasets. Develop
constraints on parameters suitable for tidal cure@ergy extraction,

Develop realistic scenarios of energy extracfanthe sites identified and define a
limit to the extraction based on an economic andrenmental limit,

Explore the potential of continuous base-loategation potential from tidal current
energy alone, and

Assess how well tidal generation matches derf@anelectricity.

Thesis Outline

This thesis is made up of eight chapters and twziagices. The scope, context, objective

and aim of the research have been presented itecHap

Chapter 2 presents all the development to dat&enmarine energy context with

specific emphasis on tidal current energy. An owewof all the studies conducted so far

and the present state of the industry is outlined.

The ideas developed in chapters 3, 4 and 5 assdssdual sites of interest to

evaluate the site specific characteristic preseatékese different test sites. However, within



these chapters, different datasets are used ths¢qrhow different each source of dataset is
in terms of data quality and the level of site sip@analysis that can be done using this data.

A novel way of combining datasets is presented hapter 3 using publically
available data sources, with the aim of evaluatiogy well each of the dataset represents a
specific location. Site specific measurement issagred ‘gold-standard’ and therefore all
the other datasets are compared to this benchhekanalysis is presented as a case study
for a site in Anglesey, Wales.

Chapters 4 and 5 demonstrate the use of site &pa@fisurements. Using Acoustic
Doppler Current Profiler (ADCP) data for the Soumidislay and Fall of Warness, key
metrics that are relevant in terms of energy ekibaccontext and devices design are
identified. The metrics presented are a combinabbrwhat has been identified in the
existing studies as well as developing new methagies where knowledge gaps are evident
in support of the International Electrotechnicaln@uission (IEC) Technical Committee
(TC) 114 Standards development activity.

Although the site specific characteristics are hjigklevant at a project level, the
level of information that feeds into a nationallscstudy needs to be constricted so as to get
an appropriate overview of the national resourdepfer 6 presents a re-appraisal of the UK
tidal current resource and develops realistic stenaf ‘first generatior development that
account for economic and environmental considenatidhe scenario investigates if it is
possible to generate a ‘base load’ like outputgisicombination of different sites that are
thought to be out of phase.

Chapter 7 is an application of the datasets antiadetogies generated in chapter 6.
Analysis consists of evaluating how well demand sumpply is matched, and methodologies
to account for the variability.

Chapter 8 presents a summary of the thesis. Itidéstifies some of the limitations

and areas of future work are also discussed.

! Exact description of first generation is provided in the Definition section.
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Figure 1.1 Outlining the objective and purpose of each chapter and how they are connected.



1.4 Contribution to Knowledge

The need for this research arises because, althaugkrous studies have been conducted to
quantify the tidal current resource available ia thK waters, none of the estimates agree
and it is important to have a robust assessmentotzide policy advice. Some of the studies
have simplified the assumptions behind the tidatsjgs and therefore reached incorrect
conclusions, while others have simply used dattishaf very low resolution and therefore
not fit-for-purpose.

The research has established new datasets gen#gretedh the combination of a
number of sources. The key addition is considematibspatialand temporal variability, a
significant improvement over existing studies. \gsthese datasets, a new estimate of the
UK national resource based on enhanced data soamdesnderstanding of the tidal physics
and dynamics of energy extraction is presented.

The use of time-series data has enabled the ei@luztthe phasing of all the sites
included in the analysis. The analysis demonstthisthe UK tidal resource is much more
in phase than previous findings suggest. This ésl@minantly because the study develops
realistic and economic scenarios as would be tise ocaer the next decade. The analysis
demonstrates that there is negligible firm productand therefore base-load generation
potential is insignificant compared to the instaleapacity.

The marine renewable industry is still in its indfgrcompared to the wind industry.
Over the years sets of standards and protocolgimind industry have been developed that
provide project developers with technical and pecatiguidelines through each major phase
of project development. At the start of this PhiDdst (October, 2007), no full scale tidal
current device had been tested and little knowleelgsted of the best practice for site
assessment and resource characterisation. One d&ethcontributions of this thesis is the
demonstration and development of methodologiesafipropriate site evaluations that are

specific to the tidal current energy context atddi-purpose.



2. Tidal Current Energy

This chapter begins with a basic examination of tioes are formed, and introduces some
of the terminologies used in this context. Defomg from Pugh (1996) and Boon (2004)
have been assimilated to assist the reader in stageling the resource better. Specific
discussion of tides with respect to tidal curremérgy extraction is also present by Polagye
(2009). Key characteristics of an energetic site @esented and device characteristics are
also discussed. Finally a literature review of thésting studies and methodologies are

presented.

2.1 Tides

Regular water movements are a common feature oshibie of the ocean and se@sles
are periodic movements which result from the gedidghal force of the moon, and to a lesser
extent, the sun, on the large bodies of water cogethe Earth’'s surface. The vertical
movement manifests itself as the rise and fall afew height. The horizontal movement is
called tidal current Tides formed this way are referred to @savitational Tidesto
distinguish them from change associated wibin-tidal component&/hich occur as a result
of meteorological forcesThe occurrence of Spring and Neap tides is deterthby the

position of the Sun and the Moon, see Figure 2dlRagure 2.2.

2.2 Harmonic Analysis

Tidal analysis can be conducted and used for prediof tidal heights and tidal current

time-series using harmonic analysis techniquesesTate deterministic in nature, and are a
sum of a finite number of harmonic constituents séhangular speed and phase is
determined by the Moon and the Sun. A tidal comstit is a measure of one of these

motions and has an amplitude and phase which Viaoesone location to another.
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Figure 2.2 Complete tidal cycle over a month, with two spring and neap cycles.

Harmonic analysis can be represented by a finiteb@uN of harmonic terms each

of the form (Pugh, 1996):

H,coso,t-g,) 2.1)
where H, is amplitude,c,t is angular speed ar@, is phase lag of the Equilibrium tide,

which is defined as:



“ A model under which it is assumed that the watrering the face of the Earth

instantly responds to the tide-producing forceshef Moon and the Sun to form a

surface of equilibrium under the action of thesecéds. The model disregards

friction, inertia, and the irregular distributiori the land masses of the earth. The
theoretical tide formed under these conditionsrisvkn as the equilibrium tide.”

(Boon, 2004)

The forces experienced b@ravitational tidesconsist of a number of discreet
frequencies whose phase and amplitude is knownallfactors such as bathymetry can
affect the flow and vary the amplitude and phasawvéler, the frequency remains the same.
Least squares fitting is used to match the knowguency from the recorded time-series to

the known frequency, which is used to identify pilrase and amplitude. Table 2.1 shows the

major astronomical tidal constituents with theispgective periods, frequencies and angular

velocities.
Period Frequency Angular speed

Constituent (mean solar day) (cycles per day) (hour)
M, 0.518 1.932 28.984
S, 0.500 2.000 30.000
N> 0.527 1.896 28.440
K1 0.997 1.003 15.041
My 0.259 3.865 57.968
O]} 1.076 0.930 13.943
Me 0.173 5.797 86.952
MK3 0.341 2.935 44.025
Sy 0.250 4.000 60.000
MN4 0.261 3.828 57.424

Table 2.1 Major astronomical tidal constituents (Pugh, 1996).

Using this concept a number of tidal constituersis be extracted from measured
data for a specific location. There are over 3@altconstituents in total (Pugh, 1996), i
generally the most dominant and has a period of2LlBours and represents the variations
from the Moon’s influence which has a daily diurpattern. $is generally the second-most
dominant constituent due to the Sun'’s influencédnaitperiod of 12 hours. The longest time
period of variations is 18.6 years where the lwyate affects the inclination of the Moon’s

orbit relative to the Earth’'s plane. In order tot getrue understanding of all the tidal
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variations and be able to resolve all the 175 tidaistituents at a specific location, data for a
minimum of 19 years is required. (Pugh, 1996)
Tidal current sites can experience semi-diurnalxechi or mainly diurnal tidal

regimes based on the Form Number, see Figure 2.3.
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Figure 2.3 Tidal regimes, (a) semidiurnal (F=0.1), (b) mixed, mainly semidiurnal (F=0.9), (c) mixed, mainly

diurnal (F=2.3) and (d) diurnal (F =4.7). (Polagye, 2009)
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The Tidal Form number is an easy way to identifffedént types of tides

experienced around the world. Tidal Form Numberlmaexpressed as (Boon, 2004):

K,+0O
Form Number(F) = —*—% 2.2)
M, +S,

If the Form Number is less than 0.25, the tidessaraidiurnal, experiencing two high tides
and two low tides each day. A tidal form numberzsn 0.25 and 1.5 indicates mixed,
predominantly semidiurnal tides. Between 1.5 arij the tides are mixed, predominantly
diurnal and above 3.0 are fully diurnal with ongthtide and one low tide each day. The UK
coast is dominated by semidiurnal tides.

Collecting accurate data for a long period of timexpensive and time consuming.
However, harmonic analysis can be used on data$et§ days or more of tidal current
velocity measurements to create time-series ofl fidaghts and tidal currents for the
location. Depending upon the signal-to-noise ratid theRayleigh criterion23 constituents
can be consistently extracted from a 30 day redorthct, the four major constituents,\8,,

K; and Q can between themselves account for more than 9@Be d¢idal variations in many
locations. (Luet al. 1999)

The selection 06, (equation 2.1) is based on tRayleigh Criterionwhich requires
each constituent to be separated by at least omplete period from their neighbouring
constituent (Pugh, 1996). The Rayleigh Criteriommportant as it helps determine which of
the constituents can be evaluated in the harmaratysis. This minimum period required to
separate two constituents is called #ymodic period For example to resolve Mind N

required:
1
(1.932-1.896)

The frequency (cycles per days) fop &hd N can be obtained from Table 2.1. Table

= 28 days

2.2 shows the first 10 tidal constituents in trendard order, and the number of days needed

to separate each of the constituents from the othas important to understand that a
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minimum of 15 daysof data is required to do the basic harmonic aiglgs it takes 14.77

days to separate the first two of the strongeat tidnstituents.

Rayleigh

criterion

(indays) | M2 S2 N2 K1 M4 01 M6  MK3  S4 MN4
M2 14.77 27.55 1.08 0.52 1.00 0.26 1.00 0.48 0.53
S2 14.77 9.61 1.00 0.54 0.93 0.26 1.07 0.50 0.55
N2 27.55 9.61

K1 1.08 1.00

M4 0.52 0.54

01 1.00 0.93

M6 0.26 0.26

MK3 1.00 1.07

S4 0.48 0.50

MN4 0.53 0.55

Table 2.2 Comparing different constituents and the number of day needed for each to resolve.

Sometimes the Rayleigh criterion can be very restdg and it may not be possible
to include additional constituents. However, byadgng the signal-to-noise ratio it is
possible to include extra constituents, althougis ttan compromise the data quality.
Aliasing is another major concern in terms of rejpming the data at a chosen sample

period.

2.3 Tidal Wave Propagation

Tidal phasing stems from the fundamental concepidael wave propagation. The velocity

of tidal wave propagation in shallow water is gi\Bn

c=4/gh 23)

wherec is the wave celerity (m/s)y is the gravitational acceleration (f)/sandh is the

water depth.
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For the purpose of illustration, a depth of 50 msaéfected as being representative of

UK coastal waters. From this, the wavelergtsf the tidal wave can be calculated as:

A=cT (2.4)

whereT is taken as the time period 12.4 hours of the ntigial component M (diurnal
pattern of the Moon). In the vicinity of the UK timavelength of the Mtidal component is
approximately 988 km which is approximately thegignof the UK landmass. This would
suggest that that there are substantial differeimcpbase around the UK coastline. However
the topology of the British Isles serves to congikicmatters.

In the deep ocean, tides predominantly propagatpregressive waves. As they
approach near-shore regions on the northern Eunopeatinental shelf, their behaviour
tends towards a standing wave characteristic whigfeand low water coincides with slack
tide. Near-shore tidal velocities tend to peak wthengradient of the surface elevation is at a
maximum. Figure 2.4 illustrates the current velpaind tidal heights for a randomly chosen

location around the UK (Amlwch, near Holyhead atidiamond SN048J).

Tidal current — — — — Tidal height

14
0.8 -
0.6
0.4

Velocity (m/s)
(w) ybreH

Time (hours)

Predicted heights are in meters above Chart Datumfor |
Amiw ch (HOLY HEAD)
Mean Sea Level : 4.08 meters

Figure 2.4 Tidal Current (solid line) and height data (dotted line) at Holyhead indicating relative phasing of
current and surface elevation. Data obtained from TotalTide.
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Slack tide occurs when the tidal current (solig)ichanges direction. The change in
flood to ebb direction is at the time of high watedicating standing wave characteristics.
The Holyhead data is generically representativiaafe swathes of UK coastal waters, so
Figure 2.4 represents broadly tidal wave charasttesi throughout the UK waters. Although
slight time lead/lag may be experienced at spegities, the current will typically change
direction coincident in time to the highest gradiehlocal surface elevation. This concept of
tidal wave propagation and standing wave becomdgplarly relevant in chapter 6 when

tidal phasing is discussed.

2.4 Resource Characterisation

In the past, tidal data was primarily collected fawigational and oceanographic purposes.
Therefore, regions of high tidal current velocityere generally considered unsafe and
avoided and of minimal interest. Only in the lagicalde or so, since the concept of
converting kinetic energy from tidal currents irtectricity has been developed, have the
areas of high current velocity become of greateer@st. However, data for energetic
locations is very scarce and of too poor resolutionbe used for economic resource

assessment and site characterisation.

2.4.1 Velocity and Power

Resource assessment and characterisation is arprewtvity that plays a key role in
identifying a site as suitable for tidal currentesgy extraction. Tidal current energy is
spatially and temporally variable, typically contrated in very small regions. The power
available in a tidal current is proportional to itebe of the current velocity. To assess the
potential energy that can be generated, it is ¢éissén accurately evaluate the tidal current

velocity observed at the site of interest. The tatdal power is calculated as:

P L C, oAU @5)

cross-sedion E

15



where P

cross-sedion

is the theoretical power in Watts (\/\@p is power coefficient which can

be considered as the water to wire efficiency efdivice (for first generation devices, this

in the order of 45%)p is the density of seawater (1025 ki) is the cross section area or

also referred to as device capture areawaisdthe instantaneous current velocity. It is often
of interest to know the power in a metre square,arewhich case power density per metre

square (W/rf) is calculated as:

1
P==pu
A

For a site to be considered economically viablppaer density of 1 kW/fmor above is

(2.6)

considered acceptable, with exceptionally strotesseéxceeding 5 kW/Ar(Polagye, 2006).
The tidal resource is geographically disperse eamihble over time, although predictable.
Appropriate devices need to be selected for edeht@ihave optimised energy production.
Therefore, adequate data needs to be collectechtoade how strong a site is and assess the

potential of economic tidal energy development.

2.4.2 Vertical Velocity Profile

Tidal current velocity varies through the wateruroh. Close to the sea bed, the velocity is
at its lowest due to friction. This is an importaonsideration in terms of energy extraction.
Placing the hub of a tidal turbine in a low velgciegion would mean the resource is
underutilised. The Department of Energy (1990) glingts for depth profile has also been
used by The Department of Trade and Industry (RU04a, 2004b). The profile has a"/7
power law for the bottom half of the water colunatidwed by a constant velocity for the

remaining top half of the water column. It is given

1/7
u(2)=| —= u, for  0<z<O05H 27)
0.32H

u,(2) =1.0651, for ~ 05<z<H (2.8)
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Whereu_t is depth averaged current at timendH is water depth. More commonly used are

the 1/7" and the 1/10 power law profiles of the form:

1
V2 _ (ij (2.9)
v(z,) \z
wherev(z) is a known velocity at a known elevatian andv(z) is the unknown velocity at
the elevation of interest,. In the case of the 1”/‘7power lawx = 7 or 10 in case of 1/{0
power law. This method is often used to estimagetittal velocity through the water column
in cases where measurements are not availablbdaritire water column.

Figure 2.5 shows the three profiles applied togiore of 50 meters of water depth,
with a known velocity of 1 m/s at the surface. dality, the profile is very site specific and
can often vary significantly over the tidal cycledebetween ebb and flood cycles. Therefore,
without in-situ data measured along the water caluis it not possible to determine which
vertical profile is observed in the water columrur@nt direction can vary significantly
down or across the water column.
50 §\U RFACE
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Figure 2.5 Vertical current velocity profile derived using different power laws.
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2.4.3 Tidal Direction

Topography such as headlands and bathymetric iangatn water depth impact on tidal
flow direction in the coastal zone. In restrictezhions such as narrow channels, tidal
currents predominantly follow the local topogragnd the flow direction on the flood and
ebb cycle are described as being rectilinear (Eg@itt). In less constrained flow domains,
tidal current direction can constantly change eesalt of the various forcing terms acting on
the fluid (e.g. inertia, friction, Coriolis forceJThe contribution of the Coriolis forcing term
often leads to elliptical or circular flow patteras shown in Figure 2.6. Directionality is an
important consideration when assessing tidal resowharacteristics for tidal energy
harvesting as the majority of existing devices designed under the assumption of bi-
directional flow. If a device is unable to yaw dodated in a region where the flow in not

rectilinear, a significant amount of the energythe flow that could potentially be captured

will be lost.
FLOOD FLOOD
‘- e lrl,_/ ‘|1'\.\
- » - ! S ! | \\
# b
g / Y ‘ \
,‘; ] \\ ||l 1 !
o | |I ! |
———— — _ ! '
1 ; Lo
\ | / ! | I
5 ’ ] !
N # Vol
s | - \l\ 4
| 5 e Lo
EBB EBB
RECTILINEAR CIRCULAR ELLIPTICAL
a b c
Figure 2.6 Tidal flow directionality, rectilinear, circular and elliptical (Cornett, 2008).
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2.5 Existing Tidal Generation Technology

This section discusses the different methods ofetihg energy. Some well known device
designs are discussed. Section 2.5.1 explainsabe device concepts commonly used in
the marine industry. This will give the reader amderstanding of the current state of
technology and an overview of the most establigtedces that have either undergone scale

testing or had the opportunity to do a full scalgting.

2.5.1 Devices

To date a number of technology types have emeirgatduse different designs to harness
power from tidal currents. The simplest and moshmmnly seen design usedarizontal
axis turbinewhere the current flow direction is perpendicularthe device rotor. Some
device concepts include blades tbéth to optimise the angle of attack for the incoming
tidal current velocity. Devices may also incorperatyawing mechanism so that the rotor
can orient to face the flow direction. This concisppredominantly designed for regions of
depth 30 to 50 m to make optimum use of the velqoibfile in the water column. The
power generated by these devices is proportiontidalevice capture area and the current
velocity cubed, as shown in equation 2.3.

In shallower waters &ertical axisturbine provides a possible alternative where a
rectangular cross section defines the capture @reapower output is unaffected by device
orientation and the turbine experiences even hyaawhic loading. Another novel concept
is the use of a hydroplane that moves verticallthagidal current pass. Certain designs may
choose to have a pitched hydroplane to change rigke af attack as the current moves
through it. These basic device configurations drews in Figure 2.7 and relate to real
devices shown later.

A number of anchoring mechanisms have been dewlupdeploy and mount the

devices. One concept isgaavity basefoundation built with steel reinforced concreteieth
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holds the device and the device structure in plesieg its own weight. Many variations of
the gravity based structure exist, where slab®ntete are used to hold the device frame in
place. Another common concept in use isrtt@nopile which is a single circular column of
prefabricated metal plates. The structure is thigmeedriven or drilled into the sea-bed. The
friction between the pile and the material it igibed in then provides frictional resistance
against loading on the device. Variations on tlppraach include the use of a tripod/

guadropod structure secured with rock bolts.

Figure 2.7 Different device configurations used to extract tidal current energy. (SDC, 2007f)

According to B&V Phase Il (2005) approximately 50c¥cthe available resource is
in deeper waters of depth above 40 metres, thereéfer market for existing technologies
will be limited by the available resource due te tthepth restrictions. Further analysis
demonstrated in chapter 6 presents scenarios gdighits the depth restrictions. Future

generation of tidal devices are being designetbt 0 as to overcome depth limitations.

2.5.2 Technology Development

A number of devices have been designed and arergwidg large-scale open sea, pre-
commercial testing. In order to identify how welobd technology is progressing and to
present an overview of what level of market reasing specific device presents, a scale of
Technology Readiness Level (TRL) is often applieceach technology as defined by the

United States Department of Energy (US DoE, 204 @ssess how close each of the devices
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is to full scale commercialisation. The concepfT&L’s was first introduced by National
Aeronautical Space Administration (NASA, 1995). Angral definition of each TRL is

presented in Table 2.3.

TRL 1 Basic principles observed and reported

TRL 2 Technology concept and/or application formulated

TRL 3 Analytical and experimental critical function and/ or characteristics proof-of-concept
TRL 4 Component/subsystem validated in laboratory environment

TRL5 System/subsystem/component validation in relevant environment

TRL 6 System/subsystem model or prototyping demonstrating in a relevant end-to-end
environment
TRL 7 System prototyping demonstration in an operational environment

TRL 8 Actual system completed and "mission qualified" through test and demonstration in an
operational environment
TRL 9 Actual system "mission proven" through successful mission operations

Table 2.3 TRL'’s as defined by NASA (1995).

These TRL’s can be applied to marine energy in gan®ut the definitions used
here have been adopted and modified to refleck ¢ugi@ent energy specific development. A
TRL of 4 or below indicates that the technologymslergoing laboratory testing but no large
scale or commercial scale testing is underway. A TR 5 indicates that validation in a
simulated environment is underway but full testivag not been done. TRL 6 indicates that
the scaled prototype has been tested in a relepamational environment that represents the
actual environment the device will be deployed TiRL 7 is actual full scale system
demonstration and validation of the prototype nmgptproject requirements, includes
supporting information. TRL 8 demonstrates that tehnology is ready to be deployed
commercially, and supporting documentation suchamasOperational Readiness Review
(ORR) will be carried out. Finally, TRL 9 indicatéise technology is operational under all
ranges of environment including demonstration & #ttual system. Table 2.4 gives an
overview of some of the top devices with proverhtexdogy and up-to-date development in

terms of device testing and project development.
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Technology type/

Two bladed, twin rotor,
variable pitch, axial flow
turbine. Full scale device
tested with 16 meter rotor

Marine Current Turbine/
Seagen (MCT,2008)

Technology Name/
Company Configuration/ Capacity Testing sites Projects TRL
¢
Full scale testing
completed and grid Kyle Rhea

connected at

(UK), Anglesey
Strangford Narrows, | (UK), Pentland

N. Ireland, UK since | Firth (UK), Bay

Open Hydro

(OpenHydro, 2007)

Hammerfest Strgm
(Hammerfest Strgm,

2010) Strgm, 2010a)

diameter.1.2 MW installed| 2008. Commercial of Fundy
capacity. Mounted on a scale array (Canada)
quadrapod structure. development is (MCT,2008,
(MCT, 2008) ongoing. (MCT,2008) 2008c) 8
Race of
1/3rd scaled, 250 kW | Alderney (UK),
Multiple bladed, duct testing is ongoing at | Pentland Firth
shaped housing within a 6] EMEC since 2006. 1 | (UK), Paimpol-
meter rotor diameter. | MW device deployed Brehat
Open centre horizontal in Bay of Fundy, (France), Bay
flow turbine. Scaled Canada in 2009 — of Fundy
device tested with 250 kW| although not grid (Canada)
installed capacity. Sea connected. (OpenHydro,
bed mounted. (OpenHydro, 2008, | 2008, 2008a,
(OpenHydro, 2010) 2009) 2009) 6
Scale testing at
Kvalsund, Norway
Three bladed, fixed pitch, between 2003 to
single rotor horizontal axis| 2009. Full scale and
turbine. Gravity based, array development
seabed mounted. Scaled underway and
300 kW turbine tested, fulll scheduled for testing | Sound of Islay
scale testing for 1 MW at EMEC in (UK)
underway.(Hammerfest | 2011.(Hammerfest | (Hammerfest
Strgm, 2010a) Strgm, 2010b) | 6

{ Three bladed, upstream

ﬁ. pitch controlled rotor. 500

kW installed capacity.

steel structure. 500 kW
turbine successfully
deployed and connected
Tidal Generation Limited | at EMEC in 2010. (TGL,
(TGL,2010) 2010)

Mounted on a light weight

at EMEC since
September 2010. 1

being developed for
testing in 2011/12.
(TGL, 2010)

500 kW scale testing

MW turbine currently

10 MW TGL
contribution to
the Inner
Sound
Pentland Firth,
Maygen Project
(UK)
(TGL,2010a)

Twin rotor, fixed pitch,
horizontal axis turbine.

installed capacity
underway at EMEC
blades were damaged

Atlantis Resource
Corporation (AR series)

Full scale testing with 18
meter diameter and 1 MW

during installation. Since
re-installed. (ARC, 2010,

AK series 1 MW

EMEC, however
delays have been

connected. (ARC,

testing underway at

experienced due to
technical problems
and test is not grid

Pentland Firth
(UK), San
Remo
(Australia), Gulf
of Kutch (India).

(ARC, 2011b)

2011a)

(ARC, 2011)

2011a)

Table 2.4

Technology readiness levels of the devices at the forefront of full scale testing.
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Each technology has evolved differently, which nzakeifficult to compare them.
For example IT Power’s first device was tested athL Linnhe in 1994/5, well before any
other technologies started testing. But the comphey branched off and the technology
moved to MCT (MCT, 1994). MCT has had more expeaxem developing their device and
it is no surprise that MCT is therefore one of kbading device developers in UK. MCT’s
SeaGen is the third variation of the devices toelséed, now at full scale, grid connected (in
UK) and ready for commercial deployment. The devia twin rotor 16 metre diameter,
axial-flow turbine rated to a 1.2 MW installed cajpg at a rated velocity of 2.4 m/s. The
rotor blades can be pitched through 180°. The wtorrunits are mounted on a horizontal
beam on either side of the monopole. One of thet mogel maintenance features of the
device enables the horizontal beam to be raisedealive sea level for inspection and
maintenance. MCT are planning to deploy tidal esrmyAnglesey, off Wales and in Kyle
Rhea in Scotland. However, MCT has suffered fadlureits early days, a right of passage
now being experienced by competing alternativesilé\MbeaGen was being commissioned
in Strangford, two turbine blades were damaged; thithought primarily to be due to
control system fault and operator error (MCT, 2Q08¥08Db).

OpenHydro is another leading tidal current turbiteereloper. The turbine has an
open centre with a (relatively) slow-moving rot®he blades are connected at the tip by an
outer ring, so pitching is not possible. There isluet on the outside to help align and
potentially accelerate current flow (OpenHydro, @0DpenHydro was the first device to be
tested at the EMEC site. An alternative OpenHydfers in comparison with MCT is that
the device is completely submerged underwater dmegtetore has no visual impact.
OpenHydro have not publically disclosed device grenbince
characteristics, however the device has had sochaital problems. The recently recovered
1 MW full scale device in the Bay of Fundy, Candda grid connection) found all the
turbine blades missing. The main cause for the hiatles has yet to be diagnosed

(OpenHydro, 2010a).
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Hammerfest Strgm is another device developer whahbeen testing their device
since 2003 in Norway. The 300 kW device installed&Kvalsund was grid connected in 2004
becoming the world’s first grid connected devicheTurbine has been tested through a full
cycle of operation, retrieval and maintenance. Té& device has had two successful
installations including re-deployment and a progturcttrack record of more than 16000
hours. The technology has been developed at a'lscgée and a 1 MW device was expected
to be installed at EMEC in summer 2011 (Hammerfesizm, 2010a). However, as of
November 2011 installation had not taken placeraviy or pinned foundation is used, the
blades are variable speed and variable pitch @885. The 1 MW device cut-in velocity is
approximately 1 m/s with rated power at 2.25 m/ise Tevice can safely be deployed in
depths of 40 to 100 meters. An array project dearaknt is due to be installed by Scottish
Power Renewables in the Sound of Islay by 2013 (Herfest Stram, 2010b).

Tidal Generation Limited (TGL, a subsidiary of RoRRoyce) is another developer
that has been testing at the EMEC site since Z¥®turbine is an axial flow, variable pitch
and speed, three bladed rotor. The turbine is toga it can be towed to the site and
attached to the foundation that is pinned to trebed using a patented drilling technique.
The nacelle is secured to the foundation througieahanical clamp. The 1 MW device has
a cut-in velocity of 1 m/s and rated power at 2/g with the device capable of operating at a
maximum velocity of 3.4 m/s. The device rotor didéends 18 meters and the rotor height
above the sea bed is 19 meters. (TGL, 2010)

Atlantis Resource Corporation, originally from Awdia has developed a series of
devices based on different design strategies. ANe Series is a shallow water turbine that
uses ‘aquafoils’ to capture kinetic energy from tigkal current. Tow testing of the AN-400
was carried out in 2008. The ‘AS’ series is a ddd@rizontal axis turbine featuring a
unique blade design. The turbines are rated forZs6and are being developed in 100 kW,
500kW and 1 MW capacities. Although the deviceseh@ieen developed for different

markets, it appears that they are still in therigay stages. The AR-1000 (previously known
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as AK-1000 which used a twin-rotor technology) tnebis a horizontal axis turbine
featuring a rotor with fixed pitch blades, which nverging towards full scale
commercialisation. The turbine is rated at 2.6 amd is designed for cost efficient nacelle
retrieval. The AK series turbine which is instdllend ready for testing at EMEC feature a
twin rotor set with fixed pitch blades. Unfortunigtehe blades were damaged during
installation, however the design has been modifieal the AR-1000, such that it now has

just one rotor and testing has commenced as of #tug011. (ARC, 2010, 2011, 2011a).

2.5.3 State of the Industry

Over the last few years, a lot has changed. Falesprototype devices were first tested in
2008 (MCT) and since then many other developer® maached a pre-commercial phase
where the device performance and testing has wokirgafrom major utilities (e.g. E.ON,
Scottish Power, Scottish and Southern etc.) andstnvent from international companies
(e.g. Alstom, Rolls Royce, Siemens etc.). The diigre presented in this section identifies
the ‘state-of-play’ in terms of where the currentdarstanding is as seen by the UK
Government.

The Renewable Energy Strategy (RES, 2009) has mmade funding available to
EMEC which is being used to construct further betthaccommodate the expected increase
in the number of devices being tested with gridnemtion. (Renewable UK, 2010a)

The seabed surrounding the UK is owned by the Cr&state, and the 2009/10
wave and tidal leasing round has been a majorfetef@ard in moving the industry towards
commercialisation. The Crown Estate has developedastime Spatial Planning tool,
Marine Resource System (MaRS) for improved decismaking between the different
activities and managing their impact on the maenéronment.

Sites in the Pentland Firth have been identifiedlkaty to host the first generation
of tidal current energy development. The first wf leasing by the Crown Estate has

leased sites capable of accommodating 1.2 GW ledtahpacity of wave and tidal energy in
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this region with an additional 400 MW of tidal déygment to take place in the Inner Sound
region.

The Sound of Islay Tidal Energy Project has bedly fronsented by the Scottish
Government. This is the first tidal array projent the world to be given consent and
ScottishPower Renewables plan to build a 10 MWI tidam ready for operation in 2013.

(Islay Energy Trust, 2011)

2.6 Existing Studies

A large scale development of this sort needs asitdlle understanding of the resource. A
number of studies have tried to quantify the UKatidurrent resource with estimates
covering a range of values from 18TWh/yr (B&V phds€005) to 96.4 TWh/yr (MacKay,
2008). The spread in the estimates is due to the diffe®nc the technologies used to
evaluate the resource as well as the differencéseirinterpretation of resource information
between different studieSections 2.6.1 and 2.6.2 discuss some of the reosht national

and project scale studies and the resource assaissmthodologies employed by them.

2.6.1 National Scale Tidal Resource Assessment

In 2001, the Scottish Executive commissioned aystoyl Garrad Hassan & Partners to
quantify the renewable resources available in 8ndt(Garrad Hassan, 2001). The main task
of the study was to estimate the resource sizedamdlopment cost for the year 2010 and
2025 and to generate cost curves for differentrteldyies in different network areas. The
base case result for tidal current energy estifiaat&cotland alone was 33.5 TWh/year with
an installed capacity of 7.5 GW modelled at undér@kWh in 2010 at an 8% discount rate.
At the time this work was carried out, there wasy\itle prior knowledge or understanding
of tidal current resource and interaction with tlewices. Ten years later, the input data used

to carry out this analysis has been revised anditedd However, this is one of the first
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studies that strived to quantify the renewable ues® in the modern context. Since this
study, many others have made an attempt to quahgfactual resource.

The Atlas of UK Marine Renewable Energy Resourcell(D2004a) was
commissioned in 2003 by the then Department of &aed Industry, DTI. The project was
lead by ABPmer with the aim of producing a spatiafipresentative map of the UK wave,
tidal and offshore wind resources. The Atlas presepatially averaged snapshots of mean
spring and neap tides. The source for tidal dat® whtained from the Proudman
Oceanographic Laboratory (POL) Continental Shelfdelo(POL CSM CS3), the High
Resolution Continental Shelf model, (HRCS CS20) #mel North-East Atlantic (NEA)

model (POL, 2011). The resolution of each of thalet® are shown in Table 2.5.

Latitude Longitude  km 2D 3D
NEA 1/3° 1/2° 35 v -
CSM (CS3 & CS3-3D 1/9° 1/6° 12 v v
HRCS (CS20) 1/60° 1/40° 1.8 - v
Table 2.5 Resolution of each of the models used within the Marine Atlas

The main parameters included in the Atlas are tigiade, tidal flow and annual tidal
power estimates. The tidal flows have been deriv&@dg the @ Ki, M, and $ harmonic
constituents. CS3 is a depth averaged model wherthea HRCS model uses 34 layers
throughout the water column. The extractable pawer direct function of the cube of the
tidal current velocity experienced at the site withconsidering the impact that development
might have on the underlying tidal hydrodynamics.

The Marine Atlas shows the tidal resource as a lma@lso has been developed into
a GIS based system which allows different layetsetinterrogated by various users for their
own purposes. The GIS layers can be manipulated weitv constraints included within the
map. For example, velocity data can be used tetsgbecific locations that experience high
tidal current velocity. In addition, water deptmdae used as a constraint to specify which

regions can be considered for development. HowglerAtlas does not provide time-series,
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it only provides long-term averages of parametetglf as mean spring peak, mean neap
peak, average powerf)nof use in the tidal energy context generated fthen underlying
model. Therefore, although the Atlas provides aewdgatial coverage, it lacks temporal
variability. In 2007 the Marine Atlas was updateor fthe Department for Business,
Enterprise and Regulatory Reform, (BERR, 2008). Tijpdated Atlas has a higher vertical
resolution and the vertical profiles are influenéedhe model through the bottom friction
transmitted through the water column by turbulentimg. No additional tidal constituents
were included as the purpose of the Atlas was ptuca the average output (BERR, 2008).
A map of the peak flow for mean spring tides isvshan Figure 2.8. The Atlas has a spatial
resolution of 1.8 ki

In 2004, the Carbon Trust created an initiative vikmoas the Marine Energy
Challenge (MEC) (CT, 2004). The main aim of thigjpct was to assess the potential to
generate electricity from marine energy at a cashpetitive manner compared to other
renewable and conventional generation.

In an effort to achieve this aim Black & Veatch (Bg&was commissioned by the
Carbon Trust to conduct a study to estimate theomat tidal current resource available in
the UK (B&V Phase |, 2004/B&V Phase II, 2005). laing so they took account of newly
identified environmental and theoretical constimiom power extraction in the scenario they
developed. The result was the use of a ‘Signifidergact Factor’ (SIF) to determine the
amount of energy that can be extracted from a Jite ‘SIF-method’ accounted for the
energy that is extracted from the sites and indgahe fraction of energy that can be
extracted beyond which further extraction can leadnvironmental and economic impacts
and affect the overall generation from the sitee KBy improvement offered by the SIF-
method was that it progressed from the ‘farm’ apploto a ‘flux’ approach, thereby
attempting to consider the impact that energy lsivg@ has on the underlying tidal

hydrodynamics.
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Figure 2.8 Peak Flow for mean Spring Tide (BERR, 2008).
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The study was done in the early phase of tidal fdevelopment and therefore had
little understanding of the impact that differeites might experience. As a result the study
assumed a SIF factor of 20%. According to this wt(i8&V Phase |, 2004), the total
resource available in the UK was estimated to l8eTM/h/yr with a Technically Extractable
Resource of 22 TWh/yr. Input data for this analysés obtained from the Marine Energy
Atlas (DTI, 2004a) and Admiralty Chart data. One tbé key findings of this study
suggested that the majority of the resource liegshm Pentland Firth. The report also

identified the ten most energetic sites in the b#t ttontained 80% of the total UK resource,

see Table 2.6.
Contribution
Rankumg Site Name Individual | Cumulative.
(a) (%)
1 Pentland Skerries 17.9% 17.9%
2 Stroma, P. Firth 12.7% 30.6%
3 Duncansby Head. P. Firth 9.3% 39.9%
4 Casquets, Channel Islands 7.6% 47.5%
5 S. Ronaldsay, P. Firth 7.0% 54 4%
6 Hoy, P. Firth 6.3% 60.8%
7 Race of Aldemey. Ch. Is. 6.3% 67.0%
8 S. Ronaldsav. P Skerries 5.3% 723%
9 Rathlin Island 4.0% 76.2%
10 Wull of Galloway 3.7% 79.9%
Table 2.6 Top 10 sites identified in Phase | with 80% of the total resource. (B&V, 2004).

The 2005 Black & Veatch Phase Il study (2005) cotreged on refining the
findings of the Phase | study. Specific aspectthefsites identified in the Phase | report
were looked at. The Technically Extractable Resawvas reduced due to double counting
of flux across different sites and the SIF factaswfine-tuned’ to be site specific. The SIF
factors were updated for the top ten sites andcestiby 35% compared to the Phase | output
estimate. The report concluded that 63% of thedexaible Resource is found in deep water

of sites > 40 metres and about 20% is in 30-40 esetf water depth. The site needs to
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experience spring velocity between 2.5 m/s to 4/ to be considered for economic
development. Finally, the total extractable resewas reduced to 18 TWh/yr with a +30%
uncertainty. This was interpreted as being sufitito meet 5% of existing UK electricity
demand.

A further update to this study by B&V (2011) iddigs different tidal
hydrodynamics mechanisms that create high tidakotiappropriate for tidal current energy
generation. This study considers the physical enmental impacts of extracting energy
from the system and presents a new way of asseasthgoretical’ and ‘technical’ limit of
power extraction based on acceptable environmegifatts. These are particular to the
physical environment and do not consider the berthimarine environment.

In 2003, the Scottish Executive commissioned aystod Matching Renewable
electricity generation and Demand in Scotland (Boeh 2006a). The research was
conducted by the Institute for Energy Systems atUhiversity of Edinburgh. The purpose
of the study was to determine if Scotland could tm#¥%6 of its electricity demand from
renewable resources by 2020. Contribution from od affshore wind, wave and tidal
energy generation were considered.

For tidal current resource assessment, data wamply obtained from Admirality
Chart tidal diamonds, and the TotalTide softwarekpge (a digitised version of the
Admirality Charts). Data from the DTI Marine AtléSTI, 2004a) was also used. Different
installed capacity scenarios for wind, wave ane tickre considered. In the case of tidal, a
750 MW installed scenario (2.2 TWh/yr) was examin€de outcome of the overall study
illustrated that on average 40% of Scottish eleityrdemand could be met by around 6 GW
of installed renewable capacity. However, the sthifjhlighted that the intended demand
target is not met on a second-by-second basissrstenario.

In his book, Mackay (2008a, 2008b) did a ‘back lné nvelope’ calculation to
evaluate the total potential tidal current enemgyhe UK waters. Mackay’s methodologies

differ substantially from the B&V ‘flux method’ disissed earlier. The analysis has very
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controversial outcomes, the author bases his @esadysthe maximum resource that can be
extracted without considering economic, social wwinmental impacts and suggested a
rather large total of 96.4 TWh/yr can be extract&dreover, in his discussions Mackay
assumes that extracting power will not affect thtaltresource or have an impact on the tidal
hydrodynamics. Overall, the author tries to presestenario where the total energy that can
be extracted from all renewable sources is predettieevaluate if the UK can live on
renewables alone.

Salter (2005) estimates the energy available irPeatland Firth alone to be in the
order of 876 TWh/yr. His calculations estimate #reear friction coefficient at 0.02 and
suggest the fluid friction loss at the sea bededl®0 GW. Furthermore, he proposes large
vertical axis turbines (Salter, 2009) where 120fselpacked devices are laid out in lines

with narrow gaps for navigational purposes, seer€i@.9.
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Figure 2.9 Possible layout of turbines as suggested by Salter (2009).
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Salter also indicates that the installation willange the head difference at the
entrance to the channel, which is thought to diwexter around the north of the islands and
improve the economics of the tidal farms situatedhier north. Mackay and Salter do not
differentiate between theoretically ‘available’ eme and ‘extractable’ energy, nor do they
acknowledge that there will be a reduction in tldaltcurrent velocity and the underlying
hydrodynamic effects as a result of extracting powe

The studies presented so far have mostly attentptedaluate the national resource
assessment. These studies evaluate the total extiepower in the UK continental shelf so
present a wide spatial coverage but the data uséukeianalysis are average values of the
Spring-Neap cycle and do not attempt to evaluatdeamporal variability. In terms of project
development, it is important to do a regional, sipecific study to understand the local
characteristics. The benefit of doing a site speaihalysis is that the added local detail can
be used to engineer the device and tune it to tpefficiently based on the local, site
specific characteristics. Furthermore it becomeses®ary to understand the impact local
topography and bathymetry may have on the localv fletructure and therefore to
appropriately plan site and array layout includil®yice orientation. The importance and use

of project scale studies are presented in thevidtig section.

2.6.2 Project Scale Tidal Resource Assessment

The data describing the majority of existing projgcale studies are commercially sensitive
and are therefore not in the public domain. Whatvigilable is a set of standards, protocols
and a small subset of research work that providedetines as to how such assessment
could be conducted, best practice measurementitpe®) analysis and reporting of tidal
current energy device performance and operation.

In 2005, following the success of the prototype iM&rCurrent Turbine (MCT)
‘Seaflow’, commissioned by DTI, “Development, In&ton and Testing of Large Scale

Tidal Current Turbine” (DTI, 2005) was written dsetassociated document reporting the
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details. It also lists all the contender devicest there being tested at a smaller scale and
moving towards achieving a full scale device. MC¥®&aflow at that time was one of the
forerunners. The document outlines the differete selection and criteria needed for a
successful tidal current energy project. Environtakeihmpact Assessment (EIA) is also
discussed. Since 2008, the next generation of @eafBeaGen has been successfully
installed and tested in Strangford Narrows, NortHegland (MCT, 2008).

In 2007, the DTl commissioned a protocol to defprecedures for assessing the
tidal resource or comparing the performance of\acge(DTI, 2007). The document outlines
fit-for-purpose protocols that can be used in thaial stages of device performance
characterisation. At the time of writing the docunheno commercial scale deployment had
taken place, therefore the document suggested lm@deon how it could be done using the
existing understanding from theory and knowledgeagfer from onshore wind approaches.

The Sustainable Development Commission (SD2)s the UK Government's
independent advisor and watchdog until its demms@010 due to austerity measures. In
2006, the SDC invited various organisations andl@cacs to produce a number of reports
on tidal energy. Research Report 1 (SDC, 2007a)avasource assessment exercise. All the
existing studies were considered to obtain the bd¥stmation about the tidal resource
(including tidal barrage) in the UK. Grid connecticonstraints were assessed for each of the
regions identified with tidal energy potential. Tékbect of tidal current extraction on coastal
regions and sea level changes were also consideeseéarch Report 2 (SDC, 2007b) was an
overview of various tidal technologies and investagl the economics of such development.
Research Report 3 (SDC, 2007c) looked at variower8eBarrage proposals and Report 4
(SDC, 2007d) investigates non-Severn Barrage optenmd their environmental impacts,
effect on sea level and impact on other marine stitks. Report 4 specifically looked at
social acceptance and compatibility with the gReésearch Report 5 (SDC, 200T&h UK
case study that reviews a number of scenariosdal power development and presents case

studies of developing tidal power in UK. The fimaport “Turning the Tide” (SDC, 2007f)
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presented the possibility of tidal power around thé with specific importance attached to
the Severn Estuary. The focus throughout the SDO@atime however was tidal range
resource and technology.

The Electric Power Research Institute Inc. (EPRIaiUS non-profit organisation
that has carried out a range of assessments tadprowethodologies to enable resource
assessment of various sites experiencing high t¢aaknt velocity and estimation of power
production from various tidal devices. Their fidgicument, (EPRI, 2006) produced in 2006
provides consistent methodologies to enable commaribetween different sites and
establish a ‘baseline’ performance for devices whian be used by the industry as it
evolves. Subsequent work by the ERRlestigated the economic impact of tidal current
generation on a large scale. A large part of th&®IEBublications include site specific
analysis of regions that are known to experiencgh lidal velocity. The assessment was
carried out to determine if sites are suitable tfdal current energy extraction and if so,
should they be considered for economic development.

The European Marine Energy Centre (EMEC) in Orkiodfers developers the
opportunity to test full scale devices with a gaddnnection to help assess the device
performance. The tidal current test site at théskal Warness initially provided five berths
(now expanded to seven) in depths ranging fromol3Q metres. The test sites are very
energetic experiencing as much as 4 m/s velocitgpnduhe spring cycle (Norrigt al,
2007). EMEC is also involved in developing standai an attempt to help develop the
marine industry. A number of documents have bedslighed covering a range of topics
from resource assessment of tidal current energypeidormance assessment of tidal
conversion systems. Guidelines have also beengeduio address health & safety, design
considerations, grid connection and project develom.

EMEC’s ‘Assessment of Tidal Energy Resource’ (EMEXD09a) is a guide for
conducting on-site measurements, analysing theinfysdand characterising the overall

resource. Similarly ‘The Assessment of Performawfc€idal Energy Conversion Systems’
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(EMEC,2009b) and ‘Guideline for Project Developmémtthe Marine Energy Industry’
(EMEC, 2009c) established a set of methodologiesnéasure the performance of tidal
energy conversion systems (TECS) and outline prajeeelopment methodologies key in
the marine energy sector.

In 2007, the International Electrotechnical Comiwniss (IEC) established a
Technical Committee (TC 114) to prepare standasdsniarine energy converters (Nadeau,
2010).The development of these standards is importattieasprovide a basis for ensuring
reliability and safety and can be used as a sdteotchmarks for comparisons between
different resources and technologies locally angriationally as well as contribute to
project ‘bankability’. The key areas addressed lwy $tandard will include performance
measurement, resource assessment, device desigivability and electricity generated
from wave and tidal energy converters. The IECdsdath expects to generate guidelines and
technical specifications that can cater to the avorhrket.

Equimar is a European Union funded project thatdea®loped a systematic suite of
deliverables of assessment protocols for companiagine energy devices. In 2010, it
delivered a set of protocols that addressed vastages of project development, from tank
testing to sea trials. The protocols highlight teed for consistency within the marine
industry. The development of the protocols can $eduas a template by device developers
in various stages of project development. The ptoms also helped to identify existing
knowledge gaps in the industry and involved a langenber of stake-holders (EquiMar,

2011).

2.6.3 Tidal Resource and Power Generation Scenario s

The Carbon Trust published a further study (Sin@&05) that extracted power output time-
series for tidal current from the POL CS20 tidald®loalongside wave energy time series in
order to explore their joint variability and pot@htmatch with demand. The analysis

developed a scenario where all the available gdargy identified in B&V Phase Il (2005)
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is developed, after accounting for SIF restrictiombe analysis does not differentiate
between shallow and deeper sites where a diffgemeration of technology will need to be
deployed. First generation devices are consideydoetthe driver for tidal current energy
development until at least 2025. Installation apeération in deeper water requires more
radical ‘second’ and ‘third’ generation approaclieat are as yet only in the very early
stages of research and development. Therefore @ys@based on only first generation
device specifications is required. The applicatainthe SIF has since been superseded,
therefore a revision of the ‘Extractable Power’ sidered by Sinden (2005) and B&V Phase
Il (2005) is also necessary.

An interesting aspect that is yet to be fully ustieod is whether the aggregate
output from different tidal sites can representraf of ‘firm’ generation through combining
various sites benefiting from diversified phasirfgtee incoming tidal waves. Clarket al.
(2006) demonstrates the potential for base loadigiom using tidal current by analysing
three UK locations. The study does not demonshate the sites are selected. Therefore, no
economic evaluation for the site selection is prees A Nautical Almanac (2002) was used
as input data. This data is primarily used by yswlein for navigation purposes and it has not
previously or since been used for tidal currentiation purposes. The analysis indicated
that curtailing the maximum power output in the iBgrcycle could be used to reduce
variability over the Spring-Neap cycle, which idikely to be economical.

Similarly, Hardisty (2008) proposed that a carefelection of sites can generate a
steady output. Back-testing this analysis has sheigmificant discrepancies. For instance,
Hardisty purports to use data relating to tidalntbad SNO40A (in Clyde, Scotland) and
suggests that it has a spring peak velocity ofi@4. Interrogating the same tidal diamond
using UK Hydrographic (UKHO) TotalTide software iodtes that SNO40A only reaches a
spring peak of 0.57 m/s, a value inappropriatetiftal current energy development. Other

discrepancies with reported tidal diamond data ve¢se found while attempting to recreate
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this analysis. The analysis concluded that a cah#&ael of 45 MW can be generated from
an installed capacity of 200 MW, a rather unecomairscenario.

It is clear that much remains to be done with rddarthe potential of tidal current
energy meeting baseload ‘firm’ generation, Themfane of the key aims of this work is to
investigate the impact of tidal phasing on theltmarent energy resource potential around

the UK and its match with historical electricityrdand patterns.

2.7 New methodology

A lot can be learned from the studies done to-détsvever, some of the methodologies and
understand of the tidal hydrodynamics are outdated could benefit from updating. A
particular limitation of the majority of the res@erassessment exercises is that they are done
using long term average values and omit to as$esdemporal variability. Therefore, a
significant improvement would be the use of timdese datasets of tidal variability for
specific locations of interest to evaluate speddaal variability.

Traditionally, anchored buoys were used with curmeters mounted on them to
measure the tidal current velocity at specific tmoes. Ideally, tidal current velocities are
measured using an ADCP where the velocity through éntire water column can be
measured. The temporal resolution of the data yalépending upon the purpose of the data
collection. ADCP measurements can be stationapgtéa in one place, (typically bottom
mounted), or vessel mounted to provide spatial geof the area of interest.

Another way of understanding tidal flow is with these of numerical or
experimental tidal flow models. Scaled testing fi€ conducted in laboratories, these are
physical models and often used for different pugso®umerical models are often complex
computer programs and have the added advantagemyf bsed for a specific domain rather
than a specific point and can be modelled for amyation of time, computational
performance permitting. However, these numericall@®need to be validated and verified

with measured data to have a level of confidendbermodel output. There are a number of
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modelling options, a list of commercial and reskardelling tools are provided in Table

2.7.
Models Dimensions Grid structure
ADCIRC 2D/3D Unstructured
ADH 1D/2D/3D Structured
CH2D/CH3D 2D/3D Structured (curvilinear)
DELFT 2D/3D Structured (curvilinear, rectilinear and spherical)
DIVAST 2D Structured
ELCIRC 3D Unstructured, flexible
ELCOM 3D Structured (orthogonal)
GEMSS 1D/2D/3D
GETM 3D Structured (orthogonal curvilinear)
HRCS 2D/3D
Mars 2D/3D Structured
Mike Models (11, 21, 3) 1D/2D/3D Structured
RICOM 2D/3D Unstructured
RMA Models (2, 10, 11) 2D/3D Unstructured
ROMS 2D/3D Curvilinear structured
SELFE 3D Unstructured
SUNTANS 2D/3D Unstructured
TELEMAC 2D/3D Structured
TFD 1D/2D/3D Structured
TRIM 2D/3D Structured
UnTRIM 2D/3D Unstructured
Table 2.7 Commercial models used for tidal resource assessment (EMEC, 2009a).

The scope for the research in this document encssegahe entire UK continental
shelf. Model data for this domain was not availaatel modelling such a region would
require vast computational resource and man houtsithh the scope of this thesis.
Therefore, it was decided that numerical model$ icthose presented in Table 2.7 would
not be used in this study. Analysis presented bgp€oet al. (2006) suggests thamnly
0.15% of the UK continental shelf has a peak flé® m/s or greater and can be considered
for economic developmenf tidal current energy. Hence, to model the entioatinental
shelf is rather inefficient and redundant.

Instead the focus and approach adopted in thiy stad to use regional data in the
form of tidal diamonds, and site specific measum@sidrom buoy and ADCP data. An

analytical approach is used to collate and combiisting datasets (mostly available in the
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public domain) of different spatial and temporakaleitions. Data was obtained from
Admirality Chart tidal diamonds using the TotalTsleftware package (a digitised version of
the Admirality Charts) which provided temporal \aions (see Figure 2.10) and from the
DTI Marine Atlas (DTI, 2004a) which covers the eatcontinental shelf (see Figure 2.8) to
provide vast spatial coverage. Combining thesesddaitself will provide considerable

improvement over the existing data availability.

SN0280
58%43.57'N 3°14.18'W_Scotland

Time Direction Spring Rate Neap Rate
-06h 355° 0.77m/s 0.41ml/s
-05h 076° 0.87m/s 0.46m/s
-04h 097° 220m/s 1.10m/s
-03h 080° 230m/s 1.10m/s
-02h 089° 230m/s 1.20m/s
-01h 099° 1.30m/s 0.67ml/s
HW 119° 0.46m/s 0.26m/s
+01h  258° 0.98m/s 0.51m/s
+02h  264° 2.00m/s 1.00m/s
+03h  264° 2.60m/s 1.30m/s
+04h  261° 2.80m/s 1.40m/s
+05h  311° 1.00m/s 0.51m/s
+06h  343° 0.98m/s 0.51m/s

Printed by Admiralty TotalTide

Figure 2.10 Example of a tidal diamond at Pentland Firth, Scotland.

High quality in-situ measured data is pivotal fesassing and quantifying the tidal
energy resource. In terms of project developméat ssreening is one of the first key stages.
Site characterisation is necessary in order to rensartain conditions. In particular, the
strength of the resource necessary for effectiveé aoonomic utilisation needs to be
understood, before further development and invastnide need for detailed analysis arises
because the potential to generate power is prapadtito the velocity cubed and first
generation energy capture technologies are rexdridib deployment in restrictive
bathymetric conditions. Therefore, a site thatezignces consistently high tidal current of

high velocities will be much more economically adtzayeous than less energetic sites.
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The predicament with highly energetic locationthist they are also often bodies of
water that have not normally been considered cfaieh interest, other than in identifying
them to assist in safe navigation. Obtaining suata ds expensive and difficult to collect
over a large area, so little research or in-sittagneement data exists for such extreme
locations. This lack of an existing historic datsdan highly energetic locations of interest
for tidal current energy development and associa¢sgarch has to some extent limited

academic endeavour in support of industry develayprizedate.

2.7.1 Approach

The first part of the research reported was predantly focussed on developing

methodologies to combine publically available detsghat did not coincide spatially or
temporally. The analysis presented in chapter 8tifies the existing publically available

datasets and assesses how well the different dsitasky represent a specific site. This new
method of combining datasets is a significant improent over the use of each of the
individual datasets and can be reproduced for @tress of interest.

Methodologies developed in chapters 4 and 5 useAD&a to do further detailed
site specific evaluation, as deemed necessaryeirtiddal energy context and vital to any
project developer. Harmonic analysis is also usedxtract the tidal constituents so as to
enable long term AEP and the power output over itttiended project lifetime. The
methodologies are developed over different sitegegt the methodologies robustness and to
understand how different topological and bathymdeatures can impact the final findings.

Angleseyis the first case study region in the Irish Sdatw north Wales coast. The
tidal flow accelerates around the headland presgniery interesting site specific flow
characteristics. The potential suitability of thogation for tidal energy development is the
reason for selecting this site for analysis. Théewdepth is about 40 metres and potentially
offers a highly energetic tidal current site, claseshore. These are conditions which suit

first generation devices. Good landfall (beach, oliffs) for bringing cables ashore,
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appropriate local harbour facilities for instaltatj operation and management activities are
also important project development constraints iy addressed at this location.
Additionally MCT and RWE Npower Renewables havdatmrated and plans are in place
to build a 10 MW tidal farm at this particular s{tdCT, 2010a).

The Sound of Islais the second case study site of interest predaéntehapter 4.
The case study region is a narrow channel betwkenstands of Islay and Jura where
acceleration is caused by large volume of watend&rced through a narrow channel (also
known as hydraulic current). The chapter evalusiiesspecific metrics relevant in the tidal
current energy context to determine the site silityabAs mentioned earlier, the Sound of
Islay is the world’s first full scale consenteddi@rray project. Therefore analysis specific to
velocity, power, directionality were of intereshd development of these metrics also aided
in bridging some of the knowledge gaps not covénedxisting standards and protocols.

The Fall of Warnesstidal test site at EMEC is the final study aréhae site is
located in Orcadian waters and is of particulaenest as multiple ADCP datasets were
available at different sampling frequencies. Thasadenables analysis that can identify the
effect of varying the ensemble period on harmomialysis and then evaluate the effect on
metrics like velocity and AEP.

The methodologies for combining datasets and tiemes generated in chapters 3, 4
and 5 are used in chapter 6 to develop a natiazd sesource assessment. Site selection
criteria particular to first generation technolagiés presented as part of scenario
development. The main aim of developing this nati@tenario is to evaluate, on a spatial
and temporal level, how in or out-of-phase theeddht sites are and if there is any potential
to generate base-load using tidal current generatione. For sites where ADCP or buoy
data is not available, the methodology introducecchapter 3 is employed to combine
nearby tidal diamond and Marine Atlas to generated-series. A new and novel way of
exploiting the resource is introduced so as td&esttihe right balance between environmental

and economic considerations.
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Chapter 7 is an application of the time-series gatad in chapter 6 with the aim of
developing methodologies to quantify the tidal &hiiity on a national scale. The study does
direct comparison between demand for electricity agppothetical tidal power output to
evaluate how much of demand can be matched by dida¢nt generation alone. Particular
focus is to understand the timeliness and coincideof peak demand with peak tidal

generation.
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3. Methodologies for Project Scale Assessment

The work presented in this chapter aims to developbust and repeatable method for
generating resource time-series that reliably desthe available resource. The most recent
analysis, Boehme (2006aped TotalTide tidal diamonds as input. Beforehrtanalysis
can be carried out, it is worth examining whetli@altdiamonds at a specific site are a good
representation of the resource. To do this theyewempared to in-situ measurements from
a current meter made available using buoy data tr@emUK moored current meter dataset
from the British Oceanographic Data Centre (BODC).

Datasets were obtained for a specific geographtation where tidal current
velocity is considered to offer potential for ecomo exploitation. Harmonic analysis
enabled comparison of the datasets over a commas fiame by time-shifting the data
using the original data to generate harmonic cesit data which provided input to a
harmonic prediction analysis. Interpolation teclueis) were used to combine point source
data scattered around the site of interest to en@ithie spatial variability of the resource and
test the interpolation techniques. Principal figdirconclude that although the directionality
of the dataset is well represented by the intetfpoidechnique, velocity magnitudes, peak

values and velocity exceedance histograms areapotied.

3.1 Approach

This chapter provides a preliminary analysis anchgarison of time-series measurements
from a case study regidingleseyin the Irish Sea near the Island of Anglesey loéf horth
Wales coast. Figure 3.1 generated using the Ma&ilas data as layers in GIS highlighting

Anglesey, the study area. The map is producedpatial resolution of 1.8 km
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Figure 3.1 Figure showing mean spring peak current at the Anglesey study area. BERR © Crown
Copyright. All rights reserved 2008.

3.1.1 Datasets

Different public domain datasets were used to as$esresource. These include the current

meter dataset from the BODC, a national facilitgttrchives marine data. One dataset,
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available for academic purposes, provides timeesarieasurements of ocean currents from
temporarily moored instruments deployed in thefsdeds around the British Isles.

The first data sources are the tidal diamonds onétafrom Admirality chart data and
tidal stream atlases. Tidal diamond data is obthbecollecting hourly data using a current
meter from an anchored boat at the specific lonafiata is usually collected over a 13 hour
period, approximately 5 metres below the water asn@f These provide a series of
descriptions of tidal current flows in terms of @&ty magnitude and direction at hourly
time intervals with respect to high water at a refiee location. The data spans the period
from 6 hours before high water through to 6 houdtsraiigh water for typical spring and
neap tide conditions. This only captures the veagits of the tidal constituent picture
equivalent to M2 and S2 (Betlt al., 1998). The locations of these data are referreasto
‘tidal diamonds’, as their respective positions iagicated on Admiralty charts by diamond
symbols. The Admirality chart tidal diamond datas Hzeen digitised and can be easily
accessed using the ‘TotalTide’ software interfdse arovided by the UKHO.

The Marine Atlas (BERR) provides useful spatiabimfiation for offshore marine
renewable technologies. The information providethmatlas is managed and maintained in
a structured Geographic Information System (GIS$lkese. The tidal current data presented
in the Marine Atlas presents spatially averagedsiats of mean spring and neap tides,
water depth, tidal range and average power.

This case study site is considered as it is thg tmdation where a number of
datasets including measured buoy data spanninga@® ar more was identified within the
existing BODC archive that coincides with a locatiof interest for tidal current energy
development as identified in the existing literat(MCT, 2010a). This made it possible to
carry out a detailed harmonic analysis to recrésaelataset. All comparisons were made for
the period of August 2009, with the harmonic cdostits derived from the original data
records used to create a pseudo time-series atirlifierintervals for this period for each

buoy location. Tidal current data were also obtaifoe the relevant Admiralty tidal diamond
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locations for the same time period using TotalTltlshould be noted that the location of the
buoy data does not exactly coincide with the aeéstified in the Marine Atlas or the tidal

diamonds, but this exercise helps understand astdthe integrity of the three datasets.
Figure 3.2 shows the location of the buoy mooriagg the tidal diamonds considered in this
case study. The green and red squares in Figuree@r@sent output from the Marine atlas

where spring peak currents of greater than 2.5werfe predicted.

b0018579, b0018580 X
b0636870, b0636869 X

b0636882%

SNO48L
4

8,000

[ 1 Meters

Legend
¢ Tidal diamonds
X Buoys
- Velocity > 2.5 m/s & Depth between 30 -50 meters
|:| Velocity > 2.5 m/s & Depth between 25-30 meters

Figure 3.2 Location of the tidal diamonds, mooring buoys and the Marine Atlas identified cells of high
energy. BERR © Crown Copyright. All rights reserved 2008.

The minimum data length for the selected mooringysuwvas 29 days in order to
enable a detailed harmonic analysis to be condu@éter buoy records in the area were
rejected as they were too short, for example b®1B8579 and b0018580 are 6.1 km away

from the nearest tidal diamond (SN048M) and sphageriod between from 20/09/1970 to
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04/10/1970, only 14 days long and therefore cabeaised adequately for reliable harmonic
analysis.

The precise location of the buoys and tidal dianscsddng with their position in the
water column is indicated in Table 3.1. Buoy resobdioy 1 (B1) and buoy 2 (B2) were
gathered simultaneously, on the same mooring Biewas located 30 metres below the
surface (i.e. near seabed) while B2 was positidhedetres below the surface. The water

depth at this site is reported to be 40 metres (BOIDO06).

Location
(latitude, Depth below mean sea leveWater depth
Name longitude) (metres) (metres)
Buoy B1 b0636869 53.39°, -4.68° 30 m (near sea bed) 40 m
Buoy B2 b0636870 53.39°, -4.68° 3 m (near surface) 40 m
Buoy B3 b0636882 53.38°, -4.69° 3 m (near surface) 40 m
Diamond D1| SNO0480 53.28°, -4.45¢ 5 m (near surface) 59 m
Diamond D2| SN048M 53.25°, -4.34° 5 m (near surface) 26 m
Diamond D3| SNO048L 53.20°, -4.36° 5 m (near surface) 22m
Diamond D4| SNO48N 53.19°, -4.41° 5 m (near surface) 35m
Diamond D5| SNO048I 53.29°, -4.21° 5 m (near surface) 45 m
Diamond D6| SNO048J 53.26°, -4.20f 5 m (near surface) 40 m
Diamond D7| SN048B 53.05°, -4.44° 5 m (near surface) 45 m
Diamond D8| SNO62E 53.40°, -5.09¢ 5 m (near surface) 65 m
Table 3.1 List of buoys, tidal diamonds and location.

3.2 Assessment

The analysis takes the form of a series of compasis

1. Between individual moored buoy records;

2. Between individual Admiralty tidal diamond dgtdtained from TotalTide);

3. Between buoy records and Admiralty tidal diamdath.
The data provided by BODC is presented in an efdee{.csv), where measurement data is
presented as a velocity magnitude (cm/s) and dire¢tiegrees) with a date and time stamp.

Metadata also includes measurements for conduyctiséa pressure and salinity. For this
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analysis, only velocity magnitude and directionnglovith the respective time stamp are
used. The following steps were taken to preparelfii@set before conducting any analysis:

1. Comparing B1 to TotalTide tidal diamond, showseament in direction, however
the directional angles for B2 and B3 are out byc#yal80°. For B1 and B2 the
timestamps overlap, therefore on the assumptiantigatwo buoys were deployed
on the same mooring line. It is thought that threational measurements for B2 are
flawed. Further investigation shows that the aurraeter used to measure data for
B2 was redeployed to measure B3 (same rig numbklerefore the error has been
carried forward. In order to continue with the lgses, velocity directional values
for B2 and B3 are assumed to be incorrect and wetdiee manipulated in order to
carry on with the analysis. A short program wasttemi to correct the direction
dataset for B2 and B3. This was done by adding 18@ie direction dataset and if
the new angle obtained is greater than 360°, ti&f? & subtracted for this new
value to get the assumed correct direction.

2. The initial values from each of the datasetsewemitted. They were mostly
erroneous values and interpreted as being takelstwie buoy was being deployed
into the water column. The original start time usedall of the analysis for Bl is
28/05/2003 at 20:55, B2 is 29/05/2003 at 03:25BBids 25/06/2003 at 13:15.

3. The time stamp was converted into Julian daoabh later this information was
discarded as the start time and ensemble peridefiised in the parameter input file
of the harmonic software. A short program was emitto convert the data into a
standard format as time, current velocity magnitumerent direction as a suitable
input before any analysis was initiated.

In order to compare different buoy measurements, data had to be recreated over a
common time period. Least-squares harmonic analysis conducted as explained in
chapter 2, section 2.2 to obtain the tidal consfits for each of the buoy measurements. A

number of programs written in FORTRAN have beendute perform specific tasks, in
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particular data manipulation before harmonic analy23 principal constituents were
obtained following the methodology advocated by idial Oceanic and Atmospheric
Administration (NOAA) Centre for Operational Ocegraphic Products and Services (CO-
OPS) in their Tidal Current Analysis Procedures &wsbociated Computer Programs
documentation (Zervas, 1999). The NOAA methodolaggs different programs to carry out
key tasks to obtain individual outputs. The mettioldows a sequential flow where the
output from one program feeds into another program.

The progranprcmp.fwas used to determine the principal current divacof the
tidal flow. The major axis is the component paitdliethe principal current direction and the
minor axis is offset by 90°. In a perfectly rectédar flow the minor axis component will be
non-existent. The principal current direction igdisvithin the harmonic analysis procedure
so that the tidal constituents can then be deteunifor components parallel and
perpendicular to this direction (Zervas, 199%cmp.fis an interactive program where the
user inputs the file name and the file format: éjaipeed, direction’ or ‘date, u component, v
component’. The flood and ebb directions are \vedlifising TotalTide tidal diamonds.

Next, the time-series is used to obtain the harmoonstituents. This can be done
using either thdsgha.for the harm15.f/ harm29.fprogram. Thdsgha.f program uses the
least-squares method of obtaining the tidal carestits whereakarm15.fandharm?29.fuse
Fourier analysis to obtain harmonic constituentaifietIsgha.f and harm29.f require a
minimum 29 day long dataset for analydiarm15.fcan be used on more than 15 days of
data although it is restricted to only 16 tidal siitments. The input file for all programs is
expected to be continually spaced and measuregliat 8me intervals.

Finally, pred.f can be used to create a new time-series usingh#mmonic
constituents generated from tlegha.f or harm.f programs. To test the credibility of the
NOAA programs, the original input time-series agereated to compare with the original
measured data and the accuracy of the measuremegprediction is verified using various

statistical tools (see Figure 3.4).
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A control (parameter) file is used to provide usgut information for each specific
program. The input required is broken down intoadapecific to the dataset such as
scalar/vector, simulated date and time for starireganalysis but certain parameters are left

for the user to decide, e.g. which constituentesolve and in what order. Metadata used in

the different programs are listed in Table 3.2.

Program
Program Data specific INPUT User specific INPUT OUTPUT
Mean current
velocity,
Principal current
direction, Major
Data format in speed/direction and minor axis
prcmp.f or u/vformat - variance
Vector or scalar data - Tidal
current velocity and direction.
Principal current direction Variance cutoff for the
(obtained from prcmp.j. Start predictions, parameter
date, start time. Number of days | for scaling, the number
in the dataset, total points to of constituents to
Isgha.f | analyse, number of samples per resolve, specify the
harm15.f | hour. Longitude of the location order of constituents to Tidal
harm29.f | where measurement was taken be resolved constituents
'‘New' prediction date
and time, ensemble
Tidal constituents (obtained period. Type of
from Isgha.f/ harm15.f/ harm29.f prediction - scalar or
Principal current direction vector. Specify which Predicted speed
pred.f (obtained form prcmp.j constituents to use. and direction
Table 3.2 Tidal current analysis programs used. List of the inputs required by each of the program and the

outputs obtained.

A number of changes to the original NOAA code jed by the author were
implemented. The original program was written inRHKRAN 77 and over time various
updates have been incorporated by different usssme of the changes that had to be
rectified or altered included:

1. Changing the path file directory so it did notrt to the original author’s C drive.
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2. Changing the format of tHegha.fharm15.fharm29.foutput file cons.out,for all
constituents such that enough significant digitseautput to capture the high tidal
amplitudes and sensitivities. For example, enabliogstituent velocity to be
recorded in m/s as opposed to cm/s.

3. Changing the format ipred.fto match the changes madectms.out

4. Changing the order in which the constituentsraselved in thésgha.fprogram to

be in the standard order.

3.2.1 Comparison of Buoys

The three individual moored buoy records are nabdadent in time, although they were
gathered during a coincident survey period. Dimgantitative comparisons between the
buoy data to compare spatial variability over a gum time frame is therefore not possible.
Harmonic analysis and reconstruction was carridd@generate accurate tidal predictions
that are coincident in time for all the three bulatasets. To see what contribution each of
the constituents make in the data set, Figure [BStrates the breakdown of the 23
constituents. For the three buoys thg Whlues have been scaled to 100 and the other
constituents are scaled relative to this for eaathiskt. It can be seen thas, I8, N, and M,

are the most dominant constituents. The presentizesE dominant constituents highlights
that the site is predominantly semidiurnaly, KO, and My play a small part but the
contribution from the remaining constituents isgngicant. For some locations, it has been
suggested that usingMS,, K; and Q, about 90% of tidal variation can be captured €éLu
al., 1999).,SM, and L, are shallow water constituents, and their preséndéedicative of

particular localised response to the tidal system.
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Figure 3.3 Breakdown of the constituents from the three buoys.

The harmonic analysis programs provided by NOAAehbegen validated, however
it is necessary to verify how well the harmoniclgsia captures the sites specific variability
each time the program is used. The best way thidag by re-creating the time-series using
the 23 harmonic constituents to be coincidentriretio the original time-series measured by
the current meter data. Figure 3.4 shows a scplierof the original current data and the
reconstructed data velocity magnitudes plottedhenX and Y axis respectively. It can be
seen that while there is some scatter, the fibisdgand exhibits good homogeneity. Ad R
value of 0.9014 is obtained?® a statistical indicator of how well one valepresented the
other. A R value of 1 presents perfect prediction. Some efvéiriations are due to non-tidal
events that cannot be captured by harmonics asalyiile others may be a result of the
constituents that have not been resolved by hagramdlysis. The buoy data is a true in-situ
record of sufficient length to allow confidenceits fidelity. Therefore, for this analysis, it is
reasonable to treat reconstructed moored buoy atthe ‘gold standard’, where® R

greater than 0.9 and therefore with which otheaskts it will be compared.
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Figure 3.4 Scatter plot comparing between the original data record and the reconstructed data generated
using 23 harmonic constituents for the period of 05/2003-06/2003.

The complete time-series of the measured and tbdiqgted data for all the three
buoys are shown in Figure 3.5 and Figure 3.6. Alssented are the residual errors which
present the difference between the measured andettenstructed data from harmonic
analysis. The residual at the start of the recamds particularly large as these are the
erroneous measurements taken while the buoy wag begployed. For the harmonic
analysis these valued were omitted as mentionedeition 3.2. The residuals are a
combination of non-tidal events that cannot be waot by harmonic analysis and the fact
that only 23 of the harmonic constituents are aetsul for. An important observation to
make is that the velocity observed at B1 is muchlkmin magnitude compared to B2 and
B3 (because it was measured near the sea bedyeF3gd shows all the three datasets
reproduced from harmonic analysis for the commameiperiod of August 2009. Further

analysis using measured data and harmonic an&ytie focus of chapter 4 and 5.
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Measured and predicted time-series for buoy 1 (B1, top) and buoy 2 (B2, bottom). Residual values are also presented.



9s

Figure 3.6

Figure 3.7

Velocity (cm/s)

Velocity (cm/s)

Velocity (cm/s)

AR bbb
wf“H i W"W W LT,

| |
5678910111213141516171819202122232425262728
Time (days)

B3 measured
pl ﬂ ﬂ — B3 predlcted

| | ) A
RN RN i) L I 1 " ity w‘u f ih J
Bl U\‘ W] el bl b Mw i HH‘ H\ ) I ‘H i Ay B B ‘r “l‘ \\H | H ! M,\ lL““MM i \ it 'ﬂ;\ 4\\“‘ f
07 h‘ ‘1 1) H "T"‘\Jmhﬁ ‘\“L\ﬁsﬁ‘ww\"”ﬁJL\W:”WLWJ%:M H‘wﬁw ‘:Hlu%l‘}‘}ﬁ‘\‘“ﬂ‘u“ﬂ: H‘\“ JL‘HH%” Hl\hxlﬂl:ﬂwlrﬁﬂ :\’1 ”v‘L\‘ 4‘ w‘n: H‘,/”w“ :JJ/ :M: ‘W‘ \l ‘NH\HA)N\ ‘:‘} ‘\H“n AR H}\ \lu\‘\ :\Hu Wu '\ij]“ ‘jﬁmw\ e LL( ]
R A ) h | i M “‘ " 'Wh | 4‘ it u‘h‘” H‘M”' N, N”M \ “\ I i ‘\\ Wﬂ ‘M\ i \‘ ””“ ‘\‘ U\ | “ ( !
M! [ [ il w“ \‘ M”W\ H‘ ‘M “ I il ‘» \ i ‘ ‘ \ | Wl i \ \}
‘\H\r\‘\\ o, o H ‘ ! J it “ L‘\ " ” \ ‘\ \H ‘ ! o it |
! N ! ! '\ ‘ \ ‘u | '
}

|
| “ ‘ | | ‘ ‘ \ |
[ \ i w\u “ W \/ MH,

Lo
ey,
! JH\J o AW‘ Cu) \‘
! ‘A‘w‘\x“ Iy ‘
I i

bt g

Kl J u
! HM

f
u‘

Wi \ \ \ \ \ \ \ \ \ \ \ \

250

200

150

100

50

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Time (days)

Measured and predicted time-series for buoy 3 (B3). Residual values are also presented.

| I I
\H 1l : ; “ " o Bl
[ “ | | f“ “r\ o :“ ! “ I ‘: B2
[ R I I | | oo ‘ :“:“w 1 \\“\“‘4“‘ o |
‘ I ; :‘ | :‘\ .“\ :!“‘ :‘: ;‘ : \‘w [ :: ‘ ‘ \“ :‘ :““:‘ :‘\“ “ ‘\:‘;‘\ \::\:\“H:\:“‘\“M ‘:\‘ :: v T T 83
— . ;‘ :“ “\: H ) “““ :H\ “M ] :H “‘ 1 : “\ ! | :‘ | :‘:u:{‘ :\:‘\“u:‘w‘: :‘1 ‘Hj:“uﬂ‘““‘ :‘ oy —
oA ‘\“““w“\‘\;‘:‘:‘ AT “H‘\‘H‘H‘\‘ ‘\“ | ‘ [ no ‘\““ “‘:‘ ER A iR MHM “:\ ‘::“‘:“‘h‘ o “‘
e e e R 1 (RN A U I [ S A e (-
C “‘1“““‘“““:‘”“ ‘\‘\“ IR LE M‘u:“““\:‘]"w‘ VA “\H‘H‘H il Hﬂu‘wu” IAURTR :‘\““\““““H‘ Il | -
ﬁﬂ“ w‘"‘:\“;:‘\“::\:‘H‘ﬂ‘\ :::‘ i :J‘HH il F“‘“\“‘;‘H\:‘w;:‘:‘ H‘\“\“\‘: RGN i i “‘ﬂ:“:‘ﬂ‘ i :“;“u:“w“‘::“H"H (O
“M:H“‘f“‘ M\:::“u“ :w i | :‘:““WHM‘W‘ ‘Hw‘[\w“u” H“:‘ WK H“““‘: ::\:HH‘:‘:\H\“‘\“““n\” I
R L e e e ‘[f
il W i IRAEELN ! R R A RN R TR | I IR IRRRERE LRI NS \“‘“\“‘\\“H“\““‘
i 1 | i HIERRLR 1y (AR IR RIRRER I \\}“\H‘ I IRERER IR R H‘ Rl
“‘x“ I 11\\ | ‘:\““\:‘\‘ }\:“:\\““‘:\ IR ““““‘:‘,1‘1‘:‘ ‘:\;1“\“\“ ‘ :“‘\:‘
[ 1 ! R [ B 1 [ L ‘ AR e ‘\‘ ‘\“ :
o 1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time (days)
Buoy 1 (B1), buoy 2 (B2) and buoy 3 (B3) reproduced from harmonic constituents to a common time-period (August 2009).



3.2.2 Inter-comparison of Buoy Measurements

The first comparison presented is between the ida&l moored buoy records. Given the
location of the buoys, within close physical prowyn the data could be expected to
demonstrate some correlation. Figure 3.8 showwélaity magnitude plot of all the three

buoys on the day of the spring peak.
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Figure 3.8 Current velocity observed by buoy 1, buoy 2 and buoy 3.

There is good phase agreement between the threelse®1 and B2 are located on
the same mooring and therefore are almost exacase. B2 and B3 are both located near
the surface and 1.07 km apart, a slight phasesladpserved but the shape and size of the
velocity magnitude plots compare well. The phagedeer such a small distance highlights
the extent of the spatial variability.

To better represent the velocity variation, theousy distributions of the three
buoys are shown in Figure 3.9. B1 measurement®aes than both B2 and B3 because the
original current meter measurements for B1 werenakear the seabed, whereas B2 and B3
were measured near surface. The velocity variatiwasindicative of the velocity profiling
along the water column as discussed in chaptee@ios 2.3.2. A scaling factor would be
required to account for the vertical velocity gexti between the sea-bed and the surface

which skews the data in this case (e.g" pGwer law).
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Figure 3.9 Current velocity histogram for buoy 1, buoy 2 and buoy 3.

To quantitatively compare these measurementsstitali methods were adopted,
although it should be realised that none of thendsthemselves are ‘accurate’, as even the
measured data could be distorted. However, thi$ysisapresents a way to evaluate the

spatial variability. The data to be compared isveoted from velocity magnitude and
direction into two-dimensional vectors X(,, X,,) and Y(Y,,,Y,,) where the indices 1

and 2 relate to the separate buoy datasetnasdhe timestamp. The mean absolute error

(MAE) is calculated as (Brieret al., 2006):

MAE = 5406, =X, 0 = Xor)’ ”
whereN is the number of data points. This statisticafigarporates both errors in velocity
magnitude and direction. The Relative Mean Absokrm®r (RMAE) is a better means of
comparison between the datasets as it incorpothsrelative magnitude of the data

considered to scale the error assessment (Bxteak 2006):

MAE
1 N
WZ '\/(Xln_XZn)z 3.2
n=1

An RMAE value of zero indicates a perfect match.RMAE is a ratio of the mean absolute

RMAE =

error over the mean values of the measured daautther RMAE values deviate from 0

the higher the error ratio. This is a good indicatb how spatially variable tides in this
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location are. Table 3.3 summarises MAE and RMAEuesl across the three records

examined.
Bl B2 B3
Bl MAE - 31.16| 51.86
RMAE - 0.49 0.82
B2 MAE 31.16 - 38.31
RMAE 0.35 - 0.43
B3 MAE 51.86| 38.31 -
RMAE 0.54 | 0.40 -
Table 3.3 Comparing results from the buoys (cm/s).

As B1 and B2 are co-located, good gquantitative ergemnt is expected and B1 has a
much lower tidal velocity due to its relative depthcounting for the lower MAE and
RMAE. B3 has better agreement with B2 than with Blis is because B2 and B3 are both
located close to the surface and except for a sphalse lag have a very similar velocity

magnitude.

3.2.3 Inter-comparison of Tidal Diamonds

The next set of experiments compared the tidal drads obtained from TotalTide. Tidal
diamonds embody a set of numbers that depict tla ¢urrent behaviour at a time relative
to high water at a reference port. TotalTide canegate time-series over different sample
periods. Therefore comparison between buoy dataidalddiamonds can be carried out.

A total of 8 tidal diamonds were used in this expent, all within a 50 km radius of
the central buoy location. The MAE and RMAE arecualdted for the four closest tidal
diamonds, SN0480 (D1), SN048M (D2), SNO48L (D3) &i048N (D4). The metrics are
calculated for all the four diamonds and compareduantify the spatial variability. Table
3.4 has a summary of MAE and RMAE. The error valares in general, consistently bigger
for the tidal diamonds compared with the buoy datsis is primarily because these data

points are spatially more dispersed than the budiiss gives a good indication of how
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spatially variable tidal current velocity data dag even within a relatively short distance,

compared with the tidal wavelength.

D1 D2 D3 D4

MAE - 68.49 | 88.51| 91.6
D1 | RMAE - 0.83 1.07 1.11
MAE | 68.41 - 122.52| 67.8
D2 | RMAE | 0.53 - 0.95| 0.53
MAE | 88.38| 122.44 - 92.78
D3 |RMAE | 3.14 | 4.35 - 3.29

MAE | 91.48| 67.7 | 92.82 -
D4 | RMAE | 0.84 | 0.62 0.85 -

Table 3.4 Comparing results from the tidal diamonds.

The RMAE and MAE values for D3 are exceptionallyopoompared to the rest of
the tidal diamonds because this particular tidahwind is sheltered by a headland. Further

explanation as to the poor comparison is presantd following section.

3.2.4 Comparison of Buoys and Tidal Diamonds

To better understand the quantitative agreememtdsgt the buoys and the tidal diamonds,
Table 3.5 presents MAE and RMAE values for the lsuayd tidal diamond. As expected,
B2 and B3 present good agreement with the tidahdial as they were measured near the
surface. A model skill test was conducted (Wareéeral, 2005). The observed data
considered are the measured buoys and the modebhdaitthe tidal diamonds. The skill is

defined as:

Skill = Zx-v° _
Z( X =Y]+[x - X] j

where X is the mean model value (tidal diamond) anis the mean value of the measured

33

data (buoy data). A value of one indicates peréggeement and a value of zero indicates

total disagreement. This value has been calculsépdrately in the Cartesian coordinate
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system foru, the eastward velocity component andhe northward velocity components to

highlight the effect of directionality.

D1 D2 D3 D4
B1 MAE 45.39 71.58 60.72 69.56
RMAE 0.72 1.13 0.96 1.10
B2 MAE 48.73 51.60 87.30 61.27
RMAE 0.55 0.58 0.99 0.69
B3 MAE 81.56 61.82 86.90 51.27
RMAE 0.85 0.64 0.91 0.53
Table 3.5 Comparing results from the buoys and tidal diamonds (cm/s).

All three buoy records were compared against ghteidal diamonds. The statistics

are summarised in Table 3.6. Yet again, the mddikssults for tidal diamond D3 which is

7.68 km away from B1 and B2 compares even worse ttha distant D7 and D8 diamonds,

particularly in thev direction. This relates to the earlier findingsem the MAE and RMAE

values were discussed. The effect is much moresavid thev direction.

Bl B2 B3
u \ u \ u \
D1 | 091 | 088| 094/ 090 081 0.7
= E D2 | 0.87 | 082 092/ 096 091 0.9
§ N D3 | 0.71| 0.29| 0.64] 0.28§ 0.79 0.2
D4 | 0.78 | 0.84| 0.79] 093 090 0.9
D5 | 0.90| 0.10| 094 014 086 0.1
E E D6 | 0.90 | 0.05| 0.94| 0.113 0.8% 0.0
'§ 3 D7 | 0.16 | 091 0.29] 093 031 0.8
D8 | 0.87 | 0.94| 080, 0.8 0.69 0.7

O NN © O N N B

Table 3.6 Comparing ‘model skill’ results from the buoys and tidal diamonds.
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The standard deviationg of the datasets was calculated to provide a meagfithe
statistical spread of the data:
— 1 V)2
o= =>.(% X (3.4)
N <
whereN is the total number of observatior;s,is the mean velocitgnd X; is thei th value.

Standard deviation can also be used to calculatecthss correlation coefficientCC)

between two datasets, (in this case the buoy antidhl diamond data):

IR - —
CC:Jxla-ylﬁz(Xi =X)(Y; —Y) (3.5)

CC has been calculated between all the buoys antbtineclosest tidal diamonds (D1-D4).
These values have been plotted and can be viewédgiure 3.10. Perfect correlation is
indicated by a value of 1, -1 indicates negativeatation. None of th&€€C show negative

correlation.

Looking at theCC values it can be seen that all the buoys and didahonds show
values of 0.5 or above, however D3 consistentlyvsha poor correlation compared to all the
tidal diamonds as well as the buoy data. The dewvidiecomes particularly evident for the

v- velocity component (bottom graph).
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Figure 3.10

Comparing CC between buoys and tidal diamonds in directions (top) u-component, (bottom) v-component.




3.3 Effect of Interpolation

This section investigates the effect of interpolaton the tidal diamond datasets. The time-
series are interpolated and compared to B2 asidhé diamonds are interpolated to this

point. B2 works best as it is a near surface measemt, similar to tidal diamonds and it

represents the tidal flow conditions in this looatiwell. The interpolation technique is

advocated by Shepard (1968) for irregularly spatagd. The methodology is applied to the
tidal diamond data, where the interpolated vala¢ a given poink is given by:

ZN:Wk(X)Uk

u(x) =<=— (36)
k=

ZWk (X)

0

whereu, denotes the point the data is being interpolataah andw, is the weighting,
defined as:

1
W, =————
“d(x, X )" St

d is the distance between the two poixtdhe unknown value angi the point the data is
being interpolated fromp= 2 is adopted as recommended by Shepard (196@rti®a of
the value ofp enables the user to prescribe how sharp a pedkrthgon exhibits by giving
greater influence to nearby data points. A low gadfi p provides a smoother solution, with
more ‘smearing’ of peaks (Shepard, 1968).

Inverse Distance Weighting (IDW) is used in thistance to create ‘pseudo’
diamonds from the tidal diamonds available in theation. To test the fidelity of these
‘pseudo’ diamonds, the interpolation locations amapped onto existing buoy record
locations. The further away a tidal diamond is frarapecific location, the less weighting it
will have in the calculation. Similarly, tidal diamds located close to the buoy will have a
higher weighting therefore having a more significenfluence on the pseudo diamond. In

order to preserve the directionality IDW was perfed by converting all the speed and
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direction datasets into the — v velocity Cartesian coordinate system. After IDWwias
possible to convert the interpolated data baclkésd and direction.

Three sets of IDW’s were created. IDW1 indiscrindgta included all the tidal
diamonds within a 50 km radius of buoy 2. IDW2 omgluded the four tidal diamonds
within 12 km of B2 and IDW3 was a ‘selected’ vaioat of IDW2 where tidal diamonds are
selected based upon their statistical correlafl@le 3.7 summarises the distance between

all the tidal diamonds and B2.

Distance (km)
D1 10.45
D2 8.42
D3 6.98
D4 7.68
D5 24.49
D6 33.23
D7 33.23
D8 44.09
Table 3.7 Distance between each tidal diamond and buoy 2

For the purposes of comparison, IDW’s are createdhfe same physical location of

B2. Velocity magnitude plots of B2 along with IDWMDW2 and IDW3 are plotted in Figure

3.11.
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Figure 3.11 Velocity magnitude comparison of buoy with IDW 1, IDW 2 and IDW 3.

All the three IDW'’s present are in phase with B2l dhere is good quantitative

agreement between IDW1, which includes all thel titiamond current data within the 50
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km radius, and IDW2 which only includes the 4 ckisbuoys. The minimal difference

between IDW1 and IDW2, which nearly overlap in Fgw.11, is due to the inverse

distance weighting ensuring that the distant talamonds provide a limited impact, in this

case where 4 tidal diamonds are relatively closk4are further away rather than an even
dispersion.

Although the buoy data encapsulates 23 constitwedshe Totaltide diamond data
generally only captures 2 of the major constitueli and S2 (Belkt al, 1998), there is a
good qualitative agreement and correlation. Vejogiagnitude peaks and phasing in Figure
3.11 indicate reasonable qualitative agreementdszivthe different records. The shape and
the general envelope of the Spring-Neap cycle Be well captured as shown in Figure
3.12 (only for IDW2 and B2). However, the enveldpghlights that the tidal diamonds fail
to meet the peak velocity values. They either asterete in theu direction or underestimate
in thev direction depending upon which combination of tidelmonds is being considered.
Therefore, estimated tidal currents based on th&/lIDand IDW2 values from tidal

diamonds will always underestimate whereas IDW3 teiid to overestimate the resource.
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Figure 3.12 Velocity magnitude comparison of B2 with IDW 2. Data showing the Spring-Neap envelope.

To better understand how skewed the velocity ¢histion between the three IDW'’s
were, Figure 3.13 shows a velocity histogram oftladl IDW’s and B2. In the context of

energy extraction, the extreme velocities are ghificant importance in determining the
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AEP. IDW1 and IDW2 over estimate the velocity dmsition compared to B2 up to 100
cm/s. Beyond this value, the IDW'’s under estimated missed the peak values. For IDW3,
the distribution underestimated the values belo@ &@/s, but towards the tail end of the
spectrum IDW3 overestimated the peak values. Fengaoison, B2 is also plotting along

with all tidal diamonds D1, D2, D3 and D4 in Figud4.
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Figure 3.13 Velocity magnitude comparison of buoy with IDW 1, IDW 2 and IDW 3.
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Figure 3.14 Velocity magnitude comparison of buoy with D1, D2, D3, D4.
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For all the distributions, velocity data was placed bins of width 10 cm/s.
Interestingly, D2 presents a better match to B2 thay of the IDW’'s. D3, which is the
nearest tidal diamond, under-predicts at lower aitls and over-predicts at higher
velocities (similar to IDW 3). The poor performanitem D4 is evident where no velocity
above 100 cm/s is recorded by this tidal diamorekspie being the second closest tidal
diamond. D1 presents characteristics similar to ID®/ IDW2. The fact that D2 alone
represents B2 so well is coincidence and is unfikeloccur at any other site of interest.
Without having measurements taken at the specifiation, it would not have been possible
to know scientifically which dataset would provithee best match.

This exercise had helped in understanding thainterpolation technique cannot
fully capture the complex tidal hydrodynamics ocog at the site. But, without performing
the analysis it would not have been possible toetstdnd how well the interpolation
technique worked. Even though D2 presents goodcitglmagnitude match, it will also be
of interest to observe if D2 can present similaectionality when compared to B2. This

analysis is presented in the following section carap directionality.

3.3.1 Comparison of Tidal Ellipses Hodographs

Tidal ellipse comparisons have been plotted in feédti12, where the local individual tidal
diamond ellipses (left) are compared with all tbaM ellipses (right). The IDW ellipses
were created by resolving the— vvelocity component back into speed and directi@®.
presents the worst spread in directionality. Eaatividual tidal diamond presents poor
directional comparison to B2. The IDW ellipses sh@wnuch better qualitative agreement
suggesting that this methodology improves the mr@ation of some of the tidal
characteristics. The bi-directionality of the tidegygests that this location is very desirable

for tidal current energy deployment which is cagtuwell by the IDW’s.
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Figure 3.15 Tidal ellipse hodographs (a) comparing buoy data with tidal diamond data and (b) comparing

buoy data with IDW data constructed from tidal diamond records.

3.3.2 Comparison with the Marine Atlas

It is estimated that only 0.15% (1269 k#Area) of the UK continental shelf has a peak flow
of 3 m/s or greater (Coopet al.,2006). These are the very high energy sites th&ertidal
energy extraction economically viable. Before desiare deployed into the water, it is
important to precisely identify these locations ataty the individual site characteristics.
Depth averaged data is often used during calculstnt in this analysis buoy data
is available from near the surface, at 37 metens fthe seabed, and near the seabed at 10
metres. The TotalTide data is measured approxignateheters below the surface. Current
velocity estimates can be extrapolated from measemés at a specific depth by using a
scaling value. A 1/7 power law is often considered appropriate in fifivs (Falconeret
al., 1997). The POL (POL, 2011) model used to constituetMarine Atlas uses a vertical
velocity profile. Alternatively, Black & Veatch (B¥ Phase I, 2005) uses a variable power
law similar to equation 2.9, presented in chaptértis formula can be used to estimate the
tidal velocity at a specific height in the waterlwon. This enables the calculation of

velocity at the device hub-height for the intendedice.
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Figure 3.16 shows spring peak measurements for l#2hwis located at 37 meters
(near surface), scaled to 10 meters using thengcldctor as suggested by the DoE (1990).
Also plotted is the measured data obtained at 1@esén the same location. The Marine
Atlas scaling factor is 0.9. Figure 3.16 indicédtest the current velocity is nearly half, when
compared to the 10 metres depth data, a scalingrfatapproximately 0.5 would be more
appropriate in this case. The Marine Atlas usesrkapbtained from the POL HRCS model
and this scaling factor to obtain their depth agedacurrent velocity and power. However, it
is observed that for this particular site the™#&hd DTI scaling factors overestimate the
current velocity significantly. If this is manipiéad to produce an estimate of the energy that

can be harvested at this location, the overestimatiould then be compounded.
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Figure 3.16 B2 scaled down using the 1/7" and DTI scaling factors.

Figure 3.17 shows current vertical velocity prdfilelong the water column, in a
water depth of 40 meters. The figure compares Hreows commonly applied power law

plots with two data points obtained from the buoys.
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Figure 3.17

Surface | SPRING
Buoy data measured near surface
35 1 ’
DTl Power Law
30 -
1/10th Power Law
25 -
E 1/7th Power Law
S 20
) "1/2" Law used to /
&) .
fit the data pom\ /
15 -
/
10 B
4
Buoy data measurecf near bed
4
5 4
4
g
Sea bedf-—-f" ‘ ; : ‘ :
0 0.5 1 1.5 2
Velocity (m/s)
Surface NEAP
Buoy data measured near surface :
35 - '
30
/ DTI Power Law
25 - )
z "1/2.5" Law used 1
E 20 - fit the data points 1/7th Power Law
8 \ ’I, /
D 1’
157 1/10th Power Law
Buoy data measured near hed
10 - o
5 |
Sea bed == ‘ ; : : :
0 0.5 1 15 2 25
Velocity (m/s)

Tidal current velocity profiles, during spring and neap tide.
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The power law curves have been derived from the sedace buoy data. To best
represent the profile characteristics, the tidatent characteristics are broken down into
Spring and Neap. As suggested earlier, the flothénSpring cycle best fits a scaling factor
of 0.5. Neap tide data were best fitted using alaimcaling factor.

It remains unclear whether overestimation of tteouece in this case by the 1/7
1/10" and DTI power law would be replicated at otheratimns. Analysis presented in
chapters 4 and 5 present vertical velocity profé¢sother sites and attempt to evaluate
different ways of quantifying the velocity profilariation. However, it is notable that the
extreme tidal velocities of interest for tidal egyerdevelopment are potentially not well

represented by traditional vertical velocity vadatassumptions and require updating.

3.3.3 Comparing Power Outputs

Power output for all the three IDW’s and B2 haverbealculated for the month considered.
Power was calculated using equation 2.6. Simildhlg,power output from the Marine Atlas
for this region is obtained by extracting the meanual power (kW/A) from the atlas and
multiplying by the number of hours in a year (876@urs) to obtain the annual energy
output. Table 3.8 summarises the output resoursan@iag that the simulated month is
representative of the entire year. B2 is used ed#se value here for comparison and the
annual energy vield is compared with the three ID¥tputs and the average value obtained

from the Marine Atlas (BERR, 2008).

Annual energy resource available per square metre
(KWh/ m?)
B2 6395
IDW 1 4038
IDW 2 4538
IDW 3 9875
BERR Atlas 10319

Table 3.8 Power output for B2, IDW1, IDW2 & IDW3.
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From the preceding analysis, the error margin betvibe velocity magnitudes were
substantially reduced between the IDW represemsitiof the tidal diamond data over
consideration of the individual tidal diamond dathen compared with the moored buoy
derived data record. However, when these datasetssad to conduct a long-term monthly
or AEP assessment, even the IDW representatioheftital diamond data show poor
agreement as demonstrated by the varied valuesrntessin Table 3.8, as prediction of
long-term energy yield is at the heart of any d@astconomic appraisal. The application of
the IDW methodology for use in tidal energy reseuassessment presented through this
example demonstrated error that can be introdusedrasult of this methodology. This is a
combination of the error introduced as a resulintdrpolation as well as the extent of the
variability of the datasets. Therefore, other lars may present higher or lower velocity
and power discrepancies depending upon the sitgfispeariability.

None the less, it is important to mention that ¢hegor margins make a significant
impact on site selection and lifetime productiostsolf this was to be considered over 25
years, the typical intended lifecycle of tidal epyedevelopment projects, these error margins

would have a significant impact on the project ecoits.

3.4 Conclusion

The spatial variability of tides is governed by gdex non-linear physics, topography, the
bathymetry and the fluid interaction at the siter. this reason, interpolating spatially diffuse
tidal data records is always going to lead to ina&cies. These complex phenomena cannot
be well represented by simple interpolation. Tlasparticularly true when the current
velocity derived will inevitably be used to condictal energy generation calculations and
scenarios analysis. Even though statistical armlisows the MAE and RMAE of velocity
records to be relatively small, the error is maguifvhen the power output is estimated for a
site. This is mainly because the power output apertional to the velocity cubed. Therefore

an error of 2% can cause a 6.12% error in the powggut. The significant variations in the
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available energy in the water column derived uding improved IDW representations
demonstrates that site selection and evaluationmldhaot be done simply based on this
methodology, instead, this can be the first scregprocess following which full site survey
and high resolution data collection can take place.

The most important issue to highlight is that iteissential for developers, before
committing to a site for development, to conductagpropriate survey of the available
resource as the next stage of project developr@athering multiple ADCP records across
the intended site at a minimum temporal resolutib89 days is recommended to enable an
appropriate spatial and temporal representatiotheftidal currents to be determined. A
suitable site specific analysis using ADCP datprissented in chapter 4. An immediate
observation is the improved resolution and quaditythe data gathered using ADCP. The
analysis will make assessments of the future engrglg through appropriate harmonic
predictions that can feed into power productioncaations and economic assessment
models. Ultimately, this type of data will enabi®ject developers to better estimate future
revenue generation or, conversely be able to piertine that a site is in fact uneconomic
for development.

The purpose of the analysis presented in this ehapas to quantify how well
different sources of datasets represent the tidal €onditions in a specific location. It was
understood that, where available, in-situ measuwlath is most appropriate for site
assessment. For the majority of the sites, tidaindinds are the only source of data available
to the author from the public domain. As tidal deard data is generated from measurements
taken over a 13 hour period, it does not captueeditailed variability that is obtained from
a longer period of measurement. However, tidal disandatasets are available for most of
the UK coastal region and therefore are easily ssiibke. On the other hand, the Marine
Atlas data is an output from a number of complester models (POL) that provide long
term average snapshots over a spatial resolutidn8dknf. Therefore, a way tomprovethe

time-series generated is by combining the intetpdlaataset obtained using tidal diamonds
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and scaling it to the long term average values ftloeMarine Atlas for each of the specific
sites. This way it is possible to generate a tierges that combines the temporal variability
obtained from tidal diamond measurements but aéseefits from the model runs used to
produce the Marine Atlas.

Although tides are highly spatially variable, agtiighted in this chapter, the IDW
methodology presented in section 3.3 presemisnaistent, repeatable and scientifieans
of combining datasets without the need to perfornfulkscale site assessment and
modelling, necessitating an extensive and expensivatu survey data and numerical
modelling campaign beyond the scope of this amalged although highly desirable is, as
yet, unavailable on a UK wide scale. Thereforengighis methodology it is possible to
generate time-series for any site of interest & WK that is captured by the Marine Atlas
and tidal diamonds.

The final outcome of this work is to use a comborabf datasets, tidal diamonds,
Marine Atlas and buoy/ADCP measurements to carry @wational scale resource

assessment his final analysis is presented in chapter 6.
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4.  Site Characterisation using ADCP

The analysis presented in chapter 3 used buoy dhiah uses a current meter to measure
the velocity. One of the limitations of using budgta measurements is that it only captures
the velocity at a specific depth. An updated andenaxcurate way to measure tidal currents
is using ADCP which uses the theory of Dopplertdbifdetermine the current velocity. This
method of measurement can be highly accurate gmehdeng upon the ADCP setup be used
to measure the velocity vertically along the watgumn. An overview of ADCP setup and
workings is presented in section 4.1.2.

This chapter presents analysis carried out usingCRDlatasets to demonstrate the
detailed information and site characterisation thaiecessary for project scale development.
A number of publications exist that highlight varsomethodologies for assessing the energy
characteristics of the tidal resource and assatidtebine generation performance in
combination with a resource definition (DTI, 200EMEC, 2009a; EPRI, 2006). These
documents primarily provide guidance on how to\caut a resource assessment study to
estimate the AEP from the deployment of a deviceawrarray of devices in a farm.
However, important knowledge gaps have been idedtih the publications, the analysis
presented in this chapter strives to fill somehake gaps.

The analysis presented is a set of the methoddodeveloped using previous
documentation and knowledge to build on the undadihg of site specific characterisation.
This work is in support of the International Eletechnical Commission (IEC) Technical
Committee (TC) 114 (62600-1-3) Resource Charactibois and Assessment Standards
development activity. TC114 was established in 260develop standards for wave and
tidal energy converters with the current focus gedevelopment of Technical Specification
(TS) documents embodying existing best practicétferdevelopment of tidal current energy
technologies and projects. The TS documents undmrelopment address design

requirements for marine energy converters, resoutw@acterisation, performance and
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quality assessment of electricity generated fromenand tidal energy converters (Nadeau,
2010).

The development of these international standarifspsrtant as they provide a basis
for ensuring reliability and safety and can be uasd set of benchmarks for comparisons
between different technologies locally and intaorally. Development of these documents
is hindered by the lack of experience in the comigun defining good examples of best
practice. Addressing this issue, the research predehere is focussed on embodying
evidence, advice and examples of suggested bedigarén support of the development of

the IEC TC 114 documentation and methodologies.

4.1 Site Selection

Initial site screening should take the form of oegil studies using existing datasets like tidal
diamonds and the Marine Atlas to identify an appedp site perimeter of interest. If the site
shows any potential, the specific region shoulctctwesidered for a pre-feasibility study to
identify relevant characteristics. This should b#ofved by surveys in the form of vessel
mounted transects and bottom mounted ADCP datarderao do a detailed analysis.
Bathymetry information is also highly relevant. Tdeta collected will be primarily used for
site assessment but can also be used to tunetoe de the specific site in order to optimise
generation.

Although ADCP data interpretation has a long tree&ord, application in a tidal
energy context is under developed. It is the imb@nof this chapter to highlight the use of
ADCP data for site specific analysis. The case ystdedmonstrates the use of data in

identifying key metrics relevant for project plangiand development.

4.1.1 Sound of Islay

The site, the Sound of Islay - is a narrow chabeslveen the islands of Jura and Islay, in the

Inner Hebrides, Scotland. This site is a fairlylsred location and the water depth in the
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channel ranges from approximately 12 to 60 mefEidal velocity acceleration is due to
hydrodynamic mechanisms where large volumes of wate forced through narrow
channels. The adjoining water bodies can be oythake, resulting in a pressure gradient
that drives the current. Figure 4.1 is a detaileprof the site and the location of the two
ADCP deployments.

As of March 2011, the Sound of Islay is the worfd'st fully consented tidal array
project, with lease, grid connection and planningsent. Construction is due to commence
in 2013. The project is being developed by SPRaas qf their phased approach to Marine
Energy. The candidate device (HS1000 by HammeS&sam) will initially be tested at
EMEC's test site to establish technology perforneaaad operation, followed by the 10
MW demonstration array project at Sound of Islay dmally the 95 MW project at

Duncansby in the Pentland Firth.

4.1.2 ADCP Overview

An Acoustic Current Doppler Profile (ADCP) can bsed to record water current velocity.
ADCPs can record current velocity along the entedical water column. The device in its
most common configuration comprises of a numberdiokrging acoustic beams that
measure the water velocity at regular intervalsidllg referred to as bins). The ADCP data
used in this analysis was obtained from bottom rtediimstruments with the beams facing
upward. Four beams are used in the ADCP to obtaliocity in three dimensions, with an
error velocity calculation to evaluate data quality

The measurements are taken assuming horizontal desmedy of the water body.
The devices operate at a frequency of 300, 600 1&@f kHz. ADCPs used at higher
frequencies have a better vertical resolution wdmtewer frequency ADCPs can accept a
much larger range of returning frequencies. Theegfihere is a trade-off between range and

resolution.
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Figure 4.1 Sound of Islay map showing location of the ADCP deployment. Contains Ordnance Survey data
© Crown copyright and database right (2010).
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Figure 4.2 shows the most commonly used RD Instnisné/orkhorse Sentinel 4
beam ADCP in the ‘Janus’ configuration, named afte¥ Roman god who looks both

forward and back.

Figure 4.2 Standard RDI ADCP in ‘Janus’ configuration.

It is important to optimise the ADCP setup to det best use out of it. There is a
trade-off between the range the ADCP needs to woek, the resolution (depth) it needs to
work at and random noise. Increasing the depthiutiso linearly increases the noise and
power consumption. Planning software such as PI&RAB used to determine the amount
of battery pack, memory and spatial/temporal rasmiuthat are needed for the intended
period of deployment.

The ADCP ‘pings’ at a fixed frequency and listensechoes of returning sound
waves from small particles suspended in the watepending upon the motion of the tidal
currents, the returning scatter is Doppler shifted lower or higher frequency which is used
to deduce the velocity and direction of the tidalrent. However, often the echo near the sea
surface is much stronger than anywhere else franréist of the water column due to
cavitations and side lobe suppression. Consequeatlgertain amount of data near the
surface needs to be rejected. This is particularportant where wide beam angles are used.
Figure 4.3 shows the transducer beams at 20° wbahe 6% of the data can be
contaminated but when the angle is increased to tB@° contaminated area increases to

15%.
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Side view of the ADCP showing the transducer, showing the 4 beams (RDI, 1996).

Figure 4.3
To maintain horizontal homogeneity in the measurgmevelocity measurements

are averaged over the same depth for measuremahan ticross different cells. This

becomes patrticularly relevant at high pitch antangles, see Figure 4.4.
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ADCP tilt and velocity averaging over different cells (RDI, 1996).

Figure 4.4
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A number of quality control measures are in placehteck that the data measured is
‘good’ and meets the necessary criteria. Theseitgquadntrol measures take the form of
(RDI, 1996):
1. Testing thé&echo Intensitywhere the decibel measure of the return echorgpeced
to the original ping.
2. Correlationbetween the different beams to measure data quality
3. Percent-goods a threshold that identifies the proportion ofedidnat passes a variety

of conditions such as correlation, error velocitg dish detection.

4.2 Dataset Analysis

This analysis aims to define and use a standardisedf metrics so that direct comparisons
can be made between the data presented here ardsies. The methodology is applied to
two ADCP datasets from the site 500 metres apardliw the degree of spatial and

temporal variability in the tidal currents at tHacation to be quantified. The degree of
variability is of significant interest in consideg how representative a particular set of in-
situ measurement data may be in the wider surrogratiea of interest for large scale project
developments.

For the ADCP measurements used in this study, leatyhtadPercent-goodiata less
than 80% is considered unacceptable and theretmgetl as ‘bad’. The ADCP records
collected have 7% of the datasets labelled ‘bad'stiy from the surface bins, which is the
area of highest error due to surface reflection.

The original data was presented in an Excel fileenghthe measurements are
tabulated as speed and direction for each bin aloagvater column. The first 9 values of
the dataset were omitted for ADCP 1, so the dagd usthe analysis starts at 15/06/2009 at
16:02 and finishes at 17/07/2009 06:01. For ADCEhe start time is 15/06/2009 15:08 and
finishes at 17/07/2009 16:44. Both the datasets heav ensemble period of 1 minute.

Therefore, the majority of the deployment overlapd is coincident in time.
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The missing data was in small clusters and occlirsvar the time-series. The
measured data spanned over 32 days and the cuelecities are measured every minute.
Therefore, it was possible to conduct harmonic yaislusing the Least Square Harmonic
Analysis and Prediction programs provided by NOAZerfvas, 1999). Before conducting
any analysis, the missing data gaps had to bedwidgata from different depths could not
be used to fill the missing gaps as clusters okimisdata spanned over time and across
various depths. Additionally, at this point in thealysis the velocity variation along the
vertical profile was unknown.

Linear and cubic interpolation was used to fillthe missing data. Interpolation
works well as the period of the constituents intthie series varies slower than the sampling
interval. Figure 4.5 illustrates an example wherssmg data is interpolated using the two

mentioned techniques at the"4sin.
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ADCP 1 (Cubic Interpolation)
0 | | | | 1 1 1
0 50 100 150 200 250 300 350 400
Time (minutes)
Figure 4.5 Example of Linear and Cubic Interpolation used to fill ‘bad’ data.

The data presented in this graph is one of the twaases where no data was
collected for nearly an hour. The interpolation waecessary in order to facilitate the
calculation of depth averaged velocity values amabée harmonic analysis to be conducted.

The high temporal resolution of the dataset mehat both the interpolation techniques
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worked well, as although 7% of data is reportetbad’, it is spread throughout the record
and not all clusters of missing data occur at lwglocities. The final analysis was conducted
using cubic interpolation as it better maintainbd sinusoidal envelope of the tidal time
series. Moreover, the absolute error from the egerk time series (for the original time
period) using harmonic analysis (discussion inisect.3) when compared to the original
measurements has a marginally smaller error valughe cubic technique than the linear
interpolation technique.

For the purpose of calculating the available poaeadevice hub height of 20 m
above the sea bed is assumed, as depth averagess waluld produce lower velocity and
power values, giving an underestimation for the.sMo further assumptions were made
about device characteristics. All the calculatians prepared using bin 17 from the ADCP
dataset which corresponds to a region betweenrh%nd 20.7 m in the water column, so
that no assumptions need to be made about theedgwigpt area. This is done assuming that
measurements are made at the ‘centre’ of the buer#han the ‘edge’ of the bin and include
the 3.2 m bin range from the bottom. Therefore wheer depth is calculated using:

3.2 - 0.5 (to the edge of the bin) + 17 =19.7 m.

The total depth of the water column is 55 metreseasrded by the ADCP sensor.
The depth averaged velocity as presented herdaiel by averaging only the first 45 bins
from the bottom. The top 5 bins are removed froerdrtord as including the rise and fall of
the tides would cause variations in the water Helftith most of the data missing in the top
bins due to contamination from strong surface estatter, this also reduces averaging
across the interpolated data. Moreover, no devidé aperate in this region due to
restrictions such as device diameter and the debiades possibly inducing cavitation
leading to premature failure. Therefore, the tapdiers are not included.

It should be noted that the first bin measuremangsat 3.2 m above the sea bed
(due to blanking range where measurements canndaksn. The transducer does not

operate well in this region because the signaloistaminated.), and hence the expected
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lowest velocity occurrence measurements are uralailIn this context it is also acceptable
to ignore the top 5 bins as both the top and botioondary layers are missed out. Although
referred to as depth averaged velocity, when ptedethe data is averaged between 3.2 m
and 48.2 m. (Note: most of the metrics are caledlatt hub height, depth average data is
only used to present the data graphically.)

For all the analysis carried out for site charas&tion, the metrics are separated into
ebb, slack and flood tide where all velocities bel6.5 m/s are considered slack and
discarded. In terms of energy generation, velxitif0.5 m/s or less are not significant, as
they do not provide enough torque to rotate thieiierand generate power or at least not in
the first generation technologies considered atsgme Ebb and flood regimes are
determined using the principal axis decompositimsed on the direction of the current
flow. The two regions are treated separately aé éas specific characteristics and when
combined together, this detail is missed out by lgamation. The entire record is also
analysed for all metrics, as this can be used tergtand how biased the data is in any one
direction.

Results from all the analysis on the two ADCP dztasire tabulated in Table 4.1.
Discussions of how the metrics were calculated #dradr purpose is presented in the
following section. Where relevant and availableytare compared with results from other
sites and locations. The next section identifigghteparameters that characterise tidal flow
and site assessment qualities using the Soundagfds a case study. The metrics presented

are in the form of velocity, direction, power argttical velocity profile.

4.2.1 Velocity

Figure 4.6 shows the complete tidal cycle for 3gsd@epth-averaged data), with two spring
and two neap cycles for each of the ADCPs. Nomynddir a tidal site to be considered
economically viable and suitable for energy extmactmean Spring peak velocity should be

above 2.5 m/s (B&V Phase I, 2005).
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Figure 4.6 Depth averaged one month time series from ADCP 1 (top) and ADCP 2 (bottom). Circled region

indicates outliers.

The mean depth averaged velocities for both the RD€cords are approximately

1.4 m/s, shown with a horizontal line in Figure.AMhen compared to the Puget Sound sites

in Washington as discussed in Goathal., (2009), the Sound of Islay has a higher mean

velocity. However, Culinat al, (2011) report 6 observations at the Bay of Furudyt, of

which 3 values are higher than the values presdmtegl. Already, this initial presentation

confirms that the Sound of Islay is a strong sitd aresents a good opportunity for tidal

current energy extraction.

The ratio of average spring and average neap wesdciSpring-Neap ratio) is 0.7,

higher than usual observations of 0.5 where thagmycle is double the neap cycle. This is

of particular interest as a higher ratio indicdtes the site has a high overall capacity factor.
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The value of using these metrics becomes usefuhwbmparing spatial variability at other
sites or in the process of identifying the mosteenic site.

On the 2¥ day of the measured time series a maximum wint spesed of 35 knots
was observed at a nearby port, Port Ellen. Althotighwind speed is not very high, the
direction coincides with the flow direction of thial current of approximately 140°,
relative to 0° north (see section 4.2.2). Hourljuea measured at this port along with the
wind direction are shown in Figure 4.7. The mettgical effect reinforces the current
velocity and can be identified as the outlier irttbtidal envelopes, circled in Figure 4.6.
This is an example afon-tidal componends introduced in section 2.1. The wind direction
coincides with the principal current direction oDEP 1 and therefore the reinforcement is

much more evident for this particular set of measwnts.
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Figure 4.7 Mean wind speed and direction at Port Ellen.

4.2.2 Direction Plots

The flow direction provides vital information foedice orientation, as most first generation
tidal devices employ a fixed orientation axial flemrbine, primarily to keep the mechanics
underwater simple. Tidal flow in a channel can bdgxtly bi-directional but variations and

skews can occur due to bathymetry or the surrognthnd mass. If a rotary current is

observed, then the device should be designed tofgamaximum power capture. The sites
presented by Goocét al, (2009) show asymmetrical ebb and flood conditiéch may

best suit devices that can yaw.
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Directionality can also play a key role in designithe support structure and
assessing the impact the device and the suppatiiagture must withstand (streamlining for
wake effects, etc). Therefore it is important tovéndhe optimum orientation for effective
energy extraction. Figure 4.8 is an x-y scattet plwwing the bi-directional nature of this
site. The lines indicate the principal current diien for ebb and flood along with the
standard deviation for each case. In both casesstdndard deviation on the flood tide is
slightly higher than that of ebb. Both the ADCPegant broadly rectilinear flow conditions

that are ideal for a device not designed for yawing

ADCP 1 ADCP 2

Morthwrard Yelocity (m/s)
Morthward Velocity {rm/s)
—_

3 2 -1 ] 1 2 3 3 -2 -1 0 1 2 3
Eastward Yelocity (m/s) Eastward “elocity (m/s)

ADCP 1 ADCP 2
Ebb (green) 142 +4° 1192 +5°

Flood (red) 324+8° |15+8°

Figure 4.8 X-Y scatter plot, mean axes and standard deviation of ebb (green) and flood (red) tides at hub
height for ADCP 1 and ADCP 2.

Note that the two ADCP measurements have significaifferent principal current
directions. ADCP 2 was deployed 500 metres soutst-voé ADCP 1 (see Figure 4.1).
Although both the ADCP’s are deployed in similapttes, the bathymetry and the channel
appears to steer the flow. Also, it has been olesetivat the channel has a ‘v’ shape vertical

profile, the Sound is narrower at the bottom andnspup towards the top. This could
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potentially cause blockage in the bottom-most layand offer an explanation for the

significant directional change between ADCP 1 amiCR 2.

4.2.3 Power Plots

Figure 4.9 shows the velocity histogram at the msslihub height. The tidal velocity is
binned into 0.10 m/s bins (0 m/s to 0.10 m/s = BW3). Both the ADCP datasets present
similar velocities and power values. Comparing thifput to the American sites in Googh
al., (2009) suggest that this is a more productive dite ‘peak’ occurrence between 1.5 and
2 m/s creates a higher power density. The distieatk between 1.5 and 2 m/s is best
explained due to the site’s high spring to neapaig} ratio. A spring to neap ratio of 0.5
would have an even velocity distribution, but aheigvalue than this will result in a hump
towards the higher end of the velocity distributi@®milarly a value below 0.5 would result
in a peak towards the lower end of the distributidnrated velocity of 2 m/s would be
appropriate for this site, for two reasons:

1. It has a high percentage of occurrences and,

2. It follows the rule of thumb where rated velgc$ 70% of the maximum spring

peak velocity (B&V Phase I, 2005).

Occurrence %

Velocity (m/s)
Figure 4.9 Velocity histogram as a percentage of total occurrences for ADCP 1 and ADCP 2.

The guidelines by EMEC (2009a) and DTI (2007) sstj¢feat this histogram should

be multiplied by the device power curve to obtaowpr output. If the velocity histogram
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covers a relevant period of time (1 month), theisiccepted that the data captures the
majority of the velocity distribution and is suitalfor project feasibility evaluation. For tidal
currents, seasonal variations are negligible coetptr wind or wave resource. This velocity
distribution can potentially be used to calculadever output for the project lifetime without
the need for further analysis. This is a very ini@or assumption and analysis presented in
chapter 5 uses various methods to quantify and aocenpetween different durations of
datasets to assess how this affects power output.

A better way to present this data is shown in Fglid0, where an exceedance curve
is used to show the velocity distribution betwelea two datasets. From these curves it can
be identified that for 80% of the time, the velgaitxceeds 0.7 m/s. The majority of the first
generation devices do not cut-in until the veloc#tyabove this value. Therefore from this

graph, it is evident that for 20% of the time ast@éled device will generate no power.
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Figure 4.10 Tidal current velocity exceedance histogram for ADCP 1 and ADCP 2.

The exceedance curve presents the percentage efviihocity exceed a certain
value. It should be possible to determine the ratddcity by understanding the amount of
time the generic device needs to operate at rateipto obtain an economically acceptable
capacity factor (of 30% adopted from the wind indgs The exceedance plots of other
energetic sites are presented in chapter 6, wheifeeeent method of determining the device

rating is identified. The findings of chapter 6 gagt that in order to have an economically
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viable device and capacity factor, a rated velobaged on the 10% velocity exceedance is
considered sensible. This method delivers a camisiapacity factor across a number of
sites compared to the B&V Phase Il method of dexatiag, see Figure 6.9.

Another aspect to consider is that the maximumaorglaneasured at this site does
not exceed 3 m/s. This is an important considanatiben building a device, as they must be
able to withstand the maximum load imposed by it turrents. The kinetic power density
of the two ADCPs is shown in Figure 4.11 (in 1 kWinins) as calculated using equation

2.6 (chapter 2).
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Figure 4.11 Power histogram probability density function.

Device characteristics such as cut-in, rated vslo@nd efficiency are not
considered, just the raw energy available in tisewece. The small ‘hump’ present between
1 and 3 kW/ris related to the peak in velocity occurrence ohekin Figure 4.9 between

1.5 and 2 m/s. Power exceedance curve is presenkegure 4.12.

4.2.4 Maximum Sustained Velocity

Maximum sustained velocity is a measure of the ésglvelocity sustained for a period of 5
minutes. This is calculated by considering velesitover 5 minute windows, until the
highest moving persistence level is obtained. Ailaimmetric has been proposed by the

EMEC standards (2009a), suggesting a 10 minuteawndh reality the window period is
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dependent on the ensemble period of the measutad Blath the ADCPs have 5 minute
periods where the velocity is sustained at abogens. The absolute highest velocity
occurs elsewhere in the dataset. For example, thénmm velocity measured by ADCP 1
was 2.93 m/s, but this velocity is not sustained rfiore than a minute and is of less
importance in characterising the site. This mdtds more merit when making assumptions
about the forces experienced by the device forstased short term period and the rated

velocity in the pre-design and evaluation phase.
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Figure 4.12 Power density histogram for ADCP 1 and ADCP 2.

4.2.5 Eddy Intensity

Eddy intensity (or turbulence intensity) is theigabf the velocity fluctuation in the

horizontal plane over a much larger area with reispe the background velocity. These
fluctuations are characterised as turbulent strastaaused by flow conditions and the local
bathymetry. Turbulence metrics are important imgpf device design. A thorough analysis
using high frequency ADCP data is presented by@s&011). However, for the Sound of

Islay, limited by the temporal resolution, eddyeimsity is calculated as suggested by Gooch

-4

et al, (2009):
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where | is the eddy intensity_g is a 15 minute centred running velocity averageijs the

velocity anomaly where/'= VEY, represents the velocity with its temporal meanaesd.
The angle brackets imply a mean over the entirasgat This value is only computed for bin
17, at the 20 m hub height, shown in Table 4.1.

The value ofnis the intrinsic noise in the ADCP measurementsclvidepends on
the ADCP set up (frequency, bin size and pingsepeemble). In the analysis presented here

nis calculated as:

1
——Xa 4.2)
7N, xh

where Np is the number of ping per ensemble, Ineshin size of the ADCP andis the

n=

single ping standard deviation (obtained from therkiorse Sentinel ADCP data sHget
For ADCP 1 and ADCP 2 is calculated as 0.0141. When comparing theseesdio the
sites presented in Gooehal, (2009) the eddy intensity values for all thesiare within the
same range. However, the overall eddy intensityMOCP 1 is 5.27%, a little higher than
the ADCP 2 value of 3.88%. The higher values age abnsistent for the ADCP 1 ebb/flood
region compared to the ADCP 2 values. This shoved, tven though the two ADCP
measurements are nearby, ADCP 1 experiences mugtterhturbulence than ADCP 2,

highlighting the need for multiple ADCP deploymetdget a full site survey.

4.2.6 Flood/Ebb Asymmetry

Symmetrical flow implies that the device rotor, d#a and machinery will experience the
same loading and wear during both the flood and feiM. Large asymmetry can cause
difficulty as device performance may be affected ganeration may be biased. Asymmetry
can cause premature failures due to uneven weandgcan be computed as the difference

between the ebb and flood angles:

2 RDI Workhorse Sentinel datasheet can be obtained from
http://www.rdinstruments.com/datasheets/wh_sentinel.pdf
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Asymmetry=| 8., — ;.4 —180| (4.3)

A perfectly bi-directional site would have an asyetry of zero degrees. ADCP 1
and ADCP 2 have small asymmetry, about 1°, indigaéi small percent of uneven loading
on the device. Larger asymmetries can cause presnkaading, which can amount to large

maintenance and operation cost, highlighting thgoiance of this metric.

4.2.7 Vertical Shear

The force exerted by strong tidal currents can éey Varge especially when considering
specific design aspects of the device. The turbieeds to withstand a number of forces
created by the velocity variations. Vertical shean be defined as the change in velocity
with height. In terms of device specification, tbleange in velocity along the blades is
highly relevant. The shear is calculated usinglitms below and above the assumed hub
height. Ebb and flood regimes are considered segpataut are based on ebb and flood flow
values of the hub height bin. The average shesxpsessed as a scalar magnitude as iatLu

al., (1999) and in Goocét al, (2009) as:

d V] _ | Vahs = Vi |
dz AV

Subscripthhis for the bin closest to hub heiglftz is the overall bin range, in this case 2 m

(4.4)

as each bin is 1 m in size. Even though only tHeciy magnitudes are considered, it is
assumed that the flow direction above and below leilght are similar. This assumption
worked well in this case as the bins are only 1lrenepart. Figure 4.13 shows that the
direction does not change above and below the lighty because the channel is rather
narrow, the flow direction is restricted. Howevier wider channels and out in the open sea,

the flow direction may not be the same throughbetwater column.
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180 Bin 16 (hh-1) ADCP 1
----- Bin 18 (hh+1) ADCP 1
Figure 4.13 Tidal rose showing the flow direction above and below hub height.

Average shear velocity for ebb and flood are taledlan Table 4.1. The values are
similar for ebb and flood showing consistency amtldating no persistent uneven loading in
any one specific direction. The average valuesratbe range of 0.015 - 0.02 m/s per m.
The maximum shear for each record is as high amEder m, however this force does not
accumulate across the rotor diameter. Vertical shakulated across the rotor diameter,
assuming a 16 metre diameter is 0.01 m/s per mmékimum values of the order of 0.05 -
0.06 m/s per m; these values are much smaller ssah average value cross the rotor
diameter. The maximum shear occurs nearest tcethéed. For specific design calculations,

data of much higher temporal resolution is desg &bt detailed analysis.
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4.2.8 Vertical Velocity Profile

It was necessary to understand the vertical vgiqrivfile so that an appropriate hub height
could be determined for the device or to assessntpact of pre-selecting a specific hub
height. The power law profile is best estimatechgsquation 2.9 (chapter 2). This formula
can be used to estimate the tidal velocity at aiBpeheight in the water column. These
values are typically applied in fluid mechanics drae been carried over from the wind
industry. Although wind and tidal energy have sanitharacteristics, particularly as power
is proportional to velocity cubed and tidal turtsrage often referred to as ‘under-water wind
turbines’. However, there are some fundamentatdifices, for example wind resource only
considers the average profile but tidal has recgrpiatterns of ebb and flood.

The metrics presented so far have identified difiees between ebb and flood flow
conditions and these variations become significgafdgcations that are not rectilinear, where
ebb and flood are not 180° apart. Upstream comwitaan also alter the strength of the flow,
which may be in the form of a slope or other batbyin conditions. These can affect the
strength of the flow in one particular directiondditionally, no power is generated during
slack tide as velocity is below cut-in, the prafgi should be specific and split into ebb and
flood cycles to identify how these variations mé#fget device performance.

Figure 4.14 shows the profile for measurements fAIDCP 1 averaged over time.
The profile is broken down into flood and ebb pdsdased on the velocity and direction at
bin 17 to assess how the flow profile varies urdiferent conditions. (Note, only velocity
magnitudes are shown in the figures.) A fit for theofiles was obtained by using the
MATLAB Curve Fitting Toolbox. The exponential powesalue is left unknown and
computed using a nonlinear least square fittinghodtlogy. For ADCP 1 the fit was
uncomplicated and ranges from a 1/7gtofile in the ebb region to a 1/8.4rofile in the
flood region. Overall, the region can be presemisidg a 1/7.8 fit profile. In this case the

generic 1/7 profile represents this measurement well, with téredency to slightly over
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estimate velocity near the bottom and top of theeweolumn, but with a good match in the

vicinity of the hub height (20 m).
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Figure 4.14 Average vertical velocity profile for ADCP 1.

The profile measurements from ADCP 2 are compltatethe seabed bathymetry,
as shown in Figure 4.15. This effect is highlightethe ADCP 2 flood regime, where two
different power profiles have been used to fitiieasured values. The profile suits well at

different depths, the bottom half is a 1/6@ofile up to 20 metres and the above 20 metres a
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1/19" profile is identified as a suitable fit. The togltis similar to a linear profile for the

rest of the water column where average velocityés- 1.8 m/s (see Figure 4.16). This

profile is similar to the scaling factor used i thTI Marine Atlas (DTI, 2004b) and also

shown in equation 2.7 and 2.8.
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Figure 4.16 Linear profile for the top half of the water column in the ADCP 2 flood region.

The findings of lyeret al, (2009a), present vertical velocity profiles st the
Spring and Neap tidal conditions. It is thoughtttbglitting the profile based on ebb and
flood conditions is a better way of characterisihg flow conditions as it omits slack tide
when no power is generated. Analysis from bothssffenglesey and the Sound of Islay)

suggests that most sites do not fit any of the commrofiles. All the sites discussed by
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Goochet al, (2009) present a number of vertical profile atidns ranging from 1/5profile
to 1/10" profile.

The velocity profile also enables to understandfline variation along the diameter
of the device rotor and this can be used to evalbatv strong the rotor will need to be to
withstand this thrust. As thrust is proportional velocity squared, assuming a 16 metre
device diameter, variation of 1.3 m/s to 1.7 mégfrtop to bottom of the blade amount to a
23.5% variation in velocity and a 41.5% variatiarthe thrust force.

The most significant understanding that emerges fiiois is that depending upon
the ebb and flood angle alignment and the streafythe flow in each direction, the device
power curve and efficiency will vary between thecleg. Instead of developing a generic
power curve for the device in the design phases guggested that, based on the vertical
velocity profiles, the strength of the flow in tlebb and flood direction and the angle
alignmenttwo power curves should be developed which will redir@ccuracies when
calculating AEP. To demonstrate this idea, Figude $hows the power curve for MCT'’s
SeaGen, a full scale prototype device tested an@tord Narrows. The power curve
indicates that ebb flow is marginally stronger tllood. Calculating AEP based on these

two curves will give a more accurate estimate oPARan using a generic power curve.
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Figure 4.17 MCT SeaGen'’s power curve. (MCT, 2010b)
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ADCP1 ADCP2
SITE
ADCP Measurement duration (days) 32 32
ADCP Vertical resolution (m) 1 1
ADCP Sampling interval (min) 1 1
Mean depth (m) 52 50
Assumed hub height (m) 20 20
VELOCITY
Mean velocity magnitude (m/s) 1.39 141
Neap Spring Ratio 0.68 0.74
Max sustained velocity (m/s) 2.72 2.67
Eddy intensity % 5.27 3.88
Flood/ Ebb asymmetry 1.12 0.92
Average Vertical shear (m/s per m) 0.018 0.015
Maximum Vertical shear (m/s per m) 0.210 0.180
DIRECTION
Principal axis direction (deg) 142.82 12.52
Standard deviation (deg) 18.27 18.27
Flood/ Ebb asymmetry (deg) 10.30 7.06
POWER
Mean power density (kw/m?) 2.23 2.28
Ebb/flood asymmetry 1.45 0.79
VERTICAL PROFILE
Power law exponent 1/(a) 7.5 10.2
R -squared (a) 0.98 0.99
VELOCITY
Mean velocity magnitude (m/s) 1.64 1.51
Max sustained velocity (m/s) 2.72 2.44
Eddy intensity % 3.69 2.42
Avg Vertical shear (m/s per m) 0.019 0.015
m Max Vertical shear (m/s per m) 0.185 0.162
m DIRECTION
L Principal axis direction (deg) 141.83 191.74
Standard deviation 3.89 4.53
VERTICAL PROFILE
Power law exponent 1/(a) 7.1 8.4
R -squared (a) 0.99 0.99
POWER
Mean power density (kW/m?) 2.97 2.30
VELOCITY
Mean velocity magnitude (m/s) 1.47 1.64
Max sustained velocity (m/s) 2.47 2.67
Eddy intensity % 3.97 2.24
D Avg Vertical shear (m/s per m) 0.018 0.015
O Max Vertical shear (m/s per m) 0.206 0.180
DIRECTION
O Principal axis direction (deg) 323.50 15.01
— Standard deviation 8.33 8.01
L VERTICAL PROFILE
Power law exponent 1/(a) 8.4 7.0
R -squared (a) 0.99 0.97
POWER
Mean power density (kW/m?) 2.06 2.95

Table 4.1

Key metrics for site characterisation from ADCP 1 & 2.
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4.3 Harmonic Analysis

As the ADCP data was collected over a month longpgdeharmonic analysis can be used to
predict tidal time series using Least square omiEo@nalysis. This process, if reproduced
accurately can significantly reduce the amouniroétand money spent collecting data as it
provides a credible means of ‘extending’ the tirages. It is becoming critically important
to get good current measurement data for sitesoténpial economic interest, as such
analysis will essentially estimate the life timeoguction of the site and provide good
revenue estimates.

The least square harmonic analysis conducted orADEP data presented here

follows the same methodology as discussed in ch&ptection 3.2.

4.3.1 Least Square Harmonic Analysis using ADCP dat a

Table 4.2 shows a brief explanation of the resoleedstituents for ADCP 1. The 23
constituents resolved by thasha.fprogram for a representative ‘mean year’ as wethas
amplitude and phase for the specific year the dataes from. M is the most dominant
constituent, with a magnitude H of 2.14. This alaceounts for 89% of the site’s variation.
99% of the tidal variations were resolved for thistaset using the harmonic analysis
program. The remaining 1% was missed due to n@i-ttdmponents and unresolved
harmonic constituents. Short term variability ir tiecord has limited impact on harmonic
analysis using the least squared analysis technique

To verify the harmonic constituents generated asgshow well they represent the
site, the constituents are used by the predictimgrampred.fto recreate the time-series
spanning the original measured period. Figure 4A8ws a scatter plot of the original
current data and the reconstructed data for ADJRg. regression line shows as linear fit

with a high R value indicating good agreement.

102



€07

Table 4.2

I

All variations are accounted for, this output is fomean year
e —
wgted for a standarw Constituent  R**2 this R** thru Unadjusted Values
Constituent F) K) (K- K) (K" Speed constituent  this level Selection * (R) 2
Num. Label (units)  (degrees) (degrees) (degrees) * (deg./hr.) only (1) screening(2) Number * (units)  (degrees)
6 ( M(2) 2.142 189.770 12.200 201.970 * 28.984 0.892 0.892 1.000 * (2.101 266.830\
20 N(2) 0.458 166.060 12.200 178.260 * 28.440 0.047 0.940 2.000 * 0.449 133.740
7 S(2) 0.440 241560 12.200 253.760 * 30.000 0.039 0.980 3.000 * 0.440 131.260
21 L(2) 0.174 226.960 12.200 239.160 * 29.528 0.008 0.988 4.000 * 0.206 220.000
14 M(6) 0.089 45.700 36.600 82.300 * 86.952 0.001 0.990 5.000 * 0.084 276.890
3 K(1) 0.065 48.930 6.100 55.030 * 15.041 0.001 0.991 6.000 * 0.069 352.740
5 2N(2) 0.044 12.780 12.200 24.980 * 27.895 0.000 0.991 7.000 * 0.044 231.090
2 o(1) 0.026 266.420 6.100 272520 * 13.943 0.000 0.991 8.000 * 0.029 42.590
11 M(4) 0.030 8.380 24.400 32.780 * 57.968 0.000 0.991 9.000 * 0.029 162.510
12 MS(4) 0.029 12.330 24.400 36.730 * 58.984 0.000 0.992 10.000 * 0.028 339.100
8 2SM(2) 0.028 102.010 12.200 114.210 * 31.016 0.000 0.992 11.000 * 0.027 164.340
23 MN(4) 0.024 3.140 24.400 27.540 * 57.424 0.000 0.992 12.000 * 0.023 47.900
10 MK(3) 0.011 298.370 18.300 316.670 * 44.025 0.000 0.992 13.000 * 0.012 319.260
16 M(8) 0.013 266.710 48.800 315510 * 115.936 0.000 0.992 14.000 * 0.012 214.960
1 2Q(1) 0.009 23.030 6.100 29.130 * 12.854 0.000 0.992 15.000 * 0.010 300.440
18 M(1) 0.007 198.650 6.100 204.750 * 14.497 0.000 0.992 16.000 * 0.010 349.950
9 2MK(3) 0.008 155.540 18.300 173.840 * 42.927 0.000 0.992 17.000 * 0.008 5.860
17 Q(1) 0.008 229.340 6.100 235.440 * 13.399 0.000 0.992 18.000 * 0.009 256.130
4 00(1) 0.006 58.850 6.100 64.950 * 16.139 0.000 0.992 19.000 * 0.008 344.470
13 S(4) 0.008 12.520 24.400 36.920 * 60.000 0.000 0.992 20.000 * 0.008 151.930
19 J(1) 0.004 182.610 6.100 188.710 * 15.585 0.000 0.992 21.000 * 0.004 232.890
22 M(3) 0.004 37.070 18.300 55.370 * 43.476 0.000 0.992 22.000 * 0.003 332.660
15 S(6) 0.003 157.350 36.600 193.950 * 90.000 0.000 C0.992 > 23.000 * \0.003 186.450)
L’
A For this site, M2 -
i ' Unadjusteg
rei,?)T:;Zusmtie dominates about 89 | For this time series, 99% constjituent
oy of the tidal variation the tidal variations are | | amplitud
program in this o plitude
o resolved. The remaining 1 and
specific order A .
is not explained by thesg | direction
constituents.

Output from the NOAA Least Square program explained.
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Figure 4.18 Plot comparing between the original and reconstructed data using 23 harmonic constituents.

Figure 4.19 shows the output from the predictioogpam compared with the
measured values from ADCP 1, as well as the reb&tvar. It can be seen that, while there
is some scatter, the fit is good and exhibits goochogeneity. The data recreated using the
prediction program shows good correlation and fedldhe tidal envelope well. The outlier
on the 2¥ day as shown in section 4.2.1 can be seen. Tiduatdetween measured and
predicted value is the largest here, as harmonatysis does not account for any local
meteorological variations.

Looking at the residual velocity, it was identifi¢gdat a lot of the peak velocity
values around the spring peaks were missed. Thidinsitation of using 23 constituents and

highlights the errors introduced by using harmamalysis. Over a short period, these errors

104



do not accumulate but, if harmonic analysis werartder predict peak values for the entire
lifetime of a project, it could have significantpact on the AEP and adversely impact the
site economics. Harmonic analysis provides an easl reliable way of predicting tidal
current over long periods of time and dependingnufite quality of the input data, can

provide very valuable insight into the site. Furthealysis presented in chapter 5, evaluates

the errors introduced using harmonic analysis.
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Figure 4.19 Plot comparing ADCP 1 measured and predicted. Residual variation shown as well.

In order to compare the constituents obtained fifverdifferent ADCPs, Figure 4.20
shows the weighting of all the constituents obtdifrem thelsgha.fprogram. For both the
ADCP data, M values have been scaled to 100 and all the othstituents are scaled
relative to it for each dataset. Small differencas be observed between the two set of
constituents. Note that the magnitude of the ctresits significantly diminishes after the
first ten constituents. Resolving any additionahgtduents will have negligible impact on

the overall output. Only the amplitude of the cdosnts are presented here, the phase angle

also plays a key role.
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4.3.2 Statistical Analysis using ADCP Data

To qualitatively compare between the measured dath the recreated data, statistical

methods have been adopted. The MAE, RMAE, Modellsskind Cross Correlation

coefficient as defined in chapter 3 are presenezd.lTable 4.3 presents values for ADCP 1

and ADCP 2 measured values compared to the prddralees using the harmonic analysis.

The RMAE varies less than 10%, indicating a goodcma(Note, values

presented in

chapter 3 are not expressed as percentages.) Al skille value of 0.9 suggests that this

harmonic analysis represents the data well as itates perfect agreement. Similarly, the
cross correlation coefficients for both the datasgree well too.
Performance Metrics Units ADCP 1 ADCP 2
Mean Absolute Error (MAE) (m/s) 0.132 0.127
Relative Mean Absolute Error (RMAE) (%) 9.336 9.063
Model Skills (u) (m/s) 0.997 0.986
Model Skills (v) (m/s) 0.989 0.991
Cross Correlation (u) (m/s) 0.994 0.973
Cross Correlation (v) (m/s) 0.994 0.995

Table 4.3 Performance measure of measured vs. predicted values for ADCP 1 and ADCP 2.
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4.4 Effect of Time Varying Ensemble Periods

The next analysis investigates the effect of vayynsemble periods for the data measured.
This is akin to altering the set-up of the ADCPhiave different levels of resolution. An
additional point of interest is to understand tleeusacy of the NOAA harmonic analysis
program utilising data with different sampling meti Similar analysis has been presented by
Stiven, (2010) for datasets obtained from EMEC.

Data for ADCP 1 measured in 1 minute intervals usexd to create an average over
5 minutes, 10 minutes, 15 minutes, 30 minutes amwbur periods to generate data with
different sampling intervals. This is a similar exff to setting the ADCP device to have
equivalent ensemble averaging periods but it maistthe resolution of the number of
‘pings’ in the record.

Table 4.4 shows the set up to test the outcomédffefeht sampling periods with the
NOAA software. Case (a) examines the impact of maryhe data sample input from 5
minutes to 1 hour and simulates output resolutibh minute data. Case (b) examines the
impact of down sampling the original 1 minute data® a lower value to compare the
performance of the harmonic analysis. Case (c)asmbination of the previous two cases,
where the input and output samples are of the $amjporal resolution.

The first line in bold is the predicted data for @P 1 using harmonic analysis. This
first output is considered the ‘gold standard’, afidhe outputs are compared to this value.
Results from case (a) highlight that, as the en&emébriod is increased, peak measured
velocity values are missed (through amalgamatioer av longer ensemble period), and
averaged values are similarly reduced (generallly alightly). This would lead to an
underestimation of predicted power available. Hoavethe percentage difference in the

calculation is generally very small, less than 1all the cases except for the hourly data.
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Data resolution Velocity m/s Average Energy Average Energy

Input  Output Output kWh/m 2 Difference %
Mean Peak Input Output Difference

1 min 1 min 1.388 2.835 2.2483 2.2540 base case
< 5 min 1 min 1.388 2.835 2.2388 2.2541 0.0001 0.003
E/ 10 min 1 min 1.387 2.835 2.2349 2.2513 -0.0027 -0.122
@ 15min 1 min 1.387 2.833 2.2314 2.2479 -0.0061 -0.269
© 30min 1 min 1.384 2.827 2.2160 2.2352 -0.0188 -0.834
1hr 1min 1.369 2.801 2.1641 2.1690 -0.0850 -3.772
. 1 min 5 min 1.388 2.834 2.2540 2.2539 -0.0001 -0.005
2 1min 10 min 1.388 2.833 2.2540 2.2538 -0.0002 -0.009
% 1min 15 min 1.388 2.831 2.2540 2.2538 -0.0002 -0.009
@) 1min 30 min 1.387 2.819 2.2540 2.2531 -0.0009 -0.039
1 min 1hr 1.389 2.795 2.2540 2.2539 -0.0001 -0.003
— 5 min 5 min 1.388 2.835 2.2388 2.2540 -0.0001 -0.002
% 10 min 10 min 1.387 2.833 2.2349 2.2510 -0.0030 -0.132
% 15min 15 min 1.387 2.829 2.2314 2.2478 -0.0063 -0.277
) 30 min 30 min 1.384 2.813 2.2160 2.2350 -0.0190 -0.841
1hr 1lhr 1.370 2.763 2.1641 2.1688 -0.0852 -3.779
Table 4.4 Test setup to show the velocity and power output using different ensemble periods.

Case (b) uses 1 minute data as input and compheegftect of increasing the
sampling resolution on the output dataset. It iseobed that the percentage difference
between all the datasets is negligible, even theur dataset. Therefore, as long as the
original input data is of a high temporal resolatidown sampling at a later stage does not
significantly impact on the velocity and power a@ay. It also highlights that the harmonic
analysis programs ability and performance is depenhdn data resolution used to obtain the
harmonic constituents.

Case (c) is a combination of the previous two caselsconfirms what is understood
from (a) and (b). In order to test this, the tinegiss was fed into the prograat different
resolutions and the results are output at the gasaution as the input. In this case the
effect of varying ensemble period along with thdtvgare’'s capability to cope with the

changes is tested. The percentage difference entesty a composite of case (a) and case

(b).
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The analysis so far has averaged the existingwlaén reducing the data to lower
resolution. This is equivalent to maintaining themter of pings in the full record, but
reducing the ensemble period. This would be of fiettereduce data storage requirements
on the ADCP unit, but would still have a similaadlr on the battery. The alternative, where
the number of pings is reduced and spread morelywateoss a lower resolution ensemble
period, would likely introduce more error into tharmonic analysis and hence reduce the
accuracy of the power calculations presented inelé4.

To clarify this, in order to generate the equival@rminute input ensemble record
used in Table 4.4, the 5 surrounding 1 minute datards (82 pings per ensemble) have
been averaged together — equivalent to capturifgpétigs within the 5 minute period. If the
intention was to save battery usjge reduced number of pings could be used withénith
minute records, or a similar density of pings asr@$onger time period could be selected. If
a longer time period was utilised (say 5 minutegh the same ping density (82 pings in the
ensemble), then both battery and memory storaggeusauld be reduced, hence enabling a

longer deployment.

45 Conclusions

Reducing uncertainties and errors are key to ssfidegroject development. The analysis
presented in this chapter identifies a fit-for-pase set of metrics that can be used for site
specific analysis which can help reduce errors andertainties. The use of existing
documents (DTI, 2007; EMEC, 2009a) has provided oadgstarting point, however
implementing the methodologies suggested by thesmiments has identified distinct
knowledge gaps. Applying the methodology to a s#t and a set of measured data has
enabled ‘learning-by-doing’, for example none & ttocuments specified a way of filling in

for missing data. The chapter presents the mduicthe overall data as well as splits it into

® Battery use reduces because the number of pings emitted is less, therefore reducing the energy required to emit
pings. One of most limiting factor in terms of ADCP usage is memory and battery life, particularly for longer
deployments. Therefore, increasing battery life in this way can often be a huge benefit.
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ebb and flood. This is predominantly to understifitise flow is skewed in any one direction
and how this may affect the overall power output.

The metrics can be used as an indicator to evahmte economic the site is and
provide a way of comparing different sites and teahget appropriate device and technology
type suitable for the site. Understanding the Vianigin the vertical velocity profile and the
difference in the profile variation between theoffoand the ebb cycle has also provided
valuable insight. These findings will make a sigraht contribution to the IEC Standards
currently under development.

The time-series generated from the harmonic armalgsstill subjected to spatial
variability. In order to get a complete understagdof the spatial variability at a specific
site, numerical models need to be coupled with baic analysis for validation. The
variability of the resource is likely to increaselocations that are more open and exposed to
weather related such as strong wave action, winbra@nd storm surge. This would
undoubtedly reduce the accuracy of any predictiomsde using harmonic analysis
techniques. Although harmonic analysis is a powetéwl for removing small scale
background ‘noise’ in a data record, it is uncleaw it would be impacted by a record
subject to many storm related events. More impdstaprediction from a harmonic analysis
constituent set would not capture any weather gdlatffects and hence would not be as
accurate in predicting a record (or any time périgubject to such conditions. An obvious
extension would be to include weather models amdament operational oceanography and
forecasting to further reduce errors.

The exercise of varying the ensemble period indgathat increasing the
measurement intervals up to 30 minutes does noiffisigntly affect the velocity and power
output estimates obtained from the measuremenentak this specific site. An ensemble
period of greater than half an hour will under pcedhe overall AEP and will have an
impact on the project economics and developmemtekample, a specific installed capacity

may be chosen based on an under predicted AEPhwhilt be below optimum and
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adversely affect the project economics when a fairggalled capacity (based on a higher
AEP with smaller error bars) could have been viable

Finally, it was identified that two sets of ADCP aserements should be taken. The
first set of measurements with the purpose of nesoassessment and site characterisation
can be taken at a lower ensemble period, up to B@ites, but be deployed for a long
duration of time, 29 days or more. The second &eheasurements should be taken at a
much higher resolution to calculate metrics speddr device design, but can be deployed

for a shorter duration of time.
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5. Project Feasibility Study

With the intention of further reducing uncertairatgd error, the analysis presented in this
chapter is a follow on from chapter 4. Site specifietrics are calculated for the Fall of
Warness, a tidal test site in Orkney. The data uselis analysis has been collected by the
European Marine Energy Centre (EMEC) over the peefiom 2005 to 2007. Only specific
records were considered for full analysis basethertotal length of each of the records. The
aim of this chapter was to better understand traiapvariability of tidal currents by
assessing multiple data points. The Fall of Warreasnore open channel than the Sound of
Islay and exhibits higher spatial variability. Eisdntroduced by harmonic analysis and long

term variability over the intended project life #rare also presented.

5.1 EMEC Dataset

Table 5.1 shows the EMEC Surveys available forRak of Warness. Figure 5.1 maps the
location of all the deploymentl the analysis presented here, site specific osettientified

in chapter 4 have been calculated for Surveysléa, 80, 11 and 13.

Survey / Latitude deg | Longitude deg Depth | Number | Ensemble

Action minutes N minutes W (m) of Days | period (s) | Packets | File Size
Survey 3 59°08.581" 002°48.449' 35.7 13.9 1200 | yes 62.8MB
Survey 6a | 59°08.040' 002°48.440' 41.8 16.0 1200 ] yes 80.5MB
Survey 6b | 59°08.040' 002°48.440' 41.8 16.4 20| no 91.2MB
Survey 7 59°08.443' 002°48.757' 49.3 33.2 600 | no 5.51MB
Survey 8 59°07.909' 002°47.996' 36.0 14.0 1200 | yes 62.5MB
Survey 9a | 59°09.292' 002°49.572' 30.5 8.0 1200 | yes 36.2MB
Survey 9b | 59°09.292' 002°49.572' 30.5 20.9 1200 | yes 94.0MB
Survey 10 | 59°09.323' 002°49.515' 26.4 40.7 1200 | yes 183MB
Survey 11 | 59°09.430 ' 002°49.540' 15.1 25.0 1200 | yes 157MB
Survey 12 | 59°08.208' 002°48.469' 44.6 6.9 1] no 600MB
Survey 13 | 59°08.147' 002°48.391' 36.2 32.0 30| yes 175MB
Survey 14 | 59°09.046' 002°48.935' 35.2 31.4 0.5]| no 1.91GB

Table 5.1 EMEC Survey data available for this analysis (EMEC)
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Surveys that span less than 15 days have not bekrdéd in the analysis. Survey

9b had to be excluded as there were too many mgistata points. The dataset was not

robust enough and it was thought that the remaidiaig. was biasing the depth average

values. For similar reasons Survey 14 was excluded.

EMEC have carried out in-house quality controletesure the quality of the data.

The standard quality control threshold has beerbléouto make allowance for the highly

turbulent flow experienced at this site. The datés original format was presented in a text

file where the velocity measurements were takes @artesian coordinate system. Some of

the initial data preparation was conducted by Tiiwe®, as part of his MSc dissertation

(Stiven, 2010). The data preparation step idextifielow and developed by Stiven (2010)

has been adopted for the analysis presented here:

1.

The data was primarily separated into threeyarfaast, North and Error velocity in
mm/s. Where necessary the first few measurements wmitted. This is usually
when the ADCP was set up and can have random veloies may bias the overall
average results.

The top 5 meters of data near the surface waewed from the record as including
the rise and fall of the tide would bias the resal$ velocities in the upper water
column tend to be higher. Near the seabed, therl@&®6 of the total depth was
removed unless the depth was less than 25 metnesisTto avoid under-estimating
the depth averaged data, as velocity near the degahesually lower that the rest of
the water column.

The remaining bins were averaged across thégléptgive a single column of East
and North velocity vectors. For certain scalar gses the data was converted into
speed and direction before depth averaging.

Section 5.1.1 presents the metrics identified irapthr 4 necessary for site

characterisation. In section 5.2 harmonic analigsissed to recreate Survey 7, 10 and 13 at

the same ensemble period as that of the measutadSlavey 7: 10 minutes, Survey 10: 20
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minutes, Survey 13: 0.5 minutes) and spanning thespriginal time-period that each of the
data was measured for. Analysis was presentecetb®® harmonic analysis performs over
different ensemble periods. Section 5.3 preserdfysis where all the data is recreated to a
coincident time period, at a 10 minute ensembléofdeso that a direct comparison can be
carried out between the three locations to asskeesspatial variability. Section 5.4
investigates the long term variations that cancaftelal current velocity over years and
presents analysis that investigates how thesetiarsamay affect to power production over

a project life time.

5.1.1 Stationary, Bottom Mounted ADCP Analysis

Following the same methodology as presented inteh@pallows direct comparisons to be
made between the data presented here and datal@musirom other sites in future. The
degree of spatial and temporal variability is ofngiicant interest in considering how
representative a particular set of in-situ measerdgrdata may be of the wider surrounding
area of interest for large scale project develofmen

As detailed in chapter 4, the metrics are separai@debb, flood and slack tide,
where tidal velocity below 0.5 m/s is considereaitkl Ebb and flood is separated based on
the principal axis decomposition. The entire rectwdalso analysed for all the metrics.
Results from all the analysis on the three ADCRgkts are tabulated in Table 5.2 and Table
5.3. For the purpose of power calculation, devigle height (from the sea bed) is assumed to
be mid depth, as depth averaged values could peothweer velocity and power values,
giving an underestimation for the site considefdd.further assumptions are made about

device characteristics.
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Survey 6a | Survey 6b Survey 7 Survey 10 | Survey 11 | Survey 13
SITE
Measurement duration (days) 16.0 16.4 32.9 40.7 25.0 31.9
Vertical resolution (m) 1 1 1 0.75 0.50 1
Sampling interval (min) 20 0.3333 10 20 20 0.5
Mean depth (m) 35 35 48 26 10 36
Assumed hub height(m) Mid depth | Mid depth | Mid depth | Mid depth | Mid depth | Mid depth
VELOCITY
Mean velocity magnitude (m/s) 1.63 1.63 1.58 1.66 1.55 1.69
1 Neap Spring Ratio 0.37 0.42 0.34 0.38 0.53 0.41
1 Max sustained velocity (m/s) 3.34* 3.46** 3.57* 3.38* 3.18* 4.22 **
<E Eddy intensity % ok 7.67 ok Hkk ok 9.63
D: Flood/ Ebb asymmetry 0.15 0.16 -0.24 0.19 0.30 -0.26
LL AvgVertical shear (m/s per m) 0.015 0.039 0.014 0.017 0.056 0.024
> Max Vertical shear (m/s per m) 0.065 0.356 0.075 0.131 0.283 0.326
DIRECTION
O Principal axis direction (deg) 168 149 158 145 148 146
Standard deviation (deg) 50.99 28.32 34.71 31.58 40.74 36.01
Flood/ Ebb asymmetry (deg) -9.86 -4.49 -3.65 -19.75 -40.79 -5.84
POWER
Mean power density (kW/m sq) 411 4.31 3.74 4.04 3.18 4.70
Flood/ Ebb asymmetry 0.79 0.83 0.63 1.30 0.56 0.69
VERTICAL PROFILE
Power law exponent 1/(a) 7.146 6.34 5.4 10.5 4.7 11.4
R -squared (a) 0.997 0.993 0.999 0.991 0.962 0.944
* For survey 6a, 7,10 &11 max sustained velocityrirhaur. ** For survey 6b, 13 max sustained velocity in 5 nes
Hokk Sampling interval too high
Table 5.2 Key metrics for site characterisation for the overall dataset.
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Survey 6a | Survey 6b Survey 7 Survey 10 | Survey 11 | Survey 13
VELOCITY
Mean velocity magnitude (m/s) 1.86 1.87 1.85 1.72 1.65 1.96
Max sustained velocity (m/s) 3.34* 3.46** 3.49* 3.30* 3.18* 4.22%*
Eddy intensity % ol 7.61 ol il i 7.14
Avg Vertical shear (m/s per m) 0.018 0.075 0.013 0.014 0.036 0.029
(af] Max Vertical shear (m/s per m) 0.065 1.652 0.062 0.099 0.172 0.326
M DIRECTION
(NN Principal axis direction (deg) 338.55 322.79 341.19 311.05 301.12 317.78
Standard deviation 12.41 11.71 6.87 20.28 24.53 10.38
VERTICAL PROFILE
Power law exponent 1/(a) 6.59 5.32 6.2 14.7 7.1 10.2
R -squared (a) 0.984 0.984 0.998 0.991 0.840 0.893
POWER
Mean power density (KW/m sq) 5.16 5.27 5.08 3.96 4.38 6.16
VELOCITY
Mean velocity magnitude (m/s) 1.71 1.71 1.61 1.91 1.42 1.70
Max sustained velocity (m/s) 3.04* 3.27* 2.95* 3.38* 2.62* 4.05**
Eddy intensity % ok 7.70 il ok i 7.18
D Avg Vertical shear (m/s per m) 0.012 0.0375 0.016 0.021 0.081 0.022
O Max Vertical shear (m/s per m) 0.049 0.326 0.075 0.131 0.283 0.161
DIRECTION
O Principal axis direction (deg) 168.41 147.29 155.56 150.80 161.99 143.62
— Standard deviation 12.67 15.19 7.34 11.71 16.67 14.79
LL VERTICAL PROFILE
Power law exponent 1/(a) 8.06 7.83 4.6 8.0 2.9 11.7
R -squared (a) 0.999 0.999 0.999 0.994 0.993 0.940
POWER
Mean power density (KW/m sq) 4.08 4.4 3.22 5.14 2.44 4.27

*kk

Table 5.3

For survey 6a, 7,10 &11 max sustained velocitynrhaur.

Sampling interval too high

Key metrics for the Ebb/Flood site characterisation.

*%

For survey 6b, 13 max sustained velocity in 5 nesut




5.2 Comparing Measured and Reconstructed Data

Missing data in this dataset has not been intetgpo)anstead thé&NaNmeanfunction in
MATLAB has been used to depth average the dataevtiex missing values are simply
omitted. This method is deemed appropriate as €migil clusters of data are missing at any
given point.

Figure 5.2 shows the scatter plot of the originebsured data from Survey 7 vs. the
predicted data generated using harmonic analysigresented in chapter 4, spanning the

original measurement period.
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Figure 5.2 Scatter plot of Survey 7, measured vs. predicted data.
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The scatter plot shows velocity measured comparecklocity predicted spanning
the same time period and at the same sample freguwérlO minutes for Survey 7. This is
the ensemble period at which the original dataéasared. Figure 5.3 shows the scatter plot

for Survey 10 sampled at 20 minutes.
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Figure 5.3 Scatter plot of Survey 10, measured vs. predicted data.

The scatter shows that the fit is good and, tleeefthe constituents generated from
this harmonic analysis can be used to recreatdirtteeseries. The high’Rvalue and the
regression line demonstrates that the model presenear 1:1 ratio. Small bias is present
and is shown by the value of the linear regresémarcept on the axis. This bias is a
representation of all the variations that are notoanted for and the addition of

meteorological variations observed on site thabisrepresented by harmonic analysis.
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Survey 13 was sampled at a much higher resoluifoB0 seconds. The higher

resolution allows the measured data to capture rabithe variation and some of this is

random background noise, therefore a bigger speeatiserved between the measured and

the predicted data. In future, the use of a didite@r has been suggested to remove low

frequency noise. Table 5.4 presents statistics afbtine three scatter plot.
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Figure 5.4 Scatter plot of Survey 13, measured vs. predicted data.
Standard
Equation R’ Deviation
SURVEY 7 y = 1.14*x -0.095 0.942 0.814
SURVEY 10 y =0.936*x +0.142 0.919 0.779
SURVEY 13 y = 0.995*x -0.0235 0.935 0.881
Table 5.4 Table presenting statistics from the scatter plot.
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Figure 5.5 shows the weighting of the differemigtituents that have been obtained
using the NOAA’dsgha.fprogram. For all the three surveys, M2 values hmen scaled to
100 and all the other constituents are scaledivelat it for each dataset. It is interesting to
note that even though the three surveys are neasighting for some of the constituents
are significantly different. This highlights theagjal variation expected at high energy sites.
It is important to note that only the amplitudeg g@resented here, the phase angle also

makes a significant contribution.
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Figure 5.5 Constituent weightings from different Surveys.

5.2.1 Velocity Variations

The velocity distribution between the measured \mubnstructed data is shown in Figure
5.6. For Survey 7 and 13, the velocities are dijghwer predicted, up to 0.5 m/s, small over
prediction occurs throughout the remaining veloditstribution. For Survey 10, the model
slightly under predicts at velocities ranging frOd m/s to 1.5 m/s, followed by small over-

predictions at higher velocities. However, forth# Surveys, the mean values are similar.
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5.2.2 Directionality

So far, comparisons show a good velocity matchdauhot show what the directionality
looks like. A way of incorporating this is to supepose X-Y scatter plots of the original
measured data with the reconstructed data (ovesrtgmal common measured time-period).
This demonstrates good matching between speed iesatiah. Scatter plots for Survey 7,
Survey 10 and Survey 13 are shown in Figures $edligtion from the harmonic analysis is
shown in black.

The general envelope of the scatter plot matchedntbasured data well. The degree
of scatter is much higher in the measured data wtmnpared to the recreated data,
particularly for Survey 10. One of the limitatioosthe NOAA program is that it only works
with one principal current direction (ebb or floo@he other direction is assumed to be 180
degrees off the direction that is fed into the odrfile if the current is rectilinear. Survey 10
is located such that the current is forced intoaraw flow along the south-east (flood
direction) because of the land mass structure. Mewyehe flow varies and has a large
scatter in the north-west (ebb direction) becaus¢he way the island steers the flow.
Additionally, the Seal Skerry lies a few hundredtm@e ahead, which influences the flow
further (see Figure 5.1).

Another reason for the scatter is most likely maikgical effects caused by
wind/wave interactions superimposed on tidal vamet Non-tidal variations are not
captured in this harmonic analysis. A suitable whyerifying these meteorological effects
would be to obtain wind/wave data from a nearby station as presented in chapter 4 for

the Sound of Islay.
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5.2.3 Power Variation

The analysis presented so far shows how well gloneasured and predicted data from
harmonic analysis perform. However, power is the keetric and small errors in velocity

can scale up as power is proportional to veloaditlyed. It is of interest to know how much

the energy output varies between the original nmealsdata and the data generated from
harmonic analysis and is another way of asseshm@dcuracy of harmonic analysis. Table
5.5 presents the values of the power output fon efthe surveys. A standard rated velocity
is assumed between the measured and predictedrissettasimulate the characteristics of

‘one generic device’ in both the measured and teeipted cases. For Survey 7 and 10, a
rated velocity of 2.6 m/s is chosen, whereas fav&u13, a much higher rated velocity of

2.8 m/s is used. The rated velocity is choosenguisia velocity exceedance curve, using the
10" percentile as suggested in section 6.3.3. Theigteedpower output and consequently
capacity factor in all the cases is lower thanrtfeasured value. This is primarily because
harmonic analysis smoothes out the small scalati@ns as it does not account for non-tidal
variations and instrumental errors as identifiedFigure 4.19. As more constituents are

resolved, the difference becomes smaller.

Energy Capacity %
Survey (MWhyr) Factor Reduction

Measured 3557.20 35.84

7 Predicted 3476.07 35.02 -2.28
Measured 3790.06 38.19

10 Predicted 3566.37 35.93 -5.90
Measured 4393.89 35.44

13 Predicted 4352.31 35.11 -0.95

Table 5.5 Comparing power output between measured and predicted velocity.

Survey 13 has the smallest percentage reductiorsaney 10 has the largest. The
fact that these measurements are not coincidetimin could mean that a meteorological

event such as extreme wave/wind interaction coudstehoccurred when Survey 10
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measurements were taken while Survey 13 measursnoecurred over a calm period.
These historical events can play a significant padstablishing and identifying the reason
behind the reduction/inaccuracies. Another explanatould be the significant spatial
variation, it is already understood that Survey HE® a large directional scatter due to
variation in the local bathymetry, which also affeeelocity. Local bathymetric changes are
not fully captured by harmonic analysis. The temapoesolution of the data could also be a

factor.

5.3 Spatial Variability

Having established that the constituents captugarthjority of the tidal variability, it would
be valuable to further understand the spatial tditya inherent at this location. A direct
comparison between the different datasets neetle twarried out, where the three datasets
span a common time-period. In order to achieve, tihie harmonic constituents obtained
earlierare used to recreate the time-series upirggl.f over a common time-period. This
enables a comparison between the three surveysatbatoincident in time and are not

affected by meteorological events.

5.3.1 Velocity and Power

Although the data measured at each of the sitesf ig different ensemble period, the
recreated data is predicted at a 10 minute ensepebied. Figure 5.8 shows the dataset for
Survey 7, 10 and 13 over a common time period of weeks, showing the transition from
Spring to Neap. In terms of velocity magnitude,v@&yr13 is the strongest. There appears to
be negligible time lag between the three measurtsreemd all three datasets maintain the
tidal envelope. However, upon closer inspectiorstasvn in Figure 5.9, it can be seen that
Survey 10 presents a slight time lag and the higlelocity magnitudes vary between

Survey 7 and 10.
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Survey 7 is located between Survey 10 and Survegd® Figure 5.1). The distance

between Survey 7 and 13, and 7 and 10 are 1 knilah®m respectively. The phase lag

between the three Surveys is of significant inteees it highlights the extent of spatial

variability. This provides some insight into howtaf phase the power output will be if

devices were to be deployed in these specific imest
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Figure 5.8 Velocity variation over a week for Survey 7, 10 and 13.
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Figure 5.9 Velocity variation over a day for Survey 7, 10 and 13.

20 21 22 23 24

Figure 5.10 shows the variation over the entirg.ye@m the figures, it can be seen

that Survey 13 experiences the highest velocitys Vhriability can also be understood by
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looking at the position of the different surveydtions. Because Survey 13 is the closest to
the tip of the headland, it is expected that théewavould accelerate most around this
region.

The velocity histogram (see Figure 5.11) shows t8Batvey 7 has a higher
occurrence of velocities at lower magnitude thandther two surveys. This is of particular
relevance as velocity below 0.7 m/s is below theiage‘cut-in’ velocity and therefore no
power is produced during this time. The exceedauecee identifies that for approximately
80% of the time, the flow velocity is above 0.7 n¥Therefore, for 20% of the time, there is
not enough kinetic energy in the tidal current tenerate power. Based on these
measurements, the rated velocity for the devicallshbe chosen at the 7(ercentile as
suggested by B&V Phase Il (2005), around 2.2 mmiistefms of project economics, it is
understood that the longer a device operates atose to rated capacity, the higher the
capacity factor will be. Therefore, choosing a datelocity is a design and economic
consideration. A very high capacity factor indicatbat the device is underrated for the
specific site; a low capacity factor may imply thlaé site is uneconomical or the device is
over-rated. Figure 5.12 shows the kinetic powersifgrof the three measurements in 1

kW/m? bins. Also plotted are the power exceedance plots.

5.3. Direction Plots

Predictions for Survey 7, 10 and 13 for the yeaP@®9 show good bi-directionality, see
Figure 5.13. The largest variation is observedhia €bb flow which is predominantly
thought to be because of the land topology. Asymynett 4° is observed for Survey 7 as
calculated using the principal current directioompared with 6° for Survey 13. A perfectly
bi-directional site will have an asymmetry of 0°edsurements from Survey 10 show a
larger scatter, particularly in the ebb flow. Thegh scatter is due to the variation in the
bathymetric contours and the location of the sigmsurement with respect to the landmass.

As the water flow moves towards the headland, the becomes more rectilinear.
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Figure 5.11

130



Power Occurence
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Survey 10 measurements were taken in a locatiomendfenges in the water depths
were observed, the changing water depth does affgftirm flow and can cause large scale
turbulence. The scatter also gives rise to largenaetry, of the order of 20°. Directionality
and symmetry are an important aspect of site assedsand can highlight major differences
between sites. The principal current directionsn@lavith the standard deviation are
tabulated in Table 5.2 and 5.3.

Amongst the scatter plots presented here, Sunggritis out as the most rectilinear
site and best suited for placing a device that diowdt require any yawing. The variation
between the different surveys also highlights teednhfor high resolution modelling that can
identify what the flow is doing between these measient data points for optimal device
placement and orientation.

Comparing the scatter between Figure 5.7, whicltegms scatter plots of the
measured data (one month), and Figure 5.13 shaushih variations in one year’s predicted
data is well represented by one months measured Hatvever these predictions do not
capture any meteorological and non-tidal eventsthacefore extreme variations caused by

these events will not be represented by the prediidata.

5.3.3 Power Output

As previously mentioned, power is the most impdrtanetric. As part of assessing the
spatial variability, it is valuable to know the pemoutput distribution variation across the
three surveys. In order to get a true understanalinge power distribution, a single generic
hypothetical device is assumed, with a cut in vigfoaf 0.7 m/s and a rated velocity of 2.8
m/s. The rated velocity may not be the most ideddaity for the three surveys but it is
chosen to be a constant so a true comparison cdarteeto see what the power output from
each of the surveys is if the same device is deploy each location. Table 5.6 presents the

values of the power output for each of the sunmeyhe year 2009.
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2009 analysis SURVEY 7 SURVEY 10 SURVEY 13
Energy (MWh/yr) 3951.57 3795.49 4424.46
Capacity Factor % 31.88 30.62 35.69
Table 5.6 Comparing power output for the year 2009.

Survey 13 has the highest energy output and cgpfaaitor followed by Survey 7
and then Survey 10. The energy output presenteel iseevaluated based on the current
velocity; directionality is not accounted for. Ireality, because of the large scatter
experienced at Survey 10, even with a device that yaw, less energy is likely to be

extracted.

5.3.4 Vertical Velocity Profile

Figure 5.14 shows the profile for measurements fBumvey 7 averaged over time. The
profile is broken down into flood and ebb to asskew the flow profile varies under
different conditions. As presented in chapter 4, BWATLAB Curve Fitting Toolbox was
used to fit the profile. No data was availabletfoe bottom 3 metres because of the blanking
distance (section 4.2). For Survey 7 the fit rarfges a 1/6.2 profile in the ebb region to a
1/4.6" profile in the flood region, with an overall fif &/5.4" for the entire dataset.

Note that the data generated using NOAA is deptramed, therefore the values
obtained from the prediction cannot be used forgaming the vertical profile. The only way
harmonic analysis could be used here, is if theorsl time-series for each of the depths is
used to generate a different set of constituentseath of these sets of constituents is then
used to recreate the time-series for each depth bin

Figure 5.15 shows the profile for Survey 10. Inséiregly a distinct reduction in
velocity is noticed near the surface where theilgrafppears to curve inwards. Often strong
echoes from the sea surface can cause error messuee It is thought that the velocity
reduction observed here is in fact what is obsenvethe water column due to surface

roughness created by wind. For Survey 10 an oviirall 1/10.5" is best, in the ebb region a
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fit of 1/14.7" and a 1/8 fit for the flood region. Although the fit does tnmatch well near

the surface, the most important region where a dibasl necessary is mid-depth where the

rotors are likely to be placed.
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Figure 5.14 Average vertical velocity profile for Survey 7.

There also appears to be a ‘twist’ in the profdegurvey 10 in the predicted profile

very close to the sea bed. As no recorded measuterarist for this depth, it is difficult to
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say if the twist in the profile is merely an attdropthe toolbox to fit the data or if this is an

actual physical occurrence.
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Figure 5.15 Average vertical velocity profile for Survey 10.

Figure 5.16 shows the vertical velocity profile fSurvey 13. Like Survey 10,

reduction in the flow velocity near the surfaceoisserved. Some sporadic values are also
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observed here. The overall profile fits a 1/1"p8ofile, a 1/10.5 profile fits well in the ebb

flow and 1/11.8 profile for the flood flow.
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Figure 5.16 Average vertical velocity profile for Survey 13.

The range of profile fits shown here emphasisesttiegenerically used 177and

1/10" profile do not truly represent the velocity vaiat along the water column. This
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emphasises the understandings developed in chémed further highlights the need for
developing two power curves, tuning the devicegerate in ebb and flood flow conditions

and the variations in thrust acting on the turlbyister.

5.4 Temporal Variations

The analysis presented in this section aims tosinyate the temporal behaviour from short
term variations that takes place over a day tdahg term variations that can be experienced
in the tidal cycle. Factors such as the Earthts giliptical orbit and the range of the lunar
declination can cause variations, some of thesatiars can be seen over small duration of
time, roughly monthly, while other can be graduatroa few years with the largest one
being 18.6 years long. These are of particular mamce, as these variations can influence

power output on a daily basis and over a SpringdNsale.

5.4.1 Daily Variability

The UK experiences semidiurnal tides, therefordn esite will experience two high and two
low tides a day. The tidal pattern shifts by 50 ubtés each day as a result of the Moon’s
lunar cycle of 24 hours and 50 minutes. Therefdrés of interest to see if any patterns
emerge on a daily basis, particularly over longiter

Figure 5.17 shows a daily profile of tidal curresefocity obtained from survey 13
(original measured data) in a 3-D plot over a tweelw period. The plot shows the tidal
variation on a daily basis for each hour of the.dagan be observed that, as expected, the
tidal pattern shifts each day by 50 minutes. Thigfies the semidiurnal pattern (two ebbs
and two floods in a day) and highlights the daidyiability. Although not shown in Figure
5.17, the Neap cycle following the Spring cycle égeaks that do not coincide with the
Spring peak. However, the consecutive Spring cyblgt will occur will have peaks

coinciding with all the Spring peaks identifiedkigure 5.17
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|To verify this semidiurnal behaviour recurring, aldtom a nearby tidal diamond
was extracted for the year 2009 (Figure 5.18). [Bhation of the tidal diamond is closest to
Survey 13 and can be seen in Figure 5.1. Tidal oliet® only capture two constituents (Bell
et al., 1998). However, over a longer period, it is obedrthat the time of the Spring and
Neap peaks coincide over a (solar) day. Figure 8htdvs the output for Survey 13 genrated
using NOAA, also for the year of 2009. The daily rethute shift is hard to see in Figure
5.18 and 5.19 because of the longer time-periodveder, a trend can be seen where the
timing of the Spring and Neap peak cycles re-o@uthe same time across each Spring-
Neap variation.

In order to further investigate the variations,adfdr 25 years is generated using
harmonic analysis. The prediction period rangemfy@ar 2000 to 2024 for Survey 7, 10
and 13. Variations over a 25 year period for Suri@yare shown in Figure 5.20. Over this
25 year period, despite the daily 50 minute shifthie tidal patterns the long term Spring-
Neap peaks do not shift in time. The trend oves fheriod can be used to represent the
project life time of a first generation tidal farfhe figure highlights that the time of peak
generation in each day broadly remains the saneanltbe assumed that daily peak power
generation will occur at 3 am, 8 am, 3 pm and 8&phis location.

2-D plots of all the three surveys are shown iguFé 5.21. The daily profile is
averaged across each year and averaged agairhev&s year period. A similar semidiurnal
pattern was present by Bryans (2006) observedaltieetSun’s influence on tides. For tidal
heights, Shavet al., (2003) and Radtket al., (2011) also show a similar pattern for two
different time-periods in the Severn Estuary.

This important finding prompted further investigatiof how the velocity and power
output from different locations around the UK colldd phased. A UK-wide analysis to
assess the phasing of potential high energy siesnaatching of the power output to

electricity demand is the focus of chapters 6 and 7
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Figure 5.19 Semidiurnal pattern obtained from Survey 13 for 2009.
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Figure 5.21 Mean velocity in a day. Data obtained by averaging yearly data from 2000 to 2024.

5.4.2 Monthly Variability

The data predicted for the year 2009 is split difterent months. The purpose is to evaluate

if seasonal variations affect tidal current velpclt is understood that unlike wind and wave
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seasonal variations have little effect on tidalrents, although often meteorological factors
can influence the tidal currents to a small ext@ihie different harmonic constituents can
also have an impact on the seasonal variationsré&ig.22 shows the monthly mean values
experienced at Surveys 7, 10 and 13 for the 209 ngereated record. The largest swing is
observed for Survey 13; between the month of Judefaigust the velocity reduced by 5%.
The swing between the three surveys is a chang&l®%. The graph shows opposite
variation between Survey 7 and 13 with Survey Ifshg least variations. Before
further analysis is presented it is important tghlight that although 25 years of data is
predicted, the data only presents variations oleseim the 23 constituents because the
original measured data which was used to extrachtrmonic constituents only spanned a
month. Therefore, fortnightly, monthly, semi-annueald annual constituents (MF, MSF,
MM, SSA and SA) are not presented as several yefadata are required to accurately

determine these constituents (Zervas, 1999).
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Figure 5.22 Monthly mean velocity variation as seen at Survey 7, 10 and 13 for the year 2009.

The mean value observed in each month for a 25 pednd, obtained from
harmonic analysis, can be seen in Figure 5.23. @mdy maximum/minimum and mean

values are plotted to show the general trend amé@xktreme values experienced.
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Although no obvious seasonal trend can be seen baoh month varies from the
other because the 23 constituents used in the macranalysis have different frequencies
and amplitude. Therefore, splitting them into difiet months implies that the constituents
have not completed their cycle leading to smaliateoms. February, for example, always
appears to have a lower mean simply because thefevaer days in this month compared to
the other months.

Without the inclusion of the fortnightly, monthlysemi-annual and annual
constituents, it is difficult to observe any spicifrend. Further analysis assumed no
monthly variability although it is important to baware that monthly and seasonal

variabilities do exist, they just cannot be accedrfor in this analysis.

5.4.2 Yearly Variability

The most significant variations over yearly valaes caused by the 18.6 years nodal factor.
The extent of these variations becomes obvious Wiaking at Figure 5.24. In the 18.6 year
nodal cycle 2001, 2011 and 2020 are the yearsatfeakither one quarter or three quarter
way through the cycle. This nodal factor relatedhis obliquity of the moon’s orbit. These
years are determined by nodal factors closest dodLessentially represent ‘a mean year’
(Zervas, 1999).

Variations of +4% swings can be observed betwemean year, such as 2001, 2011
and 2020, to either extreme. Similar variationsehaiso been reported by Jeuken (2003).
Maximum swings of 7.5% can be observed betweernrtimmum and maximum values.
Since power is proportional to velocity cubed. Exanall variations can have significant
changes, about 12% in the energy output.

To evaluate the variation in power output, powercasculated for each year. A
velocity exceedance curve is plotted for the ertBeyear period (not shown) and the rated
velocity for each of the surveys is picked as thkeity exceeding the Ypercentile. This

methodology is presented in detail in chapter 6tige 6.3.2. A rated velocity of 2.8 m/s for
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Survey 7, Survey 10 is rated at 2.7 m/s and Suidwt 3 m/s is evaluated. Figure 5.25

show the potential energy output for the 25 yeaioge
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Mean velocity variation over 25 year’s highlights to 18.6 year nodal cycle.
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Figure 5.25

Energy output variations for all three surveysiarthe order of 6% and maximum

variation of 12 to 13% can be seen. An assessnifientat the energy output for the project

life time will be (assuming a 25 year tidal farnojact) based on a ‘mean’ year where the

nodal factor is closest to 1 will be very differd¢atsay a ‘maximum/ minimum’ year. Often

only one month long deployment measurements artosevaluate the AEP.
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Table 5.7 shows the energy output calculated oifégrent mean, maximum and
minimum years compared to the power output caledlatver the entire 25 year period. Also
presented is energy output based on the original manth ADCP data recorded at the
specific locations. It should be emphasised thatdown time is assumed in this case and

external meteorological factors have not been ateolfor either.

1 month 1 month
25 years 1 meanyear 1maxyear 1minyear measured predicted
Energy (GWh) 105.24 104.71 113.14 98.62 99.84 98.72
SURVEY 7 Avg CF (%) 31.57 31.41 33.94 29.58 29.95 29.61
% difference - -0.50 7.51 -6.29 -5.13 -6.20
Energy (GWh) 95.32 94.72 102.88 88.70 100.24 94.76
SURVEY 10 Avg CF (%) 32.88 32.67 35.48 30.59 34.57 34.57
% difference - -0.63 7.93 -6.95 5.16 -0.58
Energy (GWh) 131.26 131.23 140.28 122.39 123.22 122.38
SURVEY 13 Avg CF (%) 32.23 32.22 34.44 30.05 30.25 30.05
% difference - -0.02 6.88 -6.75 -6.13 -6.77
Table 5.7 Difference in power output based on mean/minimum/maximum yearly output compared to the

25 year analysis.

In all the cases, the mean year presents the thtistence of less than 1%.
However, AEP based on the minimum or maximum ybawsvariation in the order of 6 to
7%. Calculations based on one month of data alesept variations of 6% and more. By
coincidence, the one month predicted data for Sut@ehas the least percentage difference
when compared to any of the other values withinaihalysis. Yet again, this highlights the
variability that can be seen at high tidal currenergy sites. To put these variations into
context, if the energy is sold at £40/MWh (not acding any discounts, ROC'’s etc.), a
difference of 6% in generation will result in a fdience of £265,000, which could
significantly affect the project economics.

The evidence of 5-7% variation is specific to tluisation. Similar analysis should
be performed for other sites to fully understand #xtent of the variation. What does
become obvious is that multiple long term deployteareed to be carried out and detailed

site survey are necessary to better understarid¢akeflow conditions.
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Additionally, analysis is carried out to assesw ltonstant the 18.6 year distribution
is. For example, within the 25 year period, willyaset of 18.6 year periods have the same
power output? In theory, 18.6 years of data shoaftture all the variations, therefore every
set of 18.6 years of data should be identical amdafspecific survey, produce the same
velocity/power output, apart from weather and othen- harmonic influences. Table 5.8
presents two scenarios where power output from §8a8s is presented as spanning from
year 2000 to 2018 (the top of the 18.6 year cyafe) from year 2006 to 2024 (the bottom of
the 18.6 year cycle). The difference between the walues is negligible, and shows how
well NOAA’s harmonic analysis performs. Moreovdristsupports the theory that any 18.6

year period should be alike.

Energy output (GWh)
18.6 year period | SURVEY7 SURVEY 10 SURVEY 13

2000 to 2018 78.720 71.336 98.223

2006 to 2024 78.728 71.349 98.212

% difference -0.010 -0.017 0.012
Table 5.8 Comparing power output over different 18.6 year cycles.

5.5 Conclusion

The analysis presented in this chapter investigitesspatial and temporal variability of
ADCP data collected over different time-periods amdlifferent resolutions. The analysis
follows a systematic approach of first calculataigthe site specific metrics so that if, for
example, a developer was interested, direct cosmartould be done between the Fall of
Warness and the Sound of Islay.

The main focus of this chapter, however has beemuestigate the spatial and
temporal variability that is inherent of high engtiglal current sites. Section 5.2 presents a
comparison between the measured data and the tected data. Since none of the
measurements are coincident in time, a like-foe-ldlomparison is not possible. Therefore
the time-series were re-created to a coincidentogeof time to evaluate how they

performed. It is observed that the difference betwthe measured data and the predicted

150



data varies from 1% to 5%. The error between the datasets could be due to various
factors including local meteorological events, latbtry affecting the flow in ways that
cannot be recreated by harmonic analysis and ppdki ensemble period used to measure
the data.

It was identified that Survey 13 experienced thghbst velocity. All three surveys
present good bi-directionality, although Surveys#he most rectilinear and therefore best
suited for a device that does not require a yawmeghanism. Survey 10 has a large scatter
caused by the landmass steering the flow and, bectne¢ harmonic analysis is unable to
recreate the same scatter, a large difference batitee measured and the predicted data is
observed.

The vertical velocity showed a range of profilesn®y 7 profiles ranged from 174
to 1/6" profile, whereas Survey 10 suits a range of 1/01/15" profile. Survey 13 has a
range of 1/18 to 1/12". For Survey 10 and 13, velocity reduction is obsdrnear the
surface. It is thought that these reductions arses due to surface roughness created by
strong winds.

Section 5.4 recreated the data for all the thregeys spanning a 25 year period
from 2000 to 2024. It covers the same period assadeneration tidal energy project life
time and it covers the 18.6 year tidal variatioBemidiurnal patterns have been observed
and it has been identified that the peaks in thepNsend Spring cycle occur at the same time.
Further analysis for other regions will be usefuassessing weather or not the times of peak
generation are the same.

It has been difficult to establish specific mogthkasonal patterns as the 23
constituents do not capture these variations. Kuggested that years of data are needed
before the monthly, annual, semi-annual and yeashstituents can be identified with any
accuracy. However, it has been possible to miméic 8.6 year variations caused by the
obliquity of the moon’s orbit. It is observed th## variations are observed in the velocity

values compared to a mean year and swings of 6%bea®en for power output. Analysis
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was also performed to confirm that any 18.6 yeatecis alike and for project planning and
AEP any two 18.6 year cycles can be treated equally

Multiple and high frequency ADCP deployments hamabled such a detailed
analysis. Unfortunately, ADCP data is expensiveditect and is not available for other sites
of interest around the UK. However, the methodolagy ideas presented in chapters 4 and
5 need to be adapted and re-calculated for eaelcaiisidered for economic tidal energy
development. Chapter 6 presents a national scaéysss However, the depth of the
analysis is not as detailed as presented in cteagtand 5. The obvious reason is lack of in-
situ data. The purpose of and aim of chapter ® isvaluate the overall tidal resource and
assess their phasing. The data and methodologiesaged from chapters 3, 4 and 5 are

applied in chapter 6.
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6. National Scale Tidal Resource Assessment

This chapter presents an assessment of the tatahtid tidal current energy that can be
extracted within the UK waters and examines theaichpf a portfolio of tidal sites, their
phasing and characteristics on an aggregateddfetidal turbines. There is step change in
the level of detailed site specific measuremensgmeed in this study. This chapter bring
together all the learning and understanding deeslgpeviously in chapters 3, 4 and 5. The
depth of evaluation in some sites is limited byitiput data but, more importantly, the wider
spatial coverage needs to be at a consistent sevéhat a like-to-like comparison can be
done on a national scale.

Under the Marine Energy Challenge, Black & Veat(B&V Phase I, 2005)
estimated the extractable resource to be 18 TWRH/30% uncertainty). This is the most
widely referenced assessment at a national schlke.analysis presented by B&V utilises
input data from a combination of sources, the UkiiaRenewable Energy Resource Atlas
(2008) by the (then) Department of Trade and Ingu®&TI), Admiralty chart data from the
UK Hydrographic Office, and local port data whevaitable. A ‘Significant Impact Factor’
(SIF) was proposed to limit the energy that carXmoited without adversely affecting the
environment and the overall resource itself. A tamsvalue of 20% of the total available
kinetic energy flux was applied by B&V (2005).

First generation devices are considered to be therdfor tidal current energy
development until at least 2025. Installation apeération in deeper water requires more
radical ‘second’ and ‘third’ generation approachiest are, as yet, only in the very early
stages of research and development. Thereforenalysés based on just first generation
device specification is required. The applicatidrthee SIF has since been superseded, for
this reason a revision of the ‘Extractable Powengidered by B&V Phase Il (2005) and

Sinden (2005) is also necessatry.
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Findings of Clarkeet al., (2006) and Hardisty (2008) with regard to tidahging are
flawed and would also benefit from a re-evaluati@iven the identified deficiencies of
existing efforts to assess the potential for agapedidal current energy generation at a
national level that also considers the temporalabdity, this chapter is concerned with
understanding the scope for portfolios of crediliigt generation tidal current locations to
provide firm power. This involves a re-assessmdnthe UK tidal current resource by
identifying appropriate development locations ipayating the latest thinking on power
extraction limits and examines aspects of generafield, variability and temporal phasing.

The majority of the data used are publically a\dda Two different datasets were
used to provide spatial and temporal accuracy astified using IDW in chapter 3. With
additional processing, the datasets were combioexthieve considerable improvement in
analysing the resource. The data obtained fromMbene Atlas was available through a
web interface (BERR, 2008). The Geographic InfoiomatSystem (GIS) data layers
downloadable from the web interface were interredatising ArcGIS and manipulated.
Admiralty chart data was accessed utilising AdnyrdlotalTide, to provide time-series at
identified locations. The site specific data applia chapters 3, 4 and 5 was also used.
ADCP data was made available to the author on stdaeOrkney by the European Marine
Energy Centre (EMEC) and for Sound of Islay by 8slbtPower Renewables (SPR).
Additionally, measured buoy data was obtained fritish Oceanographic Data Centre
(BODC) for Anglesey. Time-series for all these siteeeded to be coincident in time,
therefore the buoy and ADCP data had to be recdasmg harmonic decomposition and
predicted using the methodology advocated by the N#Eonal Oceanic Atmospheric

Administration, NOAA (Zervas, 1999), as demonstidteprevious chapters.

6.1 Tidal Resource Phasing

Figure 6.1 shows the co-tidal lines around the UHt trepresent the time of high

water at each location.
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Co-tidal lines for the coast of UK. Areas indicated by the circles are regions identified to be of
interest for tidal current energy development.
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This broadly illustrates the phasing of tidal catse Although coincidence in the
time of high water does not necessarily mean tititlal currents in each location are also
in-phase, as this is highly dependent upon thel leadation of surface elevation. Tidal
interaction with local bathymetry and the coastglography also play an important role in
the local phasing of tidal currents. However, foK Waters, near-shore tidal wave
propagation behaves like standing waves, as suegyest section 2.3. In addition, the
characteristics of tidal current generators, paldidy the shape of the power extraction
curve will also play a significant role in the phags of power production. (This is in
reference to the ramp rate of the device, see €&igul2. The power generation is
asymmetrical.)

The locations circled in Figure 6.1 have been ifiedtby B&V Phase 1l (2005) as
being sites of interest for tidal current energyraotion. Ideally a phase difference of 90° or
270° (three or nine hours) between two locationspsmal for tidal sites to provide best
potential for generating firm power. However, thedtions highlighted here experience high
water at broadly similar times. This suggests thate is also a good likelihood that these
locations will also exhibit tidal current patterthsit are also to be in-phase (as introduced in
section 2.3). If this coincidence of tidal velocjihasing can be verified for instance in the
case of the Pentland Firth and Channel Islandspliasing will have significant negative
impact on the potential for tidal current energygémerate a large proportion of its output as
firm power, as these two locations alone have héentified as embodying about 70% of
the technically extractable UK tidal current energgource (B&V, 2004).

Sites in the Pentland Firth have already been ififethtas the first significant tidal
current energy developments, as established bretieant round of site leasing by the Crown
Estate, with 1.2 GW installed capacity of wave &iddl energy proposed for this region
(Crown Estate, 2010a). An additional 400 MW of tidaergy developments have since been
leased in the Inner Sound region of the Pentlantt ECrown Estate, 2010b). As a result of

these geographically clustered developments, thidirékely be very small phase difference
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between these initial tidal sites. The ‘in-phasbamacter of the tidal sites is entirely
coincidental and specific to the UK. Such coincitenf phasing of so many key locations
in one country may not be replicated in other teriés, when the tidal current energy
resource is accurately assessed. This is simplausec of the uniqueness of the land

topology and bathymetry which is unlikely to benaghiced elsewhere!

6.2 Methodology

The methodology aims to make best use of publigigilable data to identify locations
suitable for deployment of first generation tidalrrent devices and to generate credible
time-series of energy production from generic ticlalrent technologies at these locations. It
also allows the latest methods on power extradinits to be incorporated. The three main
stages of the method as outlined in Figure 6.2 are:
1. Identification of locations suitable for largeate first generation tidal current device
developments;
2. Estimation and validation of the tidal currantd-series at these locations;
3. Estimation of generic tidal generator size,ngtand hence time-series of energy
generation at each identified location.
The time-series generated provide a suitable fotmahable comparison between aggregate
assessment of the energy generation potentialegifsgpregions as well as for the UK as a
whole. The output is primarily a re-appraisal oé tiK tidal resource, but the generated
time-series will also assess how much can tidaltrdnrte to the UK’'s demand for
electricity. Therefore, the time period for thisafysis had to be recent, so as to make
comparison to recent demand trends. With this thoufe analysis was conducted for the
year of 2009. The choice of the year is such tlembhahd data is easily available and the
nodal factor is as close to unity as possible fier 18.6 years nodal cycle. For the present

period, this happens to be in the year 2011 as dsirated in chapter 5, section 5.4.2. To
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allow comparison between the resource and presanaiad, 2009 has been used as the base

year.
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Figure 6.2 Flowchart showing the steps embodying the methodology.
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6.2.1 Locations for First Generation Tidal Devices

The first stage of the process outlined in Figuz@ms to identify sites that are viable for
the deployment of first generation tidal currenvides. Data accessed from downloadable
GIS layers of the Atlas of UK Marine Renewable EjyeResources (BERR, 2008) were
used here. This was a similar approach to thattaddpy B&V Phase Il (2005). The GIS
data itself is derived from the POL CS20 Model (BROlvhich was also utilised in the
analysis conducted by Sinden (2005). The Atlasides/mean spring and neap tide velocity
magnitude and water depth data within the UK teridd waters at a spatial resolution of
approximately 1.8k Figure 6.3 shows the mean spring peak currenttfer UK and
several regions of particular interest for firsngetion tidal deployment included in this
scenario.

Using ArcGIS, the Marine Atlas data was interrodate select specific cells
meeting certain criteria. For a site to be considezconomically viable for first generation
tidal farms, the mean spring peak current velotitist exceed 2.5 m/s. The second criterion
needs the water depth to be within the range ota250 metres which is the expected
operational depth for first generation devicesswggested by B&V Phase Il (2005).

The specific cell selected through interrogating Marine Atlas for Westray firth,
Orkney are shown in Figure 6.4. This site is in #ane channel as Fall of Warness,
EMEC's test site (and the subject of analysis iapter 5). The 1.8 kfrcells are too large to
accurately assess the resource in the narrow clsarthough the cells identified by the
Marine Atlas are not spatially coincident to the @P data, the analysis conducted in
chapter 5 demonstrates the strength of the resauardéis region. Therefore, for this
particular analysis, data from EMEC’s Survey 7 énlg used, where a current velocity of
3.5 m/s has been recorded. In-situ measurementsom®dered ‘gold-standard’ and the
surveys carried out by EMEC provides enough confidein considering this region as a

highly energetic site.
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As previously indicated in chapter 5, the ADCP data 1 month long measurement
taken in 2005. To re-create the dataset in thi®mait resource assessment for the common
time period of 2009, harmonic constituents gendrating NOAA'sIsgha.fprogram were
used inpred.f to generate the necessary time-series. All thesdetagenerated for this
national scale resource assessment were obtaire poral resolution of 10 minutes.

In the Pentland Firth region, identified in Figeé, there are 89 cells in total that
experience current velocity of 2.5 m/s or highert, the majority of these cells are too deep
to be considered for first generation developmatitthe sites considered by the Black &
Veatch Phase Il (2005) are located in regions whaee cell depth is too deep for
deployment. Only 17 cells have been identifiedemb30 to 50 metres of water depth, with
2 cells in water depths of 25-30 metres. The tiewes for this region is generated using
tidal diamonds, as no measured datasets was madabde to the author. There were a
limited number of tidal diamonds to extract datanir Therefore, to differentiate between
different sites the-time series are scaled up &mhecell using specific average spring peak

velocity obtained from the Marine Atlas:

Marine Atlas meanspring peak value
Spring peakvaluein the IDW data (6.1)

Atlas scaled data= IDW genrated data*

This maintains the local phasing and Spring-Neapakdity as prescribed by the tidal
diamond data, while also utilising the improvedotason of the numerical model output to
identify local peak current velocities.

Table 6.1 lists all the sites considered in thisdgtusing the selection criterion
outlined in Figure 6.2. The sites identified in fiig 6.4 and 6.5 were included in the B&V

Phase Il (2005) study as well.
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ot

Average Velocity

Average Depth Spring Peak
Site name Grid reference No. of cells Region (m) (m/s)
Pentland Skerries 58.72 N -2.95W 2 Scotland 35.50 3.60
= S. Ronaldsay P.Firth 58.74 N -3.06 W 1 Scotland 39.00 3.19
‘—;3 g S. Ronaldsay/ P.Skerries 58.69 N -2.92 W 5 Scotland 43.20 2.93
x Duncansby Head 58.64 N -3.01W 1 Scotland 36.00 3.25
Inner Sound 58.66 N -3.06 W 3 Scotland 28.67 3.27
Stroma P.Firth 58.68 N -3.12 W 7 Scotland 39.29 3.44
g Westray Firth 59.17 N -2.86 W 2 Scotland 29.00 3.81
o N. Ronaldsay Firth 59.39 N -2.34 W 1 Scotland 34.00 2.57
Islay North 55.67 N -6.84 W 7 Scotland 29.00 2.75
%‘ Islay Centre 55.67 N -6.63 W 12 Scotland 27.75 2.76
B Islay South 55.54 N -6.39 W 8 Scotland 38.88 2.63
Sound of Islay 55.86 N -6.09 W 2 Scotland 50.00 2.95
?Z; Anglesey North 53.42 N -4.61 W 4 Wales 30.00 2.59
? Anglesey South 53.29 N -4.71W 1 Wales 31.00 2.60
Ramsey Island 5141 N -5.41W 3 Wales 35.00 2.66
Race of Alderney 49.69 N -2.11W 19 England 31.68 3.38
Isle of Wight 50.56 N -1.23 W 2 England 27.50 2.76

Table 6.1 List of all the sites considered in this study.



Clusters of cells have been identified just off thland of Islay where high tidal
velocity is experienced. The Marine Atlas performsll in more open seas, but for the
Sound of Islay (which is a narrow channel), the elasl not resolved sufficiently to identify
that this area meets the necessary criteria. Then®latlas identifies the Sound of Islay as a
region of high velocity but considers it too shallto meet the depth criteria. This example
Is indicative of some of the limitations of the Mer Atlas as a data source. It has wide area
coverage, but this is only achievable becausedbelution is lower than necessary for the
purpose of identifying suitable tidal current energevelopment sites. Scottish Power
Renewables (SPR, 2010) indicated that the Souridlayf reaches 48 metres deep and is
appropriate for first generation development. TH2C® measurement for this site has also

been analysed in chapter 4 and supports SPR’'s1fiadi

6.2.2 Estimation and Validation of Tidal Current T  ime-Series

The next stage of the analysis is to generateldeetidal current time-series data for each of
the sites identified in Table 6.1. In order to Hstit is necessary to identify which sources
of datasets are available for each of the sitestifted. Table 6.2 lists the different datasets
available. For majority of the sites, the Marinda&tand tidal diamonds are the only source
of data. For these sites, multiple calibrationsweein different tidal diamonds were
employed to find IDW's that best represented tiessas presented in chapter 3 and scaling
factors using the Marine Atlas as suggested intemjué.1 were applied.

For Westray Firth, Sound of Islay and Angleseyalaneasured data was used as it
provides improved accuracy and encapsulates tred tidriability better than the tidal

diamonds.
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Marine Tidal
Site name Atlas diamond ADCP Buoy
Pentland Skerries v v
- S. Ronaldsay P.Firth v v
(—E § S. Ronaldsay/ P.Skerries 4 4
x Duncansby Head v v
Inner Sound v v
Stroma P.Firth v v
g Westray Firth 4 v v
S N. Ronaldsay Firth v v
Islay North 4 4
t_E" Islay Centre v v
B Islay South 4 4
Sound of Islay v
g Anglesey North 4 v v
? Anglesey South v v v
Ramsey Island v v
Race of Alderney v v
Isle of Wight 4 4
Table 6.2 Datasets available for each site

6.2.3 Tidal Generator Size and Rating

The third stage uses a simple generic model obla@&ed horizontal axis tidal current device
to estimate time-series of power generation at edtehfrom local current velocity time-
series. For the purpose of assessing energy @gtraitis assumed that each device is sited
such that the flow direction is aligned axially ithe device axis of rotation. Two device
models are used to reflect the differences reqdoedperating in different water depths. In
cells with minimum water depths of 25 to 30 metaedevice rotor diameter of 15 metres
provides appropriate surface and seabed clearamogling conflict with vessel navigation
in the region. In depths greater than 30 metregvice diameter of 20 metres is specified.
An appropriate rated current velocity for each ezltietermined by taking 70% of

the Spring peak velocity of the specific cell. Thelows similar practice to B&V Phase I

166



(2005), utilising understanding of the optimal emawc balance between capturing
maximum available energy and the cost of the eneapture device. If, for instance, the
device was rated to coincide with maximum Springkpeelocity, then the drivetrain would
have to be rated to operate for condition that couly for a short instant each month, and
the structural support element of the device wairdilarly have to be designed to withstand
the thrust acting on the turbine for only a minuéetion of the operational period.

The device power curve is based on the publishesepaourve for MCT's SeaGen
device currently being tested in Strangford NarroWwgure 6.6 illustrates the device's
operating power curve. The hypothetical device poesrve used in this scenario is

developed based on the device characteristics of'MGeaGen full scale prototype (MCT,

2010b).
#

2500 - /
2000 - Theoretical output

g 15007 MCT power output

o

% Hypothetical device

o

1000 | power ouput y v

-

0.05 03 065 09 125 155 18 215 245 275 3.05 3.35
Velocity (m/s)

500

Figure 6.6 Hypothetical device curve based on MCT'’s Seagen. Curve built based on the actual device
power output.

Figure 6.7 shows the power curve for a generic W rated turbine and
demonstrates the difference in rated velocity resgsto generate 0.5 MW with a 15 and a
20 metre rotor diameter. A cut in velocity of 0.7sns assumed in each case for both the

hypothesised generic turbines and a constant efifigi of 42% is considered in both the
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cases as suggested by DTI (2005) and identifiethé&ypower curve shown in Figure 6.6. A
25% reduction in the capture area from 20 metrdbtmetres results in a 17.5% increase in
rated velocity from 1.98 m/s for the 20 metre ditanelevice to 2.4 m/s for the 15 metre

diameter for the same rated power (0.5 MW).

Power (MW)

O T T T T
0.01 0.31 0.61 0.91 1.21 151 1.81 2.11 241 2.71
Velocity m/s

Figure 6.7 Hypothetical power curve for a generic 0.5 MW tidal current device: (a) rated velocity of 1.98
m/s with 20 m diameter rotor; (b) rated velocity of 2.39 m/s for a 15 m rotor.

Multiple tidal devices populate each of the 1.8kalls. The device rating for each
cell is a function of the velocity distribution eeqenced at the site. Two techniques of rating
the device are presented in section 6.3. EMEC &tdsdEMEC, 2009a) suggest devices are
spaced two and a half diameters between the ratsmparpendicular to the current and ten
diameters apart parallel to the current. The asdudawice array spacing in this study is
more conservative with three diameters apart Ilgerand ten diameters spacing
upstream/downstream of each device. This meansAB@®t15 metres diameter devices or
270, 20 metre diameter devices can populate e8& cell. It is acknowledged that actual
array layout is unlikely to be as regimented, emiplg staggering of devices, and would
have to adapt to the real world variability of aggmiate bathymetric conditions (e.g. bed

slope).
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6.3 Analysis

This section reports the results obtained fromiapfibn of the methodology described in
section 6.2.1 when applied to the sites identifiledrable 6.1 as being suitable for first
generation tidal current sites (also see Figurg. @Be power potential of each site, the
phasing of the sites and the impact of the enviemtal extraction limits at each location are

considered in this section.

6.3.1 First Generation Tidal Current Resource

The installed capacity of each cell was calculdteth the relevant cell rated velocity and
peak power output. These are aggregated for etelasishown in Table 6.3 along with a
breakdown of the number of each turbine size. Qlydinat generation sites would support
an installed capacity of 13.4 GW of tidal currervides. The installed capacity is a simple
assessment of the number of devices that can bedia each of the identified cells without
considering any impact this may have on the cutfitent velocity or the environment. There
is a substantial range of installed capacity with targest single site capacity identified as
3855 MW in the Race of Alderney and the smallegtdpéhe 105 MW Anglesey South site.
The largest regional group is the Pentland Firtl262 MW installed capacity. For the
purposes of the analysis presented here, the atitmmeof devices with wakes generated by
upstream devices and device downtime due to plaonedplanned maintenance have been
ignored, as these aspects are likely to be higtdyasmd project specific. However, it should
be acknowledged that these assumptions do neeel torsidered at a detailed level when

doing a site specific study.
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Table 6.3

Pentland
Firth

Orkney

Islay

Anglesey

No. of device No. of device Installed Capacity Factor
Site name No. of cells (20 m) (15 m) Capacity MW Yield TWh/yr %
Pentland Skerries 2 540 708 18 28.8
S. Ronaldsay P.Firth 1 270 194 0.4 26.2
S. Ronaldsay/ P.Skerries 5 1350 759 1.7 25.2
Duncansby Head 1 270 205 0.6 32.6
Inner Sound 3 270 960 813 14 23.3
Stroma P.Firth 7 1890 1673 3.9 24.7
Regional Total 4352 9.7
Westray Firth 2 540 620 2.6 324
N. Ronaldsay Firth 1 480 180 0.2 23.8
Regional Total 800 2.9
Islay North 7 810 1920 875 25 325
Islay Centre 12 2160 1920 1526 4.5 33.2
Islay South 8 1620 960 879 2.6 33.3
Sound of Islay 2 40 23 0.1 43.6
Regional Total 3302 9.6
Anglesey North 4 270 1440 418 1.0 26.2
Anglesey South 1 270 105 0.3 324
Regional Total 523 1.3
Ramsey Island 3 540 480 340 0.7 24.8
Race of Alderney 19 3658 1178 3855 10.4 30.0
Isle of Wight 2 960 255 0.7 29.6
TOTAL 13427 35.2

Sites with installed capacity, annual energy yield and capacity factor. Based on rated velocity obtained by using 70% of Spring peak as suggested by B&V (2005)




The gross annual energy yield from each of the isetfalculated from the tidal
current time series at each cell matched with thecg power curve identified as appropriate
for that cell. As reported in Table 6.3, the res@iftom each cell within a site are summated
and suggest that over 35 TWh/ year could be pratlaceoss each of the sites which equates
to approximately 10% of UK electricity demand basad 2009 demand levels. The
productivity of each site broadly reflects the atlgtd capacity, although the match between
current flow conditions and generator charactesstneans that the production from each
site varies. For example, the Race of Alderney thashighest energy yield despite not
possessing the largest installed capacity. Thigefiected in the site capacity factors, (the
ratio of production from a given generator to theduction if the same generator operated at
rated output with 100% availability over a givenripd of time). The overall average
capacity factor across all the sites is 29.9% betvalues for individual sites vary between

23.3 and 43.6%, respectively for the Inner Soutn{land Firth) and the Sound of Islay.

6.3.2 Alternate Rated Velocity

Capacity Factor can be used as a simplified indicaf how ‘economic’ a site is by
indicating how well the capital investment in geatem capacity is being utilised. In the
wind industry a capacity factor of 30% (BWEA, 200&) greater is regarded as a high
performing site. A low capacity factor may indicatéower economic performance on a per
kW basis but the overall investment may perfornyweell. The variation in capacity factors
is also a consequence of the simple generic turbimieg which under-rated the device
characteristics at some of the higher capacityofasites, while being too large for low
capacity factor sites. The important point in decianaking however, is the balance
between revenue from energy sales and the cogdteofnistallation. With the cost of the
devices and importantly the grid connection not pérthe selection criteria, it would be
anticipated that sites further from land represeniore challenging investment, particularly

at prices of £52,000/MWkm for subsea 132-275 kV H3/A&able (Boehme, 2006a). It is
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important to highlight that such additional extdities will impact on potential site
selection, differentiating projects as installatawsts rise.

The selection of rated velocity at 70% of springlpgelocity has been reported in
B&V Phase Il (2005) as demonstrating an approptaience between maximising energy
yield at minimum unit cost of energy and optimumlfizations that experience tidal current
velocities of 2.5 m/s or greater. It is thoughttttiee capacity factors indicated in Table 6.3
for some of the sites that are known to be higimgrgetic were lower than expected. For
example, majority of the sites in Pentland Firthvéhaa capacity factor below 30%.
Discussion with Black & Veatch highlighted thatngi70% of the peak value does not fully
consider the site economics and they have movetbamn ‘in-house’ cost optimisation
model that chooses a device rating accordinglyfoktinately this model is not available in
the public domainTherefore, in order to instigate the balance betwseximum power
generation and economic capacity factor an altemaimplified method of assigning the
rated velocity has been identified.

Figure 6.8 is a velocity exceedance curve forladl tells of interest identified in
Table 6.3. All the sites experience spring pealocsigt above 2.5 m/s, but examining the
exceedance curves it becomes clear that for sotes #iis occurrence is very low. To
choose a rated velocity based solely on the sgréadk characteristics for a site could mean
that the device would spend only a small proportbiis time operating at rated power and
hence have a low capacity factor.

The interpretation of capacity factor statistics ce@mplicated by the fact that
increasing the rated power of a turbine increabesenergy harvested but decreases the
overall capacity factor. A compromise needs to laelenbetween maximising generation at
the expense of engineering the device to withstaedorces at higher rated velocity. It is
considered uneconomic to engineer a device thhowly be operating at its rated value for

a small percentage of the time.
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Figure 6.8 Velocity exceedance curve from all the selected cells.

The problem behind B&V’s rule, assuming a ratedoery based in 70% of the
mean Spring peak value is that it does not accfmrihe velocity distribution or consider
what percentage of time the velocity exceeds aifsp@alue. In order to reach an effective
balance, the approach adopted herein specifiedrateal velocity as the velocity value
associated with 10% velocity exceedance. The i@dand choosing the rated velocity this
way is that using the fOpercentile value forces the device specified ithezell to operate
at rated power for 10% of the operational time asag no downtime). Examining the
exceedance curve in Figure 6.8 indicates thatdaghly 20% of the time, the majority of
sites experience velocity below 0.7 m/s. This eggi&d the cut-in velocity expected of first-
generation tidal current technologies. For the iaimg 70% of the time the device will be
generating but will be operating somewhere betveegin and rated velocity.

This method of using the exceedance plot therefoowvides a sensible way of
understanding the power generation distributiorr ¢idal cycles and assists in identifying a

rated velocity appropriate for each cell locatibattwill lead to a capacity factor of around
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30%, although an arbitrary value but similar in es@nce with the wind industry. Further
detailed work on the economics of project at ddferscales would be necessary to verify
this 10% exceedance value.

Figure 6.9 shows the capacity factor for each efdhlls already identified in the
analysis using the two different approaches foed#lg the rated power. From the graph, it
can be seen that the updated method of assessingatbd velocity maintains better

consistency of capacity factor (around 30% as ddjir

6.3.3 Technically Acceptable Power Extraction

So far the analysis has not taken any accounteofatt that there is a limit to the amount of
energy that can be extracted from the tidal sysieme. analysis to date has been using the
‘Farm’ approach to developing projects in the pemtieg scenarios. Therefore the preceding
scenario will from now on be referred to as thenfdechnically Acceptable Power (TAP).
The SIF of 20% extractable kinetic energy used amyrtidal assessments to restrict project
development on environmental and economic grourads been substantially revised by
B&V (2011) to reflect improved understanding of thgdrodynamic mechanisms that
underlie the tidal current resource. The numerinablelling carried out by Coucét al.,
(2006) assesses representations of various relayanbdynamic mechanisms as presented
here:

1. Tidal streaming: To maintain continuity, whetady of water is forced through a
constraint such as a narrow channel, the flow acatds.

2. Hydraulic currents: When two adjoining bodies wéter are out of phase, a
hydraulic current is created in response to thegume variation induced as a result
of the varying water levels in the different wabedies.

3. Resonance: Occurs as a result of standing wéres the incoming tidal wave and
the reflecting wave interfere constructively. Tlesn create large tidal amplitudes

and associated currents.
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Figure 6.9 Capacity Factor evaluation for all the cells of interest appropriate for first-generation device deployment.



These are the flow phenomena that create thedigtednt conditions necessary for economic
project deployment. The same analysis also denaiastrthat when too much energy is
extracted from the system, it impacts on the ugdegldynamics of the tidal system. These
are the flow phenomena that create the tidal cturcenditions necessary for economic
project deployment. The same analysis also deraiedtthat excess energy extraction from
the system can impact on the underlying dynamidbetidal system. The evidence suggest
that, beyond what is referred to as the theoretiaabesting limit, attempts to extract more
energy by installing additional devices would irctfaesult in a reduction of the overall
energy harvested as each device in the farm woyldreence a reduction in kinetic energy
flux. This has previously been demonstrated arifti for hydraulic current tidal flow
regimes by Sutherlanek al. (2007) and Polagyet al. (2009). A further limit has also been
defined in B&V (2011) by imposing constraints tnii far field environmentalimpacts
beyond which energy harvesting is likely to be netgd by environmental regulations
and/or economic impact on the project due to redoain available energy. Applying a
similar approach in this analysis will generatelaxF echnically Acceptable Power (TAP)
scenario.

Figure 6.10 illustrates the response of various-diorensional parameters across a
range of energy extraction scenarios. The parasbtare been expressed as a fraction of the
maximum value and the parameters evaluated ovepletenebb and flood cycl€) is the
flow dischargeU represents the velocity arlis power. Reading the graph from right to
left, when there is no power extractioQ/Qn.x = 1, ratio of flow over maximum flow)
velocity and flow are unchanged. Moving along tles avhen U/U.x= 0.8), 80% of the
power can be extracted with a 20% reduction invlecity and a 40% reduction in head
loss. In the case whdt P, peaksU/Un«is approximately half (56%), ar@Qnax reduces

by nearly 70%. Looking past peak power extracttbhe, overall power that can be extracted

“ Although referred to as environmental, this is specific to the physical environment and does not account for the
marine environment.
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reduced due to a significant reductiondrandQ, the ratio of the flow over maximum flow

continues to decrease and consequenty the velmmitynues to reduce. (B&V, 2011)
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Figure 6.10 Key non-dimensional parameters for hydraulic current (B&V, 2011).

The parameters needed for this calculation are shiowable 6.4 wher€is the
maximum flow discharge and, the amplitude of the sinusoidal sea level diffeeenc
between the two ends of the channel in the cagel@tlic current. For tidal streaming and

resonances, is the local tidal elevation amplitude.

Tidal Theoretical limit of tidal current | ‘Technically acceptable’ limit of | Hydrodynamic

Mechanisms | energy harvesting. tidal current energy harvesting. response limiting
energy harvesting.

Hydraulic - - Velocity reduction
ca/rrent I:?I'heoretic.'ii - 0'2QOaxao Pacceptable_ 0'086QOaxao y
Resonant P = o_ngQ a, P - 0-033ng a Downstream tidal
basin Theoretica max acceptable max o range
Tidal — - Downstream tidal
Streaming I:?I'heoreticdi - 016QOaxao Pacceptable_ OOZOQOaxao range
Table 6.4 Summary of technically acceptable power (TAP) extraction limits for the three identified tidal

flow driving mechanisms (B&V, 2011).
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To evaluate the level of power that can be hardeBtam each of the sites, their
respective hydrodynamic mechanism is identified antAP value defined. Regions with
multiple sites are treated in one of two ways: $ites at Orkney, Islay and Anglesey are
considered to be sufficiently geographically andiraylically dispersed to be evaluated
separately while for the Pentland Firth, sites@msidered interdependent and are handled
jointly by a single set of limits. For many sitése high flow velocities experienced areas are
a result of a combination of mechanisms.

Table 6.5 uses the 70% rule identified in B&V PhHs&s the rated velocity. It lists
all the sites and attempts to identify the dominaydrodynamic mechanism experienced.
Using the dominant system, the annual ‘Environnint&cceptable’ energy that can be
extracted from each of the sites is assessed () also reported in Table 6.5. This limit
Is identified using the different mechanisms asyested by Table 6.4. Note however, these
values are only calculated for a randomly chosentm@August) in the year 2009 and scaled
up to present values for the entire year. Thesdtselsave also been presented in lgeal.,
(2011b). As identified in chapter 5, seasonal Vi cannot be represented in the datasets
used in this study.

Table 6.6 presents a different scenario, the redéakity is obtained using the 10%
exceedance value for all the sites identified ibl&d.6. Additionally, analysis presented in
this scenario uses values for the entire year @@2@Ithough a much more economic
capacity factor is obtained for all the sites, tnerall extractable energy is reduced.
Extracting 9.76 TWh/yr from Race of Alderney as eleped for the Farm TAP case would
reduce the free stream velocity by 25% and altlal theight variation by more than 35%.
Therefore, the Farm TAP scenario would in realgyer be considered.

The Flux TAP yield values listed in Table 6.5 pldeeits on the development at
each site. The capacity factor for each cell wasiue define the ‘least economic’ cell and
these cells are prioritised for removal from thelgsis to reduce output to meet TAP

constraints. This was achieved either by removimg ¢ell entirely or by reducing the
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6.7

ANNUAL YIELD TWh/yr CAPACITY MW
Tidal Site
Site name System Farm TAP Flux TAP Actual % Reduced Farm TAP Flux TAP % Reduced
Pentland Skerries HC 1.8 M 1.8 708 708
S. Ronaldsay P.Firth HC 0.4 0.4 194 194
- Calculated
E § S. Ronaldsay/ P.Skerries HC 1.7 > as one 1.7 759 759
S Duncansby Head HC 0.6 system 0.6 205 205
. Inner Sound HC 1.4 14 813 813
Stroma P.Firth HC 3.9 ~ 3.4 1673 1526
Regional Total 9.7 9.2 9.2 -5% 4352 4205 -3%
? Westray Firth HC 2.6 0.7 0.7 620 259
E)E N. Ronaldsay Firth TS 0.2 0.2 0.2 180 180
Regional Total 2.9 1.0 1.0 -67% 800 439 -45 %
Islay North TS 25 0.5 0.5 875 167
> Islay Centre TS 4.5 0.6 0.6 1526 192
% Islay South TS 2.6 1.2 12 879 393
Sound of Islay HC 0.1 0.7 0.1 23 23
Regional Total 9.6 2.9 2.3 -76% 3303 775 -77%
§ Anglesey North TS 1.0 0.8 0.8 418 363
% Anglesey South TS 0.3 0.4 0.3 105 105
< Regional Total 1.3 1.2 1.1 -10% 523 468 -11 %
Ramsey Island TS 0.7 0.6 0.6 -16% 340 285 -16 %
Race of Alderney TS 10.4 2.1 2.1 -80% 3855 747 -81 %
Isle of Wight HC 0.7 1.2 0.7 - 255 255 -
TOTAL 35.2 18.2 17.0 -52% 13428 7174 -42 %
HC = Hydraulic current TS = Tidal streaming
Table 6.5 Technically Acceptable Power that can be extracted from each of the sites and the final annual energy yield including TAP. Values obtained using device rated velocity

by taking 70% of the spring peak value as suggested by B&V phase Il (2005). Values in red indicate that the Flux TAP value is higher than the Farm TAP scenario.
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ANNUAL YIELD TWh/yr CAPACITY MW
Tidal Site
Site name System Farm TAP Flux TAP Actual % Reduced Farm TAP Flux  TAP % Reduced
Pentland Skerries HC 12 A 1.2 422 422
S. Ronaldsay P.Firth HC 0.3 0.3 114 114
- Calculated
S S S. Ronaldsay/ P.Skerries HC 11 as one 11 447 447
E i Duncansby Head HC 0.4 system 0.4 148 148
* Inner Sound HC 0.9 0.9 368 368
Stroma P.Firth HC 2.7 - 2.7 1058 1058
Regional Total 6.5 9.2 6.5 0% 2556 2556 0%
“Zf Westray Firth HC 2.9 0.7 0.7 1122 2901
_g N. Ronaldsay Firth TS 0.1 0.2 0.1 67 67
Regional Total 3.0 0.9 0.9 -70% 1189 358 -70%
Islay North TS 2.6 0.5 0.5 894 167
> Islay Centre TS 4.6 0.6 0.6 1582 194
‘_26 Islay South TS 2.1 1.2 1.2 766 421
Sound of Islay HC 0.1 0.7 0.1 34 34
Regional Total 9.4 3.0 2.3 -76% 3276 816 -75%
3)>f Anglesey North TS 0.9 0.8 0.8 370 353
%’ Anglesey South TS 0.3 0.4 0.3 121 121
< Regional Total 1.2 1.2 1.1 -8% 492 474 -4%
Ramsey Island TS 0.7 0.6 0.6 -14% 297 255 -14%
Race of Alderney TS 9.8 2.1 2.1 -79% 3405 710 -79%
Isle of Wight HC 0.7 1.2 0.7 0% 227 227 0%
TOTAL 31.2 18.2 14.3 -54% 11443 5397 -53%
HC = Hydraulic current TS = Tidal streaming
Table 6.6 Technically Acceptable Power that can be extracted from each of the sites and the final annual energy yield including TAP. Values obtained using device rated velocity

by taking 10% of the exceedance curve as presented in section 6.3.2. Values in red indicate that the Flux TAP value is higher than the Farm TAP scenatrio.



number of devices deployed in the cell. The engigld reductions imposed by Flux TAP
constraints range from 14% reduction for Ramsegnidlito 79% for the Race of Alderney.
Aggregate reduction for all the sites combined imabke order of 54%.

The analysis indicates that for most of the idédifsites, the limit to the energy
extracted is determined by the TAP constraint limgitenergy harvesting due to excessive
impact on the energy flux. In the Flux TAP scengriesented here (for both methods of
rated velocity), most of the sites already meeéxweed the TAP limitations imposed. For
example using the 10% exceedance values, only éhdadd Firth (consisting of Pentland
Skerries, S. Ronaldsay P. Firth, S.Ronaldsay/PriekeiDuncansby Head, Inner Sound and
Stroma P. Firth), N. Ronaldsay Firth, Sound ofyislanglesey South and Isle of Wight can
undergo further development, provided suitable lleponditions exist suitable for
second/third generation tidal energy devices (wthmy become available). However, at
locations where the TAP constraint has already lreeched, further development with
newer generations of technology will be constrain®sd the existing first generation
deployments assuming the TAP limitations are shtowre credible.

Figure 6.11 shows the combined power output frdnthal sites for the Farm TAP
and the Flux TAP scenario (using the 10% exceedealces). Only the peak value far each

12 hour period is plotted so an envelope of theegaion can be seen representative of the

variation of the spring-neap cycle.
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Figure 6.11 Time series of all sites showing aggregate production at spring peak with environmental

constraints ignored using the 10% exceedance values.
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6.3.4 Site Phasing

The generation time series were now used to exathaeelative phasing of the production
from each site. Figure 6.12 is a stacked time-sepiet for a typical spring peak day
highlighting the Farm TAP (top) and Flux TAP (battpscenario, using the B&V Phase Il
(2005) methodology of rating the device. It candaen that the majority of generation
contributions are from the Pentland Firth, Islagio@ and the Race of Alderney. The periods
of generation at rated output can be clearly seemany of the traces particularly for the
Pentland Firth. Also observe the asymmetric natfré¢he power production cycle with
aggregated output ramping up slower than it redbggdights the differences between the
ramp rates.

The location of individual sites determines thdiaging and, in terms of tidal wave
propagation, Islay and Pentland Firth are in-pldhe® to the coincidence of the local tidal
phasing at these locations. The Race of Alderneyisf-phase (behind) by approximately
one hour. The aggregate effect of this can be sedhe total power output generated.
Continuous output can be achieved for a numbeiag$ @round Spring peak. However, the
output is sustained as a very small fraction ofgleeration potential. This causes the base
of the total output to be a very ‘lumpy’ productioycle. It should be noted that the base of
aggregate generation is much wider than any ofinde&vidual outputs, caused by slight
phase differences. This shows that there is a gooatfolio aggregate effect exploiting the
phase variations between sites. For example, PenBath generates power for 3.5 hours;
with all the other sites included the duration ¢enincreased for 4 hours. However, this
effect is not sufficient to generate significantnfi output as none of the large sites are
completely out-of-phase. Even the smaller contidng from the Orkney, Anglesey, Isle of
Wight and Ramsey Island sites are more or lesshas@ with each other, and with the

Pentland Firth and Islay.
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Figure 6.12 Stacked time series of all sites showing aggregate production at spring peak. Farm TAP (bottom) and Flux TAP (top).



6.4 Discussion

The analysis presented here suggests that withssalled capacity of 11.4 GW around 31.2
TWhl/year of tidal current energy could be extraaisthg only first generation tidal current
devices installed at suitable UK sites (Farm TABnseio). However, when accounting for
environmental acceptability limitations and redaotof the in-situ resource a lower overall
Technically Acceptable Power output of 14.3 TWh#/isuggested based on the restricted
site selection and assumptions detailed (Flux TA@nario). Approximately 5.4 GW of
installed capacity is necessary to meet this saemérgeneration. With several smaller but
energetic sites excluded by the analysis, the gngejd estimates compare favourably with
the 29 TWh/year suggested by B&V in their base cB568 (B&V, 2011).

While the analysis presented here lacks the vety timporal and spatial resolution
data necessary to inform individual project devedept detailed design, it offers a credible
and broad resource analysis suitable for understgriie nature of the UK tidal resource
and its phasing. A true understanding, with a héylel of accuracy of the resource will only
be gained by extensive site measurements combiitechew generations of hydrodynamic
tidal current models incorporating the complexiatéion of device operation alongside the
evolving hydrodynamics.

In terms of answering the question as to whethest fyeneration tidal current
devices can offer a sufficient degree of firm powepply in the UK, the results suggest that
it is not possible except for a number of days ado8pring peak. This can be confirmed by
aggregating the time series output of all the @ted presenting them as a power exceedance
curve over a period of a year, Figure 6.13 showssesu for aggregate tidal current
generation in the Farm TAP and Flux TAP scenariddth cases, aggregate output at 100%
exceedance is zero, indicating that there is n® ¢apability for firm power generation with

first generation tidal current devices.
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Figure 6.13 Power Exceedance curve from instantaneous tidal generation for Farm TAP and Flux TAP over
ayear.

To further investigate the phasing aspect, theetation between power output at
individual sites is presented in Table 6.7. All ddnations are shown, and correlations in
excess of 0.5 are shown in bold. This analysisaisly does not take any consideration of
the relative magnitudes of each site, only thetikadgphasing. The majority of the locations
in the study show either a degree of or strongtiescorrelation. Maximum correlation is
observed between Pentland Firth, Orkney and Islag between Anglesey, Race of

Alderney, Ramsey Island and Isle of Wight.

Pentland Race of Ramsey
Firth Orkney Islay Anglesey Alderney Island Isle of Wight
Pentland
Firth 1.00 0.63 0.96 0.21 0.29 0.42 0.64
Orkney 0.63 1.00 0.64 0.63 0.80 0.85 0.89
Islay 0.96 0.64 1.00 0.26 0.32 0.44 0.69
Anglesey 0.21 0.63 0.26 1.00 0.71 0.76 0.70
Race of
Alderney 0.29 0.80 0.32 0.71 1.00 0.93 0.85
Ramsey
Island 0.42 0.85 0.44 0.76 0.93 1.00 0.91
Isle of Wight 0.64 0.89 0.69 0.70 0.85 0.91 1.00
Table 6.7 Correlation coefficient for production between each site
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It is also interesting to observe the high coriefatbetween Orkney and Race of
Alderney, Ramsey Island and Isle of Wight, pareeiyl as they are geographically distant. It
would be preferable from the point of view of geaigrg continuous base load profile if the
sites indicated a wide spread of both positive m&ghtive correlations. It is anticipated that
the use of second generation tidal current dewiddéopen up more areas to exploitation,
potentially improve the spread of phasing and raise opportunity for firm aggregate
production from tidal current sources.

Although lying within the British Isles, the RackAdderney is a significant distance
from the UK mainland and the resource may be meaéily exploited by connection to the
French electricity grid. This will mean that anynleéit of the phasing provided by this site
will be hidden by the bulk transfers across the Elidnce interconnector but arguably it
transfers the issue of integration to the Frenchesy.

Despite the apparent lack of a firm production téljg, tidal current energy can be
predicted accurately over long periods. This makeniés integration with the electricity
network more straightforward than other renewalRmpter 7 presents a detailed analysis
comparing the temporal variability of tidal curremower output generated in this scenario

with demand for electricity in the UK.

6.5 Conclusions

This work presents an improved method of asseghimgotal UK tidal current resource by
combining multiple datasets including Marine Atl@stalTide tidal diamonds and measured
tidal current information where available. Firshgeation device installation is considered in
regions where spring peak velocity exceeds 2.5mister depths of 25 to 50 metres.
Based on the approach suggested by B&V Phase 06(28 total installed capacity
of 13.4 GW is suggested that can generate 35 TVah/fearm TAP scenario) using only
first generation tidal current devices installed sfitable UK sites. However, when

accounting for environmental acceptability limitats and the consequent reduction of the
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in-situ resource, a lower overall output of 17 TWh{Flux TAP scenario) is suggested
based on the restricted site selection and assomngptietailed. Approximately 7.8 GW of
installed capacity is necessary to meet this seepégeneration.

A new approach to identifying the device rated g#jois introduced to help achieve
an overall economic capacity factor and aid develemt of realistic scenarios. This new
approach is based on understanding the velocityilwlison and bases the rated velocity as
the value that exceeded at the site for 10% ofithe and allows it to attain a capacity factor
of around 30%. Based on an economic assessmehe afapacity factors for each of the
sites considered, it is concluded that 31 TWh/yrd@ted Farm TAP) can be extracted with
an installed capacity of 11.4 GW, meeting 8.24%J&f demand (based on 2009 demand
data). When including TAP constraints 14.25 TWlf/wpdated Flux TAP) can be extracted
with an installed capacity of 5.4 GW without sigcaintly impacting the underlying resource
at the identified sites.

In both the scenarios presented, the analysis simtghe high energy sites in the
UK considered are largely in phase and that tidatemt cannot be seen as offering
significant base load generation in the UK. Numeremall sites exist that may provide a
small percentage of generation out of phase bstviiii amount to a small proportion of the
total installed capacity. Generation from the craised scenario (using the 10% exceedance
value) presented here can meet 4% of present Ukaérbased on 2009 demand levels.
Two of the largest sites, the Pentland Firth andeR# Alderney together contribute 60% of

this total generation.
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7. Demand for Electricity and Supply

Following the analysis and discussion of tidal entrenergy extraction scenarios, this
chapter aims to evaluate how well tidal currenteggation can be matched with demand for
electricity. The following section introduces the&hérent variability that exists within the
electricity system and how variable demand can\®¥ short and long term time scales.
Demand patterns and trends play a key role in wtaieding local, regional and national
energy needs. Analyses to quantify the variatiodeyhand for electricity are discussed to
see how much and how often can demand be met by d¢idrent energy. Part of the
discussion looks at the various sources of fudlhbae been used for energy generation and

how the trend is expected to change.

7.1 The Electricity Supply System

Electricity in the UK is predominantly generatedfbgsil fuels. Gas and coal play a key role
in meeting energy needs. Figure 7.1 shows pie claduthe different supply sources used to
generate electricity in 1999 and 2009 with gasipay much more dominant role than any
other fuel.
In 2009, 7% of the generation was contributed Imgweables (DUKES, 2010). If the

UK is to stay on target for the 2020 reduction20% in GHG emissions as part of the EU
obligations, nearly 30% of electricity generatignexpected to be sourced from renewables
by then (RES, 2009). Inclusion of renewables indstem in such a large scale will have
significant impact on the way the system operaassjt will introduce huge amounts of
variable generation into the electricity systeme Blction that follows discusses some of the

network aspects that need to be considered whegrating renewables in the system.
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Figure 7.1 Net electricity supplied fuel input (DUKES 2005, DUKES 2010).

7.1.1 Existing Network

In the UK, National Grid (NG) own the transmissinatwork in England and Wales and
operate the Great Britain (GB) Grid. In Scotlané tietwork is owned by Scottish and
Southern Energy (SSE) and Scottish Power (SP) eXtsting network operates on a largely
centralised basis where large power plants genepatger that flows through the
transmission and distribution networks from mangta locations to various domestic and
industrial consumers at progressively decreasiniipges in progressively more distant
areas.

With the introduction of renewables, numerous \@edayeneration sources that are
dependant on resource availability as opposed tioolegrbon fuel in store will be used to
generate electricity. This potentially creates @naver the network’s ability to cope with
this form of operation. Ofgem have estimated thst @b integration in order to meet the
2020 renewables target to be in the order of £8@milargely in the form of transmission
and distribution network upgrades (Ofgem, 2011gufe 7.2 shows the electricity supply

network in GB.
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The structure of the network is usually weakesloatitions that are best for the
exploitation of tidal current energy, especially the north and west coast of Scotland.
Moreover, these regions are sparsely populatedevoeal demand for electricity is low
with much of the power generated expected to bergagh south. As identified in chapter 6,
the best region for tidal current energy extractothe Pentland Firth. Table 7.1 and Figure
7.3 highlight some of the network constraints ocepting tidal energy in the Pentland Firth
region. Due to network constraints that could strassets or sterilise new development,
additional connection to many of the rural feedansl substations are mutually exclusive
(Xero Energy, 2009). Similarly, constraints in ti@rth of England also limit potential to add

any more capacity without a sustained programnggidfupgrade.

Connection point . Capacity Approx Grid issues &
, . Voltage - costs ,
geographic location [AMW] [£K] Consents
Duncansby Head 11kV 0.15 160 Voltage limit
Gills Bay 11kV 0.24 160 Voltage limit
Scarfskerry NOP east 11kV 0.16 160 Voltage limit
Scarfskerry NOP west 11kV 0.27 160 Voltage limit
West Brough 11kV 0.35 160 Voltage limit
Dunnet Head s " ..
Lighthouse 11KV 0.24 160 Voltage limit
Mains of Murkle 11kV 1.42 160 Voltage linut
Orkney cable pothead 33kV 0 260 Thermal limit due to Orkney gen’
Mount Pleasant 11KV 15.6 402 Thermal limit of 33kV line
Primary Substation | 33ky 15.6 260 Thermal limit of 33kV line
. ; - - Firm thermal capacity of
‘ 33k 26. 533 ;
Thurso GSP 33kV 6.5 53 132/33kV ers
Table 7.1 Possible connection points to the mainland distribution network from the Pentland Firth (Xero

Energy, 2009).

7.1.2 Network Planning

In the nationalised industry before privatisatigeneration and transmission was centrally
planned. Today National Grid must plan the netwmrkhe basis of where private generators

might choose to connect. However, without a contnaderwriting the connection, National
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Grid were unable to build transmission capacity-phivatisation connection was on a ‘fit-
and-forget’ basis but post privatisation the ‘invesd connect’ approach was used where all
upgrades to the network had to be implemented bef@nerator connection could take
place. However, this system did not work well foe tconnection of large capacitiess of
renewable generation, as projects that neededvaorkettonnection were being offered
connection dates eight to ten years in future. §fde BV Tidal Energy, 2008).

The queuing system implemented saw projects thauined little work given
consent but this system did not work well as ofmajects in the pipeline caused delays
which took even longer to get consent (SDC, 2007d)is prompted the need for
transmission access reform to accelerate connection

One of the most debated upgrades is the BeaulyypDkme, stretching 137 miles
across the Scottish highlands. In 2005 Scottish rélyBlectric Transmission Limited
(SHETL) and Scottish Power Transmission Limited{Bproposed a project to upgrade an
existing 132 kV transmission line to 400 kV, whicbuld increase the transmission entry
capacity up to 6 GW (SDC, 2007f). This proposal wefgrred to a public enquiry and
finally consented in January 2010. As of Novemb@t12construction is yet to begin and
disagreements continue. This highlights the bottga that occur in the transmission
planning system and the topicality of connectimigltienergy — the need to truly understand

its potential as an electricity source.

7.1.3 Electricity Demand and Variability

The need for electricity varies over time and thésiability can be defined over short
timescales of seconds to longer durations of weeksseasons. For most North European
countries, the UK included, the winter season imidated by periods of long cold spells and
short daylight periods. Electricity demand is there concentrated during this time when
additional need for heat and lighting becomes reggsalong with the usual daily domestic

and industrial load on the system. Figure 7.4 lgté the daily demand profile for typical
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and extreme summer and winter demand in 2009. Tév@add data presented here

corresponds to the year 2009 to allow comparisah thie tidal current energy analysis.
Traditionally, operation and long term planning kecat a very small number of

extreme cases in projecting how much generatiohbeilrequired and the network capacity

necessary to deliver it. These are system peakntarad system minimum demand.
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Figure 7.4 GB summer and winter daily profile in 2009 (NG,2010).

The need to understand and identify demand patterogicial to allow the system
operator to schedule generation. Most of the apalgenducted in this study is based around
system peak demand as this is the maximum loadsyseem is expected to deliver.
Therefore, all the parameters are associated arsystem peak and what the maximum
expected demand for electricity will be. NationafidGexpectes to plan and schedule
generation for electricity demand at a growth cdt&.2% per year (NG, 2010).

In 2009 the UK electricity system had an averagmatel of 36.4 GW, with a
standard deviation of 7.7 GW and electricity dempaedked at 59.1 GW on th& Banuary

at 17:30. Figure 7.5 shows the two week period wheak demand occurred in January and
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a trace shows where demand is at its lowest o@nideof August at 06:0Q.oad patterns are
very distinct with, for example, demand for workimays (Monday to Friday) easily
distinguished from non-working days (Saturday amthday). The seasonal variation can

also be identified here. On average winter demandexls summer demand by about 7 GW.
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Figure 7.5 Demand in UK over two 14 day periods in 2009. Data for the month of January from 15" to 18"

and for July 27" to 9" August. The circles show periods of peak demand (6" January, 1730) as
well as period of lowest demand (2™ August, 0600).

Figure 7.6 shows the mean demand for each half petiod in a standard day
determined from the complete 2009 data record.odigin the average demand for the entire
year is 36.4 GW, it can fall as low as 20.15 GWd(Zugust), 34% of the peak value.
However, demand for electricity never drops to zénerefore base load capacity of 20~22
GW is always necessary to meet even the lowes$ieodiémands with some reserve margin.

The analysis and discussion so far show that dergandt constant and there is an
inherent variability in the need for electricityh@refore, before adding any inherently
variable generation into the system it is prudentgsess just how variable demand for
electricity is. Figure 7.7 shows an inter half-Hguanalysis of demand fluctuation obtained
by measuring the difference in demand between dwdh hour period for 2009. It is
interesting to note that the tail end of the negalbad change is longer than the positive end

highlighting that demand ramps up faster thanapdrdown.
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Figure 7.6 Mean demand for each half hour period in the day for 2009.

The inter half hourly load change (Figure 7.7) shaWwat the system is already
capable of coping with substantial variability &rms of variable demand operations and
scheduled/unscheduled plant shutdowns. Therefoeeintlusion of tidal current energy or
any other variable generation into the system rbastonsidered as adding to the overall

variability as well as increasing the complexityptdnning and operating the system.
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Figure 7.7 Inter half hourly demand changes in GB for 2009.
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7.1.4 Future Demand Trends

Demand trends are vital for forecasting future desnpatterns. This can in turn be used to
understand the scope, to ‘match’ with variable wveses. Timing is a key factor as demand
for electricity is currently high at very specitimes of the day and supply response needs to
be instantaneous for the system to be stable.

Looking at the demand trend over the past few yshosvs that the year 2009 has
had the lowest demand. A number of factors coreithto this including weather, low
economic activity, high energy prices, increaseergy efficiency and demand side
management (NG, 2010). There is substantial uringrtan future demand and these
variables add to the uncertainties. National Ghecticity Transmission (NGET) forecasts
for GB demand are shown in Figure 7.8 and futunmatel scenarios are presented. The
NGET high and low scenarios are considered witlumber of assumptions including the
strong growth in the renewable sector, take upoofilined heat and power (CHP) etc. Of

course these assumptions can be very varied deygeagdon the market conditions.
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Figure 7.8 Comparison of NGET's future projections (NG,2010)

A report published by the Energy Networks Stratégyup (ENSG, 2009) has
extended these scenarios up to 2030. Based on thedel scenarios, it is projected that

demand would increase up to 2020 and plateau flen on for the remaining period as
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presented in Figure 7.9. This forecast takes intmant the overall demand growth but as
transmission losses reduce with the inclusion obenfded generation, the overall effect is
for these to cancel each other out. The averagespall (ACS) winter peaks can be seen to

decline from 2015 as other sources of heat are fasetbmestic and central heating.

G5 360 =
64 =
63 — 355 S
g w
z 6~ a50 2
__-_‘_-_'_'—-—.. L]
g 50 — M5 =
57 M0 5
=
56 £
55 T T T T T T T T T T T T T T T T T T T T T 335 <
O g gy
\ L
ztﬁé" e@g’ PSP
| —ACSPeak —Amual Energy Consumption |
Figure 7.9 Comparison of Annual Energy consumption and change in Average cold spell (ACS) peak

demand from 2006-2030. (ENSG, 2009)

7.1.5 Demand at Grid Supply Point

The analysis presented in the following sectionss@nts matching between demand for
electricity and generation from tidal current eryerghe changes introduced in the network
are at the Grid Supply Point (GSP), which is thenmxting point for the distribution

network, GB transmission network and other powemid. All the analysis presented,
including the change in demand, will be observedHh®y system operator at the GSP and

shall be referred to assidual demandThis does not refer to consumer demand.

7.1.6 Definition of Penetration Level

The scenarios presented in this chapter consifferelt levels of penetration. The level of

penetration can be defined as the ratio of thaliest capacity to peak system demand:

Penetration Level= Installed Capacity (7.1)
Peal Demant
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7.2 Tidal Energy Matching Case Study - Anglesey

Presented here, are methodologies of assessingwadhating the impact of tidal current
energy from a specific site on the electricity natky with the aim of developing the
scenario to a UK wide set of sites as identifieccivapter 6 and assessing the aggregate
impact on the network. The analysis presented lieréhe first step in this process,
developing the methodological approach and dematnsgrapplication through a case study
scenario developed using Milborrow (2010).

Figure 7.10 shows the power output along with theagion in current velocity for
Anglesey, one of the case study sites presentelapter 3. Note that, although the change
in current velocity is relatively minor on this giaular day, the power output during the
flood tide is twice as much as during the ebb tienilarly, Figure 7.11 shows the power
available for the same site over a period of a wéels important to highlight the Spring-
Neap variability, During the Spring cycle the pgmiwer output ranges from 2-6 kWrnut
during the Neap cycle peak output only ranges f@oBa1l kW/nf. This generation needs to
be integrated with all other sources of power aodnected to the end user. Therefore,
connecting such a predictable but variable soufageperation is going to be challenging.

This case study was presented in geal.,(2009b).

—— Power (kW/nf) —— Velocity (m/s)

High Tide

Low Tide

Over a day

Figure 7.10 Power available (per m? cross-sectional area) and current velocity for Anglesey. Note the
change in velocity relative to the change in power output.
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Figure 7.11 Power availability (per m? cross-sectional area) and current velocity over a week at Anglesey.

7.2.1 Anglesey Demand and Supply Scenario

As this scenario only considers power generatiomfone area of Anglesey waters, it is
necessary to use an appropriate level of demaral fegional distribution network. From the
size of the Anglesey site, 20 MW and 40 MW insthlt@mpacity scenarios are developed.
However, disaggregate demand for Anglesey was valadble but it was possible to obtain
seasonal daily load profiles for the distributiorstem in Merseryside, Cheshire and North
Wales, see Figure 7.12.

The regional distribution network presents simitdwaracteristics to the national
demand presented in Figure 7.4. Given the lackisgg@iregated demand for the Anglesey
region, national demand for the UK has been scaéedn from 59.1 GW peak demand to
200 MW, so that demand and supply for tidal generati@naasimilar magnitude to each
other, while maintaining likely demand variabilipatterns. The scenarios developed are
intended to evaluate the effect of 10% and 20% tpaten into the system. The power

generation scenario presented here was also peblahlyeet al.,(2010).

® It is acknowledged that this value for the local distribution network is an arbitrary selection. However the aim of this
exercise is the see the effect of a 10% and 20% penetration level, which is primarily the reason for choosing this
value.
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Figure 7.12 Seasonal demand profile for Merseyside, Cheshire and north Wales.(SP, 2010)

7.2.2 Power Generation

The supply scenarios considered here are the oaotygained for the chosen site with two
tidal turbine hypothetical farms. The first scenatbnsists of 40 devices, each with a rated
power of 0.5 MW (a total installed capacity of 20NIWhe second scenario consists of 80
devices with a total generation potential of 40 MWér both scenarios it has been assumed
that the tidal current energy resource itself is ingpacted by the operation of extraction
devices. As the scale of energy extraction increathe energy available in the system for
extraction will be reduced to some extent (as shiowehapter 6, section 6.3.3). Here this is
ignored but for a larger development it will becormaportant to take appropriate
consideration of the reduction in resource harvggure 7.13 shows the power curve of the
hypothetical generic tidal turbine appropriate fois site, akin to the MCT power curve
presented in chapter 6. The diameter is assumied 16 metres, with a cut in velocity of 0.7

m/s and the rated velocity of the device is 2.28.m/
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Figure 7.13 Power curve of a hypothetical tidal device. Power rated at 0.5 MW.

For this device, power efficiency (taken as a measid the overall water to wire
efficiency), Cp has been assumed to be about 42% on the basi§IdRD05). The annual
energy production for each device at this sitbéssum of all the energy produced within the
operational range of the turbine. In this caseattteal production is 1327 MWh/year, which
represents a capacity factor of 30.3%. Figure Tludtrates the percentage of time the
device generates a specific amount of power. Theceecharacteristics are such that it
operates at rated power for 10% of the time andlésfor 27% of the time. The device rating
is based on the velocity exceedance curve idedtifie Anglesey in chapter 6. Using the
10% exceedance value forces the device to operas¢ea power for a minimum of 10% of
time, therefore obtaining desirable capacity facfaabout 30%.

The variability of power output is one of the kdwallenges for successful matching.
Figure 7.14 illustrates the inter-half hourly véildy of generation by one 0.5 MW tidal
turbine. It shows a broadly symmetrical pattermipivard and downward shift in production.
It is dominated by the periods when there are nerinalf hour changes. No generation
occurs during slack and neap cycles when the wglecioo low for generation. Also, when
the device is operating at rated power, the chasizgerved is very small. Outputs from

Figure 7.15 are substantially different to the wigdneration patterns observed by
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Milborrow (2010) as the nature of the resourceiffeigent. Importantly Milborrow looks at
the aggregated output from a number of sites. Coation of a number of sites adds to the
diversity and presents a wider spread. The asymnoétthe graph can be attributed to a

combination of device power curve and site spectfiaracteristics.
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Figure 7.14 Tidal power generation and its occurrence using the hypothetical generic tidal device.
4000 1 "
— |
%] |
— [}
3 3000 :
e |
(Y- [}
= :
< [}
~ 2000 - )
(¢} 1
o ]
c |
o ]
5 10001 |
(&} a'm
8 ....I.l... i ...lll- (]
ML L ™
O’ ..\.\.\.\.\.HH\HH\HH\I\HHHHHHH-\.\.\.Y._V._V._V._V._FW
-024 -0.16 -0.08 0.00 0.08 0.160.2¢
Inter half hourly load change for one device (MW)
Figure 7.15 Tidal power fluctuation for one device over a year.
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7.2.3 Contribution at 10% and 20% Penetration

Figure 7.16 shows demand fluctuations on the dgyeak and as well as minimum demand
in 2009. Plotted on the same graph are the sindil2@VW and 40MW generation
scenarios. On the day of peak demand, the tidaluree is generating limited power with
peaks of around half the installed capacity in bibidn scenarios. Because the tides are in
their neap cycle, generation potential was low.oAlgteresting to note was that generation
starting at 15:00 hours does not help service memkand. As demand is increasing, tidal
generation is reducing — therefore this reductiogeneration suggests a larger swing for the
system to cope with. However, this is just oneadnee — a longer period of data is needed to
further understand the coincidence of peak demdtidtigdal generation. As tidal generation
shifts by 50 minutes each day, there will be periechen spring peak generation will
coincide with peak demand.

Alternatively, looking at the day when demand asvést, generation from tidal
production can at instances meet more than 50%ectiemand. On the regional level this
represents a significant contribution, but may dguereate local problems of network
overloading, perhaps leading to curtailment of Itiganeration or other generators. It is
important to point out that this combination of lignd low tidal output and demand
occurrence is for the year 2009, but that otherlipnations at peak and minimum demand
would occur in other years.

To further investigate matching phenomenon at pé#&kand level, demand and
generation patterns over the two weeks around deatand are presented in Figure 7.17.
The spring peak generation occurs the week afi@k demand so, although in this particular
scenario where there is negligible contributiorpeak demand itself, there is contribution

around the days of peak demand as a whole.
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Figure 7.16 Tidal current generation contribution towards peak demand (top) and minimum demand
(bottom) in the 10% and 20% penetration scenario.
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Figure 7.17 Tidal current generation contribution over a two week period following peak demand.

Figure 7.18 shows the extent to which the introiducof tidal energy is visible to
the distribution system operator. It shows theestalemand without any tidal in the system
compared to the introduction of the 20 MW and 40 M¥#ée. The residual demand curve
shows demand minus tidal generation. The extrensescat the tail of the graph are of
interest. For emphasis, negative changes above 1ak\¢onsidered: in the scaled demand
scenario, number of decreases below 17MW occur®,obat with tidal included the
frequency of occurrence increases. Similarly, cleargelow 9MW are also considered, and
the summary is presented in Table 7.2. The generatl observed here shows that large
changes in demand are to become more frequent phii@ds of negligible change fall
drastically.

The negative load change, although useful in tedfngderstanding the system, are
less important compared to the positive load chaagy@egative load change implies that
there is a reduction in the demand for electricitiierefore, if generation is in excess of
demand, it can be exported or, depending upon mkteanstraints, be curtailed.

Comparing this to the work done by Milborrow (20Khows that there are more
excursions at both of the tails of the distributicurve. This is mainly because only the
output from one generation location is being com®d here and does not benefit from

aggregation of locations to smooth the ‘peaky’ agienal characteristics of tidal current
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generation. The aggregate effects of a numberdal turrent energy locations would be
expected to produce an excursion characteristierimofine with those produced for wind.
Additional sites will be geographically diverse amihg individual site characteristics to the

mix.
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Figure 7.18 Inter half-hourly demand changes in UK for 2009 along with what the system operator would
see if there was 20 MW and 40MW (Demand — Tidal) tidal generation.

Tidal Penentration %

None 10% 209
Maximum inter period decrease: MW 18.5 20.8 26.(
Number of decreases of 17 MW and above 1 17 211
Maximum inter period increase: MW 9.4 158 23.9
Number of increases of 9 MW and above 12 538 1811
Zero load change % 31.4 18.7 13.4

Table 7.2 Key data for half hour power excursion in scaled demand.
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7.3 Aggregate Tidal Energy Generation Matching

The methodology identified in section 7.2 will nda& applied to all the UK sites identified
in chapter 6 as part of the first generation dgwalent scenario. Since the physical
environment impacts of full resource exploitatioa bikely to be unacceptable, only the Flux

TAP scenario developed in chapter 6 of 5.4 GW llestacapacity is taken into account here.

7.3.1 Variability

Chapter 6 assesses the total UK tidal current resoby combining multiple datasets
including Marine Atlas, TotalTide tidal diamondsdameasured tidal current information. A
new approach to identify device rating has beereldged during this study to help suggest
an overall economic capacity factor and aid develpt of realistic scenarios. It has
concluded that 14.25 TWh/yr can be extracted wittotal installed capacity of 5.4 GW,
without significantly impacting the underlying resoe at the identified sites.

Figure 7.19 shows the fluctuation of tidal genemtpotential simulated every half
hour for each of the individual sites: PentlandH;iOrkney, Islay, Anglesey, Ramsey Island,
Race of Alderney and Isle of Wight used in the FIuXP scenario development. Extreme
fluctuations above 0.5 GW can only been seen atPémtland Firth as it has the largest
installed capacity (2.5 GW). The asymmetry in tlogver swings are significant at Orkney,
Islay and Pentland Firth exacerbated particulastytfie negative change. The analysis and

scenario developed in chapter 6 identified thathedbe sites are predominantly in-phase.
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Figure 7.19 Frequency of load change at each individual site.

Inter half-hourly aggregated output obtained fréva Farm TAP and Flux TAP tidal
scenarios are presented in Figure 7.20. Extrennéufitions of 4 GW are observed for the
Farm TAP and +2 GW for the Flux TAP scenario. Cdaesng the total installed tidal
capacity of 5.4 GW in this scenario, the maximundiéated half-hourly swing is a
significant proportion of installed capacity. Hovegxsmaller swings are generally the norm.
The asymmetry observed from each individual sitesrisoothed over when aggregated.
However, the negative and positive swings still aoé symmetrical. In particular for the
constrained scenario, a second peak can be obsartesl GW load change.

The modular approach to tidal current generatiagtalfation ensures that sudden
‘switch-off’ is avoided. A key distinction to be ma here is that failure or shutdown of a

unit or a number of units will reduce output butarezero output from an entire fleet of
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conventional generation units does not occur, wifdle tidal generation the output is

constantly variable dependent upon the resourceerBification and multiple device farms

reduce the risk of a complete shutdown.
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Figure 7.20 Inter half hourly power output fluctuations from Farm TAP and Flux TAP scenario.

An advantage tidal generation has over wind andewaower is the absence of
extremities of operation. For example, a standardiviurbine may be rated at 12 m/s and
cut out at 25 m/s. This is necessary as gust spgefsm/s are common across the UK (Met
Office UK). A cut-out velocity or survival strategis therefore necessary for these
technologies as sites can experience extreme geastls (wind) or wave heights (wave) that
are far beyond the operating region of the windvave generators. For tidal current this is
not a major issue, as the operating conditionsnatethat far removed from the extreme

conditions (as shown in Figure 6.8). Most tidal ides are therefore not designed to cut out
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and can operate at rated power during extremestblyimpg the blades to alter the angle of
attack and shed load.

Figure 7.21 shows two curves. The first is the Wdnd over the week when peak
demand occurred, from th& f 11" of January 2009 with peak demand occurring oréthe
of January. The second curve shows residual derftrmdand — tidal) for 5.4 GW installed
capacity (the Flux TAP scenario). This scenariospnes a 9.4% (approximately 10%,
similar to the Anglesey case study) penetratioelléVhe contribution of tidal current energy
to the system would only reduce the annual systeak pn the 8 by 0.5 GW. Two days
later, on the 8 maximum demand for the day was 57.3 GwW" byhest for the year, is
reduced by 3 GW with tidal current included in #ystem. The biggest reduction that can be
obtained with the inclusion of tidal in the systeiifi be in the order of 5 GW, which occurs
around midnight on the ¥1in this instance, peak generation does not coéaiith a

significant demand peak.
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Figure 7.21 Change in demand with tidal in the system being considered as negative demand. Circle on
Tuesday indicates day of peak demand. Circle on Thursday indicates largest tidal contribution
to demand.

As part of the Spring-Neap cycle, even if in thistance tidal does not make a
significant contribution to peak demand, there @ceasions in the winter period (usually
considered from November to February) when tidasdmake a significant contribution to
reducing net peak demand. This can be seen ind-ig@2 where 10% of the peak demand

hours are binned and the average reduction withl tid the system are shown. The bars
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indicate minimum and maximum value for each peiiteerit can be seen that, although tidal
does not contribute towards all of the half-houdriods, there is reduction. Particularly in
the 94" percentile where a reduction of 10% can be seéis &quates to the total tidal
installed capacity.
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Figure 7.22 Average reduction in the top 10% of demand half hours with tidal in the system. Bars indicate
minimum and maximum values of reduction.

Because of the inherent characteristic of the messy the majority of the sites
experience velocity below 0.7 m/s (the cut-in vélgdor about 30% of the time. Therefore,
it is implicit that, for approximately 30% of thiene, tidal will make no contribution towards
generation. Figure 7.23 shows a reduction in demfandthe whole year obtained by
considering what percentage the demand is redugesh) for what percent of time. As

expected for nearly 37% of the time there is léss t1% reduction in demand but for nearly
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60% (obtained by adding all the other bins) of tme there is some reduction in net

demand.
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Figure 7.23 Reduction in net demand for the entire year with tidal in the system.

7.3.2 Contribution to Demand from Tidal

A method of assessing the variability for the whpdar is presented in the Load Duration
Curve in Figure 7.24. The two curves show demartd amd without the inclusion of tidal in
the system using the 14.25 TWh/yr, Flux TAP genengbotential. The reduction in the load
duration curve with tidal in the system is an egpread indicating a potential correlation.
However, due to the lack of any causal relationsiig is independent of demand.

Although the reduction appears to be small and ordgts about 4% of the demand,
this is a significant contribution. For comparisar2009, only 9 TWh/yr was generated by

wind and 26 TWh/yr from all of renewables aggreda(®UKES, 2010). In terms of
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meeting 2020 targets, tidal can contribute as nasch2.6% using only first generation sites
and technologies. Expansion to second and thircergéion will have the potential to

increase the impact, with potential to double tliatribution.
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Figure 7.24 Half hourly demands and tidal generation presented as Load Duration curve.

Despite its usefulness, the load duration curves agad show how demand and tidal
generation scenario interact in time. Therefore,abincidence of occurrence of demand and
supply is shown in Figure 7.25. Demand is normdliséh respect to peak demand and tidal
generation is presented as a percentage of tHartstalled capacity, 5.4 GW from the Flux
TAP scenario. Each column in the bivariate histogshows the amount of time (in %) for
which a particular combination of generation anchdedcoincide

As demand never falls below 20 GW, there are nnadences for the first 30% of
peak demand. Appendix A presents a histogram whesethe distribution above 20GW is
considered. The worst-case, as defined by Boehf@6€), is identified as the period when
demand i$>90% and tidal generation 1€.0%, the right-most column in the histogram. This
corner is significant as it defines the time whemeyation is low and demand is high and

therefore a very critical period for the system.eTihiistogram highlights that the largest
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match occurs when generation<it0% and demand i870%. With the inclusion of second

and third generation tidal into the energy, th&tdgram should present a better mix.
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Figure 7.25 Bivariate histogram showing the frequency of coincidence between demand and supply.

7.3.3 System Adequacy

One of the key concerns with higher levels of pextein of renewables in the electricity
system is system adequacy. As mentioned, periqgdmdfaround, peak demand are the most
important in terms of planning generation capaecityd account for scheduled and un-
scheduled outages. A concern with large levels ioidwenetration are the high-pressure
weather systems that bring calm winds but periddsta weather, leading to high demand
for electricity with little generation from wind,sasuggested by Keaet. al., (2011) and
explained by Craddent al., (2011). However, tidal should not suffer from tigigoblem.
Table 7.3 and Figure 7.26 explore the tidal curgemeration time-series relative to time-
series of demand and identify distribution of poweertput level with respect to demand

levels. Similar analysis for wind is also preseritethe National Grid Winter Outlook (NG,
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2008). The analysis was conducted by presentingaddmas a percentage of peak demand
and grouping the percentage tidal (Flux TAP scepajeneration as capacity factor within
each of these bins. Table 7.3 presents the nunideurs power is generated for a specific
percentage of peak demand at a specific capadaitpriaFor example, 41 hours in a year
tidal current generation will operate between 0 26% of installed capacity while demand

is between 90 and 100% of peak demand.

Tidal Current Capacity Factor

% Peak 10to 20to 30to 40to 50to 60to 70to 80to 9010 | Total | Average
Demand [0t010 20 30 40 50 60 70 80 90 100 | hours | CF%
30t40 | 138 57 33 23 25 15 17 23 19 23 | 370 31

40to 50 | 518 234 158 115 114 87 89 87 76 44 1519 30
50to60 | 750 305 203 163 143 114 116 110 92 92 2085 30
60to70 | 926 342 263 223 172 158 143 125 107 84 2540 29
70to80 | 516 192 151 112 94 87 76 73 82 71 1452 31
80t0o 90 | 225 99 71 65 40 42 40 40 29 31 680 31
90to 100 41 19 14 13 8 8 6 4 3 1 116 26

Total 3113 1246 891 711 595 508.5 484 461 406.5 344 | 8760 30

Table 7.3 Hours spent at mean capacity factors as a percentage of peak demand.
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Note that the average capacity factor drops as dénmzreases, illustrated in Figure
7.26. Keanet al., (2010) and Hawkinst al., (2011) find similar results for wind and
Craddenet al., (2011) presents a combined wind/wave scenario. Mexyehe drop in the

capacity factor of wind is lower than that of tidel considered in this scenario.

7.3.4 Load change

The effect of the aggregate tidal variability om thystem can be examined by considering
the residual that generation sources other thal titust provide. Figure 7.27 shows the
frequency of inter-half hourly demand changes, tefind after tidal is introduced as per
Figure 7.17 for Anglesey only. The shape of theoraith and without tidal is similar. This

highlights that extent of variability already inkat in the demand for electricity.
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Figure 7.27 Inter half hourly demand change with and without tidal current in the system.
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The impact of including tidal to the overall systsignificantly reduces the number
of small changes at the GSP. Table 7.4 summaligekdy changes and highlights that the
largest swings are increased and become more frequith the addition of tidal to the
system. Maximum negative swings of the order of®W and positive swing above 4.4 GW
have increased. The increased swings indicateatlditional fast reacting reserve will need
to be included in the generation mix to accounthese changes.

This outcome relates back to the initial findingsdghapter 6) of the relative phasing
of UK tidal current energy resources. If the reseuwas more out of phase, the variability
felt by the system would be reduced as power génaraould generally be smoother, with
potential for continuous generation. Because ofpttesing of all the sites considered in this
scenario, the aggregated output is, in effect, loigesite; therefore the analysis presents
output similar to the Anglesey case study. As etqgeedhe number of small load changes in
the system fall from 14.2% to 9.1%. A log scale the Y-axis plot of Figure 7.27 is

presented in Appendix A to highlight the excursiogsurring at the tail end.

Tidal Penentration %
Nong Constraine¢l
Maximum inter period decrease: GW 5.5 6.7
Number of decreases of 5.25 GW and above 1 21
Maximum inter period increase: GW 2.8 4.4
Number of increases of 2.5 GW and above 2 220
Zero load change % 14.2 9.1
Table 7.4 Key data for half hourly power excursions with the inclusion of tidal in the system.

7.3.5 Semidiurnal Pattern

In chapter 5 (section 5.4.1), it was identifiedtttige tidal current time-series presented a
semidiurnal pattern when averaged over a long tdtris. of interest to evaluate if all the
individual sites will present a semidiurnal pattemmd consider how they vary. The mean

power output from each of the sites is presentdedgare 7.28.
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Semidiurnal pattern experienced at each of the sites in the year 2009.

Figure 7.28



The daily pattern was obtained by averaging, feheansemble period, in a standard
day. All the sites show a semidiurnal pattern,altsh the timings of the peaks and troughs
do not coincide for most of the sites. The obséowadf a semidiurnal pattern is of particular
interest as the coincidence of peak generation ledugt the time of peak demand will
benefit the system. Due to the size of the ingla@pacity, the aggregate effect of
combining the power output from all the sites isnittated by the Pentland Firth. Therefore,
the timings of the total power output looks simitarthe Flux TAP scenario output from the
Pentland Firth alone, as shown in Figure 7.29.

Diurnal patterns analysis have been presented ave@bs year period for EMEC
datasets (Survey 13) in chapter 5, suggested hbatirning of the Spring and Neap peaks
and troughs in the diurnal patterns coincide. Tioeeg unless additional sites are included as
part of second/third generation development thatnamch larger than Pentland Firth (which
is highly unlikely) and present different timingee aggregate power output will continue to
look similar to Figure 7.29.
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Figure 7.29 Diurnal pattern of the aggregated total output.

This analysis can also be used to develop a stafisthodel of tidal current

generation to evaluate what percent of conventigiealeration can be displaced by tidal
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current generation. A basic analysis presented yier kbt. al., (2011a) follows the
methodologies identified by Derdt. al., (2010) suggests an Effective Load Carrying
Capability (ELCC) of 0.82 GW or 15.19% for the FITRAP scenario. The author intends to
do a detailed study in future.

The capacity values presented for tidal currestrislar to the wind capacity credit
presented by Aguirret al., (2009), Hawkinset al., (2011) and the capacity value evaluate
for tidal barrages presented by Radéteal., (2011). It is also understood that as the overall
installed capacity increases, the capacity creliteases. Therefore with higher penetration,

the need to maintain the same level of risk indexlal incur a higher cost of balancing.

7.4 Trading Tidal

Having identified the power output characteris{fmoduction and time-series) of each of the
tidal sites and explored the aggregated outpig,useful to consider how such a predictable
but variable power output could be traded in trecteicity market. At present the trading
arrangements for renewable generators dependseoimskalled capacity. Plants that are
larger than 10 MW need to be licensed and are reguo comply with the Balancing and

Settlement Code.

7.4.1 Spot Price

Wind is traded over a short-term period. This carirbthe form of day-ahead or hours ahead
before gate closure, but wind does not lend itB®lflong term trading as, over time, the
errors associated with the wind forecastabilityréases. Tidal does not suffer from this
problem of inaccurate forcastability and can bedjoted over long time-periods with high
levels of accuracy. So, given the high level ofuaacy with which tidal currents can be
predicted, this study explores whether tidal curremergy are potentially better suited to

trade in the spot market or, perhaps, a mediurartg term fixed price contract. Figure 7.30
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shows the system spot market price for the yea® 26btained from Elexdn The average

price for the whole year is £36.9/MWh.
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Figure 7.30 UK electricity spot market price for 2009.

Figure 7.31 shows the ten day period when the e reaches its maximum value
of £517.46/MWh (on the"5of January) and the tidal aggregated output deeelainder the

Flux TAP scenario.

> Spot price 1500
,,,,, Tidal power output
ar (Flux TAP scenario) | 4o

1300

Power (GW)

200
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100
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Figure 7.31 Tidal generation on the day of maximum spot price.

Unfortunately, on this occasion there is no tidaheration and therefore it would
not have benefitted from the high spot price. Hosvevwhere are other occasions when a
higher spot price coincides with tidal generatimgljcating that there is some opportunity to

trade in the spot markefAn exceedance curve of the system spot price frogb 20 2010 is

® hitp://www.elexon.co.uk/Pages/home.aspx
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shown in Figure 7.32 which highlights that the spote variability and characteristics are
predominantly the same from one year to anothee ®bcurrence of very high price

exceeding £220/MWh diminishes very quickly.
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Figure 7.32 Spot price exceedance curve from 2005 to 2010.

To further investigate, Figure 7.33 shows a bivarfastogram of the coincidence of
high spot price and tidal generation. For the y&aP009, it appears that the majority of
generation occurs around £50/MWh. The top histogshows data binned in £50/MWh. In
this case, generation exceeding £200/MWh occuteies (0.074%). The bottom histogram
bins the data in £10/MWh and it can be seen thgbnitaof the coincidence occurs around
£30 to £50/MWh. Understanding, based on this arglgsiggests that at least for the year
2009, coincidence of high spot price and tidal gatien was small. A few years of data will
be necessary to completely understand the coincédéetween price and generation but,
even then, although tidal is predictable, it il stivariable resource and the coincidence of
(maximum) generation occurring at a time that bieméfom high spot market price remains
uncertain until a few hours before real time.

Additionally, Martin (2011) informed that operatingst before gate closure will
mean that tidal will operate in a market that isrstof liquidity. Tidal will just have to

accept the spot price without any influence onghee. National Grid initiates all within-
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gate trades and not very much can be done witstruction to turn up the tides at a time

when there is no/minimum generation.
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Figure 7.33 Bivariate histogram showing the coincident of high spot price and tidal generation.
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7.4.2 Additional Incentives

At present, Renewables Obligation Certificates (RjD&2e the main form of subsidies in the
UK (for generators above 5 MW). Initially ROCs wdeehnology neutral but changes have
been incorporated to reflect the difficulties carteechnologies may face. Therefore, high
level of support is provided to technologies thatmuch more expensive.

Under the current scheme tidal generators receilROZs/MWh (BERR, 2009).
However, the Scottish government has provided ghdit incentive and offers 3 ROCs in
Scotland (Scottish Government, 2008). Figure 7t88vs the value of ROCs obtained in e-

ROC auction achieved since 2002(e-ROC, 2011).
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Figure 7.34 ROC auction price (e-ROC, 2011).

It can be seen that even the lowest price doesdmmp below £35/MWh and
maintains an average value of £47/MWh. Therefone, ROCs themselves substantially
increase the revenue for the generator and playch more significant role than the actual

trading price of electricity. For example, the ags spot price for the whole year in 2009 is
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£36.9 /MWh, but ROCs will be in the order of £9M®/h for 2 ROCs and £141.3/MWh for
3 ROCs. Similarly, the EU Emissions Trading Syst&tu ETS, 2008) implements a cap on
the CQ emissions by businesses and as a result has a¢reatgarket for carbon trading
where shares can be auctioned. This is anotheuaversubsidise renewable generations.
For the future, incentives like a supplement to Bwe ETS have been indicated by
the recent White Paper by DECC (2011a). The UK guwent in addition to EU ETS aims
to introduce a Carbon Price Floor (CPF) to ‘top the carbon price. For 2013, the CPF
begins at £15.70/tC{and is expected to rise as high as £704y02030. Additionally, the
UK government understands the need for long-terrastments and therefore has identified
long-term contracts such as Feed-in-Tariffs (FiTjhwContracts for Difference (CfDs),
which will replace ROCs to helps obtain a steaslyel of revenue as agreed at the start of
the contract for the duration of the contract. wotway' scheme operates where, if the
monthly electricity price is below the agreed cantrstrike price, the generator will be given
additional payment such that it meets the strikeeprOn the other hand, if the monthly

electricity price is above the strike price, thegetor is to pay back the difference.

7.4.3 Long Term Power Purchase Agreements

In reality, tidal generation schemes without impadnment do not have a choice of delaying
generation and therefore cannot choose when theytreale. The purpose of AEP and
accurate predictions is that the project develaperbuild a case and use it to borrow as the
project guarantees income over the project lifetilmeguarantee debt finance the lender will
need to have confidence in the prediction and beragjueed the value (E/MWh) of the
energy to be produced. Therefore, to minimise ptojisk, the project developer is much
more likely to enter into a (flexible) power purcseaagreement (PPA) for selling electricity
simply because it guarantees a certain payment.
The added advantage that tidal is predictable um thigh level of accuracy

significantly reduces the risk and can attract Bighayment (Robertson, 2011). In reality
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tidal power output will rarely be traded by itsalid, if this is the case, then it will be small
scale. Most tidal farms will form a part of a poiitb and the power output will be
aggregated. If hydro (with pump storage) or opetiecgas turbine (OCGT) form part of this
portfolio, they could compliment tidal generationch that the aggregate power output
presents a base-load like characteristic. Thiseagde power can then be traded under a
PPA. It can also be argued that tidal, with somenfof storage or complement generation,
will have 100% capacity credit as suggested by &arét al.,(2011)

To make the most of the incentives (ROCs, EU ET&) power output should not
be curtailed (unless it is a network constraingrtipularly since it is predictable with
negligible operational costs. Instead, other fowhsariable generations (including other
renewables) should be used to complement tidal rggoe so as to reduce the overall
variability of the aggregate output and reducedberall change observed by the system at

the GSP.

7.5 Conclusion

This chapter presents an overview of the existiegtacity supply system in the context of
the challenges that are presented, while consiglénitegrating tidal current generation as
part of the electricity network. There are a numbietechnical, policy, environmental and
planning issues that need to be addressed in §mas not to pose a physical constraint in
terms of development. But the main focus of thiapthr is to evaluate how the variable
power output obtained from tidal current generati@y be related to demand variability.
New methodologies are presented that analyse amgare the hypothetical power
output generated from tidal current and how wethétched with demand for electricity. It is
shown that tidal can make a meaningful contributmmards meeting energy needs. With a
5.4 GW installed capacity, 14.25 TWh/yr can be gateel from the scenario presented.
Although this only meets 4% of our current energymdnd, it can make a 12.6%

contribution towards the renewables target sehbyuK government.
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Demand is inherently variable and the inclusioniddil in the system increases the
number of extreme short-term changes in net derhahthey do not appear to be severe and
seem manageable as suggested by National Grid }2Bil0rder to fully comprehend the
additional variability, a portfolio analysis neetts be done, not necessarily on a national
scale but on a more regional level accounting &work constraints. It is suggested that in a
portfolio scenario, when power is aggregated fragaltcurrent and a number of other
generators, the variability of the output can beatined by operating the other generators to
compliment tidal power output.

System risk and adequacy with higher levels of patien can cause concern over
security of supply. Ultimately the aim is to ‘kedipe lights on’, even at times of peak
demand. Analysis suggests that, for the year 092bB8cause of the timing of peak demand
and the variation of tidal cycle, only 0.5 GW wasntibuted towards peak demand.
However, within the winter season, when peak demariikely to occur, tidal does make
contribution to hours up to peak demand, see FigL22.

Further statistical analysis of the semidiurnakgrat is required to fully understand
the role this will play in contributing to demandowever, tidal is truly predictable and
deterministic, which is a significant advantagerowend and wave as they are stochastic in
nature. Due to this predictability, tidal is betsrited to trade under a long term PPA or

potentially venture into the spot market when cambiwith some form of storage.
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8. Conclusions

In a recent consultation document by DECC (2011b)reassessing the Renewables
Obligation Banding Review, the following was saimbat support for tidal:

“It should also be noted that there are potentiahdficial balancing cost

implications to consumers from a significant cdmition from marine energy within

a high renewables generation mix. This is partitylaue for tidal stream because

tidal is predictable, and with phasing of generatoound the coast it can contribute

towards baseload generation. Wave although inteantiis predictable over much
longer timescales than wind.” (DECC, 2011b)

The UK government is making incorrect assumptidmsué tidal current energy in
the UK and its potential to generate base loachqilgjh the technology itself could be used
to provide base load generation, the resource paten the UK waters indicates that
majority of the sites are in phase and generatirgigaificant continuous output from a
combination of sites is unlikely. The governmenmntiues to make incorrect policy
decisions based on inappropriate understandingeofidal resource and the marine sector to
a larger extent. There is a great concern thatetlielse expectations could taint public
perception of tidal energy and renewable energyeimeral. This particular misunderstanding
highlights the pressing need for understanding #xtent of contribution tidal can
realistically make and portray it in way that wilenage public expectations.

It was the aim of the work presented in this thésiprovide a better understanding

of tidal current energy and the role it can playneeting future energy needs.

8.1 Thesis Summary

The main research questions at the start of tHxWwére:
1. Whatis the spatial and temporal variability ttee UK tidal resource?
2. Can aggregate output from a number of sitesrardbhe UK waters provide base-
load?

3.  How does tidal variability compare with demand électricity?
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The focus of this thesis has been developing melbgiks for tidal current resource
assessment; firstly on a site specific level anehtlexpanding this understanding to a
national scale. The thesis begins with a re-appras$ the UK tidal resource using a
combination of datasets, the majority of which jpublically available. It is thought that this
new re-appraisal is an improvement over the exjstirethodologies and provides a better
spatial and temporal coverage. This final chaptenmarises the key findings and their
implications. The limits of the study are also dissed and potential plans for further work

are presented.

8.1.1 Analysis of Datasets

New methodologies were presented to combine diffedatasets that has enabled a better
analysis and comparison of the local resourcejalyaand temporally. The BERR Marine
Atlas and its spatial snapshots of the tidal curvetocity for the UK continental shelf was
used to assess the spatial variability of the tidaburce. This dataset, however, lacked
temporal resolution. Therefore, time-series ofltmarent velocity variability were obtained
by using TotalTide tidal diamonds, buoy data ohhigsolution ADCP data where available.
With additional processing, these datasets werebgwed to gain considerable improvement
in assessing the UK tidal energy resource overtiagisanalyses that have generally
neglected the temporal variability.

Inverse distance weighted interpolation was appletdal diamonds to create time-
series for specific locations of interest. Statetianalysis shows that, although the data
captures the tidal phasing, the interpolation tépin tends to miss the peak velocity
magnitudes. However, the average values obtairmd the Marine Atlas can be used to
scale the velocity magnitudes to better repredentitial variations. Given the lack of in-situ
measurements, this method of generating datasetedem beneficial, as the method can be

reproduced for any location that has nearby tidamdnds and is covered by the Marine
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Atlas. The combination of the two datasets gensratbetter set of data that has improved

temporal variability and also provides a wider gjatoverage.

8.1.2 Velocity Profile

It is understood that tidal current vertical vetgcprofiles generally follow a power law
through the water column. It is necessary to undedsthis profile so that an appropriate
hub height can be determined and to assess thetmpeelocity shear. Previously, generic
1/7th or 1/10th power law profiles have been pnegsised to define the water column.
Analysis presented using buoy data for Anglesey ADEP data obtained at the Sound of
Islay and EMEC's Fall of Warness site demonstraltes the velocity profile through the
water column can vary significantly from one looatito another. In fact, at sites where
multiple ADCP deployments were available, it wa®ntfied that even within close
proximity the profiles varied significantly.

Analysis also indicates that the characteristic grolaw profile fit varies between
the ebb and flood cycle and, therefore, would heffiefm device power curves tuned to
operate in the individual flow conditions. Basedtba strength and directional alignment of
the flow conditions, one of the cycles may be ggmrthan the other producing asymmetrical
power output. Another use of the vertical velogitgfile data was to identify the variation in
the flow velocity across the device rotor.

Often measurements are only obtained near thecguda near the seabed and a
generic power law profile is assumed for the hulghite This analysis highlights that such
assumptions could significantly over-or under-eatenthe power output and the necessary

design considerations for the device to withstanths/elocity shear.

8.1.3 Site Specific Analysis

For project scale analysis, site specific char&aton is required. In-situ data is necessary

to support the detailed design of tidal currentrgpelevelopment, including the array layout
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and device specification. ADCP data is the key sewf resource data appropriate for such
assessment. Although ADCP data interpretation il establish, application in a tidal
energy context has not, until now, been fully deped. An assessment was conducted of
existing techniques for quantifying tidal resourd®aracteristics such as principal current
direction, mean velocity and vertical velocity plef Additional metrics relevant in a tidal
energy context were further developed, such as poutput, eddy intensity, annual energy
production, flood/ebb asymmetry and vertical shear.

Where necessary, hew methodologies were developefill tknowledge gaps.
Specifically, data processing before calculating thetrics. A standard methodology for
obtaining all these metrics has been developedbaggEnted so that similar analysis can be
conducted for other sites of interest and a likéikk® comparison can be conducted to assess

which site is, for example, more energetic or vedtated to a particular device.

8.1.4 Harmonic Analysis

Harmonic analysis was applied to hindcast and ptatiitasets over a period spanning the
intended lifetime of the tidal energy project, battlong and short term variations of velocity
and power generation can be observed and assdssetemporal resolution and sampling
rate of the datasets from the Sound of Islay wése @aried to assess the impact on power
output and project economics (section 4.4). In t@aii the effect of the 18.6 year nodal
variability can be seen in the AEP as demonstraiedsing the EMEC ADCP dataset to
conduct a 25 year long analysis (section 5.4.2).

Additionally, sensitivity and statistical analy$éscarried out to evaluate the amount
by which the velocity, and therefore the power autpraries with the resolution of the
original measured data capturing the tidal curkehbcities. Another interesting outcome is

an apparent diurnal variability that emerges owaglterm averaging.
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All the site specific assessments have helped rimfand contribute to the progress
and development of the IEC TC 114 Standards whidhpave the way for tidal industries

around the world.

8.1.5 Scenario Development

GIS techniques were used to interrogate the Mahith@s data to identify locations that
exhibit appropriate depth and velocity charactedstfor economically harvesting tidal
energy. After suitable locations were identifiedgsarios were developed to explore the
distribution and yield from potential large scaldat farm developments. To populate these
scenarios, a new way of evaluating the rated vilasiintroduced that considers capacity
factor as an economic indicator as well as sensliblece design considerations. This new
rated velocity is assessed by evaluating the vigl@iceedance curve for each of the time-
series considered, where the 10% velocity exceedaalce is assigned as the rated velocity.
This is found to ensure the matching of resource device characteristics produces a
credible target capacity factor of around 30% (Wwh&comparable to present wind capacity
factors). The methodology presented can also be tesselect a higher capacity factor by
targeting a different exceedance value, presetistpgeamlined process of selecting the rated
velocity.

It is also understood that increasing energy etitracan have unacceptable effects
on the physical local environment and underlyirtaltiresource characteristics. This feeds
back into reducing the overall energy available émtraction and hence the economic
viability of that particular scenario, see secttB.3. Therefore, a ‘Technically Acceptable’
power limitation is imposed to balance developmeoale against environmental and
economic disincentives.

A key outcome of this analysis has been to couptewious studies that have
suggested a combined portfolio of sites aroundXdean deliver firm power. The scenarios

developed within the thesis demonstrate that tier@af tidal wave propagation around the
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UK coast indicates that the high energy sites ctmmed are largely in-phase and that tidal
current cannot be seen as offering significant daad generation potential in the UK.
However, the research has identified that the djesteration scenario for tidal current energy
can play a significant role in meeting future eryengeds and contribute to meeting 4% of
present UK demand. More importantly, it can conitgh12.6% towards meeting the UK

Governments 2020 renewable energy targets.

8.2 Contribution

In terms of contribution to knowledge, the studyeleps a methodology that uses publically
available datasets that ultimately provides betfmatial coverage and improved temporal
resolution. One of the most significant findings een the statistical analysis of future tidal
energy generation potential. This analysis dematesirthat the UK tidal current energy
resource is much more in phase than has previdugsip understood. As there is negligible
firm production and base-load contribution comparethe total installed capacity.

Analysis from the data for 2009 indicates that ealpelectricity demand levels, a
reduction in the capacity factor is observed (sigirfeé 7.26), and, in this scenario, it is
identified that tidal energy does not provide angigant contribution to peak demand (see
Figure 7.21). However, the predictability of thesaarces is a huge advantage, in terms of
scheduling alternate generation to accommodaté pigauction as part of a future energy

portfolio mix.

8.2.1 Immediate Impact

Part of the PhD process requires actively dissetinipahe findings of the research in the
form of posters, publication and presentationseprint of all the publications is provided in

Appendix B. As a result, the study has benefitteinfa number of collaborations and has
also had an immediate impact on other industry isgjdanalysis and Standards

documentation that overlapped or developed in [gnalth the PhD as summarised:
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1.

Following the initial interaction with SPR totain the ADCP data for the Sound of
Islay, a report was produced identifying the ketg siharacteristics and provided
relevant advice for their in-house technical teéfine contents of this report forms
part of chapter 4). Further interactions involvitige development of the project
which is the world’s first fully consented tidalray project, included providing ad-
hoc advice on various occasions. This has ledscudsions of another project where
SPR is interested in conducting a study specifitstay to evaluate the combined
power output of the 10 MW tidal farm aggregatedhwite onshore wind farm at
Beinn an Turic with an overall installed capacify3® MW and the 2 MW Inver
Hydro project on the local distribution network. el project will aim to investigate
the potential combinations and scenarios of firmegation from the aggregated
power output.

The resource assessment requirements undeE@dC 114 62600-1-3 Resource
Characterisation and Assessment Standards afeedtnte of writing still a working
document. The site characterisation assessmergmneesas part of this PhD is an
example of ‘learning-by-doing’ which has scoped thié existing literature that
outline the best practice in this field. The an@ysas also identified and tailored
practices that are suitable for site specific asgest and attempted to fill some of
the existing knowledge gaps. This has providedStendards committee a better
understanding, particularly about the ADCP dataltdion, the effect of harmonic
analysis on the dataset, variations in the vertreddcity profile and provided some
understanding of the long-term variations that banexpected over the intended
project lifetime. These findings have informed thevolving standards
documentation.

The EMEC site characterisation, datasets anlysiedor Fall of Warness has been
used by Marina Platform (2011a) as part of theirl\Rackage 2 to identify suitable

site for deploying combined wind and tidal devicegtitled ‘Site Assessment —
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Review of existing test sites’ (Marina Platform,12®). The contribution has mainly
been in the form of providing hypothetical powetpus of potential tidal devices,
highlighting site specific characteristics relevdot the study and identifying the
semidiurnal pattern of the tidal power output thilt be relevant when combining

with wind power output.

8.3 Future Work and Improvements

This section discusses some of the unavoidablearedtl and operational limitations of the
research presented in this thesis and presentestimus for future work. The majority of
the limitations presented highlight the need fopiiaved input data, but also presented are
restrictions of the methodology used. Enhancingathek presented in this thesis, by further
application of some or all of these suggested measwould make an extremely valuable
contribution in understanding the role and bertefil current energy generation will make

in the UK marine energy industry and electricityxmi

8.3.1 Data Resolution and Updated Input Data

The majority of the analysis presented in this itheslies on the BERR Marine Atlas and
TotalTide tidal diamonds. Although the Marine Atlasvers a wide area and the GIS
friendly layers provide valuable information in res of enabling interrogation of the data
and applying depth and velocity constraints, the tesolution of the Atlas has been a
limitation as narrow channels and smaller sites ftrangford Lough could not be included
as part of the study.

Tidal diamonds are extrapolations of measurentektn over a thirteen hour period
and capture approximately two of the tidal harmoronstituents. The measurements are
also taken mostly for navigation purposes and agar rthe surface. Therefore these
measurements are not taken at the most energetitidos, nor do they provide further

information about the characteristics of the vaitielocity profile.
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An updated version of the BERR Marine Atlas hasnbeade available since June
2011 that includes smaller sites like Kyle Rhearefanalysis of the resource to include
some of the smaller sites that were omitted at taesolution would be highly beneficial. In
terms of site specific analysis, each of the si@ssidered in this study would benefit from
detailed data that provides improved spatial antptaal coverage. If possible, ADCP data
should be collected for one month at each of ttes $or better sites characterisation and to
enable harmonic analysis. With better understandfregcond and third generation devices,
the methodology should also be extended to othes b be considered as future scenario

developments or to expand the first generatiors site

8.3.2 Lack of Model Data and Site Specific Measurem ents

Time-series data from an appropriate numerical tigdrodynamic model was not available
for the purpose of this study (although averagep steots were made available from the
Marine Atlas that is derived from the POL numericeidel). The possibility of developing a
model for such a large spatial coverage was beyloadcope of the study. The need for a
high resolution model on a national scale for thigpose has been identified and is currently
being addressed by an Energy Technology Instittila) (project that aims to bridge this gap
and make model datasets available for such anallfsigher details about the proposed
model development can be found at ETI (2011).

Where possible site specific measurements werenalstaand used to improve the
quality of the input data. ADCP data was purchdsath EMEC for the Fall of Warness and
Scottish Power Renewables kindly provided ADCP dataheir demonstration site at the
Sound of Islay. Buoy data was obtained for Anglefreyn BODC datasets. Extensive
analysis of the existing BODC datasets identifiedack of historic oceanographic data in
locations of interest for the development of tidakrgy projects. The methods used for the

majority of sites use a combination of tidal diamenand Marine Atlas, which is an
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improvement over the existing datasets but theyaisawould significantly benefit from

better site specific ADCP data to truly capturespatial and temporal variability.

8.3.3 Resource Reduction Feedback

Although a technically acceptable limitation is ioged as to how much power can be
extracted from each of the sites considered, thmitdtion assumes a 10% reduction in
velocity. This is the extent to which reductionvielocity and therefore power is considered
acceptable before the energy extraction can sggmftly impact the physical environment.
Therefore, the power outputs should be recalculatedunting for the velocity reduction as
expected from the scenario development throughbat intended time-period to truly

account for the reduction in velocity as the deviege deployed. Not all the sites will

experience a 10% reduction, therefore to fully ustdand the feedback effect each sites will

have to be modelled individually.

8.3.4 Longer Time-period

The analysis and scenario development was initidtiype for a month long duration.
However, after developing the methodologies, itdoee evident that the analysis would
benefit from expanding to a longer time-period. iHanic analysis was applied to measured
data and the recreated without much difficulty. ldeer, TotalTide tidal diamonds were
rather limiting. Because of the commercial natur¢he software, only one week could be
extracted at a specific moment. Therefore, eximgctlata for the whole year from all the
tidal diamonds of interest was monotonous and tico@asuming. Better methods of
interrogating the software would be invaluable.

In terms of scenario development, the period efdhalysis does not significantly
affect the study. However, for demand and genaratiatching, the study could benefit

from expanding over at least a few years of diffgrdemand regimes so that the analysis
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can capture demand trends varying over years asirdfed by seasonal changes and the

economy.

8.3.5 Operational Oceanography and Forecasting

Operational oceanography uses atmospheric measuteared wind/wave measured data to
run numerical models that can provide accurate mstscand forecasts. In addition to
harmonic analysis that can predict tidal variapijl@perational oceanography can be used to
account for the non-tidal meteorological eventd thiél affect the tidal variability. These
analysis techniques will be particularly useful whéidal current energy reaches a
commercial scale and can be used by system opgrataccurately determine how much
tidal will be able to contribute to the system asdlas give the project developers accurately
AEP assessment, that could influence the projeanauics. Simultaneously, such
forecasting will also be relevant for monitoringfatfore deployment and maintenance
weather windows. However, as the tidal energy itrglis as yet immature and future large-
scale development prospects remain uncertain,Ggigh of operational oceanography and

forecasting is beyond the current needs of thesect

8.3.6 Additional Constraints

Although an economic constraint is included by ctid@ of specific depths and Spring peak
velocity exceeding 2.5 m/s, this is predominantigharacteristic of site selection. However,
the analysis could benefit from additional finahaanstraints and cost models that help
better differentiate and reflect the true cost eeloping each site. These constraints can
take the form of costs associated with water dapthfactors that are dependant on how far
a specific site is from shore or the nearest apyat®p grid connection point. Other
constraints can take the form of marine spatiahmilag and include aspects of other

competitive marine users over a common site oféste
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8.3.7 Use of Network Model

The time-series generated from the scenario dewedap could be used in an electrical
network model to evaluate how the network powewdawill be affected. The majority of

the sites are small enough to connect to the Wistibution network, therefore a site-by-site
analysis will be necessary and will be very relévAnwater-to-wire model that investigates
interactions between the devices in an array, paalar-off, generation and control would

also be highly desirable.

8.4 Concluding Remark

The work presented here identifies that tidal currenergy can make a meaningful
contribution to meeting the UK Governments renewaldnergy targets. However,
integration of this new energy generation technplagll require detailed planning and a
thorough understanding of the resource and itsaldity, as the identified sites and power

generation scenarios indicate no potential for teae generation.
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Appendix

A.1 Bivariate Histogram

The bivariate histogram presented in Figure A.Eows demand from 20.15 MW, 34.1%
of the peak demand. The 10 bins are split into %.&2ch to present the detailed variation

that is otherwise missed out in Figure 7.24.

- Worst C.ase

Frequency (%)
B

: Generation
Demand ©100.0 100 (% of installed capacity)
(% of peak demand)

Figure A.0.1 Bivariate histogram presenting demand from 34.1%.

2.08 4.08 3.97 6.19 559 7.42 3.11 1.97 0.77 0.18] 10
0.8 1.84 1.67 2.52 2.16 2.57 1.22 0.84 0.37 0.07] 20
0.5 1.31 0.98 1.79 1.59 2.11 0.91 0.57 0.32 0.06] 30
0.36 0.89 0.98 1.34 1.41 1.67 0.63 0.51 0.29 0.03] 40
0.36 0.98 0.75 1.2 1.18 1.19 0.61 0.41 0.13 0.03] 50
0.25 0.67 0.59 1 1 1.19 0.53 0.34 0.14 0.02| 60
0.33 0.66 0.62 0.96 0.86 1.02 0.51 0.38 0.11 0.03] 70
0.37 0.66 0.58 0.96 0.82 1.01 0.45 0.39 0.09 0.01] 80
0.25 0.57 0.47 0.82 0.59 0.88 0.5 0.3 0.06 0.01] 90
0.37 0.39 0.43 0.92 0.68 0.86 0.52 0.33 0.04 0] 100
34.1 41.4 48.7 56.1 63.4 70.7 78 85.4 92.7 100
Demand (% of peak demand)

uohelauso

(Auoeded pajfelsul Jo %)

Table A.1 Bivariate histogram table.
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A.2 Inter-half hourly load change

The inter-half hourly load change presented in Fég#.2 is the same as Figure 7.26. to

highlight the excursions occurring at the tail eritle Y-axis is presented on a log scale.
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Figure A.0.2 Inter half hourly demand change with and without tidal current in the system. Y-axis is log scale
to highlight excursions occurring at the tail end.
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Tidal resources are highly variable, spatially anaIldal analysis, model skill

temporally. For tidal current energy to be
economically exploited, certain conditions need¢o Nomenclature

fulfilled. Principally the strength of the resounceeds x = two dimension vector
to be quantified before it can be effectively gtd. vy = two dimension vector
This paper will build on and expand the simplified X = mean of X

tidal analysis methods adopted in [1] and otherc _
simplified regional and national scale resource,, . :nl\)leznlchZII
assessments. High quality data collection for ' ;Cr%si Co:rrelation Coeficient
interesting sites is highly desirable but expensive, Cartesian co-ordinate system
d|ff|cglt to extrapola@e over a larger area, anahdee o Standard Deviation
unsuitable for national scale resource analysisn Total number of observations
Existing publicly available datasets have so fan(z = The velocity at some elevation in questian
typically been used to examine the_ resource. Ayz) = The velocity at a unknown elevatict)
methodology to combine all of the available datase — Power
to produce an improved resource assessment = Density of sea water (1025 kgjm
methodo_lo_gy is deswable_. _ _ v = Velocity
Combining datasets will only be suitable if these i
good correlation and consistency between them. The
suitability of combining three UK wide datasets Iwil
Egnsgggrrggzge in this analysis. The data source$ |ntroduction
i :
« UK Moored Current Meter Data, The UK has an excellent tidal current energy
« UK Hydrographic Office publications, and the ~ resource around its coastline. The development of
« DTI Atlas of UK Marine Renewable Energy these resources can potentially contribute to mgeti
Resource. future renewable energy requirements. Many studies
The datasets do not generally coincide spatially OPa\Iled'medlthoT\(/qvuhe;mlfé th]'_sé ;6_7_3\‘/‘;(/36 Vé'th e3t|g16at463
temporally. Analysis to enable direct comparison O?\(/;VL;]/)I/?QM] o ar0u¥1rd[2]é TWh/yr foryrSE:o]t,I ;nnd pead
these datasets for a case study region will b ) . . -
presented. This will inform whether the methodo_logy[5]- lTh‘:"_ sprtehad in the estimates is dltue fto d'ﬁ'elsl'?l
of analysis and combining of datasets has potefatial te'zj/alua Lng t'e resource”as a crj_eﬁsu of complex OC?
spcalon af rr scls. I vl suonal208 Ay S Vel s creroes 1 e o
processing, datasets can be combined, considerablfe>®""" ) _ '
improvement will potentially be realised in anafygi S'm_p“f:fd and often |nacr(:uratg assumpponds c;’;\_re_hav
the UK tidal energy resource. Future work is intehd & S'ﬁ”' 'ant {/rvn_pr?ct on the iSt'_g“"}te arrive da it
to combine outputs from this research with s_lmllargac Istu y. With a ralnge CI) tida cur_rliartl)t evrlloes ! g
datasets for other intermittent renewable resouirces 'beve o?rrg?nt, ev%ntua epboyrtne;lrt] will be en anc;z
order to examine their combined output and theiPy reliable evidence abou e resource, s
potential integration into the existing electrical characteristics, environmental impacts and costs.

network infrastructure.

© Proceedings of the 8th European Wave and Tidaf@n
Conference, Uppsala, Sweden, 2009



The work described here is part of an effort towater through to 6 hours after high water for tgpic
accurately model the UK tidal resource, both sfigtia spring and neap tide conditions. The locations of
and temporally. This will form part of a larger these data are referred to as ‘tidal diamondsthas
renewable resource model being developed by theespective positions are indicated on Admiraltyrtdha
Engineering and Physical Sciences Researchy diamond symbols. The UK Hydrographic Office
Council’s Supergen FlexNet consortium [6]. The aim(UKHO) TotalTide software package [10] contains
is to develop a robust and repeatable method fdundamentally the same information as the Admiralty
generating resource related time series that tgliabcharts but provides a means of interrogating ttial ti
describes the available resource across the UK. current data through time at the tidal diamond

This paper provides a preliminary analysis andocations. The tidal current data in TotalTide wbul
comparison of time series measurements from a cas@pear to only encapsulate variability of the ald@
study region in the Irish Sea near the Island oflata prescribed by the two generally dominant tidal
Anglesey off the north Wales coast. The potentiaharmonic constituents, Mand $ [11].
suitability of this location for tidal energy The DTI Atlas of UK Marine Renewable Energy
development is the reason for selecting this site f Resources also provides useful spatial information
analysis. The water depth is about 40 metres anoffshore marine renewable technologies [12]. The
potentially offers a high tidal energy site, cloge information provided in the atlas is managed and
shore, conditions which suits first generation desi maintained in a structured Geographic Information
Good landfall (beach, not cliffs) for bringing cabl System (GIS) database and is available online [13].
ashore, appropriate local harbour facilities for
installation, operation and management activities a
also important project development constraints Tidal mean spring currentgg¥
potentially addressed at this location.

The datasets include current measurements from
several buoys that were moored temporarily over
relatively short periods but covering several gprin
neap cycle tidal variations. The study is also re-
evaluating the methodology used by Boelenal [1]
to estimate the potential of the tidal resource in
Scotland; the study used point source data froal tid
diamonds obtained from Admiralty charts, to gererat
spatially consistent resource maps by means of
Inverse Distance Weighting interpolation (IDW) [7]. o -
The fidelity of this methodology will be considered |:| 15-2 ' #

The paper is structured as follows. Section 2 looks
at the datasets available in the study area anldiazp - 2-4

the approach used. Details of the methodology used . N W 3"
and the numerical experiments conducted are ” S

presented in section 3, discussion of the results 4 i)

obtained from the statistical analysis are also -
discussed here. Details of the comparison betwesn t Study Area

buoys, tidal diamonds and the effect of interpolati

are als_o |90k9d at followed by a summary and Figyre 1: Figure showing mean spring peak current.
discussion in section 4. © Crown Copyright. All rights reserved 2008.

SN0480
.

2 Approach snodsi

Ongoing work at the University of Edinburgh is
examining different datasets available for tidal  SNoss
resource assessment in UK. These include the Uk .
moored current meter dataset made available throug .
the British Oceanographic Data Centre (BODC), a
national facility that archives marine data. Onehef
datasets available for academic purposes provide
time series measurements of ocean currents fron *
temporarily moored instruments deployed in thefshel .
seas around the British Isles [8, 9]. E

The second data source examined here is analys._ S
of Admiralty chart data and tidal stream atlasdweske
provide a series of descriptions of tidal currdatvk Figure 2. Location of tidal diamonds, mooring buoys and
in terms of velocity magnitude and direction at tpu DTI Atlas identified tidal energy potential locati®.
time intervals with respect to high water at a refiee
location. The data spans from 6 hours before high

SN048J
X

T e

2



Figure 1 is an extract from the DTI Atlas showingbetween the buoy data is therefore not possible.
the site of interest. The tidal current data prestim  However, harmonic analysis and reconstruction can
the DTI Atlas presents spatially averaged snapstfots be used to generate accurate tidal predictionsatteat
mean spring and neap tides. It is based on data frocoincident.
continental shelf models developed by the Proudman The harmonic constituents of the tides contained
Oceanographic Laboratory (POL). Times series datwithin each of the three current meter datasets was
from the POL modelling effort have not beendetermined using least-squared analysis. 23 p@ahcip
available for use in this analysis, only the outputconstituents were obtained following the methodglog
presented in the DTI Atlas is considered. advocated by National Oceanic and Atmospheric

Figure 2 shows the location of the three buoyAdministration (NOAA) Centre for Operational
moorings and the eight tidal diamonds considered i®ceanographic Products and Services (CO-OPS) in
this case study. The green (depth <40 metres)ehd rtheir Tidal Current Analysis Procedures and
squares (depth > 40 metres) in figure 2 represemtssociated Computer Programs documentation [14].
output from the DTI atlas where spring peak cusent To verify how representative a prediction was
of greater than 2.0 m/s were predicted The minimungenerated through this analysis, the 23 constituent
data length for the selected mooring buoys was 28ecords were used to recreate the original timeser
days in order to enable a detailed harmonic aratgsi and compared with the original current meter data.
be conducted. Other buoy records in the area weiieig 3 shows a scatter plot of the original curréata
rejected as they were of length less than 29 deys. and the data created using the 23 tidal constisudnt
tidal diamonds are all within a 50 km radius of thecan be seen that while there is some scatter ttige f
buoy locations. The location of the buoys and tidabood to excellent, and exhibits good homogeneity.
diamonds along with their position in the waterThe buoy data is a true in-situ record of suffitien
column is indicated in Table 1. Buoy records B1 andength to allow confidence in its fidelity, thereéofor
B2 were gathered simultaneously, on the samthis analysis it is reasonable to treat reconstdict
mooring. B1 was located 10 metres above the sea bewbored buoy data as the ‘gold standard’ with which
while B2 was positioned 37 meters above the sda bether datasets will be compared.

(near surface). The water depth at this site isnted All comparisons are made for the common period

to be 40 metres [8]. of August 2009, with the harmonic constituents
derived from the original data records used toteraa

Depth below mean pseudo-time series at 10-minute intervals for this

Name Location sea level (metres) period for each buoy location. Tidal current data a
B1 | b0636869 | 53.39° -4.68° 30 m (near sea bed)also obtained for the relevant Admiralty tidal diamd
B2 | b0636870 | 53.39°, -4.68° 3 m (near surface) locations for the same time period using TotalTide.
B3 b0636882 | 53.38°, -4.69° 3 m (near surfacg)
D1 SN0480 53.28°, -4.45° 5 m (near surface) 2509 Comparing original measured data with predicted data

| for the time period of 05/2003 -06/2003

D2 SNO048M 53.25°, -4.34° 5 m (near surface)
D3 SNO048L 53.20°, -4.36° 5 m (near surface) » 200
D4 SNO48N 53.19° -4.41° 5 m (near surface) f‘;
D5 SNO048I 53.29°, -4.21° 5 m (near surface) g 150
D6 SN048J 53.26°, -4.20° 5 m (near surface £
D7 SN048B 53.05°, -4.44° 5 m (near surface) é‘)
D8 SNO62E 53.40°, -5.09° 5 m (near surface) é 1004
Table 1: List of buoys (B), tidal diamonds (D) and location. }i’;
E 501 R =0.949

3 Assessment SD = 16.348
The analysis takes the form of a series of 0 WT —
comparisons between: 0 50 100 150 200 250
1. the individual moored buoy records Original measured Data
themselves,
2. the individual Admiralty tidal diamond data Figure 3: Scatter plot comparing between the original data
obtained from TotalTide record and the reconstructed data generated u8ing 2

3. the individual moored buoy records and harmonic constituents.

Admiralty tidal diamond data obtained from The first comparison presented is between the

TotalTide. individual moored buoy records. Given the locatién
the buoys (close physical proximity) the data would
Comparison of Buoys be expected to demonstrate good correlation. Figure

hows the velocity magnitude plot of all the three

The three individual moored buoy records do noﬁuoyS for a randomly selected day in August 2009,

coincide in time, although they were gathered dyrin
a coincident survey period. Direct comparison



Comparing the three buoys (Velocity Magnitude)

140 = = = ‘Buoy 1
120

Comparison of Tidal Diamonds

The next set of experiments compared all the tidal
diamonds obtained from TotalTide. Tidal diamonds

Buoy 2 ==== = Buoy 31

100

80 | are a set of numbers that depict the tidal current
o0 | & behaviour at certain time relative to high wateraat
a0 ¥ reference port [16].

20 | A total of 8 tidal diamonds were used in this

' experiment - all those within 50 km radius of the
Over a day buoys (see Figure 2). The MAE a_md RMAE are
calculated for the four closest tidal diamonds,
SN0480, SN048M, SN048L and SNO48N. Table 3
Buoy 1 and Buoy 2 are located on the saméas a summary of MAE and RMAE between the tidal
mooring, there is good phase agreement between tiéamonds. The error values are in general consigten
three records. Buoy 2 and buoy 3 are both locatedigger for the tidal diamonds compared with theybuo
near surface and only 1.07 km apart, a slight pla#ge data. This is primarily because these data poirgs a
is observed but the shape and size of the velocitypatially more dispersed than the buoys. This giges
magnitude plots compare well. To quantitativelya good indication of how spatially variable tidal
compare these measurements statistical methods a@rent velocity data can be even within a (rekdtiy
adopted. First the mean absolute error (MAE) and@hort distance.
relative mean absolute error (RMAE) are calculated.

Figure 4: Figure showing currents at buoys B1, B2 and B3.

The data is converted from velocity magnitude ang
. L . . D1 D2 D3 D4
direction into two-dimensional vectors X(, X, ) and
_ " MAE - 68.49 | 88.51| 916
Y(Y,,Y,,)- The MAE is calculated as [15]:
moen D1 RMAE - 0.83 1.07 1.11
13 2 2 MAE | 68.41 - | 12252 678
MAE= Z\/ (Yln - Xln) +(Y2n - X2r1)
N= D2 [ RMAE | 0.53 - 0.95 0.53
This statistically incorporates both errors in oitip MAE | 8838 | 122.44 , 92.78
magnlt_ude and direction. The relative mean absolute D3 RMAE | 3.14 4.35 ] 3.99
error is a better means of comparing betweep
experiments as it incorporates the relative mageitu MAE | 9148 | 67.7 | 9282 -
of the data considered. D4 | RMAE | 0.84 0.62 0.85 -
RMAE = 1 & MAE Table 3: Comparing results from the tidal diamonds.
2
WZ \/(Xln = X 2n) The RMAE and MAE values for D3 are
n=1

exceptionally bad compared to the rest of the tidal
‘diamonds because this particular tidal diamond is
located just over the edge of the head land, thexef
none of the strong tidal currents are observediat t
location as it is shielded by the land mass.

An RMAE value of zero indicates a perfect match
This will be a good indicator of how spatially vevle
tides in this site are. Table 2 has a summary oEMA
and RMAE between the three records examined.

Bl B2 B3 Comparison of Buoys and Tidal Diamonds
B1 MAE - 31.16 | 51.86 o
RMAE i 0.49 0.82 To better understand the quantitative agreement
between the buoys and the tidal diamonds, a model
B2 MAE 31.16 - 38.31 skills test [17] is conducted. The observed data
RMAE 0.35 - 0.43 considered are the measured buoys and the model dat
B3 MAE 51.86 | 38.31 - are the tidal diamonds. The skill is defined as:
RMAE 0.54 | 0.40 - _ 3Ix-v)?
Table 2: Comparing results from the buoys Skill = S vz
ZQX -v]+|x —Y‘)

Because B1 and B2 are co-located, good qualitative -
agreement is expected but with B2 having a much'hereY is the mean value of the observed data. A
lower tidal velocity (due to its relative depth). A value of one indicates perfect agreement and aevalu
scaling factor would be required to account for the?f zero indicates total disagreement. All the three
vertical velocity gradient between the sea-bedtard PuOy records were compared against all eight tidal

surface which skews the data in this case (e_érj 1/7/diamonds. The statistics are summarised in table. 4,
power law). The values of least agreement within a 12 km radius

because B2 and B3 are both located close to ta@ain, the model skill results for tidal diamond D3

surface and except for a small phase lag haveya vewhich is 7.68 km away from buoy 1 and 2 compares
similar velocity magnitude. even worse than the distant D7 and D8 diamonds,

especially in the V direction. This has been exgd



earlier when the MAE and RMAE values were Effect of Interpolation
discussed. The effect is much more evident in the V The inverse distance weighting (IDW) interpolation
direction as this is the stronger principal currentmethodology advocated by Shepard [7] was applied to

direction. the tidal diamond records.
N
B1 B2 B3 D W (X,
ulv]ulv]ulv u(x) = *——
D1 | 0.91| 0.88| 0.94 090 0.8l 0.77 Zwk(x)
£E | p2 |o087] 082] 092 094 091 o0.94 k=0
SS9 | p3 [ o071] 020 064 028 o079 o047 Where:
D4 | 0.78] 0.84| 079 0.93 0.90 0.97
D5 | 0.90| 0.10| 094 014 086 0.15 W, :;
£5 [ D6 [0.90] 005 094]011]085] 009 d(x % )"
= B | b7 | 0.16] 0.91] 0.20 | 0.93 | 0.31] 0.82 Here p= 2 is adopted as recommended by Shepard.
D8 | 087] 0.94] 080 0.86 0.6 0.78 Selection of the value ofp enables the user to

Table 4: Comparing ‘model skill’ results from the buoys prescribe how sharp a peak the function exhibits by
and tidal diamonds. giving greater influence to nearby data points.osv |

Standard deviatiorg was also calculated to get a ?/alue (_)f p provides a smqother sglutlo_n, _W'th more
measure of the statistical spread of the values. smearing’ of peaks. IDW is used in this instanoe t

3 create ‘pseudo’ diamonds from the tidal diamonds
o= iz(x, -x)? available in the location. To test the fidelity thiese
NS ‘pseudo’ diamonds, the interpolation locations are

Where N is the total number of observations andmapped onto existing buoy record locations. The

: . o further away a tidal diamond is from a specific
X is the ith value. Standard deviation can also bqocation, the less weighting it will have in the

used to calculate the cross correlation coeffic{®@)  calculation. Similarly, tidal diamonds located @ds

between the buoy and the tidal diamond data: the buoy will have a higher weighting therefore
a4 413 - — having a more significant influence on the pseudo
— 1 -1 —_ —
CC_Ux ay ﬁ;(x X)(yi y) diamond.

Three sets of IDW's are created. IDW 1
CC has been calculated for all the buoys and thindiscriminately includes all the tidal diamondsthim
four closest tidal diamonds (D1-D4). These value$0 km radii of B2. IDW 2 only includes the four aid
have been plotted and can be seen in Figure Sed®erf diamonds within 12 km of B2 and IDW 3 is a
correlation is indicated by a value of 1 and -1'selected’ variation of IDW 2 where tidal diamonds

indicates negative correlation. are selected based upon their statistical coroelati
¢ b0636869 | b0636870 A b0636882 0O SNO0480 A SN048M O SNO048L O SN048N
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2 2 8 | 8 8 &
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Figure 5: Comparing CC between buoys and tidal diamonds n direcftop) West-East, (bottom) South-North.
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Figure 6: Velocity magnitude comparison of buoy with IDW DW 2 and IDW 3.
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Figure 7: Tidal ellipse hodographs (a) comparing buoy dath tidal diamond data and (b) comparing buoy data bW
data constructed from tidal diamond records.

Table 5 summarises the distance between all thdistant buoys provide a limited impact in this

tidal diamonds and B. particular case (see table 5).
As the buoy data encapsulates 23 constituents
Distance (km) where as the Total Tide diamond data generally has
D1 10.45 only 2 constituents, [11] there is a surprisingbod
D2 8.42 gualitative agreement and correlation. The shame an
' the general envelope of the spring-neap cycle late a
D3 6.98 well captured (not shown).
D4 7.68 Velocity magnitude peaks and phasing in figure 6
D5 24.49 indicate reasonable qualitative agreement between t
D6 33.23 different records, certainly offering improvemeneo
D7 33.23 the comparison with individual TotalTide sourced
D8 44.09 tidal diamond records are presented in the pregedin

section.

Table 5: Distance between each tidal diamond and B2 Comparing tidal ellipses hodographs

Statistical analysis has been carried out to better Tidal ellipse comparisons have been plotted in
understand the correlation between IDW 1, IDW Zigure 7, where the local individual tidal diamond

. i
and IDW '3h ?]nd. g.e.e d h?\g theses JePresentat'orbﬁ%ipses (left) are compared with all the IDW edigs
compare with the individual buoy record. (right). The IDW ellipses show a good qualitative

Vector magnitude plots of B2 along with IDW 1 agreement and the IDW presents substantially

IDW 2 and IDW 3 are plotted in Figure 6. There isg aopically reduced errors, suggesting that  this

_gocl)d dquarllltltﬁtlve_ dalgr('je_emen;[j between dIDW .1'mWh'C ethodology does in fact improve the representation
includes all the tidal diamond current data WItlhe ¢ g, he “of the tidal characteristics. The bi-

50 km radii, and IDW 2 which only includes the 4d' : : - : -

. ) irectionality of the tides makes this location wer
closest buoys. The minimal difference between IDW . o ,
and IDW 2 (they nearly overlap in figure 6) is ]deswable and this is shown well by the IDW's.

the inverse distance weighting ensuring that the

6



Comparison with the DTI Atlas data appropriate in this particular case. The DTI Marine
It is estimated that only 0.15% (1269 kArea) in Atlas uses layers obtained from the HRCS model and

. this scaling factor to obtain their depth averaged
the UK continental shelf has a peak flow of 3 m/s o . ; ! .
greater [18]. These are the very high energy sitas current velocity and power. For this particulae ghis

can make tidal enerav extraction economically \gabl scaling factor overestimates the current velocity
9y y significantly. When then manipulate to produce an

_Before devices are de_ploygd into_the water, it 19 stimate of the energy that can be harvested st thi
Important to premse_ly identify t_he_se locations anq‘i)cation this overestimation would then be
study the individual site characteristics. ’

Depth-averaged data is often used duringcompounded.
calculations; in this study we have buoy data neaiSurface - SPRING
surface, at 37 metres and near bed at 10 metre Buoy data measured near Surfacel’
TotalTide data is near surface, approximately 35 35 1
metres. Current velocity data can be obtained a DTI Power Law
specific depth by using a scaling value. A"Lpbwer 304
law is often considered appropriate in fluid flows 1/10th Power Law
[19]. -
The POL (CS3) model used to construct the DTI 1/7th Power Law
Atlas [11] wuses a depth-variation profile. . \,\
Alternatively, [2] uses a variable power law: "1/2" Law used to p
1 fit the data poin /
v(2) _( sz \/
V(Zr) Zr 10 1 ./
Where v(z) is a known velocity at a known Buoy data measuredthear bed
elevation 2, andv(z) is the unknown velocity at the 5| ¢
elevation of interestz, andx = 7 in case of 1 P
power law or 10 in case of 1/i(ower law (these Seabed| __- " ‘ : ‘ ‘
values are typically applied in the fluids commuynit 0 05 1 15 2 25

and carry over into the wind industry).This formula
can be used to estimate the tidal velocity at @ifpe
height in the water column. This would enable the Figure 9 shows current vertical velocity profiles i
calculation of velocity at the height intended fora water depth of 40 metres. The figure compares
installation of a selected tidal turbine from datavarious commonly applied power law plots with two
records elsewhere in the water column. data points obtained from the buoys. The power law
cures have been derived from the near surface buoy
data. As suggested earlier, a scaling factor ofi®©.5
DTl law appropriate for fitting a power curve to the data.
Similarly calculations for neap tide data were best
fitted using a similar scaling factor. It remainsclear
weather overestimation of the resource in this tgse
the 1/7", 1/10" and DTI power law would be
replicated at other locations without further evide.
However it is of significant interest that the extre

tidal velocities of interest for tidal energy
development are potentially not well represented by
traditional vertical velocity variation assumptions

Figure 9: Tidal current velocity profile.
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above sea level

measured af
10 mfrom [#%
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200 1

1/7th law

1501

100

50+
Comparing Power outputs for B2 buoy and IDW'’s

Power output for all the three IDW’s and B2 have
been calculated for the month considered for case
Figure 8: B2 scaled down using the /and DTl scaling  study analysis. Power was calculated using:

factors.
P= % PAV?

1 9 17 25 33 41 49 57 65 73 81 89 97 105 113 121 129 187

Figure 8 shows spring peak measurements for B2
which is located at 37 metres (near surface), ddmle =~ Where
10 metres using the scaling factor as suggesteatey 0 =1025kg/n? and Ais taken as 1
DTI (Dept. of Energy). Also plotted is the actual
measured data obtained at 30 metre in the same
location.

The scaling factor used by DTI is about 0.9
However figure 8 indicates that the current velpist
nearly half at 10 metres depth, suggesting that
scaling factor of approximately 0.5 would be more

Similarly, the power output from the DTI Atlas for
this region is also obtained, the mean annual Kw/m
'‘was extracted from the atlas and multiplied by the
number of hours in a year (8760 hours) to obtai th
&nnual energy output. Table 6 summarises the output

7



resource assuming that the simulated month iminimum temporal resolution of 29 days is
representative of the entire year. B2 is used as threcommended to enable an appropriate spatial and
base value here for comparison and the annual gnertemporal representation of the tidal currents to be
yield is compared with the three IDW outputs anel th determined. This will also assist in making

DTI Atlas. assessments of the future energy vyield through
appropriate harmonic predictions that can feed into

: power production calculations and economic

Annual energy resource available per - . .

assessment models. Ultimately this type of data wil

square metre (kWh) . .

B2 6395 enable project developers to better estimate future
revenue generation, or conversely be able to pre-

IDW 1 4038 determine that a site is in fact uneconomic for

IDW 2 4538 development.

IDW 3 9875 Additional case studies are necessary to suppert th

DTI Atlas 10319 various conclusions reached here. Further analysis

ongoing to support and expand upon the current work
Table 6: Power output for B2, IDW1, IDW2 & IDW3

From the preceding analysis, the error margin
between the velocity magnitudes were substantiallAcknowledgements
reduced between the IDW representations of thé tida
diamond data over consideration of the individual ceanographic Data Centre as part of the, Inter-éygen

tidal dlam_ond data when compared with the moore@ommittee on Marine Science and Technology fundgH, *
buoy derived data record. However, when thes§oored Current Meter Data Set DVD electronic

datasets are used to conduct a long-term monthly, @ublication. The data were collected by the Proudma
annual energy vyield assessment, even the IDVWceanographic Laboratory during the Mixing and sextit
representation of the tidal diamond data show poaesuspension in shelf seas which was funded biNgteral
agreement. As prediction of long-term energy yisld Environment Research Council (NERC)

at the heart of any sensible economic appraisal of ] o
The authors also wish to acknowledge the contidimsti

particular development project, the applicatiorttui from the scientists of Assessment of the Nationakdd

IDW methodology for use in tidal energy reSOUrC€senice’s Tidal Current Program which was providsed b
assessment must be questioned.

. - . NOAA.
These error margins make a significant impact on

site selection and lifetime production costs. I§tivas This work is funded by the EPSRC Supergen FlexNet
to be considered over 25 years, the typical intdndeConsortium.

lifecycle of tidal energy development projects, séhe
error margins would be unacceptable.

The moored buoy records were supplied by the British
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research being energy generation scenarios for the UK. This ihitia

undertaken as part of the EPSRC Supergen FlexNet gngjysis will then be used in conjunction with a UK

consortium to analyse the spatial and temporal
behaviour of the UK wave, tidal, on- and off- shoravind

resources. The UK has extensive renewable resourced€quired

that can potentially be developed to reduce harmful
greenhouse gas emissions from electricity generatio
The study explores the availability of tidal current
energy in terms of its timing, location and extent.The
tidal resource is highly spatially and temporally \ariable.
For tidal current energy to be economically exploitd,
certain conditions need to be fulfilled. Principaly the
strength of the resource needs to be quantified bafe it
can be effectively utilised. This paper looks at thenergy
output from a case study site and considers mattethat
need to be addressed with intermittent but predicthle
energy such as tidal currents. Tidal current velocig
distributions for this site are obtained and used d
evaluate the energy that can be exploited by a tygal
device. Future work is intended to combine outputérom
this research with similar datasets for other renewble
resources in order to examine their combined impacand

integration into the existing electrical network
infrastructure.
Index Terms—Network integration, Renewable

resource assessment, Tidal current energy

.  INTRODUCTION

Developments in tidal power

renewable resource can achieve impressive resudts
contribute to meeting future energy requirements [l[h
However, device performance is based upon tlﬁ
energy available at a particular site; therefordsit

important to evaluate exactly what resource f
available. Different studies have in the past tried
quantify the resource available [2]-[5]. There agge
to be a spread in the estimates made and thistis

down to the difficulties arising from the compledal

interactions and the different methodologies ug&d.

better understanding of the tidal energy resowsd¢ey

to enabling more deployment of tidal technolog
therefore meeting UK renewable energy targets al

reducing emissions [6]. However

large

deployment of this emerging technology may be

ultimately limited by network constraints.

The current work looks at expanding the analysis
[7] and investigates some of the techniques ushid. T
methodology can then be used to more accurate
model the UK tidal resource, both spatially an
temporally. The work forms part of a larger renelgab
being developed by t
Engineering and Physical Sciences Research Coslncﬁ
Supergen FlexNet consortium [8]. The aim is to find
robust and repeatable method for predicting tida

energy resource model

show that thist]
a

Y

scale

he

network model to investigate what new procedures ar
for effective and efficient network
management.

Tidal energy, not to be confused with wave or hydro
energy is a result of the gravitational pull of tfieon
and Sun on the large water bodies covering théneart
All the sites around UK experience semi-diurnaésid
exhibiting two periods of high tides and two lowds
a day [9]. Tidal currents tend to be more bi-diiaTl
in narrow channels and estuaries, and are often
accelerated in these regions due to concentration o
tidal energy.

As the rise and fall of the tide depends upon the
rotation of the Moon and Sun, it makes them highly
predictable, with small additional local variatiodse
to other factors such as meteorological conditiGing
predictability of tidal energy is a major advantayer
other intermittent renewable energy resources for
integration into the network. Even with numerical
weather prediction models wind and wave predictions
are not nearly as accurate or precise as tidaysesl
based upon appropriate data sources and appliaztion
armonic analysis. However, a challenge with tidal
energy is that the peak power that can be extracted
occurs 50 minutes later each day as it is govehyed
e Moon’s orbital period of 24 hours and 50 milsute
is may or may not coincide with the peak demand
otentially causing some complications. None tlss,le
e predictability of tides should help with the
planning of day to day network integration hence
avoiding any serious issues.

PYor a tidal device to work efficiently, it is essiah

to select a bi-directional site with peak springreat
velocity of 2 m/s or more. The preferred water tept
would be 20-50 metres for first generation devices.
P—'alrther advances in technology could make it ptessib
£ deploy in deeper water. Access to network fad gr
integration is another important
consideration; even with a high energy site grid
Fnonnection is the biggest constraint that will lirttie
power supplied to the network. If the network is
required to be reinforced then potentially sigmifit
dditional costs will be incurred. The timing ofae
idal velocities varies around the UK dependantrupo
he propagation of tidal energy around the UK

connection and

pntinental shelf. There is therefore potentialt tha
when a number of sites are connected to the netaork
ansistent level of continuous background output



would be produced with a level of additional vddat datasets. Details of all the analysis conductedhbzan
on top. obtained from [16]

The current work is trying to assess the tidal The comparisons in [16] demonstrate that there is
resource available for harvesting around the UKait good qualitative agreement between the current
high spatial and temporal resolution so that a goeglocity measured from the buoys and the dataset
estimate of the resource is obtained. This willeerde created using IDW on the TotalTide data. HoweMer, i
understanding of how intermittent, but predictablés important to emphasise that [16] demonstratasith
tidal energy impacts the network on a site by Isétsis is not always appropriate to simply interpolateatid
as well as the cumulative impact of the technolibgy data, as the physical processes being approxinaaged
the future energy mix. highly complex and non linear. Interpolation, e\®n
well regarded numerical methods is inappropriate.
Complex phenomena, non-linear physics, the sea bed
bathymetry, and the land topology affect tides in

High quality data collection for interesting sitss various ways that are not well represented using
highly desirable but expensive, difficult to extodgte interpolation. Although the data shows good
over a Iarger area, and hence unsuitable for rmtiOIﬁomogeneity' and the current Ve|ocity show small
scale resource analysis. Existing publically avdéa errors, power calculations using interpolated outpu
datasets have so far typically been used to exathée can produce significant errors as demonstrated6i |

resource. A methodology to combine all of thgue to Cubing of Ve|ocityto produce power.
available datasets to produce an improved resource

assessment methodology is desirable. This work is
validating the techniques used in [7].

The suitability of combining three UK wide datasets
is considered. The datasets do not coincide sjyatial
temporally. If with additional processing, dataseds
be combined, considerable improvement will be
achieved in analysing the UK resource by improving
the spatial coverage of data available. The datecss
considered are:

1.British Oceanographic Data Centre (BODC) UK
Moored Current Meter Data, [10];

2.TotalTide software, a UK Hydrographic Office
publication [11];

3.DTI Atlas of UK Marine Renewable Energy [12,

Il. TIDAL ENERGY: CASE STUDY

Tidal mean spring curren

13].

Fig 1 is an extract from the DTI Atlas showing the o _ _—
site of interest. Three BODC buoys records aregein - WP gt
used for this study. Two of the buoys are locatad o 4 -
the same mooring, one located at 3 metres dep#r (n " =
surface) and the other one located at 30 metreth dep Study Area

(near bed), in a total water depth of approximatily
metres. The third buoy is located 1.07 km away atFIBg 1 Figure showing mean spring peak currentGeown
metres depth also in approximately 40 metres oBwalgpyright. Al rights reserved 2008. '
depth. As the buoy records did not coincide in time
direct comparison.between thg.data is not ppssible. lIl. TIDAL ENERGY INTEGRATION
Therefore, harmonic decomposition and analysis were
used to construct datasets based on the buoytta t The power output from a tidal device depends upon
are coincident in time. This was achieved throwgtst the local current velocity, device efficiency and
square analysis using National Oceanic arfgatching of device characteristics to the locabuese
Atmospheric Administration (NOAA) Centre for[17, 18]. Fig 2 shows the power output of one & th
Operational Oceanographic Products and Servicgase study sites along with the variation in curren
(CO-OPS) Tidal Current Analysis Procedures arkgelocity. This demonstrates the spatial variabittgt
Associated Computer Programs [14] tidal currents EXhibit, as it is well known thatldl
The buoy data is a true record of sufficient lertgth currents in the Skerries region around Anglsey can
allow confidence in its fidelity, therefore for ¢hi Peak at much higher velocities than captured ise¢he
analysis it is reasonable to treat reconstructedybudata records. Note that although the change ireatirr
data as the ‘gold standard’. Inverse distance wigigh Vvelocity is relatively minor, on this particular yjathe
(IDW) [15] interpolation was applied to the Totad& Power output during the flood tide is nearly double
tidal diamond data as in [7] in order to deriveepdo’ that occurring at ebb (because of the cubing of

diamonds for comparison with the BODC buoyelocity during derivation of the kinetic energyath
would be acting on the device).




Similarly, fig 3 shows the power available for the The device is assumed to have a diameter of 14
same site over a period of a week. It is important metres giving a rated power of 500 kW at rated
highlight the spring-neap variability; during therieg velocity. The cut in velocity in this case is asgdhto
cycle the peak power output ranges from 2-6 kfy/mbe 0.75 m/s and the rated velocity is 1.85 m/srin a
but during the neap cycle, peak output only rangastempt to match the characteristics of the sitéeun
from 0.5-1 kW/nf investigation. Above this velocity, the device will

This electricity needs to be integrated with allest continue to generate its rated output and remaihigt
sources of power and connected to the end user. @u#put level even as the velocity increases.
of the biggest challenges is to feed the outpumfro 600

such a site to the network. Timing is importantidal
cycles are on a 24.8 hour period ‘Lunar day’ whese 5007
an ‘Earth day' is 24 hours. Every day the pea , |
generation will occur around 50 minutes later an 2
hence may not coincide with peak demand. g 3001
&
. 200+
—e— Power (KW/nf) —+— Velocity (m/s)
6 100
51 Hi jde
9 0 T T T T .
47 0.00 0.50 1.00 1.50 2.00 2.50
34 ow Tide Current Velocity m/s
2 Fig. 4 Power curve of a typical tidal devicgharated power of
500 kW.
11
ol A good way to assess the resource at a particular
Over a day location is by using a frequency distribution o th

current velocity at the site. In fig. 5 (a), thestbigram
Fig. 2 Power available (per’raross-sectional area) and current
velocity for a location. Note the change in velpdit the change in SNOWS the number of times the current velocitysfall
power output. within a 0.11 m/s ‘class’ or ‘bin’ (0.01 to 0.106:05
m/s) over a 31-day month with data resolution of 10
The power curve of a tidal current energy devicginute intervals. The power generated at a sité wit
relates electrical generation from the unit to thghese characteristics for a device as specifidiime
incident tidal velocity. The power curve is inflemtl 4 is presented in fig 5 (b), where the accumulated
by the rotor swept area, power take-off properties energy production for specific velocity bands are
the device and characteristics of the site. Cut-jslotted.
velocity is the minimum current velocity requiresk f  The total power output through the device for this
the device to start operating and the rated velocigite is the sum of all the energy produced witlia t
describes when the power output from the devia isoperational range of the turbine, in this case 6A/tM
maximum. As the device will not cut in till about 0.7 m/$ete
Unlike wind, tidal current velocities will neveraeh will be power production for about 53% of the time
such extremes beyond the typical operating comtitiand operation at rated power for 4% of the time whe

that the device will need to be switched off (cutjo this hypothetical 500kW rated device is matchedwit
Fig. 4 shows the power curve of a typical tidalidev this local resource.
appropriate for deployment at this site.

; ' o
NN
iifazadﬁﬂﬁﬂa |

Spring Neap cycle over a week

Fig. 3 Power availability (per hrross-sectional area) and current velocity owseak
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Fig. 5 (a) Frequency distribution of tidal curreetocity in a month. (b) Tidal energy distributifor the site, power output calculated using
power curve shown in Fig 4.

The load factor achieved in this scenario is abolricreasing amounts of tidal energy and larger arcdy
17%. This is substantially lower than typical loadlevices will inevitably require integration intoeth
factors achieved by conventional power plant. lis thtransmission network, as is currently occurring for
instance the load factor is also lower than othenshore wind as it matures and begins to make a
intermittent renewable plant such as onshore wirsdibstantial contribution to the energy mix. In btita
would typically achieve (approx. 25-30%). Thidistribution and transmission network, increasingly
indicates that thisxactlocation is not optimal for tidal sophisticated active management methods are reluire
current energy development; as a site with a séondo be developed in order to assist in integratithghe
resource is typically capable of producing loaddex potential intermittent renewable energy producednfr
competitive with onshore wind. sources such as wind, wave, tidal current eneidgl t
barrage schemes and solar energy. The inherent
predictability of the intermittence of tidal curtefand

The case study presented here considers the SinWrage) energy offers assistance in developing
situation of output from one device at a specifie.s appropriate  management systems. However, it is
Small energy generation plants (renewable @bvious that in the near future significant dedisio
conventional) are normally connected to the locglill be necessary regarding development and
distribution network. Hence early stage tidal eyergnanagement of the existing electricity infrastruetto
developments of single devices or a small number @fisure that modern renewable energy generation

devices in an array are likely to be connectedh® tmethodologies do not adversely impact on the sgcuri
local distribution network. This is typical of theof supply.

resurgence of distributed generation even in well
integrated modern energy networks where embedded
generation has been the standard approach foashe | The work described here is intended to raise issues
30 years or so. This is the best way to enabded provoke thinking towards future solutions. A
incorporation of small renewable energy developmentrocess is being developed to understand the nature
into the wider energy supply system in order toitbegthe intermittent tidal energy resource. From this
to address greenhouse @gas emission concersienarios are being developed to examine the

IV. NETWORKINTEGRATION

V. CONCLUSION



matching of supply and demand using tidal currefis] ?‘d 'Tagerm?fl‘z and B Polagye. 'Vée't:h(’do'opgydfo”'_ﬁaﬁ?’;j”%
. o . P ldal current Energy resources an ower Pro U‘tl}O iaa
energy, and how this will integrate with the exigti In-Stream Energy Conversion (TISEC) devices EPRBUR

electricity infrastructure and working practiceswo NA Rev 3
major issues are being addressed; one is the http://oceanenergy.epri.com/attachments/streamgfnepmprts/
intermittent nature of tidal currents that takescgl TP-OD1_REV_3_BP_091306.paf

over small periods of time and its coincidence wiit&

demand for electricity. Second is effectively poidig

and managing the collective output from a large

number of sites, each with its own unique

characteristics and integrating this new energy

generation  methodology into the  network

infrastructure.
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Abstract

This paper presents research being undertaken
as part of the EPSRC Supergen FlexNet
consortium to analyse the spatial and temporal
behaviour of tidal current resources. The study
explores the availability of tidal current energy a
a particular location and examines its timing with
respect to electricity demand. Actual performance
data from a tidal device is not available; therefoe
a representative hypothetical device is used to
simulate electrical generation output from the
available tidal resource. The variability of the
power generated is compared with realistic
demand data and the level of perturbation is
calculated. As the study only considers generation
output at one location, the importance of
aggregation is highlighted. Two scenarios are
presented; 10% and 20% penetration of tidal
current energy generation in a small network with
variability characteristics similar to the UK system
demand. Increasing penetration leads to larger
power excursions in the system due to the addition
of variable generation.

Keywords: Demand and supply fluctuations, Electricity
network integration, Resource assessment, Tidaysisal

1. Introduction

It is important to assess the generation poteatial
each location where tidal current energy resouaces
to be deployed, and understand what might be the
consequence of absorbing the energy generated into
the existing network system. No electricity systeam
be 100% reliable, since even with conventional
generation there is a small chance of major power
failure. Addition of variable generation will intlace
additional uncertainty, which needs to be quartifie

Each tidal site has very specific characteristizs s
no two sites are exactly the same, but it is pbsdin
compare some of the generic responses of energetic
tidal current sites and assess how much these
locations can contribute to the future energy nfix i
appropriately developed. The aim of this papemis t
explore issues associated with the operation of the
electricity network with the addition of tidal cemt
energy.

This paper looks at the output from one particular
location and assesses its potential impact on the
network with the future intention of expanding this
analysis to all the key tidal current locationstive
UK. The aggregate effect of wind is studied in a
similar manner in [1]. The work in [1] draws upon
actual wind data from the western Denmark elegyrici
system to illustrate the variability of wind and kea
comparisons with demand fluctuations. The outcome
from [1] highlights that the system is inherently
capable of coping with intermittency and shows that
there already exists room for perturbations.

The United Kingdom has excellent tidal currentimportantly, there are large power excursions that

energy resource potential, and the developmeritisf t

need to be managed by the system when significant

resource could make a meaningful contribution teamount of wind generation is included, but the
meeting our future energy requirements. With a @ngnumber of extreme excursions and their occurrences

of tidal current devices being developed and pypiot

full scale devices being tested, deployment will be Current work would

are manageable.
involve using a similar

enhanced by reliable evidence about the resousce, imethodology to evaluate the impact of tidal current
characteristics, potential environmental impactsl anenergy from a specific site in the network with the

economic cost.

aim of developing a number of test sites to astdess

aggregate impact on the network. The analysis
presented here is the first step in this process,
developing the methodological approach and
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demonstrating application through a case studymproved resource assessment methodology is
scenario. discussed in [3].

Conventional generation can lose output as a result The sources of data being considered here as in [3]
of mechanical or electrical faults and the entilenp  are:
can shut down. For a farm of (tidal) devices,sit i 1. British Oceanographic Data Centre (BODC) UK
much more likely that one or two devices will shut Moored Current Meter Data, [4];
down due to failure but the shutdown of the entire 2. DTI Atlas of UK Marine Renewable Energy [5-
farm is unlikely. Renewable resources are ofter6].
termed ‘intermittent’. For example wind and waveaca Figure 1 shows an extract from the DTI Atlas
stop generation instantaneously at the point oot  indicating the case study region in the Irish Searn
in extreme conditions for example. For tidalthe Island of Anglesey off the north Wales coaste T
generation ‘variable’ is a much better descriptitin. potential suitability of this location for tidal ergy
has periods of no generation but there will be aevelopment as identified by a leading early stage
constant transition from rated to no generatiorrave tidal current energy technology developer [7] i® on
period of time. This makes the output variable, buteason for selecting this site for analysis. Theen

instantaneous shutdowns are unlikely. key driver to select this region is the existentthee
historic BODC buoy records available in this region
2. Tidal Resource Two of the records are located on the same mooring,

) _ one located at 3 metres depth (near surface) and th

As the rise and fall of the tide depends upon thether one located at 30 metres depth (near bed, in
rotation of the Earth-Moon-Sun system, tidaltota| water depth of approximately 40 metres. The
variability is highly predictable, with small addital  third buoy is located 1.07 km away at 3 metres ldept

meteorological conditions. The predictability odal

energy is a major advantage over other intermittent
renewable energy resources for integration into the WL
network. Even with numerical weather prediction

Tidal Current Resource Velocity

models wind and wave predictions are not nearly as [ KREED
accurate or precise as tidal analyses based upon %‘I’_Z:j:::/s
appropriate data sources and application of harenoni [ 1s1-2ms
analysis. The accuracy of numerical weather =:4zmj
predictions diminish over time, whereas tidal [ s

perditions can be conducted accurately for many

years.

However, a challenge with tidal energy is that the
peak power that can be extracted occurs 50 minutes
later each day as it is governed by the Moon’stakbi
period of 24 hours and 50 minutes. This may or may
not coincide with the peak demand potentially cagisi
complications. None the less, the predictability of
tides should help with the planning of day to day
network integration of electricity generated frohist
resource.

2.1 Case Study

Only about 0.15% (1269 Kn of the UK
continental shelf has a peak flow of 3 m/s or great
[2]. This represents the main region of interest in
terms of economic energy extraction due to the
characteristics of the technologies proposed for The buoy records do not coincide in time, so direct
harnessing the available energy. Therefore ob@inincomparison between the data is not possible.
data across all of UK continental shelf area is notrherefore, harmonic decomposition and analysis of
necessary. Instead what would be most beneficighe original buoy data is used to construct dasaset
would be a detailed survey of sites that have highhat are coincident in time. This was achievedugto
peak flow velocities. This would capture all theleast square analysis using National Oceanic and
information needed to carry out the analysis anhtmospheric Administration (NOAA) Centre for
assess the sites feasibility, but high qualityltid@a  Operational Oceanographic Products and Services
tends not to exist for the areas of interest. Rbdhe  (CO-OPS) Tidal Current Analysis Procedures and
rise of interest in tidal current energy, theseioegy Associated Computer Programs [8].
were not previously deemed of much interest, and The data is reconstructed from the derived
therefore not much data exists. A methodology ttharmonic constituents to generate a time seriethéor
combine publically available datasets to produce agomplete year of 2009. The choice of the year @hsu

that it has a nodal factor as close to unity asiptes

Figure 1: Mean spring peak current.
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for the
this happens to be in the year 2011, but demaral dat 60000 /.~
is only available from April 2001 to April 2010 [10 50000 - / - oT N N

The buoy data is a true in-situ record of suffitien g 40000 e N\
length to allow confidence in its fidelity, thereéofor - - .
this analysis it is reasonable to treat reconstdict |o 30000 — » A
moored buoy data as the ‘gold standard’. The only |& 20000 el

. ) . =

concern is that this data is not for the exacttioosof 2 10000 |
interest, the original buoy data was recorded aBdut
km from the area of interest. The average peakegalu 0 e
identified in [5-6] are used to scale up the reseur 0030 0430 0830 1230 1630 2030
Using this approach helps retain the correct pladise Time in hour:

the tidal signal as well as provide the most adeura
tidal current velocity for the location. Althougiilés
are spatially very varied, this is the best way to
combine the data sets without carrying out a feélles 3.1 Fluctuation in Demand

site assessment which would require extensive and The UK electricity system has an average demand
expensive in-situ survey and numerical modellingof 36449 MW, with a Standard Deviation of 7774

Figure 2: Mean demand daily profile for the year 2009.

activity. MW. Demand for electricity peaked at 59140 MW in
2009. The lowest demand is 34% of this peak value
3. Demand and the average demand is about 62% of this peak.

. . . This peak is estimated to be around 62.8 GW by
Half hourly demand data is published online and2016/17, assuming a growth rate of 1.2% per year
available from National Grid, the Transmission [11]. Figure 3 shows the load profile covering ti
System Operator in Great Britain. The 1014_DEMyay periods in January (winter) and July (summer).
values are used; this is the sum of all the geierat  The january period includes the occurrence of peak
takes into account station load but not pump s®radgemand, on the "6 of January between the hours of

pumping [10]. _ _ 1700 and 1730. The July trend shows where demand
Figure 2 shows the mean daily profile demand fer th g at its lowest on the"®of August at 0600.

year 2009. Also illustrated are the days when peak | a4 patterns are very distinct in this graph, for

and lowest demand occurred in 2009. This gr‘f’lpréxample demand for working days (Monday —Friday)
shows the extent of diurnal variation in electsicit -, easily be distinguished from non-working days
demand and how they vary reflects seasonal effkcts. (Saturday and Sunday). The seasonal variation can
is worth noting that the mean day has very distinchisy pe identified here. On average about 7GW are
characteristics. There is an increase in .the ©rofil consumed more during the winter period than during
between the hours of 1600 and 1800. This two NOUhe symmer period. This demand pattern is distct
slot is usually when demand reaches its peak ®eer t e YK and most northern European countries where

winter period, used by National Grid to determine t ¢ \yinter season is dominated by short dayligheti
charge it levies on the electricity supplier know a ;544 the need for heating along with the normal
Triad demand.
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Demand in UK over a 14 day period in 2009. Datatiermonth of January from 5th to 18th and for Jttly to 9th of August. Th
graphs caputre periods of peak demand (6th Jarilizd9) as well as periods when the demand is Iaiiesst (2nd August, 0600).

Figure 3: Demand in UK over a 14 day period in 2009
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working load gives it its ‘peaky-ness’. The dailgyda of 80 devices with a total generation potential46f
seasonal demand pattern can significantly vary iMW.
countries that experience different weather cooni For both scenarios, it has been assumed that the
or work practices. tidal current energy resource is not impacted kg th
Generators require periodic maintenance anaperation of extraction devices. As the scale effgn
occasionally there will be unplanned outagesextraction increases, the energy available in the
Therefore power systems are designed to deal withystem for extraction will be reduced to some exten
demand fluctuations and periods when several powdf3]. For a larger development project, it will loece
stations are unavailable due to planned shutdown anore important to take appropriate consideratidns o
unexpected failure. A range of plants are useddetm the potential reduction of resource available for
the daily demand, from some that mainly provide éharvesting.
base load output and can be slow in reaction togdna Figure 5 shows the power curve of the hypothetical
in demand to flexible plant that meet rapid swiimgs generic device appropriate for this site. The di@me
demand [12]. is assumed to be 16 meters, cut in velocity ofrd/§
Understanding demand trends will help forecastnd the rated velocity of the device is 2.25 mfsisT
future demand patterns. This can in turn be used tvelocity was obtained by considering th@ Guartile
‘match’ with variable resources. Timing is a very of the highest velocity recorded in the time series
crucial and a key factor as demand for electricity [14].
high at very specific times of the day and supply

. 051
response needs to be instantaneous for the system t |
be stable. Figure 4 shows inter half-hourly analydi 041 I
demand fluctuation in 2009, obtained by measuring ' :
the difference in demand between each half hour | 2 I R
i S 034 ated
period. g : velocity at
= z | 2.25ml
© 5000 o 027 |
= :
[} i
& 4000 01 !
3 3000 !
o 0 :
g 20001 0.05 1.05 2.05 3.05
2 1000 Velocity (n/s)
c
g 0 T T T T N
g S o S S S S Figure 5: Power curve of a typical tidal device. Power rated
T O O O N O at 0.5 MW
Lg & F o £ 0§
Inter half-hourly load change (MW) For this device the efficiency has been assumed to

- : : be about 42% on the basis of [15].The annual energy
Figure 4: Inter half-hourly demand change in UK during production for each device at this site is the sdrall
2009. the energy produced within the operational range of
3.2 Scaled Demand the turbine. In this case, the actual production is
As this paper is only investigating the impact of1327.3 MWh which represents a capacity factor of
one generation facility on the network, it is nezag 30.3%. This is substantially lower than what
to scale the demand down to simulate the respdnse gonventional power plants achieve but comparable
a regional distribution network. It is assumed tiat ~ with other variable renewable technology approaches
scaled demand will have similar demand timingsuch as wind.

characteristics to a local distribution network @i 30 -
would likely be the connection point of a smallagtr
of first generation tidal turbine devices. 25 1

Demand for electricity has been scaled down from
59.1 GW peak demand to 200 MW, so that demand 201
and supply for tidal generation are comparableathe
other while maintaining likely demand variability
patterns. 10

4. Supply 5 L

The supply considered here is the output obtained 0 ]
for the chosen site with two hypothetical farmseTh 0 0.1 0.2 0.3 0.4 0.5
first scenario consists of 40 devices that hastedra Generation in MW

power of 0.5 MW, making total rated power _. — X :
eneration to be 20MW. The second scenario consist'éIgure 6: Tidal power generation and its occurrence by the
9 ) postulated hypothetical generic tidal device.

15

Occurrence (%)
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Figure 6 illustrates the percentage of time the On the other hand, looking at the day when demand
device generates a specific amount of power. Devices lowest — generation from tidal production careme
characteristics are such that, it operates at rat@gr more than 50% of the demand. This could be cause

for 9% of the time and is idle for 27% of the time. for concern as combined with base load generation
supply may exceed demand. If this is the case, the
4.1 Supply variation system operator may choose to export excess power

Intermittency is part of the electricity system; it or curtail the output of the tidal power plant
needs to cope with plant shutdown and variability i depending upon the network capacity. This will in
demand as it follows different daily and seasonaturn affect the operational cost as the site may be
trends (as already discussed). How much difficultyunderutilised.
will the addition of variable generation from tidal The penetration level at which supply exceeds
energy harvesting pose the network operator witldemand is not a limit for the resource. After this

increasing levels of penetration? initial level of generation the market value andtoaf
generation will change to accommodate the need for

4000 - curtailments or exporting energy elsewhere [1].
B 250 7——Demand —=—20MW  —+—40 MW
>
3 3000
= 200
@©
< 20001 <
g 2150 o
= < There is no tidal
S 1000 ) 5 100 - generation at the
8 o % time of peak
(@] ““““...--- ---.---."- o 50 demand

0 T L "Spapps,
-024 -016 -0.08 000 008 016 024 0 m'- sppestiionnansmet T Poepsssptitteany
- O O N O N O Q 0
Inter half hourly load change for one device (MW O LN ) D S & P
y 9 (MW) FEFFEEEE LS P

. . . . Time (hours

Figure 7: Tidal power fluctuation for one device. ( )
Figure 7 illustrates the fluctuations generated by 250 j——Demant = 20MW + 40 MW

one 0.5 MW tidal power device. The frequency of
occurrence (change over a half-hour period) is very
high at 0 MW as there are periods of no generatior|
during slack and neap cycles when the velocitpds t

low for generation. When the device is operating at
rated power, the change observed is also zero heng
adding to the accumulative 0 MW change. Outputs
from figure 7 are different to the wind generation
pattern shown in [1] as the nature of the resoisce

different and importantly [1] looks at the aggreght

output from a number of sites. The asymmetry of the
graph is an indication of site specific resource Time (hours)
characteristics.

200 4 At the time of lowest demand,
tidal generation meets more
1501 than 50% of the demand

Power (MW)

Figure 8: Demand and tidal production in the two
scenarios.

5.1 Perturbation at 10% and 20%

5. Demand and Supply fluctuations

Figure 8 shows demand fluctuations on the day of

peak and lowest demand. Also plotted on the same Figure 9 shows a more systematic way of
graph are the simulated 20MW and 40MW generatioinvestigating the extent to which the introductioh
scenarios. At the exact moment of peak demand, thédal energy affects the perturbation observedt®y t
tidal resource is generating no power. The tidesra system operator. Comparing this to the work done in
their neap cycle, so generation potential is loereif  [1] shows that there is more excursion at bothtalile

the demand and supply peak were coincident. Thef the distribution curve. This is mainly becausgyo
generation at 1500 hours does not help service pedke output from one generation location is being
demand. As demand is increasing, tidal generaton iconsidered here and does not benefit from aggm@yati
reducing — therefore it is an even bigger swingtfier  of locations to dampen the ‘peaky’ operational
network to cope with in this case. This maycharacteristics of tidal current energy generatidme
potentially imply that this site has a low capacityaggregate effects of a number of tidal current gner
credit, depending upon the variation of the tidalle locations would be expected to produce an excursion
and how it progresses with respect to demand. Thisharacteristic more in line with those produced for
would require further analysis that is currenthydan wind. Additional sites will be geographically diser
development. and bring individual site characteristics to the



ﬁ \ ICOE
equatio’n‘ along with phasing aspects associated WitAcknowIedgements

tidal energy. The extreme case for negative changes

above 17MW and below 9MW are summarised in_ 1he buoy records were supplied by the British
table 1. Oceanographic Data Centre as part of the, Inter-

Agency Committee on Marine Science and

3% International Conference on Ocean Energy, 6 Octditbao

—X— Scaled Technology funded, ‘UK Moored Current Meter Data
5000 Demand Set’ DVD electronic publication. The data were
only collected by the Proudman Oceanographic Laboratory
4000 during the Mixing and sediment resuspension infshel
= Demand; . ,
3000- Tidal ;eas whrllcg wasllfu,:%eRdbe the Natural Environment
(20MW) esearch Council ( ).

The authors also wish to acknowledge the

2000 - A Demandt provision of tidal analysis software by Chris Ze\at
¢ Tidal NOAA.
10007 s (40MwW) This research work is funded by the EPSRC
A

Frequency (half hour perioc

A Supergen FlexNet and SuperGen Marine Consortia.

-26

-18
Inter half-hourly load change MW

-10 -2 6 14 22

References

[1] D. Milborrow (2009): Quantifying the Impact afind
variability. Proceedings of the Institution of Civil
Engineers. Energy 162 Issue EN3.

Figure 9: Inter half-hourly demand changes in UK for
2009 along with what the system operator wouldifsisere
was 20 MW and 40MW (Demand -Tidal) tidal genematio

[2] W.S Cooper, C.L. Hinton, N. Ashton, A. Saulter, C.

- —
Tidal Penentration % Morgan, R. Proctor, C. Bell and Q. Huggett. An

- None 10% 20% introduction to the UK marine renewable atlas.
Maximum decrease: MW 18.51 20.83 26/03
Number of decreases of 17 MW 1 17 2J1 [3] A.Sankaran lyer, S. J. Couch, G. P. Harrisoth AnR.

and above
Maximum increase: MW

Wallace (2009): Analysis and Comparison of Tidal

938 15.82 23pP1 Datasets. Proc. of the"8European Wave and Tidal

Number of increases of 9 MW 12 538 1d11 Energy Conference (EWTEC), Uppsala, Sweden.
and above ) .
Table 1: Key data for half hour power excursion in scaled [4] http://www.bodc.ac.uk/aboutwhat_is_bodc/ BODC

website (accessed on 31/05/10)
demand.

[5] DTI (2004): Atlas of UK Marine Renewable Energy

6. Conclusions Resource. Technical Report.

This work presents outcomes from examining ongg)
generation facility. This analysis shows that manel
larger power excursions are created that need to be
handled by the system operator. Another aspect 3]
consider is the aggregate impact of a number e§ sit
on the network. Further work will look UK wide and
assess the potential cumulative impact on the n&two

http://www.renewables-atlas.info/  DTI

Marine Atlas.

(BERR)

Marine Current Turbine (Accessed on 31/05/10)
http://www.marineturbines.com/18/projects/20/thes sk
rries/

The electricity network will potentially require (8]
extra reserves to deal with higher power excursions
These extra reserves add to the cost of increasing
variable generation on the network. The idea is nof9]
very different from adding conventional generation,
except in this case the plant may have a low capaci
credit. At higher levels of penetration this sitaat
may change.

The consensus presented for wind demonstrates
that there are no barriers to the implementation of
wind in the network and the cost associated with th

C. Zervas (1999): NOAA Technical Memorandum
NOS CO-OPS 0021. Tidal Current Analysis
Procedures and Associated Computer Programs.

J. D. Boon (2004): Secrets of the Tide. Tide didal
Current Analysis and Applications, Storm Surges and
Sea Level Trends.

[10] National Grid (2009): Demand Data (Accessed on

31/05/10)
http://www.nationalgrid.com/uk/Electricity/Data/Dem
nd+Data/

uncertainty can be as litle as £2/MWh with 10%][11] 2010 National Electricity Transmission Syst&aven

penetration [1]. Further work needs to be donehn t
tidal current energy case before a similar conolusi

Year Statement.

can be reached. The work presented is being furthét2] R. Gross, P. Heptonstall, D. Anderson, T. Grefén

expanded to work towards this final goal.

Leach, J. Skea (2006): The Cost and Impact of
Intermittency. An assessment of the evidence on the
cost and impact of intermittent generation on the
British electricity network.



M\ LCOE o | .
3" International Conference on Ocean Energy, 6 Oct@ilbao
[13] G.Sutherland, M. Foreman and C Garrett (200dpT  [15] J. Thake (2005): DTl Development, Installatiand

current energy Assessment for Johnstone Strait, Testing of a large scale tidal current turbine.
Vancouver Island. Proc. IMechE Vol. 221

[14] Phase Il.LUK Tidal Stream Energy Resource
Assessment. BLACK & VEATCH 2005.



Assessing the impact of ADCP resolution and
sampling rate on tidal current energy project
economics

Tim Stiven, Scott J. Couch & A. Sankaran lyer
Institute for Energy Systems, School of Engineerlgigiversity of Edinburgh, EH9 3JL, Scotland, UK
“ Now with Ocean Power Technologies Ltd, Warwickdwation Centre, Gallows Hill, Warwick CV34 6UW, UK
™ Corresponding and presenting author

Abstract - This research examines the impact of about how to make cost-effective use of the
accuracy in tidal current energy resource assessmenn technology to produce 'bankable' estimates. This
the likely economics of a tidal array project, ultmately research draws on the historic database of tidal

estimating the impact of resource uncertainty on oerall -
lifetime project economics. The analysis utilisesidid resource measurements from the European Marine

data gathered at 3 key locations at the European Mime EN€rgy Centre  (EMEC) in Orkney to make
Energy Centre (EMEC) tidal test-site in the Fall of recommendations on how to optimise tidal resource

Warness, Orkney. Data analysis techniques appropie assessments.
for application to tidal current energy projects are A. Background

presented and the results obtained interpreted. The A E hall ing t ts h b i
widely adopted Matlab codet_tideis then used to conduct Cross Europe, challenging targets have been se

harmonic analysis of the tidal current velocity daa for the reduction of overall Greenhouse Gas (GHG)
records. The adjacent ADCP records enable analysisft emissions. A key foundation of achieving these
the spatial variability of the tidal resource at the EMEC targets is the rapid de-carbonisation of the energy
site. Electricity generation potential and projectrevenue industry. In many European states, electricity
estimates are generated using simple and cleargeneration is primarily derived from centralisecalico
assumptions regardmg typical tidal turbine topolog/ and and gas burning power stations. For example, the
array layout. The impact of resource uncertainty onthe . . . .
prediction of Annual Energy Production (AEP) of the Major electricity supply providers by resource type
idealised array is calculated by varying the tempaal and  the UK for 2010 can be broken down as 47.4% gas,
spatial resolution of the ADCP data utilised as inpt to  28.4% coal, nuclear 15.6%, and 6.9% renewable [1].
the analysis, and similarly by using various length of the Hence, displacing carbon intensive fossil-fuel
measured tidal records. These scenario based predmts  glectricity generation plants with renewable energy
are analysed in a simple financial model to examinthe  yanaration solutions has become a cornerstone *bf 21
effect resource estimate uncertainty has on the pjected Century energy policy. Development and application

returns on investment. Overall, the results suggest one .
clear conclusion: the range of impacts on project of renewable energy approaches and technologies has

economics of uncertainties introduced by the resoce rap_id_ly become established as a n_1a_j0r indust_rial
estimation process warrant greater investment of the activity (e.g. total renewable electricity capacity
and money by project and technology developers atna increased by 12% in the UK between 2009 and 2010

early stage of development. [1]).
Index Terms— Renewable Energy, Marine Technology,  Tidal current energy resources around the UK
Tides. coastline are among the most energetic in Europe,

created by tidal propagation through straits, rasbn
) ) . systems and around headlands linking the Atlamtt a
In the Wlnq energy industry there are establishggh ih sea [2]. These energy resources are vartatile
tools, technlques_ and procedures for resourCRaely predictable as the underlying tide genagati
assessment enabling project developers and thgjices are the product of gravitational attraction
lenders to agree on the ‘certainty’ of their pjetirn  peyeen the combined Earth-Sun-Moon system. Hence,
estlma_\tes..Charac;tensmg the resource is a drpm;a tidal energy has the potential to offer complementa
of estimating project revenues and is a key risk fgy4ijapility in a future energy mix with other vabie
project flnan_ce. No equivalent tools_ or technignage | onewable energy sources such as on- and off-shore
be_en egtablyshed for the nascent tidal energy trwluswind, wave and solar energy. Tidal current energy
This will hinder deployment of commercial scalggsearch, development and demonstration have been
arrays and hence industry development. _ athering momentum in the UK over the last decade,
Though  appropriate  technologies  exist iy o small part due to financial support from UK
measurethe tidal resource, much less is underStOQﬂJvernment organisations [3]. Development of
pioneering tidal current energy converter (TEC)
T.S. acknowledges support for his MSc studies frime t€Chnologies has now reached pre-commercialisation
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I.  INTRODUCTION




demonstration of full-scale devices in the open. sea TABLE I: Typical risk considerations in energy peojs

Nonetheless, there is stil much to learn abm,ECatﬁg?ry — IRif'_‘ EO”Sidirat“i?” —
R ; . egulatory ow is the electricity market structu
teChnOIng optimisation, .the tl.dal energy resource, . regulated? Can cost increases be passed on tq
conversion and economic delivery, and the operating consumers through price increases?
environment for TEC technologies on the way {ORegulatory | How stable and long-lived are revenimpett
development of a mature industry. mechanisms for renewable electricity (e.g. ROQs
. . .. in the UK)
B. Leamning from .the exPe”en_Ce_Of t_h.e wind industry Merchant/ | What are the anticipated price variations for
There are high-level similarities between themarket electricity? What proportion of the project’s
emerging tidal industry and the more mature wind output should/ can be sold forward in a Power

; ; ; ; Purchase Agreement?
industry. Hence, given the immaturity of TEC Project What are the supply Chain risks? What is the

teChnOIOgy development and the lack of eXpe”eﬁce Qxecution ability of sub-contractors to deliver against the

utility scale generation of electricity from TECwilees, requirements of their contracts? How competitive
the emerging tidal sector often looks to the more is the market for supply if alternatives are
. . . . i )

established wind industry for knowledge transferisT required : : —

be seen at a technolo development level Revenue What is the confidence in the plant’sblity?
can nology p . '| 'Revenue What is the confidence in the estimatbeof t
Ferms of the necessary infrastructure at a praect available resource for electricity generation? Has
industry scale, and in terms of policy support the plant been sized correctly given the available
mechanisms. The focus of the research being reporte resource?

herein is in understanding the impact of tidal tese factor, the more quickly the plant will recover the
uncertainty on utility scale project economics.sTli  Capital invested. More importantly, if the cosne

an area where it is possible for tidal industrfPr installed capacity (in terms of £/MW installed
development to benefit from the experiences of t@pacity versus rated plant output) is known for an
wind industry by assessing the potential for adwoptiarray of devices, then the optimum array size (and
and adaptation of existing methodologies underpignihénce investment) for the given resource can be

wind energy resource characterisation tools afgfived. For these considerations to work effetyiv
procedures. the resource availability at the site of intereststrbe

II. AN INVESTOR S PERSPECTIVE ONTIDAL ENERGY acc_urately forecas_t. - Hence, accura\_te resource
ECONOMICS estimates have a significant part to play in susfces
. . . financing of tidal energy projectdt is clear then that
Aside from the obvious technological, anqesource prediction is potentially a substantisk ffior

operation_al developme_nts that are r‘?q“"eo' to elleli\ihe economics of tidal energy projects. Looking
commercial scale marine energy projects (e'g'@a“instead at the opportunity, it should follow that

up the technology, demonstrating rellab'“tyaccurate resource estimates hold the promise of

deve:opnr:e.nt F:f. thgt_ Inls:ﬁ"tattll‘?n f_and ma'gfﬁtnan?gducing the risk of tidal energy projects: inciegs
supply ¢ ain), Itis critical that the finance COMMLY — yha jikelinood that they will attract investmentdan
cons_lders marine energy projects a sound investm ucing the cost of the project. Even in the more
offering returns at least as good as those avallg tablished wind industry, there is evidence tledttel
elsewhere in the energy market. The role of ‘proj ind forecasting is reducing the cost of finance fo

: ) : . Wi
finance’ has be_en instrumental in the commerci lojects. The Economist magazine recently reported
deployment of wind power, both on and off- shote; 4]:

is likely to be similarly vital in the marine engrg ) o
sector. “[project] developers use a statistical model to
Potential investors in energy projects (tidal or obtain a ‘P90’ wind value - the average wind
otherwise) will consider a wide range of risk fasto  SPeed in which they can be 90% confident. The
typical considerations are listed in table I. Marighe ~ closer the P90 reading is to the measured average
risks in a project can be appropriately managed?peed, the more attractive the_sne_ b_ecomes to
through time. For instance failing contracts can beinvestors. If the P90 wind-speed is within 12-15%
terminated (and new suppliers found) or renegatiate Of the average, banks are usually happy to stump
and Government agencies seldom apply newdP: But a d|fferenc_e of 20% or higher renders a
legislation in retrospect. Where then do resourceVind farm  “un-financeable”. ...Conversely,
estimates sit in the consideration of project riskRe ~ reducing the error margin to 7-10% can reduce a
role of resource estimation is informing decisigns ~ Project’s cost of funds by 0.5-0.75 percentage
ensure correct sizing of the plant and enable ateur POINts, resulting in higher investor returns.”
forecasting of the revenues from generation. In case this seems insignificant, a basic hypathgti
An important metric of the economic effectivenessxample will illustrate the potential impact on oalé
of any energy project is the capacity factor —rd project economics: Suppose an offshore marine gnerg
of the potential output of the plant over a perimdthe plant project with a lifetime of 20 years is propds
maximum theoretical ‘nameplate’ output deliveredith an installed capacity of 100MW at a capitastco
over the same period (which itself is a functiontted of £1.5M per MW of installed capacity. The project
reliability of the plant, its power curve charadtéc capital requirement is £150M. If the split between
and the distribution of the resource (wind/ tidees)) debt and equity is 66/33, the bank loan required is
over the period of interest). The higher the céipacapproximately £200M. Assuming the cost of thetdeb
is 7.75% in the ‘high’ case (where the resource



estimate error is in the range 12-15%) and 7% @ tmultiplied by the total number of hours for whidrat
‘low’ case (with a more accurate resource estimatejind speed occurs in a given year.
then, applying an approach outlined in [5], theitgdp  Accurate characterisation of the mean wind speed at
cost of the project is reduced by more than £11M & given site requires many years of continuous
current cash terms (or if a discount rate of 15% iseasurement; other important characteristics (e.g.
applied, capital cost is reduced by more than £4Mnd shear and turbulence intensity) require 6-12
when considering Net Present Value). months of data. To shorten project timescales, the
wind industry typically applies a ‘Measure — Coatel
PREDICTION —  Predict’  technique,  where shorter—term_
. . ___.measurements (e.g. over 6 months) at the projet si
There are broad analogies, for resource estimati

. ) U3Be correlated with a known long-term data seriemf
between the wind and tidal energy markets. Prlempa nearby location (e.g. data from a nearby airfield

for resource assessment and predlctlon n t_he W'Egng-term predictions for the project site are then
industry are well established with many engineering .o assuming that the distribution of wind sfzee
consultancies offering appropriate s_er_vices to eﬂmj around the mean are the same as at the referdace si
developers ~ and operators. Slmllarl_y, deVICEor detailed site design (‘micro-siting’, in thedimstry
perform_ance assessment Is documented n approprg};son)’ numerical models are validated againsalloc
international - standard  documentation [6]. te measurements to determine the wake effects of

existence of this institutional experience and kﬂo"i’errain and other turbines in the array. A widegeof
how gives lenders and potential investors confidencg\; ;

I1l. ENERGY RESOURCEMEASUREMENT AND

e oprietary software tools supports this market.(e.
Development of similar technology performanc P y bp o.(

assessment approaches have been proposed for HEA?P GH WindFarmer). Additionally, processes for

e ) ﬁication of detailed bespoke CFD numerical
energy apph,cauon [7. 8], and separate Tecm'cgimulations exist for application to particularly
Spec_|f|cat|on documents are now un_der_ developme mplex projects (e.g. complex terrain) where the
for .t'dal energy resource characterisation and T tra investment in ensuring accurate understanafing
device performance assessment under the steward Iy resource variability is deemed beneficial
of the IEC. However it must be recognised that at __ '
heart, the wind and tide are different natural pesc Tidal Energy Approach _
the variation of wind is stochastic, but tidal wion is 1€ principles  of tidal and wind resource
deterministic. As such the tide lends itself torhanic 2SSessment are common, in so far as, actual

analysis, based on a least squares decompositian gf€asurement of the resource variation with time
measured record of tidal velocity [9]. The indystrcomb'”ed with an accurate description of the energy

standard for measuring tidal velocities is an Adious extraction device performance characteristics can

Doppler Current Profiler (ADCP). When a tidaplelive_r long term est_imates of energy productiorrov
prediction is subsequently generated from harmorif€ life of the project. ~However, the long-term
analysis, the estimation of Annual Energy Predictio’riation of wind speed is a stochastic process,

(AEP) from the velocity probability distribution isWhereas tidal variability is deterministic. Hentre
theoretically straightforward. detailed analysis of the variation of tidal velgoitver

A. Wind Energy Approach time has some critical differences. In particule tise

The IEC International Standard document [6] Iayos]c the measured record is different. Typically, aav
resource assessment uses the measured record tc

out agreed procedures for measuring and predicu(ggtermine the mean wind speed and a Weibull or

the wind resource at a given site _and for forengStiRayleigh distribution is assumed to describe the
the AEP for a given de_5|gn of tl_erme. The Staddaf arametric variation of wind speed around the mean
requires that gctual .W'nd velacity measurements aﬁ)er future prediction [10]. In contrast, for tidahergy
taken at the site of interest for a period of sigfit ' ' '

| the analysis of the measured record requires erdiit
length to generate a representative sample ofottng: | . S N
. . S approach. Harmonic analysis is used to determifa i
term average wind velocity and its distributionward . )
. ._constituents representative of that exact locatiat
the mean. Measurements are typically made using a L ) .
. an then be used for future prediction, again using
mast mounted cup anemometer and wind vane (

) T Srmonic analysis techniques. Harmonic analyss us
measurement of wind speed and direction is conducte S g
. a least squares approximation to ‘fit’ the measured
at, at least 1Hz or higher and reported as averaged .. : .
. : tidal record to the known forcing frequencies and
10 minutes). Equipment set-up and measuremen : ;
. Seeks to determine the phase and amplitude of those
procedures are closely prescribed by the Standerd,

. —‘dynamic constituents at the site of interest. dthithe
are methods for quantifying measurement uncertainty. : g,
i S 9 ; : ind and tidal cases, the predictions extrapol#imah
When the wind speed distribution at a given site ha

been established a ‘method of bins’ is used to mmreal V\{orld measurements can _be used to vaUdate
: o . numerical models representing the detailed
the data to give a probability of occurrence ofiadv

e , : characteristics of the project site, which in temable

speed within a defined range over a representyéae . o : i
o . . . informed decisions to be made regarding the optimal
If the variation of turbine power output with wind.

speed is also characterised by measurement, tlaaen”f'ﬁta”ed. capacity gnd siting, which, finally, alls
economic calculations based on Annual Energy

Annual Energy Production can be estimated fro[yroduction from the whole site and return on cépita

summing the power output across each bl%e projected.



C. Difficulties associated with the tidal energy agmb ~ Where 8760 is the number of hours in the year,Aand
Typically harmonic analysis has been the presefveis the mechanical availability of the machine as a
oceanographers studying the long-term variatiothef percentage (assumed to be 100% in this study gthou
seas. Engineering interest has generally beenveaberthis is far from realistic, as long as the value is
for shoreline interactions and navigational safethe maintained as a constant throughout the comparisons
purpose of utilising harmonic analysis for tidakegy the absolute value is not importantl; is the power
prediction is distinct. output of the machine in tH& velocity bin, andf, is
If a tidal measurement record is visualised in ththe probability that the velocity (the average bét
frequency domain (a plot of spectral density againgelocity bin range) of thé"bin will occur. Finally, N
frequency), then the tidal energy elements willegpp is the total number of velocity bins. The powetput
as peaks around the discrete forcing frequencidiseof of the turbine in any given bimn, is then:
harmonic constituents. ~ Non-tidal energy will be P = 0.5.,0.ACp.Ui3
evident as broadband noise (or long period seasonal @)

effects may appear at discrete frequencies). Bir th ssuming a typical horizontal axis TEC

nature, these non-tidal phenomena are longer-ter . i f turbine di ter 16 met ¢
processes with lower temporal variability. A tidagOn \guration ot turbine diameter metres (toeass

current measurement for energy extraction Qoezsvl\:e?r% areaA),lmhwatetr of E[J_mfotrmthdensnyﬁy ,
concerned primarily with the tidal element of th g/, we only have 1o estimate thé machine's

measured signal and hence will require a relativefye @nd rated speed to generate a ‘typical’ power curve
short sample period. One of the purposes of thisgive P, and then an AEP prediction. If the machine
research effort is to examine the sensitivity aforgce operates on the principle of variable speed/
estimates to measured resource data characterigtiastrollable pitch, it is a reasonable approxinatio
(e.g. sample periods). Another potentially sigrifit assume that it achieves a relatively cons@ntp to

part of _the measured record will be instrument rerrg. oo speed. Assuming@, of 0.42 and a rated
and noise and shorter-term wave and wind effects,

which will have an influence in coastal regions &Peed of 2.4 m/s gives a power curve as showrgin fi
limited depth. It is important to be able to separand 1 (rated power of 600kW). All of the assumed toebi
analyse both tidal and non-tidal elements of thoem cha_racterlstlcs have basis in proven existing dpeya _
to understand their impact on TEC device perforreang€Vvice performance. The results of the AEP analysis

Potentially the most significant determinant foe thc@n then be used to understand the performance of a
quality of the measured record and the subsequilfalised turbine. For this analysis, the assumptib
resource prediction is the total length of the rdcand uniform inflow conditions across the rotor swepgar
the sample interval. The length of the measuremé¥ith flow consistently perpendicular to the plarfeie
record directly impacts the number of tidafotor disc has been applied. Clearly this is a
constituents that can be derived from the harmorfibstantial simplification over

analysis. The longer the record length, the edsier = — /
becomes to resolve between constituents of simi = o e erracatle /
frequency. To develop confidence in the resourcg .., — Idealised turbine power curve /
estimate derived from harmonic analysis, it iT ),
important to understand what the key determinafts & ** |
the quality of the measured record are. 1500

IV. METHODOLOGICALAPPROACH 2000 |

A tidal energy resource assessment should m
appropriately be based on a harmonic analy:
prediction for the location of interest assuming 0
suitable ADCP record is available. The most comeple il stream velocity (m/s]
understand?ng of the_impact on project econo_mi(_:s IFigure 1: Idealised TEC device power curve usetiéranalysis.
made possible by taking account of the characisisty,e req) world scenario where the velocity sheans
of typical tidal turbines. It is then possible terte o v,hine swept area should be modelled, but is
simplified predictions of AEP following [7] (Which oqeqate for consistent comparisons of AEP based on
itself broadly fOHOWS’. [6])._Th|s apprqac_h has thjifterent approaches to measuring and predictirgg th
advantage of super-imposing the limitations of gy, cyrrents in an area of interest. An estimate
selected TI_EC turbines in extracting energy from the nual revenue generated by a hypothetical pragect
flow. _The first step O.f the gnaIyS|s IS to generate possible after making some further assumptions. An
velocity probability distribution based on the ﬂ'daarray of approximately 50MW is taken to represent a
resource characteristics generated from the halmop pical early stage commercial project (at 0.6MW
prediction (in this case the bin width is set gLieq oytput per machine this gives a total of 83
100mm/s). When the velocity distribution is know‘i‘urbines). The wholesale electricity price is assd

o 0.5 1 1.5 2 25 3 3.5

the AEP is calculated from equation (1): to be £30/ MWh and the Renewable Obligation
- Certificates received by the project owner for each
AEP:8760,%__ZBPi_fi (1) MWh generated are assumed to have a buy-out price

i=1 of £30 each (a conservative approximation of tHaeva



set by Ofgem of £36.99/ MWh for 2010-2011 [11]). V. SOURCEDATA

Under the assumption of a project based in Scotti$Re data set informing this research utilises geanf
waters, the venture would benefit from governmeBlrveys conducted by the European Marine Energy
support of 3 ROC payments for early stage tidg@entre (EMEC) in the period 2005 -2007 at the tidal
energy projects. This basic scenario will in lategst-site located in the Fall of Warness, Orkned.
sections provide a means of comparing the revenswgmber of criteria were applied to identify those
generation of various simulated development scesarsurveys most suitable for this analysis from theesof

The principles of operation of an ADCP device argurveys made available by EMEC — these were:
Straight forward, but it is important to understahd « Record |ength — a record of greater than 30 days
errors and uncertainty that they introduce to any duration is desirable, for better constituent
resource prediction. Hence, a brief descriptiokenf resolution and to allow the effect of record length
ADCP Operational and qua“ty control measures on resource prediction to be ana|ysed_

follows. Interested readers can address a MO Temporal resolution — short ensemble periods are
comprehensive treatment by one of the available jegirable to allow post measurement ‘down-
device manufacturers (upon which this descript®n i sampling’ of the record to examine the effect of
based), in [12]. o temporal resolution on resource predictions.

T.he’ operator sets théDCP <‘je.V|c’e ensemble , gpatial resolution — surveys that are well sepdrate
period’ and returns from each ‘ping’ are averaged o, nd the location are desirable to develop an

across the ensemble. As random measurement errorg,nqerstanding of the impact of channel bathymetry
are normally distributed about the mean, increasieg on the optimal spatial resolution of samples.
number of pings per ensemble reduces the standagd yhese reasons, surveys 7, 10 and 13 were eslect
deviation of the error (in proportion to the squafe ,q 4 paseline for further investigation and conspari

the number of pmg_s). This is useful_to the peihere The approximate locations of these survey
the random error is less than the bias of the m&chi \oasurements are shown in Fig. 2 (page 10).
which cannot be corrected ([12] reports bias of thg,ngside the data sets, EMEC issue separate yualit
order of 10mm/s velocity as typical). In generéie t .oniro| reports on each of the surveys against the
ADCP unit does both depth and ensemble averagifigeria outlined in table Il and limits defined hiye
before transmitting results to the data collectiogpcp Original Equipment Manufacturer (OEM).
system (this can be over-ridden by the user, howevepe, conclude that, all three surveys representgoo
it has the advantage of reducing the data volu Bality data.

needing transr_nssmn, and the ADCP au_tomatlcall The ADCP data provided comprise text files that
corrects velocity vectors to earth co-ordinates apgdnresent north, east, vertical and error velc&imits
corrects for beam pointing angle errors). HOWeV&f, sy against ensemble number and time across the

external errors (from turpulence in the water calumg range of depth bins. Having removed the argyl
for example) tend to dominate ADCP error. These Cata from the record, the following procedures were
be estimated by computing the standard deviation é’ﬁplied:

the reported velocity errors. In addition the ADCP, Where necessary, remove the start and end of the

_regorts 3t Ot?er quality cor;trol r|r_1teasures to _endab_le time series when the instrument is deployed but no
judgement of measurement quality (summarised in - rements are made.

table I1). Neither sound speed variation with dept Replace identified ‘bad’ data in the record with

thermoclines substantially effect data quality. NaN entries (which are then ignored by Matlab
However strong echoes from the sea surface (for during analysis)

bottom mounted units) must be removed from the data Remove the top and bottom of the water column

record.
] ] record from the dataset. At the water surface the
TABLE II: Quality control measures for ADCP opemati(source top 5m of the record is removed to take account of:
12)). X . : j
Quality & o Surface reflection/ side-lobe suppression (see
Control Detail [12]);
Measure o The variability of water depth through the tidal
Echo intensity | Data output in units proportionatiexibels cycle;
t(ﬁs)e?]’;?g";‘/rﬁ]&t‘h“g?‘;sﬁrf:;gg‘“’top{ﬁgoerrt]‘grr‘ggf o The envisaged practical limit of the top of a TEC
sent out by the ping. The stronger the echd device’s swept area for navigational safety
intensity, the more reliable the data. clearance and to avoid excessive cavitation;
Correla-tion A measure of data quality (ping/ esfymal « At the bottom of the water column, the record from
correlation for detecting small phase changes the lower 25% of the total depth is removed
- well correlated ping/ echo signals look . .. . o
similar). Output is scaled in units such that the ~ P€cause in a realistic turbine deployment project:
expected correlation (given high signal/noisg o The resource close to the seabed tends to be of
ratio) is 128. _ limited economic value for harvesting - strongest
Percent-good | Data tell you what fraction of datssed a flow characteristics are experienced in the upper
variety of criteria. Rejection criteria include half of th |
low correlation, large error velocity and fish a 0 the Wate_r CO_ u_mr_l .
detection (false target threshold). o Additionally, this minimises shear loading on the

turbine due to the strength of the boundary layer
near the sea-bed;



» Depth-average the East and North velocities acrqgss TABLE llI: Characteristics of the 3 survey records
. . S 7]s 10][ S 13
the remaining depth bins for every ensemble—s= S B

sample in the record, giving a single columh 1 Measurement duration (days) 32.93 | 4074 32
H 2 Vertical resolution (m) 1 0.75 1
velocity vector for both com_ponents. _ 3 Sampling interval (min) 0 20 05
» Where the temporal resolution of the record isdo b 4 Mean depth (m) 48 26 36
H : 5 Assumed hub height(m) Mid depth | Mid depth | Mid depth
investigated, sample th(_e depth a\_/eraged vgloc tY ooy
vector at the user specified resolution accordang |t 6 Mean velocity magnitude (m/s) 158 1.66 1.69
one of two approaches: discrete sampling or peripd 7 Neap Spring Ratio 0.34 0.38 0.41
. . . . 8 Max sustained velocity (m/s) 3.57* 3.38* 4.05 **
averaging. At the same time the time series VEC[Or g Fiood/ Ebb asymmetry -0.24 0.19 0.26
is ‘down_samp|ed’ so that the ensemble numbkr 10 AvgVertical shear (m/s per m) 0.014 0.017 0.024
. . 11 Max Vertical shear (m/s per m) 0.075 0.131 0.326
corresponds with the new temporal resolution of 5 recrion

the velocity record. 12 Principal axis direction (deg) 158 145 146
The data presented for harmonic analysis is thegefp =~ 13 Sendard devaton (deg) 47l | 3156 | 3601

! A N N 14 Flood/ Ebb assymetry (deg) -3.65 -19.75 -5.84
representative of an idealised water column with no rower
velocity variation with depth. The harmonic anadyisi 15 Mean power density (kW/m sq) s.74 4.04 4.70
. 16 Flood/ Ebb asymmetry 0.63 1.30 0.69
conducted using VERTICAL PROFILE
t_tide a suite of programmes implemented in Matlgb 17 Power law exponent 1/(c) 54 105 113
- . . 18 R -squared (a) 0.999 0.991 0.992
code [13]. In order to validate the tide results the VELOCITY
authors conducted some basic comparisons with model 19 Mean velocity magnitude (m/s) 1.85 1.72 1.96
H . H 20 Max sustained velocity (m/s) 3.49~* 3.30* 4.05*
OUtPUt agalnSt the mOd_el descrlbed in [14] (ﬂOB_/\BﬂO 21 Avg Vertical shear (m/s per m) 0.013 0.014 0.029
The two models were in excellent agreement in ternnsm 22 Max Vertical shear (m/s per m) 0062 | 0099 | 0326
of harmo_nic_an_a_lysis OUtp_UtS' often in agreememm D;ZEPCr;L?;!\‘m axis direction (deg) 341.19 | 311.05 | 317.78
level of insignificant decimal places. Output from LU 24 standard deviation 6.87 2028 | 10.38
subsequent harmonic predictions were also [in VERTICAL PROFILE
” " | h h h 25 Power law exponent 1/(a) 6.2 14.7 10.5
generally exce ent agreement, at oug t. € MAré 2 r-squared (o) 0998 | 0991 | 0963
refined selection of harmonic constituents for irsabn POWER _
in the analysis provided bl tide did in certain cases——ameaporerdensiy (Wimsg) L 508 1 396 L 019
lead to some divergence in the predictions gengrate 28 Mean velocity magnitude (m/s) 161 191 1.70
. . . 29 Max sustained velocity (m/s) 2.95* 3.38* 3.65**
Before conducting harmonic analysis, the propexfes 30 Avg Vertical shear (m/s per m) 0016 | 0021 | o022

the raw survey datasets were ana|ysed_ Table 31 Max Vertical shear (m/s per m) 0.075 0.131 0.161
DIRECTION

(5]
summarises the key characteristics following aawpti O 32 Principal axis direction (deg) 15556 | 150.80 | 143.62
and adaptation of a methodology presented in [1 5# 33 Standard deviation 7.34 17 | 1479
D
hta

: : VERTICAL PROFILE
Following a common approach to data presentati 34 Power law exponent 1/(a) a6 8.0 118

allows comparisons to be made between the d 35 R -squared (a) 0999 | o994 | 0994
H i POWER
presented here and data from other location in the " \°" power density (WM 5q) 300 514 o7

fgture. To aid understanding angl interpretatiorain = Survey 7 & 10 max sustained velodlty in antou
tidal energy context, the metrics are presented For survey 13, max sustained velocity in 5 minutes.
representing the entire dataset, and additiona IyVI
separated into flood and ebb, with tidal velocities "
below 0.5 m/s considered as slack. In terms ofggne
generation, velocities of 0.5 m/s or less are witéd . . o

significance, as a typical TEC device will not cgter using L_tidg ex_am.mlng the effect on resource
under such conditions. This is because a TEC terbf%snmateS of varying:

requires significant input thrust to provide enough* The temporal resolution of samples at survey site
rotational torque to overcome friction in the tumbi 13;

system. Ebb and flood regimes are determined usirg The overall record length at survey site 13;
principal axis decomposition. Presenting the fland « Spatial resolution across survey sites 7, 10 and 13
ebb tides separately highlights that the two regione Signal to Noise Ratio (SNR) at survey site 7.

have specific characteristics. The mean poweriyens As a basic measure of the quality of the predigtion
figures presented have been assessed for an assumék reports the variance of the predicted tidal
device hub height at mid depth. No furthevelocities as a proportion of the variance of the
assumptions are necessary. There are importaidasured velocities. Clearly the higher the ratie,
similarities and differences between the threeeysv better the prediction is considered to be. Inoélthe
The reader must keep in mind that the data presenfgilowing results, the proportion “variance predidtto

in table Il relates to 3 different time-periodshe variance measured” was greater than 90%.

main variations are in flow direction and verticaf The impact of temporal resolution

profile. The significant variation in vertical pilaf is Survey 13 was selected to examine the effect of
potentially of major significance from a tidal cet o 54ra) resolution of resource estimation because
energy perspective (and general interest relatmg dnanned more than 30 days and had a basic ensemble
properties of extreme tidal regimes), but is beytirel period of 30 seconds, allowing ‘down-sampling’ to

scope of this paper — it is mentioned in passing &Qnyjate the effect of a range of sample intervals.
highlight an area requiring further research effort Initially both discrete sampling at different time

IMPACT OFDATA VARIABILITY ON RESOURCE
ESTIMATES

This section describes the results of the tidalyses



periods and period averaging were investigatedt BUTABLE IV: Survey 13—|m%€10t_ of temporal resolution AEP
predictions.

the results for period averaging only are present

d

because it is considered more closely represeatafiv i?;?\f; AEP (kWh) | AEP (MWh) f:c‘iﬁf'ty

the actual measurement process of an ADCP deploy&d seconds 223194p 2231.94 42.46%
with longer ensemble periods. As described ini@ect[ 5 minutes 2231654 2231.65 42.46%
IV, the standard ADCP process averages returns froBy minutes 2578368 2228.36 42.40%
all pings within a given ensemble to reduGesyminutes 5197148 219715 21.80%

measurement error; in effect period averaging arcec :
with a short temporal resolution best simulates tfe Theimpact of record length

effect of a longer ensemble period. Initially teeord The survey 13 measurement record was also chosen to
was analysed at the recorded ensemble period of &@mine the impact of record length on the accuedcy
seconds. Then the measured record was pergjgdmtlon and the uncertainty of the resulting AEP
averaged to simulate a record measured at ensenfifiégmate. The original record length of the fuihey
periods of 5, 20 and 60 minutes, tidewas then used IS 31.92 days. To examine the impact of shortening
to generate predictions over the full length of tH@€ record length on the harmonic analysis and
original time series from constituents based on SHbsequent prediction, the original data was syibt2
harmonic analysis of each of these records (inntdihalf records, each 15.96 days long. Importantiyhe
only those constituents with a calculated SNR greahalf record is still longer than the Spring/Neagley
than 2 as recommended by [13]). Brief inspectici¥ggesting that it should be possible to resohe th
shows that there is effectively no variation in thBlajor constituents. Table V details the predicted
predicted constituents for sample periods 30 sexorfignificant major axis constituents for each casel
and 5 minutes. At a simulated sample interval @f ¢he data is alternatively presented in fig. 3 (pagj
minutes, 2MN6 is not significant, but the harmoni®nly 4 constituents are common to all 3 analyses: t
analysis picks up the long period (around 28 dayggmmple semi-diurnal Iuna.r and solar constituev® .
constituent MM at a frequency of 0.0015 cph; at &'d S2; and then M6 (a higher shallow water overtid
magnitude which is unlikely to materially affecteth Of the principal lunar constituent M2) and 2MS6 of
predicted currents.  Plotting overlapping scatt@eriod around 4 hours. Surprisingly, the harmonic
diagrams using the measured and predicted velodijlysis of the second half of the record retums t
based harmonic analyses conducted at tempdf@nstituents that are not significant in the fatord
resolutions of 30 seconds and 60 minutes cleadfalysis: the approximately fortnightly Luni-solar

indicates that the temporal resolution of the sanmals Synodic, MSF and the3MK?7 constituent of period 3.53
limited impact on the predicted velocity patterrot(n hours. It should be noted that both these comstitu

shown). are resolved in the full record, but they are rextrded

To examine the impact, not just on the statistic@ignificant’ for use in the prediction because ithe
distribution of the predicted tidal currents but o®NR is below the user-defined threshold of 2. This
project economics, a simple analysis of likely AEPMphasises the importance of improving the
was conducted. The results of this analysis a@derstanding of the error estimation technique
presented in table IV. Again it is clear that these €mployed byt_tidefor tidal current energy application.
very little difference in the predictions based oM both cases, the shorter records significantlgenn
sample intervals in the range 30 seconds to 20tesnu Predict the peak tidal velocities. Detailed analys
Only at an interval of 60 minutes are substantifighlights that the largest reduction of peak vitjoc
differences in the predicted velocity distributiof€tween the full and half records is 309 and 403snm
evident. Probably the most significant indicateren (East and North components respectively). — This
is the predicted Capacity Factor (a measure ottise €presents the |_ntroduct|_on of what is considered
effectiveness of the investment in turbines as Significant potential error into the analysis degbemt
function of the revenue generated from the avaslapiPon the selection of ADCP measurement record
tidal current). With details of the potential it on length for tidal current energy projects. The ictpan
AEP in hand, the impact of the difference in tiddirojected AEP is detailed in table VI as for the
velocity predictions in terms of project economjos Preceding case. The impact on project economics
the basis of the simple assumptions set out iricsectrepresents a variation of as much as 14.92% ofannu
IV) can now be considered. If we assume that tREOject revenue in the worst-case scenario (the
most accurate forecast of the total revenue aveilagifference in capacity factor can be seen as alsimp
from the project should be based on the predictifification of the potential economic impact). Thés
from the highest resolution tidal record at 30s si@m NOW indicative of resource uncertainty having a
interval (the original measurement record), thea ti§ignificant potential impact on project economics,
total annual project revenue would be £22, 230, 1¢gen on the basis of fjudgement’ rather than more
and the maximum ‘delta’ caused by lengthening tietailed analysis.
sample interval to as much as 60 minutes would
represent as much as 1.56% of the overall projected
annual revenue.



TABLE V: Impact of data record length on harmoniaysis predicted velocity vector tips based on harmonic

outputs. E— : analyses of the measured records at survey sité8 7,
Constituent Frequency Major axis constituent amplitude (mm/s) . .. .
(cph) Tst half 2nahalf | Fulrecora | @nd 13, with predictions to a common time base.
MSF 0.00282 61.855 Substantial variations are evident. All of the tplo
Q1 0.03722 49.208 H H H
o1 0.03873 85.663 100882 correspond well with the orientation of the bathymye
K1 0.04178 61.593 e6.544| local to the survey locations. The most northerly
EPS2 007618 127911 dataset, survey 10, displays rotary aspects, ajthou
MU2 0.07769 278.712 . . . .y . .
N2 0.079 s20203| the plot is still substantially bi-directional. 8i10 also
M2 008051  2667.682)  2326.934| 2485788 shows lower peak velocities than are predicted from
L2 0.08202 221.001 H H
2 00333l 1007398  1250212| 1141182 tNE harmpn!c analyses of the records at sites 71and
MO3 0.11924 14.732| The prediction based on the record at site 7 shaws
M3 0.12077 52013 28341 glmost perfectly bi-directional tidal pattern withe
MK3 0.12229 13.689 ) . . . . .
SK3 0.12511 21.926 h|ghest peak veloc!t!es — which is consistent vitish
M4 0.16102 59.704 617851 mid channel position at the point of greatest
MS4 0.16384 66.995 43.396 ‘ F 1 : H H
IMKE 52028 12| cONstriction’. If the flood tide is c_or@dered toe
M6 0.24153 82.623 36.94 s1.318) flow from NW to SE, then the prediction at 7 shows
2MS6 0.24436 94.176 95.526 92.48|  modestly greater velocities on the ebb. The ptidic
2SM6 0.24718 45.403 32.599 . - . . . . .
IMK7 028331 7351 at site 13 is a little less Ilnegrly b!—dlrect|onalm|nor
# significant constituents: 6 11 18] East — West rotary element is indicated.
Foll Surveys 7, 10 and 13 - Spatial Resolution
(Predicted welocity vectors to a common tine base - start timer 19 Har 2005, 10147137 - for 23,15 days)
TABLE VI: Surveyv 13 - Predicted AEP USing varioesord |engths 00 (based nn‘ZO nin perindlic average sam‘pla of nmginﬁl survey maas‘uremants)
Record length |  AEP (kwh)| AEP (MWH) Capacity : * Foll 10 - Predicted
factor : 13- retened
First half 2300413 2300.41 43.77% W0
Second half 1967361 1967.96 37.43%
Full record 2231945 2231.9% 42.46D6 W s

C. The impact of spatial resolution

Surveys 7, 10 and 13 were selected to examine tl
impact of spatial resolution of resource estimate
because: they all have record lengths in excest0of
days; they are well separated with some differemtes
the local bathymetry; and the range of ensembl
sample intervals (at 30 seconds to 20 minutes) ha
already been demonstrated to have limited potentig -2w-
impact on subsequent predictions. Fig. 2 (page 1
indicates the actual locations of each survey abtet H0 -
VII reports the latitudes and longitudes of eacte si
and their physical separation in terms of distazcd

1000 -

-1000

Northerly welocity (mmcs)

- 1 i i I
40-%)000 -2000 -1000 0 1000 2000 3000

bearlng. Easterly velocity (mm/s)
TABLE VII: Position and spatial separation of swsé, 10 Figure 4: Comparison of spatial velocity varialillhetween three
and13. adjacent ADCP records (maximum linear separatiss fean 2.5km
Position Spatial separation — see table VII).
Latitude | Longitude Distancé  BeariigContinuing with the previous assumptions regarding

2t,ypical turbine topology and the numbers required f

a tidal array with installed capacity 50MW (16 neetr

10| 59°09709"| 0249311 7-13 797 m 13¢diameter; and 83 turbines respectively) and further
13 | 59°08' 09" | 02°48 23" 10-13 2,416 h 153°assuming that each machine is separated by 15
diameters downstream and 2.5 diameters perpendicula
The measured record data for surveys 7 and 13 w, €ihe flow the area of seabed required to
down-sarrlp(;ed, _busO:ng It_he apr;]r(z[ac? Itlo3 pderlo ccommodate the array can be assessed. At a ‘per
averaging described earlier, suc at a eS0T i rbine’ footprint of approximately 240m (lengthy b
had effective measurement period ensemble interv (width), a 50MW array is likely to occupy arar

of 20 minutes. Harmonic analyses of each record @ around 2000 metres by 400 metres if bathymetry

the common ensemble mterval). were cpnd_upted .aklé'f}iability enables a uniform distribution of degg&in
common threshold SNR of 2 against their originaieti _ | array. Comparing this estimate with the linear

28367} (stz_arrt times rart'lr?e _from ![\/Ia][ch 2?0|5 to '\I/'?.r% paration of the survey sites listed in table Wlis
)- To assess the impact of spatial resoluti ident that the variation of predicted velocities

hatrm;)nlc ptrfd'Ctt'O?s were then g?netzr?ted fr%g] N sented here is a reasonable representation aif wh
set of constituents for a common start time an pierrnight be experienced across an array.

length (19 Mar 2005 10:47:37, for 33.15 days, thets Fig. 5 (page 10) presents the significant congtitsie

and duration of survey). As a result, the prediti I(at SNR threshold of 2, major axis amplitude only)

3?‘563 on ;yrveys 4”3'.”” ?” 3 sites (t:?n b? tCOTptiigwerated by harmonic analyses for each of theegurv
rectly. igure ISplays a scatter piot o cords. It is evident that there is reasonable

7| 59°08'27"| 02°48'59' 7-10 1,684m 34




agreement in both frequency and amplitude fdne prediction (so for an SNR threshold of 4, bibi
surveys 7 and 13, located relatively closely in -midonstituents coloured cyan and red are includeit).
channel. The prediction for site 10 shows sigaific all threshold levels, the principal lunar and saami-
variation, mainly in that different constituents adliurnal constituents that dominate the tidal resgoat
shorter periods are evident. Constituents cludterthis site are included in the prediction.
around the semi-diurnal frequencies dominate @l th Table IX summarises the simulated AEP in each
harmonic analyses. The resulting velocity prohigbil case, and the impact on project economics of the
distributions are plotted in fig. 6 (page 10). Thever variation between the resource estimates. Takllieg t
probability of peak velocities for survey 10 is@smt, case where the SNR threshold is set to 1, the
and lower prediction of AEP for this location ismaximum possible annual revenue that the project
therefore expected (table VIII), despite a highaould deliver is £20,643,293. The largest possible
probability of lower velocities in the approximatalelta from setting another SNR threshold represents
range 250 — 1000 mm/s (which are of limited use f@8:36% of this total. This relatively small variti is
energy generation as a typical turbine will nott:‘cd  mainly due to the predominance in this locatiornhef
until around 0.7 m/s). main lunar and solar semi-diurnal constituents. In
TABLE VIII: AEP predictions based on different sadt other locations where shallow water over-tides are

representations ___particularly important or where non-tidal process
Inputdata |  AEP (kWh) | AEP (MWh) fCatpaC'tY dominate the observed record, the choice of SNR may
actor . ™ . .
Survey 7 3038610 303860 38.79%be far more significant in the energy yield assesgm
TABLE IX: Survey 7 - annual energy production atigas SNR.
Survey 10 1917435 1917.44 36.48
uney Signalto | AEP (kWh) | AEP (MWh) Capacity
Survey 13 2133190 2133.19 40.590 Noise factor
Based on these predictions, the maximum to %lealuan 5573650 55756h 39030
revenue from an array (assuming the flow conditio YENRS 058107 2058'1[ 39'16 .
across the array are uniform and best describetidy SNRA 5003053 2003'0_ 38' 1
prediction at site 13) for a given year is £21,346, i 1

The largest simulated variation (based on an VIl. CONCLUSION

assumption that flow _cond|t|ons are l_m|f(_)rm|y as alrpe results demonstrate that the following varigble
site 10.). Is 10.1% of this revenue — Wh'(.:h IS obsllyu (listed in order of decreasing significance) impact
a significant impact on project economics. A paht ccuracy of energy resource assessments: totaidreco
relevance should be considered here. In gth; spatial resolution (in relation to the tosaea

ﬁllfvleIoEmen(; ?fha dla:jger scale tldallar:ray, ('jt |'$>|'Vﬁcovered by a projected array); the user selectgmabi
Ikely that tidal hydrodynamic numerical models Wily, 5ise “ratio (which is particular to tide and

be developed to optimise the array design andftéke jotermines the number of constituents which are

account of the local bathymetry. ~ An importamgagi)ried forward from the harmonic analysis to the

question arises: how many ADCP surveys are requir; sequent prediction); and, finally, the temporal

and In what chatlons to validate the numerIC"i‘Jstsqution (or sample interval) of the recordedveyr
modelling? A high-level assessment of these r&suﬁhe relatively low significance of the temporal
suggests that — where. the chgnnel geomelry i35 \ution of the survey is an unexpected rediilthis
reasonably constant, i.e. in the region Of surv&;_ss? trend can be confirmed by analysis of data froneoth
and 13, then reasonable agreement is obtained f

srveys separaled b neary S00M (L e o150 55 e 1ecommendeson,could e be made
vel(_)C|ty, if not fo_r direction (.)f flow). Howeveln 41 tidal surveys should be conducted with a sampl
regions characterised by varying local topograikg, iyieral less than or equal to 20 minutes (results
survey site 10, a greater density of surveys may picate that the change in the resource estimeitenb
required to ensure the model in question {fis jevel is insignificant for the purpose of AEP
representing the local flow conditions effectively. assessment). This has advantages for project and
D. The impact of spatial signal to noise ratio technology developers who are currently utilising

Given the significance in thé_tide code of the much higher resolution sampling - it would allow a
method of estimating errors and the subsequejditter trade-off, within the constraints of ADCP
calculation of the Signal to Noise Ratio, a briefdy battery life and data storage capacity, betweeatad
was conducted on the sensitivity of resource eséinasurvey length (shown to be of key importance), the
to the SNR limit. In the notes accompanyintide it sample interval and the number of pings per ensembl
is suggested that the range techniques applieddo e(which reduces the instrument measurement error).
estimation give reasonable results in the range $0IROn the other hand, significant increases in terdpora
to SNR 1 (see [13], for a more detailed discussiomgsolution are required to inform certain key TEC
Fig. 7 (page 10) shows the significant constitueng®vice design (e.g. turbulence characteristics of a
calculated from the harmonic analysis with varyingarticular site). Given the conflicting requirememif
SNR thresholds from 1 to 10. To interpret thisuf@ high resolution, short recording periods to suivide
look first for the highest SNR limit 10 (in cyarihiese design, and (relatively) low resolution and long
are the only constituents included in a predicbased recording periods for energy yield assessment, the
on this limit. As the SNR threshold is reducedtl®® authors recommend that data gathering for the two
other colours show which constituents are incluiied purposes is conducted separately.



The results assessing the impact of spatial
resolution suggest that project developers willdnte [11]
give careful consideration to the number ané
geographical distribution of in-situ measurements?]
utilised to characterise a tidal energy development
particularly as the industry moves towardﬁ3]
deployments of arrays of multiple devices. As petge
increase in scale, it is likely that there will lze
tendency to rely on 3D hydrodynamic numeric
models as the basis for detailed large-scale reso
assessment. Validation of the model results from in
situ tidal survey data will remain key to ensuring-s]
confidence in the resulting resource estimates. The
number and length of surveys required for these
purpose will remain a matter of judgment for some
time, but it should be possible to develop effextiest
practice guidance once data from a larger sample of
locations become available in the public domain.

The motivation for conducting this analysis has
been to raise awareness of the potential detrirhenta
longer-term economic impact on project returns of
failing to appropriately invest in assessing thecsiic
tidal current energy site characteristics. This
currently an area where tidal energy project dgy&ie
are minimising cost expenditure. Evidence of the
potential impact on project returns have been
highlighted. The research presented has also been
conducted with the intention of informing the rettgn
initiated moves to develop International Standard
documentation for the tidal current energy industry
under the auspices of the IEC TC114.
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Figure 2: Relative posmon of the three ADCP dsala/eys Use in the analysis (EMEC tidal test-site).
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Figure 3: Comparison of constituents predicted &i®NR > 2 for the®land 2° half of the overall measurement record and froenfiti
record.
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Figure 5: Comparlson of constltuents wih a SNRfBrZ)redlctlons at a common time basis for survgys0 and 13.
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Figure 6: Comparison of velocity distributions b:hm predictions at a common time basis for survey) and 13.
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Abstract— Tidal current energy has the potential to play
a key role in meeting UK renewable energy targets.
Although tides are periodic and predictable, thereare
times when the current velocity even at high energgites
is too low for power generation. However, it has ten
proposed that a portfolio of diverse sites locatedround
the UK will deliver firm aggregate output due to the
relative phasing of the tidal signal around the caost. This
paper analyses whether firm tidal power is feasiblavith
‘first generation’ tidal current generators suitable for
relatively shallow water, high velocity sites. Thisis
achieved through development of realistic scenarios
Time-series data for sites identified as high energgare
obtained using a combination of sources for the yea
2009. Scenarios incorporate constraints relating to

assessment of the economically harvestable resource

tidal technology potential and practical limits to energy
extraction dictated by environmental response. Spéil
availability of appropriate bathymetric conditions are
assessed which provides an additional limit on thenergy
harvesting potential. Finally, the variability of power
generation from tidal current energy is compared wth
the existing variability of UK electricity demand using
National Grid data.

Keywords— Tidal Current Energy, Marine renewables,
Resource assessment, Network integration, Supply dn
demand matching

I.  INTRODUCTION

The European Union (EU) has ambitious targets l['tﬂ
meet future energy demand while reducing carb
Q%

emissions. These targets include achieving a 2

reduction in harmful greenhouse gas (GHG) emissio
on 1990 levels by 2020, and increasing final ener

consumption from renewable sources to 20% on t . . . . .
P ) gperatlon. Such information would also be instneti
B

same timescale [1]. In the UK, more than 30%

electricity generation needs to be supplied throu
new, clean and carbon free sources in order to theet
EU mandated target, as other parts of the enexggrse

have less ability to reduce GHG emissions [2].

order to achieve this, substantial investment iw ne
energy sources such as on- and offshore wind, w.

and tidal energy is necessary. Tidal current enbegy
the potential to play a key role in meeting thesgedts
as around 50% of the economically viable tid

resource in the EU lies in UK coastal waters [3]:
Various assessments have equated this tidal curr

energy resource potential to around 5% of UK
electricity demand (e.g. [3]). Ongoing analysisthg
authors suggests that assessment may be conservativ
Further potential to harvest energy from the tidal
resource using barrage and lagoon technologidsas a
possible [4]. The assessment presented herein is
specifically focussed on the potential of tidal remt
energy solutions.

The marine energy industry is moving towards large
scale deployment with regions identified as high
energy sites in the Pentland Firth being leasedhby
Crown Estate for commercial development [5].
However, the introduction of variable sources of
energy where supply dependency is related to resour
availability as opposed to mechanical availabiigya
potential cause for concern from an electricitywoerk
operator's perspective. Tidal energy resources are
driven by the gravitational interaction of the Bart
Sun-Moon system. Therefore, although variable with
time, tidal energy production patterns can be lglia
predicted on both short and long timescales. Howeve
a challenge with tidal energy is that the peak poate
a particular site occurs approximately 50 minugderl
each day as the tidal signal around the UK is
dominated by the M2 tidal constituent associatetth wi
the periodicity of a lunar day (24 hours and 50
minutes). This discontinuity between the solar and
nar day ensures that peak generation and denmand a

5ﬁrely coincident.

Accurate assessment of the output and variabifity o
H‘gividual tidal current sites and the impact of
gregation of output from various sites would be
hly desirable to facilitate network planning and

r scoping the future potential of tidal curreneegy,
nd hence planning development and investmengin th

emerging technology and project development
Iiﬁ\dustry.
The research presented in this paper uses

6R}gthodologies that initially quantifies the total

available resource in the UK that can be extracted
using ‘first-generation’ technology options as mgb
[6,7. The resource assessment utilises a
ombination of available datasets. The analysis is
ﬁ,?ed on tidal current characteristics for the ruide



year 2009. For the purpose of developing powelifferent tidal sites can represent a form of ‘firm
generation scenarios, representative generic firgeneration by diversifying the phasing of the inaogn
generation device characteristics are considerbd. Tidal waves. [11] demonstrates the potential for
overall analysis involves examining aspects dfaseload provision using tidal currents based on
generation, yield, variability, phasing and ultielsgt analysis of three locations. Nautical Almanacs are
the fit with existing UK electricity demand. Theused as the input data in [11]. This data is prilypar
potential impacts of introducing tidal generatiatioi used by yachtsmen for navigation purposes andsit ha
the existing electricity mix are thus consideretheT not previously or since been used for tidal current
work presented uses various methodologies to dyantevaluation purposes. Interrogating the BERR Marine
fluctuations in power generation and makeAtlas [12], an updated version of the DTI Atlas ]
comparison with day-to-day demand variabilitythe locations used by [11] indicates significant
Finally, a preliminary capacity credit calculatias discrepancies. The data in the almanac is likehgter
conducted to quantify the contribution of thdo high resolution flow features as is necessaryg&e
envisaged future tidal energy generation developmeravigation. The nearest TotalTide tidal diamond][13

scenario towards ensuring demand security. (digitised Admiralty chart data [9]) and the BERR
Marine Atlas [12] indicate that these locations dou
Il. TIDAL RESOURCEDEVELOPMENT SCENARIOS not be suitable for large scale tidal current eperg

A number of studies have been conducted to assdsselopment. Similarly the depths in the regions
the total exploitable tidal energy resource intthé It identified in [11] are not appropriate for even
is of value to accurately define the exploitableeclatively small scale tidal current energy devebent.
resource as this quantifies the potential scale ofAnother attempt to assess potential for firm
industry development that can be supported. Thé neggregate generation is presented by [14] whei® it
section discusses the latest estimates for tidakou proposed that a careful selection of sites canrgéma
energy in the UK and highlights the need fosteady output. Back-testing this analysis, the @sth
additional analysis of the variability of the resoeiin  have found significant discrepancies. For instafib4),

an energy context. purports to use data relating to tidal diamond S04
and suggests that it has a spring peak velocity. bf
A. Resource Assessment m/s. Interrogating the same tidal diamond using

Under the Marine Energy Challenge, Black &KHO TotalTide software [13] indicates that SNO40A
Veatch (B&V) [3] estimate the extractable resou@e only reaches a spring peak of 0.57 m/s — this wbeld
be 18 TWh/yr (£30% uncertainty). This is the moshappropriate for tidal current energy development.
widely referenced assessment at a national schke. Dther discrepancies with reported tidal diamonchdat
analysis in [3] utilises input data from a combioat were also observed. Hence the outcomes of the
of sources, the UK Marine Renewable Energgnalysis presented in [14] are considered to tveesfia
Resource Atlas [8] by the (then) Department of Brad For the analysis presented herein, only first
and Industry (DTI), Admiralty chart data from th&KU generation devices are considered, where first
Hydrographic Office [9], and local port data whergeneration technology is defined as prototype devic
available. already undergoing pre-commercial demonstration.

A ‘Significant Impact Factor’ (SIF) is proposed toThese devices are typically deployable in watetthiep
limit the energy that can be exploited withoubf 25 to 50 meters. An additional concern with
adversely affecting the environment and the overalperating in deeper water is the implication ofrigei
resource itself. A constant value of 20% of thaltotfurther from shore — this would suggest a substanti
available kinetic energy flux is applied in [3]. increase in project cost due to the need for exgnd

Sinden [10] has furthered the work conducted in [8|ndersea cabling. Other limitation imposed withiis t
by extracting power output time series for wave arghalysis is site selection based on regions whidaé t
tidal current energy. The analysis in [10] assumescurrent velocity is above 2.5 m/s at the time afrgp
scenario where all the available tidal energy res®u peak. Such a stipulation is a simple means of émgur
identified in [3] is developed, after accounting 8IF that there is potential for economic developmerthef
restrictions. The analysis does not differentiatsite due to the energy density that will be avaddbr
between shallow and deeper sites where a differeipture by tidal current devices.
generation of technology will need to be deployed. _ _

First generation devices are considered to berikerd B- Tidal Resource Phasing

for tidal current energy development until at 1e2@25. The timing of local tidal conditions stems from the
Installation and operation in deeper water requiréigndamental concept of tidal wave propagation.hia t
more radical ‘second’ and ‘third’ generatiordeep ocean, tides predominantly propagate as
approaches that are as yet only in the very etalyes progressive waves. However, as they approach
of research and development. Therefore an analys@arshore regions on the northern European
based on just first generation device specificafion continental shelf, their behaviour tend towards a
required. The application of the SIF has since bestanding wave characteristic where high and lovewat
superseded, therefore a revision of the ‘Extraetakfoincides with slack tide. Hence nearshore tidal
Power’ considered in [3] and [10] is also necessary Vvelocities tend to peak when the gradient of théase

An interesting aspect that is yet to be fullglevation is at a maximum. Figure 1 illustrates the
understood is whether the aggregate output froenrrent velocity and tidal heights for a randomaliban
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around the UK (Amlwch, near Holyhead - tidapotential ‘locking’ of tidal phase around the UK at
diamond SNO048J). Slack tide occurs when the tidalajor tidal current energy development sites watvn
indicating standing wave characteristics. Holyhee \
data is used here as being generically represemtofi

specific sites but the current will typically chang Pentiand Firth

direction at the time of highest gradient of loce \_/ /0

flood to ebb direction is at the time of high wate k

\ »,
represents is the tidal wave characteristics throug / Orkney "~
UK waters. Slight time lead/lag may be experienaed \\ @/

current (solid line) changes direction. The chaimge be examined further.
large swathes of UK coastal waters. What Figure
surface elevation. Figure 2 presents co-tidal line

around the UK that represent the time of high water - -
the propagation of the tidal wave is easily obseérve
. . . : ) y——
Assuming that the relationship between tidal heig iay _—
and current is similar_as indicated in Figurg Jgnth RN /3/
Figure 2 also broadly illustrates the relative tigniof 7 10/ Kinyre /
tidal current propagation. 4 /
14 Tidal current — — — — Tidal height 7 ) / 5
B Anglesey /
0.8 10@ 7 6
0.6 Lo — / 7
o4 i 7=
g 0.2 % \\ 7 N Amphidromic pontW////
< 0.2+ a - 1
é‘ 0 = \ Ram@ 0
Q ’§ 5 _Island . ‘ 12 \
% '0 2 - = YN \12 \
> . o
0.4 - = .
-0.6 - \ \ \Race7f Swofwﬁght
0.8 Time (hours) ‘ 5 sA'de%\ AN
1] Predicted heights are in meters above Chart Datum for | 0 \ \ \ N \

Amiw ch (HOLYHEAD)

Mean Sea Level : 4.08 met . ) .
anseateve meters Fic. 2 Co-tidal lines for the coast of the UK. Areas neatkn the

Fic. 1 Tidal currents (solid line) and height data (dottew) at circle show regions of interest for tidal currenergy development.

Holyhead indicating relative phasing of current asdrface
elevation (source data [12]). I1l. METHODOLOGY FORRESOURCEASSESSMENT

The locations circled in Figure 2 have beepn Resource assessment analysis in this section
identified by Black & Veatch [3] as being sites ofollows the methodologies demonstrated in [6]. Only
major interest for tidal current energy extractiorfi'St generation sites are considered, as mentioned
Ideally a phase difference of 90° or 270°, relating earlier. A Geograph|cal Information System (GIS)
time variation of three or nine hours would be oyt setup was used to interrogate the BERR Marine Atlas
for tidal sites to formulate a combined output fiom [12].
power generation. However, the sites highlighted m
Figure 2 experience high water at approximately the
same time (some sites show a variation of up to

Site Selection

nResource assessment analysis in this section fellow
hour). If these identified sites are characterigd (1€ Methodologies demonstrated in [6]. The Marine
similar tidal height and current relationships as {\tas_dataset provides mean spring and neap tide
Figure 1, then all these sites can be expected YgJoCity values and water depths for the UK
experience ebb and flood in phase with each other. continental shelf (UKCS) at a spatial resolution of
Coincidence between two of the biggest sites c4fProximately 1.8 kfiThe Marine Adtas provides
have a significant negative impact in terms of Itid4//de spatial coverage but lacks temporal resolution
current energy’s contribution towards firm poweher | herefore the Atlas was used to identify cells imeet
Pentland Firth and Channel Islands have belfﬁrtam criteria: cells were only considered apfiaip
identified as locations that embody about 70% ef tHOf €conomic development where the spring peak

technically extractable resource [15]. As these t Ioc.:ity. exceeded 2'_5 m/s. This criteripn is based
sites are potentially in phase, the aggregated po e findings of [3] which suggest that sites thatribt

output will also be in phase. From an electricitfXPerience peak velocity of this magnitude are
network perspective this is the worst case scenaso considered uneconomic. . . "

the system will have to absorb surges of power ov,erA .number of sites included in [3] are r_10t .|d.ent1if|e
relatively short periods assuming large-scale tidh] this study as they do not meet the criteriaioed
current energy development. This potentially inggha ©" site selection for first generation development
characteristic of the most important sites is ehtir Narrow channels such as Strangford Narrows are not
coincidental and specific to the UK context dudtso Ncluded in this study as the Marine Atlas is ueatol
unique shape and size. The above theory relatiF@OI\’e these regions, although the location has be



identified as an energetic site for economiADCP data for Sound of Islay was kindly provided by
development [16]. Hence, insufficient data exists iScottishPower Renewables [19]. The final additional
the public domain to effectively generate reliatilee dataset covers the area around Anglesey. Thisvgeta
series. All the sites identified using the aboviéedia accessed via the British Oceanographic Data Centre
are listed in Table 1 with data synthesised frog].[1 (BODC) [20]. Datasets spanning periods above 29
The UK Hydrographic Office software (TotalTide)days were once again used in conjunction with
[13] is used to determine time series spanning tharmonic analysis and reconstruction for the common
calendar year 2009 by accessing tidal diamond ourréime series via harmonic prediction. A detailed
velocity data. A limitation is that the tidal diamis do discussion of this analysis and the methodologybean
not necessarily coincide with the location of th&und in [21].
specific cells. Therefore ‘pseudo diamonds’ haverbe
created using interpolation techniques outlinefl8j. IV. SCENARIO DEVELOPMENT ANDANALYSIS
The authors have already utilised this approach forThe device characteristics in this study are based
application to tidal diamond data as identified[@ the assumption of a generic horizontal axis device.
where more detail is provided. The combination d®revious analysis [6] has utilised a rated velocity
applying the velocity magnitude from one sourceletermined for each device by taking 70% of the
Marine Atlas [8] and temporal variation from anathe spring peak velocity as suggested by [3]. However,
TotalTide [13] is sub-optimal. However given theka during the analysis in [6] it was thought that the
of more effective and robust data coverage acifuss tapacity factors of some of the sites that arerotise
UK, this is deemed an appropriate method as disdus&nown to be high-energy sites were lower than
in detail in [6]; combining two source datasets texpected. In this context, capacity factor is dediras
provide appropriate spatial and temporal resolution a ratio of actual power output over the nameplate
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TABLE | capacity of the plant over a period of time.
LIST OF SITES IDENTIFIED FOR THIS STUDY Discussion with the authors of [3] hlghllghted that
this method does not fully consider the site ecanem
'\(')?' Avg S’?‘a‘r’%'g and they have since moved on to an in house cost
Cel Dept.h Peak optimisation rr_10de| that chooses a device _ rated
Site name Is | Region | (m) (mis) velocny_ accor.dlngly. Unfortunatgly this cost m.odsal
Pentland Skerries o scotlahd 3550 360 MOt available in the public domain. Therefore, ey
S. Ronaldsay P. to strlkg the right balar_1ce between maximum power
Firth 1 | scotlandl 39.00 319| generation and economic capacity factor an alt@at
S. Ronaldsay/ P. simplified method of assigning the rated velocigsh
Skerries 5| Scotland 43.20  2.93 been identified.
Duncansby Head 1| scotland  36.00 395 Figure_3 is a v_elocifc)_/ eX(_:eedance curve for aI_I the
Inner Sound 3| scotianh 2867 397 cells _of mteres_t identified in '_I'able 1. All thetes
. ' ' experience spring peak velocity above 2.5 m/s, but
Stroma P. Firth 7| Scotland 3929  3.44 examining the exceedance curves it becomes clagr th
Westray Firth 2| Scotlang 29.00  3.81 for some sites this occurrence is very low. Thexefo
N. Ronaldsay Firth] 1| Scotland 34.40 2.57 choose a rated velocity based on the spring peak
Islay North 7 | scotland 29.0 275 charlzcteristicés fo: a site cc|>|uld mean that]c the @evi
would spend only a small proportion of its time
Islay Centre 12| Scotland  27.75 274 operating at rated power and hence have a low
Islay South 8 | Scotlangd 38.88 2.63 capacity factor.
Sound of Islay 2 | Scotlang 50.00 2.95 s
Anglesey North 4 | Wales 30.00 2.59
Anglesey South 1| Wales 31.00 2.6( )
Ramsey Island 3| Wales 35.00 266
Race of Alderney | 19| Englang 31.68  3.38 _ 4\
Isle of Wight 2 England| 27.5( 2.76 :% N
>

Profiler (ADCP) data was obtained for sites whers ,§
possible. For example in the Orkney region, data w=
purchased from EMEC for Westray Firth. The ADCI 15
measurements were taken over a month long perioc
2005 and did not coincide with the selected tidi
diamond time series for the other locations. Thereef os
harmonic constituents were derived from the ADC
data using the NOAA least—squared analysis approé % 10 2 2
[16]. 23 principal constituents were obtained uging

methodology and were then used to recreate the tifi@ 3 Velocity exceedance curve from all the selectets cel
series coincident in spatial and temporal resatutm
the rest of the datasets (i.e. spanning 2009). tiwhdil

1

40 50 60
Exceedence (%)

The interpretation of capacity factor statistics is
complicated by the fact that increasing the ratmdqy



of a turbine increases the energy harvested hhe analysis. This standardised approach is besed u
decreases the overall capacity factor. A compromite inform a national scale resource assessment. Fo
needs to be made between maximising generationpabject scale and site-specific design, much more
the expense of engineering the device to withstaad detailed analysis would be necessary.

forces at higher rated velocity. It is considere 4 ‘ %

uneconomic to engineer a device that wil only b .| _________________________________ |
operating at its rated value for a small percentaige

the time. Therefore, in order to reach an effecti\%’35”;”*%”%@% LT T N
balance, the approach adopted herein specified " § 307#: ;Zf B tf*,wgfﬁf%ﬁm?jf,,f,g,,
rated velocity as the velocity value associatechwi € |ex o W* TS
10% velocity exceedance. The idea behind choosi§®[ ~~ > "« """~~~ """""""""""~ ;’”‘*ﬁ; -
the rated velocity this way is that using the™10 S ]
percentile value forces the device specified irhezsdl * x R
to operate at rated power for 10% of the operatior 1° < Capacity Factor using 70% Spring peak vale. ‘ ‘
time (assuming no downtime). Examining the +  Capacity Facotor using 10% of velocity from Exceedence plots

gggeedfanﬁe Cl.Jrve InhFlgure. 3 .mdlcfate.s that fogml_yu FIG. 4 Summary of Capacity Factor evaluation for all thediscof
% of the time, the majority of sites EeXperenCiierest appropriate for first-generation devicpldgment

velocity below 0.7 m/s. This equates to the cut in
velocity expected of first-generation tidal current V. ACCEPTABLEPOWER
technologies; below 0.7 m/s the device will nofhe installed capacity for each cell is based aa th
generate. For th_e remaining 70% ofth_e time thecdev 5ted velocity and device spacing as in [6]. Two
will be generating but will be operating somewhergcenarios are considered, the unconstrained soenari
between cut-in and rated velocity. ~ considers all the energy that can be extracted fraem
Capacity factor is used here as a simplified indica sjte without considering consequences of extraaion
of how ‘economic’ a site is (assuming common tuebinthe |ocal environment (also known as the farm
design). A low capacity factor indicates low ecomm 4nr0ach).The second scenario considers constrained
performance. This method of using the exceedan§§wer generation, Technically Acceptable Power,
plot therefore provides a sensible way Offap) that can be extracted from the site without
understanding the power generation dlstrlbutlo_nrovgigniﬁcanﬂy impacting the environment based upon
tidal cycles and assists in identifying a ratedo#y  cyrrent understanding of the engineering potertfal
appropriate for each cell location that will leald the technology. While the analysis presented here
capacity factor of around 30% which is deemed |gcks the very high temporal and spatial resolution
likely economic balance for first generation tidajyig necessary to inform individual project
devices in light of wind energy developmentajevelopment and detailed device design charadtevist
experience. ) i it offers a credible and broad resource analysialsie
Having established the rated velocity, the powgs, ynderstanding the nature of the UK tidal reseur
gener_ated from a device can be characterised t%ng g its phasing. A true understanding with a higlel
equation: of accuracy of the resource will only be gained by
1 ¥ extensive site measurements combined with tidal
P'ECPpA @ hydrodynamic models incorporating the complex
interaction of device operation alongside the eivgjv

where C, is the device efficiency, assumed to be .
ydrodynamics.

constant value of 40% based on [22], the wateritlens
p = 1025 kg/m, A (m?) is the rotor swept area and A. Total Power

(m/s) is the depth-averaged current velocity. Two - ; -
energy capture device models are utilised in th Aggregating the output from each of the siteshi t

: ; . ! Uhconstrained scenario, there is potential for gner
analysis to reflect the difference required for rapiag P o

f ter depths: i s of d harvesting of 31.22 TWh/yr utilising a total instal
across a range ot water depins. in celis ot dep pacity of 11.44 GW. Within this scenario there ar
between 25 to 30 meters, a device diameter of

¢ . dt i ot P (Sge of installed capacities across various looati
meters 1S used {o provide appropriate surtace Saﬂw‘ smallest being Isle of Wight at 0.23 GW. The

seabe?_ clelarancte 3ndthavof|d3000nf{|ct with ve S8 gest installed capacity of 3.4 GW is at Race of
havigation. In water depths o MELErs or moge (LAIderney. The productivity of each site broadly

o 50 meters) a device diameter of 20 meters P&flects the installed capacity as the scenario

specified. Cut-in veI(_JC|ty In "?1" cases IS assurtetie developed achieved a consistent capacity factor of
0.7 m/s. The device maintains rated power fg);o 29 nationally

velocities higher than rated velocity.
Figure 4 shows the capacity factor for each of th® Technically Acceptable Power

cells already identified in the analysis using h® e pational resource assessment presented in the

different approaches for selecting the rated powefieceding section has been conducted without
From the graph, it can be seen that the updatedatiet -, \qjgering the effect energy extraction may hawe o

of assessing the rated velocity maintains bettgy nyerlying tidal system. The SIF approachssiili
consistency of capacity factor (around 30% as eéjir ) [3] and [10] is now outdated and needs to be

Hence this new method is carried forward throughopl,ised to update and reflect enhanced understgndin



of the resource. Numerical modelling in [7] suggesthree hours, ranging from 12 GW to 0 GW and 6 GW
that tidal hydrodynamic mechanisms can be group&ml0 GW in the unconstrained and constrained saenar
into hydrodynamic mechanisms — tidal streamingespectively.

resonance and hydraulic current. These flow TABLE Il

phenomena are necessary to generate tidal culo@nt f power GENERATION POTENTIAL FOR ALL THE SITECONSTRAINED

conditions extreme enough to warrant considerirgy th AND UNCONSTRAINED. DATA DERIVED FROM [6].
location appropriate for economic development. [A
also identifies that there is a limit to the amouwift Generation Generation
energy that can be extracted before the enefgy Unconstrain [ Constrained
extraction process starts affecting the lochl Site name ed (TWhiyr) (TWhyr)
hydrodynamic mechanism. [23] has already identifi¢dPentland Skerries 1.173 1.173
that beyond a theoretical harvesting limit, any @enof S. Ronaldsay P. Firth 0.287 0.287
energy extraction would in fact reduce the cumudati| S. Ronaldsay/ P.
energy harvested as a result of reduction in kinefiSkerries 1.085 1.085
energy flux. Duncansby Head 0.410 0.410
To evaluate the level of power that can be hardeil‘anner Sound 0.886 0.886
from each of the sites, their respective hydrodyinan syoma p. Firth 2 658 2 658
mechanl_sm is _|dent|f|e_d anq a TAP value d_efmed r\Nestray Firth > 877 0746
[6]. Regions with multiple sites are treated in afe ,
two ways: the sites at Orkney, Islay and Anglesey g-N-Ronaldsay Firth 0.144 0.144
considered to be sufficiently geographically andlslay North 2.580 0.493
hydraulically dispersed to be evaluated separatglislay Centre 4.614 0.580
while for the Pentland Firth, sites are consider¢dslay South 2.099 1.173
interdependent and are handled jointly by a sisgle | sound of Islay 0.104 0.104
of I|m|ts. For many sites the high flow v_eIoc;mes Anglesey North 0871 0.832
experienced are as a result of a combination |of
mechanisms. Anglesey South 0.288 0.288
Where a site needs to be constrained, the capatiBamsey Island 0.726 0.625
factor of each cell is considered. Cells with thevdst | Race of Alderney 9.766 2.115
capacity factor are s_equentla_ll_y removed unt|_l thegie of Wight 0.664 0.664
restricted TAP generation conditions are met. TWas
achieved either by removing the cell entirely or bylotal (TWhiyn) 31.23 14.26

reducing the number of devices deployed in tt&ince the output from all the sites are predomigant
identified cell to meet TAP constraints. Detailstbé in-phase, the potential for tidal current toprovide
limitations for the sites considered in this scamaan significant firm generation is limited. Continuous
be found in [6]. For the UK wide constrained scémaroutput can be achieved for a number of days around
using the locations identified in this analysiS;AP of Spring peak, however the continuous output is
14.25 TWhlyr is extractable utilising an optimise@ustained as a small fraction of the peak generatio
total installed capacity of 5.4 GW. The limit im@eos potential. An informative way of summarising thaala
by the constraint reduces the total power output iy using an exceedance curve as shown in Figulie 6.
more than half from the unconstrained to thean be seen that for the constrained and uncomstrai
constrained scenario. A breakdown of unconstrainedlse, the power output drops to zero near 100%
and constrained generation for all the sites tedisn exceedance indicating that tidal current energynoan
Table Il, using data provided in [6]. generate firm power, at least not within this scena
Figure 5 shows the combined power output from albnsidering the major tidal current energy locagion
the sites for the constrained and the unconstraing@und the UK coastline.
scenario. Only the peak value far each 12 houogeri As the unconstrained scenario is likely to be dekme
is plotted so an envelope of the generation casele@ unacceptable due to the associated environmental
representative of the variation of the spring-negre. impact. For example extracting 9.76 TWh/yr from
What is not shown in the graph is the daily cyclthw Race of Alderney as developed for the unconstrained
two peaks and two troughs generated in every 124se would reduce the free stream velocity by 2666 a
hour period. Hence, the power output varies eveajter tidal height variation by more than 35%, otilg
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Fic.5 Power output for 2009 in the corained and unconstrained scen:



generation installation ensures that intermittengy
avoided. Key distinction to be made here is tharqe
zero output from an entire fleet of conventional
generation units does not occur, while for tidal
generation the output is constantly variable depahd
upon the forcing of the resource. However an
unexpected shutdown is highly unlikely.

0 20 0 _. 60 80 100 <
Time (%) °; o |

FIG. 6 Power exceedance for the constrained and uncamedrai §
scenario § ar B

i

w
T
I

constrained scenario will be considered hereaftke .
analysis indicates that for most of the identifiesy 2} . g .
sites, the limit to how much energy can be extdhcie ’
determined by the TAP constraint limiting energ .
harvesting due to excessive environmental iMPACt.  olssstosssssssstomsmsmmnntst o bncncnt
the constrained scenario presented here, mosteof Inter half hour power swings (GW)

sites meet OI.‘ exceed the TAP I|m|t§t|ons |mpc_)se_lrnh TF G. 7 Inter half hourly power output fluctuations fromnstrained
only exceptions are Pentland Firth (consisting Qkenario.

Pentland  Skerries, S. Ronaldsay P. Firth, . ] .
S.Ronaldsay/P.Skerries, Duncansby Head, InnerAn advantage tidal generation has over wind and
Sound and Stroma P. Firth), N. Ronaldsay Firtf/ave power is the absence_of extremities of oparati
Sound of Islay, Anglesey South and Isle of Wight. pFor example, a standard wind tu_rbl_ne may be rated a
these locations if suitable depth conditions arfe? M/Sand cutout at 25 m/s. This is necessaguas
available, further development potential would b@Peeds of 50 m/s are not uncommon across the UK
possible when second/ third generation tidal ener{gP]- A cut-out velocity or survival strategy is
devices become available. However at locations evhénerefore necessary for these technologies as ites
the TAP constraint has already been reached, furtif&perience extreme gust speeds (wind) or wave
development with newer generations of technolodigights (wave) that are far beyond the operatiggpre

will be constrained by the existing first generatioOf the energy extraction device. For tidal currii is
deployments. not a major issue as the operating conditions ate n

that far removed from the extreme conditions as
VI. MATCHING TIDAL GENERATION AND DEMAND shown in Figure 3; most tidal devices are therefare

For this study, half hourly demand data is obtainélfsigned to cut out and can operate at rated power
from National Grid, the Transmission System Operatguring extremes by pitching the blades to alter the
in Great Britain. |014 DEM demand values are uséd'dle of attack and hence shed load.
for this analysis, which tglfes into account statmad 3 pemand Variability
but no pump storage activity [24].

Demand for electricity is characterised by variatio
A. Tidal Variability at different time scales. Northern European coestri
The addition of renewable generation to the e)gstir{nclu_ding the UK experience winter periods that are
electricity network will further complicate thedominated by cold weather and short daylight pesiod
operation of the system, particularly during pesiad Peak_electrlcrgy demand is therefore concentra_.ted i
high demand expectation. Although the inherefff€ Winter period with the increase in consumpoén
predictability of tidal generation is beneficiahere is €l€ctricity associated with the need for domesgath
no obvious casual relationship to expect that stroRNd lighting along with the usual underlying load.
periods of generation will coincide with high derdan Electricity consumption patterns are well underdtoo
Figure 7 shows tidal generation fluctuation potentind the extent of the variability can be estimaiith
simulated every half hour using the constrained Nigh degree of certainty. Detailed weather
development scenario data for 2009 already detaild@recasting systems can help prepare for cold spell

This graph presents the aggregated output of tRBd provide early warning for the system to secure

complete tidal generation scenario. Extrem&0réreserve.

fluctuations of -2 to +2 GW are observed. Consiugri 1 h€ UK electricity system has an average demand
the total installed tidal capacity under the camised ©f 36-4 GW, with a standard deviation of 7.7 GW. In
scenario is 5.4 GW, the maximum indicated half009 electricity demand peaked at 59.1 GW' (6
hourly swing is a significant proportion of instdl January, 17:30) and is expected fo grow at a 1.2%
capacity. However smaller swings are generally tf§§0Wth rate per year [26]. Figure 8 shows the mean
norm. The modular approach to tidal currefiémand for each half hour period in a standard day



determined from the complete 2009 data recor 60
Although the average demand for the entire year
36.4 GW, it can fall as low as 20.15 GWY{2ugust),
34% of the peak value.
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FiG. 10 The half hourly demands and tidal generation pteseas
Load Duration curve.
The two curves show demand with the inclusion of
tidal in the system. The reduction in the load tare
18 22 curve with tidal in the system is an even spread
indicating a potential correlation, however theatid
Fic. 8 Mean demand for each half hour period in the dap@. resource is independent of demand due to the lack o
The system is most vulnerable at times of peﬂ]ygs uitsealitrselsggfnusl‘rr:(laps:s the load duration curve does
demand, so any generation that contributes towardg sh%w how demand and ceneration are respondin
meeting peak demand has a positive influence aﬂat ; 9 . P 9
. with respect to time. Therefore, matching of demand
reduces the burden on the network. Figure 9 shows

two curves, the UK demand profile spanning over t aend supply is shown in Figure 11, each column & th

week when peak demand occurred, from thecs11" ivariate histogram presents the amount of timé&g)n

. : H for which a particular combination of generation is
of January with peak demand oceurring on t ethe presented as a percentage of the total installeactis
second curve shows net demand with tidal generaan .

: : : and demand is presented as a percentage of peak
mpo_sed as a negative load (dem_and—ndal geneDatbemand. The worst-case as defined by [27] is
ut|I|5|ng 5.4 GW ms}alle@ capacity (the constraineidemiﬁed as the period when demand>80% and
scenario). The contribution of tidal current enetgy tf;ldeal generation is10%, the right-most column in the
the system would only reduce the system peak on lh|stogram. This corner is significant as it defirlbs

6" by 0.5 GW. Two days later, on th&,naximum time when generation is low and demand is high. The
demand for the day was 57.3 GW ™Highest for the | . generalic gn.
mstogram highlights that the largest

year. Under the envisaged constrained scenaris, t N -
demand would be reduced by 3 GW with the inclusiqgr?"’m:h occurs when generations0% and demand is

o . . etween 50-60%.
of tidal in the system. The biggest reduction tteah : -
be obtained with the inclusion of tidal in the gyst The effect of this variability on the system can be

will be in the order of 5 GW, which occurs aroun(‘fxammed by considering the net demand that

midnight on the 1 in this instance, peak generatiorE.eneratlon sources other than tidal must provide.

L . L igure 12 shows the frequency of inter-half hourly
does not coincide with a significant demand pea emand changes before and after tidal is introduced
Examining Figure 9 indicates the importance of tigni The i t of inclusi  tidal to th I
of demand and tidal generation cycles. The impact of inclusion of tidal to the overall &y®

A key question to be addressed is whas rather small although there are few occasiorih wi

consequences will the addition of variable generati hear zero (0 GW) residual demand change. The Y-axis

. uses a log scale to highlight excursions occurahg
from tidal current have on the network and the esyst the tails of the distribution; an important chaeaistic

operator with increasing levels of penetrationhe : ;
: : f this graph from the perspective of network
constrained case, tidal current plays a small rofe

. o - anagement. Table Ill summarises the key changes
meeting 3.8% of existing UK demand. A method (.)glnd highlights that the largest swings are increasel
assessing the variability for the whole year

presented in Figure 10 'Become more frequent with the addition of tidathe
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(LOLP) based generation adequacy risk calculation
[28]. LOLP is the probability that generation wilk
insufficient to meet demand at a particular time. A
preliminary calculation has been performed using a
Gaussian distribution of available conventional
capacity with mean 65 GW and standard deviation 2
GW; this is representative of a sustainable lomgte
level of adequacy risk. The ELCC is then 1.15 GW
(10.05% of the unconstrained scenario installed
capacity) and 0.82 GW (15.19% of the constrained
scenario installed capacity). The small difference
between the two cases arises because in the
unconstrained case the possibility of very low
percentage outputis more significant than the
substantial mean of 3.39 GW (the mean in the

/

Worst Case

Frequency (%)
e

80
Generation
(% of installed capacity)

Demand
(% of beak demand)

2.08 4.08 3.97 6.19 559 7.42 3.11 1.97 0.77 0.18[ 10 constrained case is 1.55 GW). A more detailed study
0.8 1.84 1.67 2.52 2.16 2,57 1.22 0.84 0.37 007 20 3 ; ; ;
05 131 0.08 179 150 211 091 057 0.32 006| 30 5 of adequacy risk will be presented in future.
0.36 0.89 0.98 1.34 1.41 1.67 0.63 0.51 0.29 0.03| 40 =5 TABLE Il
0.36 0.98 0.75 1.2 1.18 1.19 0.61 0.41 0.13 0.03[ 50 &
025 0.67 059 1 1 119 0.53 0.34 0.14 0.02| 60 g & KEY DATA FOR HALF HOURLY POWER EXCURSIONS WITH THE
0.33 0.66 0.62 0.96 0.86 1.02 0.51 0.38 0.11 0.03| 70 5 5 INCLUSION OF TIDAL IN THE SYSTEM
0.37 0.66 0.58 0.96 0.82 1.01 0.45 0.39 0.09 0.01 80§ >
0.25 0.57 0.47 0.82 0.59 0.88 0.5 0.3 0.06 0.01f 90 2.
0.37 0.39 0.43 0.92 0.68 0.86 0.52 0.33 0.04 0| 100 = Tidal Penetration
10 20 30 40 50 60 70 80 90 100 N c trained
Demand (% of peak demand) one onstraine
. . Maximum decrease: GW 5.47 6.65
FiG. 11 Coincident half hourly histogram and table.
) ) Number of decreases of 5.25 GW 1 21
system. his outcome obviously relates back to the,y apove
initial findings of the relatlv_e phasing of UK tida| . . i ease: GW 277 436
current energy resources — if the resource was mpre _
S Number of increases of 2.5 GW 2 220
out of phase, the variability felt by the systemuldo
be reduced as power generation would vary mar8ndabove
smoothly with potential for cony.nu‘ous‘, ggne(atlgn. VL. CONCLUSION
« Demand i . .
| © Demand- Tidal (constrained) »"""s This work presents an improved method of

u
10 A
o =]
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assessing the total UK tidal current resource by
combining multiple datasets including Marine Atlas,

o e

g et A\ TotalTide tidal diamonds and measured tidal current
g e i information where available. First generation devic

g 10° 2t } < installation is considered in regions where sppegk

i‘;‘ F T velocity exceeds 2.5 m/s in water depths of 2500 5
> o ¥ s meters. Based on an economic assessment of the
g i capacity factors for each of the sites considetad i

g 10l R 4 concluded that 14.25 TWh/yr can be extracted withou

significantly impacting the underlying resourcetlag
identified sites, as further detailed in [6]. A new
approach to identifying the device rated velocity i
introduced to help achieve an overall economic
capacity factor and aid development of realistic
scenarios.

The nature of tidal wave propagation around the UK
coast indicates that the high energy sites corsiter
Capacity value is another important concept thait care largely in-phase and that tidal curreannotbe
help understand the potential contribution made kgen as offering significant ‘base load’ generation
tidal current energy in supporting demand. Theotential in the UK. Numerous small sites existt tha
commonly used Effective Load Carrying Capabilitynay provide a small percentage of generation out of
(ELCC) can be defined as the additional demamthase but this will amount to a small proportiorthef
which the generation can support without increasingtal installed capacity. Generation from the
the system risk. The empirical distribution acrafis constrained scenario presented here can meet F.8% o
days of available tidal capacities at 1700 houh® (tpresent UK demand. Two of the largest sites, Pedtla
time of day at which extreme high demands typicallyirth and Race of Alderney together contribute 60.4
occur in GB) may be used as the distribution aif the total generation.
available capacity at time of annual peak. This fmay The impact of aggregated tidal current generation
used in an annual peak loss-of- load-probabilitym the electricity network is considered. Inclusioin

7 6 5 -4 -3 -2 -1 0 1 2 3 4 5 6
Inter half hourly load change (GW)

FiG. 12 Inter half hourly demand change with and withodati
current in the system.



tidal in the system increases the number of extreriél
short-term changes in net demand but they do rL&){E
appear to be severe and seem manageable as sdggeste
by National Grid [26]. The capacity value of the
preferred scenario is 15.19% with an ELCC of 0.82
GW. [12]
The analysis presented here makes specific
assumptions about how much resource can heg]
extracted and what type of devices will be usedirth
efficiency, operating conditions etc. Varying any o1
these parameters can significantly vary the findpat.
The intention has been to develop scenarigss]
representative of realistic large-scale uptake il t
current energy in the UK using conservativ
assumptions of device characteristics based upon
existing prototype devices. On this basis, thetirada
phasing of the key tidal energy sites around the UK
have been demonstrated to be largely in phase.
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Abbreviations

ADCP Acoustic Current Doppler Profiles

BODC British Oceanographic Data Centre

EMEC European Marine Energy Centre

GIS Geographical Information System

IDW Inverse Distance Weighting

NOAA National Oceanic Atmospheric Administration
SIF Significant Impact Factor

TAP  Technically Acceptable Power

Nomenclature and units

A = area (m°)

a, = amplitude

c = wave celerity (m/s)
Cp = Device efficiency

= distance (m)

= gravitational acceleration (m/sz)
= water depth (m)

= Power (W)

= time period (s)

= velocity (m/s)

= density (kg/m®)

N, © < 4 TV T Qe o

= wavelength (km)



1. Introduction

The European Union’s ambitious target of meeting 20% of energy demand from renewable energy by
2020 [1] is driving interest and investment in the renewable sector. The UK 2020 target of 15%
renewable energy implies a need for around 34% reduction in emissions [2]. Meeting these targets will
require substantial investment in new on- and offshore wind, wave and tidal energy developments,
drawing on the UK’s abundant resource potential. There is however concern regarding the integration
requirements of the large capacities of new renewable generation implied by UK targets given the
inherent variability of the major renewables, and the relative timing of their output with electricity
demand. In reality, no energy source is 100% reliable and outages (scheduled or unscheduled) do
occur. Demand patterns are also variable, hence the power system and network have historically, and
will continue to be required to be designed and managed to handle variability [3]. As tidal current
energy generation is driven by the gravitational interaction of the Earth—Sun-Moon system, tidal
energy production patterns can be reliably predicted on both short and long timescales. Accurate
predictions of the output and variability of individual tidal current sites and the impact of aggregation of

output from various sites will be highly desirable to facilitate network planning and operation.

The Carbon Trust has commissioned a number of studies that have been used to assess the tidal
current resource, its variability and its implications for development [4-6]. As part of the Marine Energy
Challenge Black and Veatch (B&V) [4] estimated the extractable tidal current resource to be 18
TWhlyr (£30% uncertainty) [4], that this ‘Technically Extractable Resource’ can meet about 5% of
current UK demand and that the UK has around 50% of the EU tidal current resources. The study
used output from the DTI Atlas of UK Marine Renewable Energy Resources [7], Admiralty Chart data
from the UK Hydrographic Office [8], and local current meter data to select and characterise specific
locations of tidal energy generation. It also applied a ‘Significant Impact Factor’ (SIF) to assess the
‘Technically Acceptable Resource’ tat places a limit on the amount of available kinetic energy that can
be harvested without undue impacts on the environment and the tidal current resource itself. This SIF
value was estimated as being 20% of available kinetic energy flux [4] although understanding of the

extraction limits has since advanced considerably [e.g. 9, 32].

Analysis of tidal current energy generation potential has been further progressed by Sinden [5] by
extracting power output time series for wave and tidal energy. Comparing the variability of the
identified tidal sites was conducted using data extracted from the Proudman Oceanographic
Laboratory POL CS20 tidal model [11] (also the basis for the DTI Atlas tidal component [7]). Although
the variations were examined at specific locations, and SIF constraints (as in [4]) were taken into
account, the analysis assumed a scenario where all the sites are fully developed without any further
constraints. While this may be possible in a few decades time, ‘first generation’ tidal current devices
are unlikely to be able to be deployed in water depth over 50 meters deep. Also as the analysis in [5]
focuses on a portfolio of tidal and wave energy generation, the effect of tidal current energy alone

cannot be easily discerned.

Boehme et al. [12] examined tidal current resource variability in Scotland as part of the ‘Matching

Study’ for the (then) Scottish Executive. It used the DTI Atlas and Admiralty charts to define current



flows within Scottish waters. It applied a generic twin-rotor tidal turbine to estimate production levels
and variability. The study estimated the Scottish tidal resource as 2.2 TWh/yr when a 750 MW

installed capacity development scenario is considered.

11 Firm Tidal Power Generation

An important area that these studies have not tackled directly is whether the aggregate outputs from
tidal sites can represent a form of ‘firm’ energy generation through diversity in the phasing of energetic
sites. Two other studies have offered some analysis of this issue. Clarke et al. [13] suggest that
aggregate output from a number of sites can provide base load. Unfortunately, the sites selected are
less energetic and/or generally too deep for first generation deployment. For example, Sanda (Mull of
Kintyre) has tidal current velocity above 2.5 m/s but the water depth at this site ranges from 100-120
m. While this site may eventually be developed for tidal current energy harvesting, it is not credible for
first generation tidal projects. Hardisty [14] also reports that by careful selection of tidal current site
locations a continuous — or firm — level of generation could be achieved. However, when interrogating
the same data source as referenced in [14] (Admiralty Total Tide software [15]), the authors were
unable to reproduce this outcome as the sites selected generally had current velocities below 1 m/s.
Additionally, considering the local bathymetric depth data [7], indicates that some of the sites identified
in [14] are too shallow for full scale device deployment. Hence, the authors contend that the locations
identified in [14] are not likely to be considered for large scale development of tidal current energy

even if they are out-of-phase, as they are wholly inappropriate for economic energy generation.

Given the identified deficiencies of existing efforts to assess the potential for ‘firm’ tidal current energy
generation, this paper is concerned with understanding the scope for portfolios of credible first
generation tidal current development scenarios to provide firm power. This involves a reassessment of
the UK tidal current resource by identifying appropriate development locations incorporating the latest
thinking on power extraction limits and examines aspects of generation yield, variability and temporal
phasing.

For the purposes of the analysis to be presented herein, first generation technology is defined as
iterations of existing prototype devices that are already undergoing pre-commercial demonstration. A
second generation of technology is defined as being able to be deployed in deeper waters. Examples
of second generation technology solutions are under development, but are currently at the early
stages of technology readiness, and hence unlikely to make a significant contribution to meeting 2020

energy generation targets.

12 Data sources

The majority of the data used in this study are publically available. Two different datasets are used to
provide spatial and temporal accuracy. With additional processing, the datasets are combined to
achieve considerable improvement in analysing the resource. The data obtained from the DTI Atlas of
UK Marine Renewable Energy Resource [7] has been taken forward by The Department for Business,
Enterprise and Regulatory Reform (BERR) and the underlying Marine Atlas data is now available

through a web interface [10]. The Geographic Information System (GIS) data layers downloadable



from the web interface are interrogated in the analysis presented using ArcGIS and integrated with
manipulated Admiralty chart data [8] accessed utilising Admiralty Total Tide software [15] to provide
time series at identified locations.

Acoustic Doppler Current Profiler (ADCP) data can also be used to measure current velocity, using the
principles of Doppler Effect and reflecting sound off small particles in the water column [16]. ADCP
data was made available to the author on request for Orkney by the European Marine Energy Centre
(EMEC) [17] and measured buoy data was obtained from British Oceanographic Data Centre (BODC)
for Anglesey [18]. Time series for all the sites need to be coincident in time, therefore this additional
buoy and ADCP data had to be recreated using harmonic decomposition and prediction, in this case
using the methodology advocated by the US National Oceanic Atmospheric Administration (NOAA)
[19].

The paper is laid out as follows: section 2 examines the theory behind tidal currents and their phasing
around the UK. Section 3 sets out the methodology for assessing the resource available at first
generation tidal sites and section 4 reports on the outcomes of the analysis. Sections 5 and 6 discuss

the implications and conclusion of the study.

2. Tidal Resource Phasing
The timing of the tidal phasing stems from the fundamental concept of tidal wave propagation. The
velocity of tidal wave propagation (wave celerity ‘c’) in shallow water is given by:

C%/% &)

where c is the wave celerity (m/s), g is the gravitational acceleration (m/s®), and h is the water depth.

For the purpose of elucidating the discussion, a depth of 50 m is selected as being representative of

UK coastal waters. From this, the wavelength A of the tidal wave can be calculated as:

A=cT @)
where T in this case is taken as the time period 12.4 hours of the dominant tidal constituent (M2 - the
diurnal pattern of the Moon). The wavelength of the M2 tidal component in 50 metres water depth is
988 km, which is around the length of the UK landmass. This would suggest that that there are
substantial differences in phase around the UK coastline, however the topology of the British Isles
serves to complicate matters: Figure 1 shows the co-tidal lines around the UK that represent the time
of high water at each location. This broadly illustrates the phasing of tidal currents although
coincidence in the time of high water does not necessarily mean that the tidal currents in each location
are also in phase as this is highly dependent upon the local variation of surface elevation. Tidal
interaction with local bathymetry and the coastal topography also play an important role in the local
phasing of tidal currents. In addition the characteristics of tidal current generators, particularly the

shape of the power extraction curve will also play a significant role in the phasing of production.
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Figure 1. Co-tidal lines for the coast of UK. Areas indicated by the circles are regions identified to be of interest for tidal current

energy development.

The locations circled in Figure 1 have been identified by Black and Veatch [4] as being sites of interest
for tidal current energy extraction. Ideally a phase difference of 90 or 270 degrees (around three or
nine hours) between two locations is optimal for tidal sites to provide best potential for generating firm
power. However, the locations highlighted in Figure 1 experience high water at broadly similar times.
This suggests that there is also a good likelihood that these locations will also exhibit tidal current
patterns that are also likely to be in phase. If this coincidence of tidal velocity phasing can be verified
for instance in the case of the Pentland Firth and Channel Islands this will have significant negative
impact on the potential for tidal current energy to generate a large proportion of its output as firm
power, as these two locations alone have been identified as embodying about 70% of the technically
extractable UK tidal current energy resource [6]. Sites in the Pentland Firth have already been
identified as likely to witness the first significant tidal current energy developments, as established by
the recent round of site leasing by the Crown Estate with 1.2 GW installed capacity of wave and tidal
energy originally proposed for this region [20]. An additional 400 MW of tidal energy developments
have since been leased in the Inner Sound region of the Pentland Firth [21]. As a result of these
geographically clustered developments, there will likely be very small phase difference between the
tidal sites. This will become relevant in section 4 where specifics of site selection and their outputs are
discussed. The ‘in phase’ character of the tidal sites is entirely coincidental and specific to the UK
context under investigation; such coincidence of phasing of so many key locations in one country is

unlikely to be replicated in other territories when the tidal current energy resource is accurately
assessed.



3. Methodology
The methodology aims to make best use of publicly available data to identify locations suitable for
deployment of first generation tidal current devices and to generate credible time series of energy
production from generic tidal current technologies at these locations. It also allows the latest methods
on power extraction limits to be incorporated. The three main stages of the method outlined in Figure 2
are:
1. Identification of locations suitable for large scale first generation tidal current device

developments;

Estimation and validation of the tidal current time series at these locations;

Estimation of generic tidal generator size, rating and hence time series of energy generation at

each identified location.
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Figure 2. Flowchart showing the steps embodying the methodology



The final time series generated provide a suitable format to enable comparison between and

aggregate assessment of the energy generation potential of specific regions or for the UK as a whole.

3.1 Identification of locations suitable for first generation tidal devices

The first stage of the process outlined in Figure 2 aims to identify sites that are viable for the
deployment of first generation tidal current devices. Data accessed from downloadable GIS layers of
the Atlas of UK Marine Renewable Energy Resources [10] are utilised for this purpose. This is a
similar approach to that adopted by B&V [4]. The GIS data itself is derived from the POL CS20 Model
[11], data also utilised in the analysis conducted by Sinden [5]. The Atlas provides mean spring and
neap tide velocity magnitude and water depth data within the UK territorial waters at a spatial
resolution of approximately 1.8km? Figure 3 shows the mean spring peak current for the UK and

several regions of particular interest for first generation tidal deployment.
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Figure 3. Figure showing mean spring peak current and specific regions of interest.
BERR Marine Atlas. © Crown Copyright. All rights reserved 2008.

Using ArcGIS, the Marine Atlas data [10] was interrogated to select specific cells meeting certain
criteria. For a site to be considered economically viable for first generation tidal farms the mean spring
peak current velocity must exceed 2.5 m/s [4]. The second criterion is the need for the water depth to
be within the range 25 to 50 meters which is the expected operational parameter for first generation

devices. A list of all the sites selected using these criteria are indicated in Table 1 and Figure 3. The



number of (approximately 1.8 km?) cells identified as meeting these criteria at each of the listed sites

are included to give an estimate of the extent of each of the sites.

To simplify relaying the findings, where appropriate, the sites in a particular region have been grouped
together. It is interesting to note that Table 1 does not include all the sites identified by B&V [4] as
many of the sites identified by their analysis are in water depths greater than 50 meters or do not meet
the velocity criteria applied here. In some cases, smaller sites like Strangford Narrows — the test site
for one of the few existing full scale tidal current energy technologies — have not been included in the
Marine Atlas [10]. The Marine Atlas does not resolve the Narrows regions or similar narrow channels,
and insufficient data to generate a time-series of resource variability was available in the public
domain for the Narrows. An additional variation is that although depth data from [10] suggests that the
Sound of Islay is not deep enough to be considered for device deployment, Scottish Power
Renewables [22] indicate that the Sound of Islay reaches 48 meters deep and therefore is appropriate
for first generation development. This example is indicative of some of the limitations of the Marine
Atlas as a data source — it has wide area coverage, but this is only achievable because the resolution
is still relatively coarse (from an end-users context). It should also be noted that the majority of the
identified sites are located in Scotland in relatively close proximity to each other: the Pentland Firth

alone houses six major sites.

Average Velocity
Average Depth Spring Peak

Site name Grid reference No. of cells Region (m) (m/s)

Pentland Skerries 58.72 N -2.95W 2 Scotland 35.50 3.60

- S. Ronaldsay P.Firth 58.74 N -3.06 W 1 Scotland 39.00 3.19

f—_E g S. Ronaldsay/ P.Skerries 58.69 N -2.92 W 5 Scotland 43.20 2.93
jo)

o Duncansby Head 58.64 N -3.01WwW 1 Scotland 36.00 3.25

Inner Sound 58.66 N -3.06 W 3 Scotland 28.67 3.27

Stroma P.Firth 58.68 N -3.12 W 7 Scotland 39.29 3.44

g Westray Firth 59.17 N -2.86 W 2 Scotland 29.00 3.81

o N. Ronaldsay Firth 59.39 N -2.34 W 1 Scotland 34.00 2.57

Islay North 55.67 N -6.84 W 7 Scotland 29.00 2.75

é‘ Islay Centre 55.67 N -6.63 W 12 Scotland 27.75 2.76

- Islay South 55.54 N -6.39 W 8 Scotland 38.88 2.63

Sound of Islay 55.86 N -6.09 W 2 Scotland 50.00 2.95

;8? Anglesey North 53.42 N -461W 4 Wales 30.00 2.59

g’ Anglesey South 53.20 N ATIW 1 Wales 31.00 2.60

Ramsey Island 51.41 N -5.41 W 3 Wales 35.00 2.66

Race of Alderney 49.69 N -2.11 W 19 England 31.68 3.38

Isle of Wight 50.56 N -1.23 W 2 England 27.50 2.76

Table 1. List of all the sites considered in this study as identified using the methodology in Figure 2.
3.2 Estimation and validation of tidal current time series

The next stage of the analysis is to generate credible tidal current time series data for each of the sites
identified in Table 1. The first step is to use information from the UK Hydrographic Office (UKHO)
Admiralty chart data [8], often referred to as ‘tidal diamonds’, as their respective positions are
indicated on Admiralty charts by diamond symbols. The TotalTide software package [15] contains
fundamentally the same information as the Admiralty charts but provides a convenient means of
interrogating the tidal current data through time at the tidal diamond locations. The limitation of the

TotalTide data is that it only encapsulates the variability of the currents as described by the two



dominant tidal harmonic constituents, M2 and S2 [23]. A limitation is that the tidal diamonds do not
always coincide spatially with the locations of specific cells of interest within each site. Therefore, to
allow generation of time series of current flows, ‘pseudo diamonds’ were created at these points based
on interpolation from surrounding tidal diamonds. This approach is similar to that applied by Boehme
et al [12]. The inverse distance weighting (IDW) interpolation methodology [24] was applied to create
a site specific flow velocity v by weighting the velocities v, at nearby tidal diamond locations k

according to their relative distance dy from the specific site of interest:
zvk mkp
— k

_—dep
k

\Y

@)
where the value of p describes the relative influence of nearby over more distant points. A value of 2 is

adopted here as recommended by [24]. Multiple calibrations between different tidal diamonds were
employed to find IDW'’s that best represented the sites. To improve the accuracy of the data set, the
time series was scaled up to the spring peak current value obtained from the nearest grid cell reported
in the Marine Atlas. This maintains the local phasing and spring-neap variability as prescribed by the
tidal diamond data obtained from the TotalTide software, while also utilising the improved resolution of
the numerical model output to identify local peak current velocities. Outputs from the numerical model
as time-series are unfortunately not available in the public domain, hence the need to combine various
data sources. Using this approach helps maintain the correct phase of tidal propagation and provides
credible current velocity estimates at each of the sites of interest. All the tidal diamond datasets

generated are for the year 2009 when the analysis was initiated using appropriate available datasets.

Although tides are highly spatially variable as highlighted in [25], the methodology presented
represents a consistent means of combining datasets without the need to perform full-scale site
assessment modelling, necessitating an extensive and expensive in-situ survey data and numerical
modelling campaign beyond the scope of this analysis (and although highly desirable is, as yet,

unavailable on a UK wide scale).

The authors consider in-situ data measurements to be the preferred ‘gold-standard’ data source, and
were obtained where possible. Acoustic Doppler Current Profiler (ADCP) data for various sites were
obtained through purchasing data sets and via personal communication. For example, data for the
Orkney region obtained from the European Marine Energy Centre (EMEC) [17]. ADCP measurements
are very accurate when set up correctly and hence are highly desirable for conducting detailed site
analysis and characterisation. The ADCP data used for analysis at the Orkney location is a 1 month
long measurement taken in 2005 and hence does not coincide in time with the tidal diamond time
series obtained for all the other locations. Therefore harmonic constituents for theses locations were
determined from the ADCP data records using least-squared analysis. 23 principal constituents were
obtained following the recommended practice of the NOAA in their Tidal Current Analysis Procedures
and Associated Computer Programs documentation [19]. The principal constituents were then used to
recreate the time series coincident in time and in temporal resolution to all the other time series

created from tidal diamonds.



Similarly, recording current meter data measurements for Anglesey were obtained from the British
Oceanographic Data Centre (BODC) [18]. The minimum data length used in the analysis was 29 days
which enabled a detailed harmonic analysis to be conducted: the specifics of this analysis can be
found in [25].

Where ADCP data is obtained, velocity from the ‘mid bin’ of the water column is used, usually where
the hub is placed. This is done so that the resource is not under estimated. Tidal diamond data is
measure near surface (at about 5 meters from surface). This data has not been processed further.
Therefore although mentioned velocity as v, for tidal diamond data its near surface and for ADCP

data it is mid depth velocity.

3.3 Estimation of generic tidal generator size, rat  ing and production time series

The third stage of the method uses a simple generic model of a 3-bladed horizontal axis tidal current
device to estimate time series of power generation at each site from local current velocity time-series.
For the purpose of assessing energy extraction, it is assumed that each device is sited such that the
flow direction is aligned perpendicular to the device axis of rotation. Two device models are used to
reflect the differences required for operating in different water depths: in cells with minimum water
depths of 25 to 30 meters a device rotor diameter of 15 meters provides appropriate surface and
seabed clearance, avoiding conflict with vessel navigation in the region. In depths greater than 30

meters, a device diameter of 20 meters is specified.

An appropriate rated current velocity for each cell is determined by taking 70% of the Spring peak
velocity of the specific cell. This follows similar practice to [4], utilising understanding of the optimal
economic balance between capturing maximum available energy and the cost of the energy capture
device. If, for instance, the device was rated to coincide with maximum Spring peak velocity, then the
drivetrain would have to be rated to operate for a condition that occurs only for a short instant each
month, and the structural support element of the device would similarly have to be designed to
withstand the thrust acting on the turbine for only a minute fraction of the operational period. Having

established the rated velocity, the power can be assessed across the operational cycle as:
1
=5 C, oAV’ (4)

where C, is the device efficiency and assumed to be 40% on the basis of [26], the water density, p =
1025 kg/ms, A (mz) is the rotor swept area and v (m/s) is the depth-averaged current velocity. Figure 4
illustrates the hypothetical power curve for a generic 0.5 MW rated turbine, and demonstrates the
difference in rated velocity necessary to generate 0.5 MW with a 15 and a 20 meter rotor diameter. A

cut in velocity of 0.7 m/s is assumed for all the hypothesised generic tidal turbines [26].

Multiple tidal devices populate each of the 1.8km” cells. EMEC standards [27] suggest devices are
spaced two and a half diameters between the rotor axis perpendicular to the current and ten diameters
apart parallel to the current. Here the assumed device array spacing is more conservative with three
diameters apart laterally and ten diameters spacing upstream/downstream of each device. This means

that 480, 15 m diameter devices or 270, 20 m diameter devices can populate each 1.8km? cell. It is



acknowledged that actual array layout is unlikely to be as regimented, employing staggering of
devices, and would have to adapt to the real world variability of appropriate bathymetric conditions
(e.g. bed slope). The device rating varied for each cell based on the local bathymetry (impacting
diameter) and maximum Spring peak velocity (impacting rated velocity) reported for that cell as

previously outlined.
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Figure 4. Hypothetical power curve for a generic 0.5 MW tidal current device: (a) rated velocity of 1.98 m/s with 20 m diameter

rotor; (b) rated velocity of 2.39 m/s for a 15 m rotor.

4. Analysis

This section reports the results obtained from application of the methodology described in section 3
when applied to the sites identified in table 1 as being suitable for first generation tidal current sites
(also see figure 3). The power potential of each site, the phasing of the sites and the impact of the

environmental extraction limits at each location are presented.

4.1 First Generation Tidal Current Resource

The installed capacity of each cell was calculated from the relevant cell rated velocity and peak power
output. These are aggregated for each site as shown in Table 2 along with a breakdown of the number
of each turbine size. This shows that, overall, first generation sites would support an installed capacity
of 13.4 GW of tidal current devices. The installed capacity is a simple assessment of the number of
devices that can be placed in each of the identified cells without considering any impact this may have
on the current flow velocity or the environment. There is a substantial range of installed capacity, with
the largest single site capacity identified as 3855 MW in the Race of Alderney and the smallest being
the 105 MW Anglesey South site. The largest regional group is the Pentland Firth at 4352 MW. For the
purposes of the analysis presented here, the interaction of devices with wakes generated by upstream
devices and device downtime due to planned or unplanned maintenance have been ignored, as these
aspects are likely to be highly site- and project-specific. These aspects are more appropriate for

consideration at a project assessment scale as opposed to a higher level national assessment.



No. of device No. of device Installed Capacity Factor
Site name No. of cells (20 m) (15 m) Capacity MW Yield TWh/yr %
Pentland Skerries 2 540 708 1.8 28.8
S. Ronaldsay P.Firth 1 270 194 0.4 26.2
g = S. Ronaldsay/ P.Skerries 5 1350 759 1.7 25.2
g i Duncansby Head 1 270 205 0.6 32.6
& Inner Sound 3 270 960 813 14 23.3
Stroma P.Firth 7 1890 1673 3.9 24.7
Regional Total 4352 9.7
°:>" Westray Firth 2 540 620 2.6 324
g N. Ronaldsay Firth 1 480 180 0.2 23.8
Regional Total 800 2.9
Islay North 7 810 1920 875 2.5 325
> Islay Centre 12 2160 1920 1526 4.5 33.2
% Islay South 8 1620 960 879 2.6 333
Sound of Islay 2 40 23 0.1 43.6
Regional Total 3302 9.6
oy Anglesey North 4 270 1440 418 1.0 26.2
ié? Anglesey South 1 270 105 0.3 32.4
< Regional Total 523 1.3
Ramsey Island 3 540 480 340 0.7 24.8
Race of Alderney 19 3658 1178 3855 10.4 30.0
Isle of Wight 2 960 255 0.7 29.6
TOTAL 13427 35.2

Table 2. All the sites with installed capacity, annual energy yield and capacity factor

The gross annual energy yield from each of the cells is calculated from the tidal current time series at
each cell matched with the device power curve identified as appropriate for that cell. As reported in
table 2, the results from each cell within a site are summated and suggest that over 35 TWh per year
could be produced across each of the sites, which equates to approximately 10% of UK electricity
demand [28]. The productivity of each site broadly reflects the installed capacity, although the match
between current flow conditions and generator characteristics means that the production from each
site varies. For example, the Race of Alderney has the highest energy yield despite not possessing
the largest installed capacity. This is reflected in the site capacity factors (Table 2; the ratio of
production from a given generator to the production if the same generator operated at rated output
with 100% availability). The overall average capacity factor across all the sites is 29.9% but the values
for individual sites vary between 23.3 and 43.6%. For comparison, the average load factor for onshore
wind across the UK in 2009 was 27.4% [29]. The load factor differs from the capacity factor by
accounting for planned and unplanned outages — the load factor is a measurement of performance,

the capacity factor an assessment of performance potential.

Capacity factor can be used as a simplified indicator of how ‘economic’ a site is by indicating how well
the capital investment in generation capacity is being utilised. A low capacity factor is indicative of a
lower economic performance on a per kW basis but the overall investment may still perform very well.
The variation in capacity factor may partially also be a consequence of the simple generic turbine
sizing utilised under-rating device characteristics at some of the higher capacity factor sites, and being
too large for low capacity factor sites. The important point in decision-making however, is the balance

between revenue from energy sales and the cost of the installation. With the cost of the devices and



importantly the grid connections not part of the selection criteria, it would be anticipated that sites
further from land represent a more challenging investment, particularly at prices of £52,000/MW/km for
underwater provision of 132-275 kV HVAC cable [30]. It is important to highlight that such additional
externalities will impact on potential site selection, as distance to shore as an example is an important

criterion differentiating projects.

4.2 Site Phasing

The generation time series are now used to examine the relative phasing of production from each site.
Figure 5 is a plot for a typical spring peak day, highlighting that the majority of generation contributions
are from the Pentland Firth, Islay region and the Race of Alderney. The periods of generation at rated
output can be clearly seen in many of the traces particularly for the Pentland Firth, as can the
asymmetric nature of the production cycle with aggregated output increasing more slowly than it
reduces. The location of the individual sites determines their phasing and in terms of tidal wave
propagation, Islay and Pentland Firth are in phase due to the coincidence of the local tidal phasing at
these locations. The Race of Alderney is out of phase (behind) by approximately one hour. The
aggregate effect of this can be seen in the total power output generated which highlights the inter daily
variability. What is notable is that the base of aggregate generation is much wider than any of the
individual outputs: this shows that there is a portfolio aggregating effect exploiting the phase variations
between sites. However, this effect is not sufficient to generate significant firm output as none of the
large sites are appropriately out of phase. Even the smaller contributions from the Orkney, Anglesey,
Isle of Wight and Ramsey Island sites are more or less in phase with each other, and with the

Pentland Firth and Islay.

4.3 Technically Acceptable Power Extraction

So far the analysis has not taken any account of the fact that there is a limit to the amount of energy
that can be extracted from the tidal system. The original Significant Impact Factor of 20% extractable
kinetic energy used in many tidal assessments has been substantially revised in [9] to reflect improved

understanding of the hydrodynamic mechanisms that underly the tidal current resource.

The numerical modelling carried out by the authors in support of [9] assesses representations of
various relevant hydrodynamic mechanisms — tidal streaming, resonance and hydraulic currents — the
flow phenomena that create tidal current conditions necessary for economic project development. The
same analysis also demonstrated that when too much energy is extracted from the system, this
impacts on the underlying dynamics of the tidal system. The evidence suggest that beyond what is
referred to as the theoretical harvesting limit, attempts to extract more energy by installing additional
devices would in fact result in a reduction of the overall energy harvested as each device in the farm
would experience a reduction in kinetic energy flux. This has previously been demonstrated
analytically for hydraulic current tidal flow regimes by [31] and [32]. A further ‘Technically Acceptable
Power’ (TAP) limit has also been defined in [9] by imposing constraints to limit far field environmental

impacts beyond which energy harvesting is likely to be restricted by environmental regulation.



Tidal Mechanisms | Theoretical limit of tidal current | 'Technically acceptable’ limit Hydrodynamic

energy harvesting. of tidal current energy response limiting
harvesting. energy harvesting.
Hydraulic current - = Velocity reduction
4 PTheoreticeh - O'ZWQmaxao Pacceptable_ 0'086QOaxao y

Resonant basin — — Downstream tidal range
PTheoreticdi - 0'2QOaxao I:)acceptable_ OOB%Qmaxao 9

Tidal streaming pT eoretica = 0-16ngmaxao Pacceptable= 0.0ZO,ongaxao Downstream tidal range

Table 3. Summary of technically acceptable power (TAP) extraction limits for the three identified tidal flow driving mechanisms.

The parameters needed for this calculation are shown in Table 3 where Qnax is the maximum flow rate

and @, the amplitude of the sea level difference between the two ends of the channel in the case of a

hydraulic current. For tidal streaming and resonance @, is the local tidal elevation amplitude. To

evaluate the level of power that can be harvested from each of the sites, their respective
hydrodynamic mechanism is identified and a TAP value defined. Regions with multiple sites are
treated in one of two ways: the sites at Orkney, Islay and Anglesey are considered to be sufficiently
geographically and hydraulically dispersed to be evaluated separately while for the Pentland Firth,
sites are considered interdependent and are handled jointly by a single set of limits. For many sites
the high flow velocities experienced areas are a result of a combination of mechanisms; Table 4 lists
all the sites and attempts to identify the dominant hydrodynamic mechanism experienced. Using the
dominant system, the annual ‘Environmentally acceptable’ power that can be extracted from each of

the sites is assessed as reported in Table 4 using the extraction limits identified (Table 3).

The TAP yield values listed in Table 4 are used to place limits on the development at each site —
defined as the TAP yield. In order to incorporate this, the capacity factor for each cell was used to
define the ‘least economic’, and these cells are prioritised for removal from the analysis when limitation
of the site output is necessary to meet TAP constraints. This was achieved either by removing the cell
entirely or by reducing the number of devices deployed in the identified cell to meet TAP constraints.
The energy yield reductions imposed by TAP constraints range from 5% for the Pentland Firth to 80%
for the Race of Alderney, with an overall reduction of 52% (from 35.2 TWh/yr to 17 TWh/yr). In some
cases, there is no reduction in capacity and yield (N. Ronaldsay Firth, Sound of Islay, Anglesey North
and Isle of Wight) as the original unconstrained energy yield is less than those implied by the TAP
limits. This is because the power that can be extracted using first generation devices is less than the
identified TAP and hence these locations do not require further constraint beyond the initial spatial

availability for device deployment.

Figure 5 presents the time series of aggregate unconstrained production from the sites from a day
coincident with a Spring tide. In contrast Figure 6 shows the same time series with the TAP limits
applied and indicates the significant overall reduction in aggregate energy generation. Most significant
is the impact on the Race of Alderney power output, and its impact on the aggregate generation
potential is obvious. This is of particular significance from a phasing perspective, as the Race of

Alderney is the only site that made any significant (partial) out of phase contribution.



Pentland
Firth

Islay Orkney

Anglesey

ANNUAL YIELD TWhlyr CAPACITY MW
Tidal Site TAP
Site name System |Unconstrained (Constrained) Actual o Reduced Unconstrained onstrain ed |% Reduced
Pentland Skerries HC 1.8 1.8 708 708
S. Ronaldsay P.Firth HC 0.4 0.4 194 194
Calculated
S. Ronaldsay/ P.Skerries HC 17 as one 1.7 759 759
Duncansby Head HC 0.6 system 0.6 205 205
Inner Sound HC 1.4 1.4 813 813
Stroma P.Firth HC 3.9 3.4 1673 1526
Regional Total 9.7 9.2 9.2 -5% 4352 4205 -3%
Westray Firth HC 2.6 0.7 0.7 620 259
N. Ronaldsay Firth TS 0.2 0.2 0.2 180 180
Regional Total 2.9 1.0 1.0 -67% 800 439 -45 %
Islay North TS 25 0.5 0.5 875 167
Islay Centre TS 4.5 0.6 0.6 1526 192
Islay South TS 2.6 1.2 1.2 879 393
Sound of Islay HC 0.1 0.7 0.1 23 23
Regional Total 9.6 2.9 2.3 -76% 3303 775 -77%
Anglesey North TS 1.0 0.8 0.8 418 363
Anglesey South TS 0.3 0.4 0.3 105 105
Regional Total 13 12 11 -10% 523 468 -11%
Ramsey Island TS 0.7 0.6 0.6 -16% 340 285 -16 %
Race of Alderney TS 10.4 2.1 2.1 -80% 3855 747 -81 %
Isle of Wight HC 0.7 1.2 0.7 - 255 255 -
TOTAL 35.2 18.2 17.0 -52% 13428 7174 -42 %
HC = Hydraulic current TS = Tidal streaming

Table 4. Technically Acceptable Power that can be extracted from each of the sites and the final annual energy yield including

TAP constraints
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Figure 5. Stacked time series of all sites showing aggregate production at spring peak with environmental constraints ignored.
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Figure 6. Stacked time series of all sites showing aggregate production at spring peak with environmental constraints included

Figure 6 represents the final scenario that is used for further assessment, representing a realistic

scenario of tidal current energy development that can be undertaken with first-generation depth limited



devices. Over a three hour period during a typical spring tide, the power output varies from 7 GW to 1
GW or less and this variation occurs four times daily. During the neap cycle (not shown) the peak

power generation will be of the order of 4 GW and falls to near zero four times a day.

5. Discussion

The analysis presented here suggests that with an installed capacity of 13.4 GW around 35 TWh/year
of tidal current energy could be extracted using only first generation tidal current devices installed at
suitable UK sites. However, when accounting for environmental acceptability limitations and the
consequent reduction of the in-situ resource, a lower overall Technically Acceptable Power output of
17 TWh/yr is suggested based on the restricted site selection and assumptions detailed.
Approximately 7.8 GW of installed capacity is necessary to meet this scenario of generation. While the
analysis presented here lacks the very high temporal and spatial resolution data necessary to inform
individual project development detailed design, it offers a credible and broad resource analysis
suitable for understanding the nature of the UK tidal resource and its phasing. A true understanding
with a high level of accuracy of the resource will only be gained by extensive site measurements
combined with new generations of hydrodynamic tidal models incorporating the complex interaction of

device operation alongside the evolving hydrodynamics.

In terms of answering the original question as to whether first generation tidal current devices can offer
a significant degree of firm power supply in the UK, the results suggest that it is not possible.
Continuous output can be achieved for a number of days around Spring peak. However the level of
continuous generation is only a small fraction of peak generation. This can be confirmed by
aggregating the time series output of all the sites and presenting them as a power exceedance curve
over a period of a year (showing the percentage of time the aggregate power output is exceeded).

Figure 7 shows curves for aggregate tidal current generation with and without the TAP limit enforced.
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Figure 7. Power Exceedance curve from instantaneous tidal generation with and without TAP over a year

In both cases aggregate output at or near 100% exceedance is zero, meaning that there is no true
capability for firm power generation with first generation tidal current devices. Other definitions of ‘firm’
output exist with, for example, the hydropower sector often adopting the 95% exceedance figure as
firm output. Adopting this definition for the tidal current case, represents a firm capacity of around 75
to 150 MW with and without TAP constraints respectively — still negligible in comparison with the peak

generation potential, or as a percentage of the installed capacity.



To further investigate this phasing aspect, the correlation between production at individual sites is
presented in Table 5 to indicate the relationship between their various timings; all combinations
showing a correlation in excess of 0.5 are shown in bold. This analysis obviously does not take any
consideration of the relative magnitudes of each site, only the relative phasing. The majority of the
locations in the study show either some or strong positive correlation. Maximum correlation is
observed between Pentland Firth, Orkney and Islay and between Anglesey, Race of Alderney,
Ramsey Island and Isle of Wight. It is also interesting to observe the high correlation between Orkney
and Race of Alderney, Ramsey Island and Isle of Wight, particularly as they are geographically
distant. It would be preferable from the point of view of generating continuous base load profile if the
sites indicated a wide spread of both positive and negative correlations. It is anticipated that the use of
second generation tidal current devices will open up more areas to exploitation, potentially improve the

spread of phasing and raise the opportunity for firm aggregate production from tidal current sources.

Race of Ramsey

Site name Pentland Firth Orkney Islay Anglesey Alderney Island Isle of Wight
Pentland Firth 1 0.69 0.96 0.21 0.37 0.35 0.49
Orkney 0.69 1 0.70 0.48 0.75 0.73 0.79
Islay 0.96 0.70 1 0.26 0.38 0.35 0.49
Anglesey 0.21 0.48 0.26 1 0.82 0.72 0.76
Race of Alderney 0.37 0.75 0.38 0.82 1 0.95 0.97
Ramsey Island 0.35 0.73 0.35 0.72 0.95 1 0.93

Isle of Wight 0.49 0.79 0.49 0.76 0.97 0.93 1

Table 5. Correlation coefficient for production between each site

Despite the apparent lack of a firm production capability, tidal current energy can be predicted
accurately over long periods. As such, it provides an opportunity for network operators to accurately
schedule generation and reserve to meet demand and accommodate tidal generation, although
swings of 7 GW over several hours will represent a challenge. In addition like all variable renewable
sources, tidal current devices possess a ‘capacity credit’ or capacity value that describes the degree of
conventional generation mix can be substituted by tidal current energy generation. Assessment of the
capacity credit of tidal current energy generation building upon the scenarios presented in this work is
an area for future work.

Overall this study highlights that tidal current energy production is highly variable and site specific, but
this variability can be accurately predicted. A credible high level analysis of the aggregate potential of
tidal current production from first generation tidal current devices sited in location with high current
velocities and relatively shallow water has been presented. The analysis presented lacks the high
(temporal and spatial) resolution data necessary to conduct a rigorous detailed resource analysis on a
site-by-site basis as would be appropriate for detailed project design and financing. However, the
approach utilised is tractable within the framework of the research and, on a site-by-site basis is
analogous to preliminary site assessment in a project development context. To provide a more
detailed understanding with a high degree of accuracy, extensive in-situ measurements would be
necessary. Such detailed data would enable reliable assessment of additional aspects such as short—

term variability for system balancing.



6. Conclusions

This study presents a high level analysis of the aggregate behaviour of the tidal current energy
resource in the UK and credible scenarios for exploiting the resource using first generation tidal
current technology. With due consideration to the environmentally acceptable limits to energy
extraction identified, the resource available at first generation sites was estimated to be 17 TWh/year
for an installed capacity of 7.8 GW. Unfortunately, the nature of tidal wave propagation around the
west coast of the UK means that most tidal energy hot spots suitable for first generation technologies
are largely in phase, with only the Race of Alderney in the Channel Isles differing significantly. It is
concluded that there is insufficient diversity between the sites identified for first generation tidal current

schemes to be considered as a firm power source.
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