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Abstract— Tidal current energy has the potential to play a ky
role in meeting UK renewable energy targets. Althogh tides are
periodic and predictable, there are times when thecurrent
velocity even at high energy sites is too low foropver generation.
However, it has been proposed that a portfolio of iderse sites
located around the UK will deliver firm aggregate atput due to
the relative phasing of the tidal signal around thecoast. This
paper analyses whether firm tidal power is feasiblavith ‘first
generation’ tidal current generators suitable for relatively
shallow water, high velocity sites. This is achievedhrough
development of realistic scenarios. Time-series datéor sites
identified as high energy are obtained using a conitation of
sources for the year 2009. Scenarios incorporate mstraints
relating to assessment of the economically harvesie resource,
tidal technology potential and practical limits to energy
extraction dictated by environmental response. Spal
availability of appropriate bathymetric conditions are assessed
which provides an additional limit on the energy havesting
potential. Finally, the variability of power generaion from tidal
current energy is compared with the existing variabity of UK
electricity demand using National Grid data.

Keywords — Tidal Current Energy, Marine renewables, Resource
assessment, Network integration, Supply and demandatching

I. INTRODUCTION

be conservative. Further potential to harvest gnéngm the
tidal resource using barrage and lagoon technddogiealso
possible [4]. The assessment presented hereinetfisally
focussed on the potential of tidal current ene@uytions.

The marine energy industry is moving towards lasgale
deployment with regions identified as high eneriggssin the
Pentland Firth being leased by the Crown Estate
commercial development [5]. However, the introdmetiof
variable sources of energy where supply dependisnejated
to resource availability as opposed to mechanicallability
is a potential cause for concern from an elecyriciétwork
operator's perspective. Tidal energy resourcesdaren by
the gravitational interaction of the Earth—-Sun-Masystem.
Therefore, although variable with time, tidal energ
production patterns can be reliably predicted ath Isbort and
long timescales. However, a challenge with tidargwg is that
the peak power at a particular site occurs appratéim 50
minutes later each day as the tidal signal arotedUK is
dominated by the M2 tidal constituent associateth vihe
periodicity of a lunar day (24 hours and 50 minutékhis
discontinuity between the solar and lunar day esssuhat
peak generation and demand are rarely coincident.

Accurate assessment of the output and variability o
individual tidal current sites and the impact ofjeggation of

The European Union (EU) has ambitious targets t@®@tmeutput from various sites would be highly desiralite

future energy demand while reducing carbon emissidhese

facilitate network planning and operation. Suchoinfation

targets include achieving a 20% reduction in hatmfwould also be instructive for scoping the futuretemial of

greenhouse gas (GHG) emissions on 1990 levels 2§, 20hd
increasing final energy consumption from renewauarces
to 20% on the same timescale [1]. In the UK, mbant30%
of electricity generation needs to be supplied ubfo new,
clean and carbon free sources in order to meetBbe
mandated target, as other parts of the energyrshate less
ability to reduce GHG emissions [2]. In order tdiawe this,
substantial investment in new energy sources ssgimaand
offshore wind, wave and tidal energy is necessdigal

current energy has the potential to play a key imlmeeting
these targets as around 50% of the economicallylesiidal

resource in the EU lies in UK coastal waters [3hridus
assessments have equated this tidal current emesgpurce
potential to around 5% of UK electricity demandg(g3]).

Ongoing analysis by the authors suggests that rsset may

tidal current energy, and hence planning developnaerl
investment in the emerging technology and project
development industry.

The research presented in this paper initially tjtias the
total available resource in the UK that can be atad
using ‘first-generation’ technology options. Thesaarce
assessment utilises a combination of availablesdtta The
analysis is based on tidal current characteristms the
calendar year 2009. For the purpose of developiogep
generation scenarios, representative generic geseration
device characteristics are considered. The ovexadllysis
involves examining aspects of generation, yield;jallity,
phasing and ultimately the fit with existing UK elgcity
demand. The potential impacts of introducing tigaheration
into the existing electricity mix are thus consiterThe work
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presented uses various methodologies to quantibtuhtions
in power generation and makes comparison with degety
demand variability. Finally, a preliminary capacitredit
calculation is conducted to quantify the contribatiof the
envisaged future tidal energy generation developsegnario
towards ensuring demand security.

Il. TIDAL RESOURCEDEVELOPMENT SCENARIOS

A number of studies have been conducted to assedstal
exploitable tidal energy resource in the UK. ltofsvalue to
accurately define the exploitable resource asghamntifies the
potential scale of industry development that casuygported.
The next section discusses the latest estimatagl&drcurrent
energy in the UK and highlights the need for addii
analysis of the variability of the resource in aemgy context.

A. Resource Assessment

BERR Marine Atlas [10], an updated version of tHEl Btlas
[6] at the locations used by [9] indicates sigrifit
discrepancies. The data in the almanac is likehgter to high
resolution flow features as is necessary for safeigation.
The nearest TotalTide tidal diamond [11] (digitissdimiralty
chart data [7]) and the BERR Marine Atlas [9] irati that
these locations would not be suitable for largeles¢alal
current energy development. Similarly the depthstlie
regions identified in [9] are not appropriate feea relatively
small scale tidal current energy development.

Another attempt to assess potential for firm agagteg
generation is presented by [12] where it is prododet a
careful selection of sites can generate a steathubiBack-
testing this analysis, the authors have found Bagmt
discrepancies. For instance, [12] purports to wa delating
to tidal diamond SNO40A and suggests that it hagpring
peak velocity of 2.1 m/s. Interrogating the sardaltdiamond

Under the Marine Energy Challenge, Black & Veatchsing UKHO TotalTide software [11] indicates thai®Bl0A

(B&V) [3] estimate the extractable resource to BeTWh/yr
(x30% uncertainty). This is the most widely refered
assessment at a national scale. The analysis int[l&es
input data from a combination of sources:

only reaches a spring peak of 0.57 m/s — this wdugd
inappropriate for tidal current energy developme@ther
discrepancies with reported tidal diamond data walso
observed. Hence the outcomes of the analysis gezbén[12]

1. The UK Marine Renewable Energy Resource Atlase considered to be flawed.

[6] by the (then) Department of Trade and Induébyl),

2.

Office [7], and

3. Local port data where available.

A ‘Significant Impact Factor’ (SIF) is proposed ltmit the
energy that can be exploited without adverselycdfig the
environment and the overall resource itself. A tamisvalue
of 20% of the total available kinetic energy flixdpplied in
[3].

Sinden [8] has furthered the work conducted in j§]
extracting power output time series for wave addltcurrent
energy. The analysis in [8] assumes a scenarioenalkerthe
available tidal energy resource identified in [8]developed,
after accounting for SIF restrictions. The analydées not
differentiate between shallow and deeper sites svhar
different generation of technology will need to deployed.
First generation devices are considered to be therdfor
tidal current energy development until at
Installation and operation in deeper water requinesre
radical ‘second’ and ‘third’ generation approactiest are as
yet only in the very early stages of research amglbpment.
Therefore an analysis based on just first generadievice
specification is required. The application of tH& 8as since
been superseded, therefore a revision of the ‘Etebde
Power’ considered in [3] and [8] is also necessary.

An interesting aspect that is yet to be fully ustieod is
whether the aggregate output from different tidiékss can
represent a form of ‘firm’ generation by diversifgi the
phasing of the incoming tidal waves. [9] demonsfathe
potential for baseload provision using tidal cutsebased on
analysis of three locations. Nautical Almanacsiased as the
input data in [9]. This data is primarily used bachitsmen for
navigation purposes and it has not previously acesibeen
used for tidal current evaluation purposes. Intgting the

For the analysis presented herein, only first getican

Admiralty chart data from the UK Hydrographiaevices are considered, where first generationntdolyy is

defined as prototype devices already undergoing- pre
commercial demonstration. These devices are typical
deployable in water depths of 25 to 50 meters. dditeonal
concern with operating in deeper water is the iogtion of
being further from shore — this would suggest astasfial
increase in project cost due to the need for exdgnthdersea
cabling. Other limitation imposed within this ansily is site
selection based on regions where tidal current citglois
above 2.5 m/s at the time of spring peak. Suclipalation is

a simple means of ensuring that there is poterfial
economic development of the site due to the endegsity
that will be available for capture by tidal currestvices.

B. Tidal Resource Phasing
The timing of local tidal conditions stems from the

least R02fundamental concept of tidal wave propagation.He teep

ocean, tides predominantly propagate as progressaxes.
However, as they approach nearshore regions ondtibern
European continental shelf, their behaviour tendatos a
standing wave characteristic where high and low ewat
coincides with slack tide. Hence nearshore tiddbaites
tend to peak when the gradient of the surface étavis at a
maximum. Figure 1 illustrates the current veloatyd tidal
heights for a random location around the UK (Amlwokar
Holyhead - tidal diamond SN048J). Slack tide ocouben
the tidal current (solid line) changes directiolmeTchange in
flood to ebb direction is at the time of high wabedicating
standing wave characteristics. Holyhead data isl isze as
being generically representative of large swath&ésUK
coastal waters.

What Figure 1 represents is the tidal wave chariaties
throughout UK waters. Slight time lead/lag may be
experienced at specific sites but the current wifically



change direction at the time of highest gradientlaxfal
surface elevation. Figure 2 presents co-tidal liaesind the
UK that represent the time of high water — the pgation of

the tidal wave is easily observed. Assuming tha¢ th .

relationship between tidal height and current imilsir as
indicated in Figure 1, then Figure 2 also broallhsirates the
relative timing of tidal current propagation.
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Fic. 1 Tidal currents (solid line) and height data (dottiee) at Holyhead
indicating relative phasing of current and surfalevation (source data [10]).

The locations circled in Figure 2 have been idadifoy
Black & Veatch [3] as being sites of major interést tidal
current energy extraction. Ideally a phase diffeesaf 90° or
270°, relating to a time variation of three or nhmurs would
be optimal for tidal sites to formulate a combirmdput for
firm power generation. However, the sites highlgghtin
Figure 2 experience high water at approximately shene
time (some sites show a variation of up to an hdfithese
identified sites are characterised by similar tidlalght and
current relationships as in Figure 1, then all ¢hsises can be
expected to experience ebb and flood in phaseewith other.

Coincidence between two of the biggest sites car l@a
significant negative impact in terms of tidal cunrenergy’s
contribution towards firm power. The Pentland Firdind
Channel Islands have been identified as locatibasembody
about 70% of the technically extractable resourt®].[As
these two sites are potentially in phase, the agdeel power
output will also be in phase. From an electricitgtwmork
perspective this is the worst case scenario, asysem will
have to absorb surges of power over relatively tsheriods
assuming large-scale tidal current energy developnihis
potentially in-phase characteristic of the most antant sites
is entirely coincidental and specific to the UK t®x due to
its unique shape and size. The above theory rglgiential
‘locking’ of tidal phase around the UK at majoraiccurrent
energy development sites will now be examined &nth

I1l. METHODOLOGY FORRESOURCEASSESSMENT

Resource assessment analysis in this section f®litw
methodologies demonstrated in [14]. Only first getien
sites are considered as mentioned earlier.
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FiG. 2 Co-tidal lines for the coast of the UK. Areas naathn the circle show
regions of interest for tidal current energy depetent.

A. Ste Sdection

A Geographical Information System (GIS) was used
interrogate the BERR Marine Atlas [10]. The MariAdas
dataset provides mean spring and neap tide velecilyes
and water depths for the UK continental shelf (UKGS$ a
spatial resolution of approximately 1.8 krithe Marine Atlas
provides wide spatial coverage but lacks tempaablution.
Therefore the Atlas was used to identify cells nmegtertain
criteria: cells were only considered appropriate doonomic
development where the spring peak velocity exce@dean/s.
This criterion is based on the findings of [3] whisuggests
that sites that do not experience speak peak wglo€ithis
magnitude are considered uneconomic.

A number of sites included in [3] are not identfig this
study as they do not meet the criteria outlined $ite
selection for first generation development. Narrchrannels
such as Strangford Narrows are not included in shisly as
the Marine Atlas is unable to resolve these regiafthough
the location has been identified as an energetie &r
economic development [15]. Hence, insufficient datests in
the public domain to effectively generate reliatilee series.
All the sites identified using the above criterige disted in
Table 1 with data synthesised from [10].

The UK Hydrographic Office software (TotalTide) |1
used to determine time series spanning the calgmdar2009
by accessing tidal diamond current velocity datdinAitation
is that the tidal diamonds do not necessarily admevith the

to



location of the specific cells. Therefore ‘pseudantbnds’
have been created using interpolation techniquéined in
[16]. The authors have already utilised this appnodor

time series via harmonic prediction. A detailedcdission of
this analysis and the methodology applied can hmdoin
[20].

application to tidal diamond data as identified[14] where
more detail is provided. IV. SCENARIO DEVELOPMENT ANDANALYSIS

The device characteristics in this study are basedhe
assumption of a generic horizontal axis device.viBtes

analysis [14] has utilised a rated velocity detewi for each

TABLE |
LIST OF SITES IDENTIFIED FOR THIS STUDY

No. Avg. S’:‘:%g device by taking 70%_ of the spring pea}k veloc_itysaggested
of Depth | Peak by [3]. Howev_er, during the analysis in _[14] it wﬂmug_ht
Site name Cells | Region (m) (mis) tkhat thetcag)ac;]t_y r:actors of s_:)me of th? sﬂes::a]hatog:g\gse
. nown to be high-energy sites were lower than n
Pentland Skerries 2 Scotland 35.30 3.60 this context, cagpacity fga)zztor is defined as a ratfoactual
S. Ronaldsay P. Firth 1| Scotland ~ 39.90  3.19 power output over the nameplate capacity of thetpbaer a
S. Ronaldsay/ P. Skerrigs 5 Scotland 4320 2.p3 period of time.
Duncansby Head 1 Scotland  36.do 3.205 Discussion with the authors of [3] highlighted thhis
Inner Sound 3 Scotland  28.67 3oy Method does not fully consider the site economiud they
. have since moved on to an in house cost optimisatiodel
Stroma P. Firth 7| Scofland 392D 344 w4 chooses a device rated velocity accordingly.
Westray Firth 2 | Scotland  29.0 3.81 Unfortunately this cost model is not available ive tpublic
N. Ronaldsay Firth 1 Scotlang 34.0p 2.5 domain. Therefore, in order to strike the rightdoale between
Islay North 7 Scotland|  29.0d 275 maximu_m power generation and ecc_)no_mic capacit;ofa_ﬂm
Islay Centre 12| scotland 2776 276 alternatlvg 5|m_p_I|f|ed method of assigning the datelocity
has been identified.
Islay South 8 | Scotland ~ 38.84 2.63 Figure 3 is a velocity exceedance curve for all ¢tblis of
Sound of Islay 2 | Scotland 50.00  2.9% interest identified in Table 1. All the sites expece spring
Anglesey North 4 | wales 30.0q 259 peak velocity above 2.5 m/s, but examining the edaace
Anglesey South 1| wales 31.00 2 b Curves it becomes clear that for some sites t.hwrmence is
| very low. Therefore to choose a rated velocity Hase the
Ramsey Island 3| Wales 3500 2.66 gniing peak characteristics for a site could meeat the
Race of Alderney 19| England  31.6B 3.38 device would spend only a small proportion of itmet
Isle of Wight 2 England 27.50 2.76| operating at rated power and hence have a low @tggactor.

The combination of applying the velocity magnitudem
one source and temporal variation from anotheulisaptimal.
However given the lack of more effective and robdata
coverage across the UK, this is deemed an apptepriathod;
combining two source datasets to provide apprapsaiatial
and temporal resolution.

More robust in-situ Acoustic Doppler Current Prefil
(ADCP) data was obtained for sites where possibler .
example in the Orkney region, data was purchased fr
EMEC for Westray Firth. The ADCP measurements we
taken over a month long period in 2005 and did cwncide
with the selected tidal diamond time series for thitber
locations. Therefore harmonic constituents werévddrfrom
the ADCP data using the NOAA least—squared analy:
approach [17]. 23 principal constituents were otedi using
this methodology and were then used to recreatetithe
series coincident in spatial and temporal resatutmthe rest 40 50 60
of the datasets (i.e. spanning 2009). AdditionalCkDdata for Exceedence (%)
Sound of Islay was kindly provided by ScottishPowetG.3 Velocity exceedance curve from all the selectetbcel
Renewables [18]. The final additional dataset cevtbe area  pe interpretation of capacity factor statistics

around Anglesey. This data was accessed via thestBri compjicated by the fact that increasing the ratedies of a
Oceanographic Data Centre (BODC) [19]. Datasetsrspg ¢, hine increases the energy harvested but desretse

periods above 29 days were once again used iNmUMA  oyerg|| capacity factor. A compromise needs to beden
with harmonic analysis and reconstruction for tlenmon patween maximising generation at the expense dheegng
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the device to withstand the forces at higher ratddcity. It is

considered uneconomic to engineer a device thatowly be

operating at its rated value for a small percent#fghe time.
Therefore, in order to reach an effective balattoe approach
adopted herein specified the rated velocity as wbecity

value associated with 10% velocity exceedance. itlea

behind choosing the rated velocity this way is thsing the
10" percentile value forces the device specified ithezell to

operate at rated power for 10% of the operatiomale t
(assuming no downtime). Examining the exceedanceedn

Figure 3 indicates that for roughly 20% of the tjntee

majority of sites experience velocity below 0.7 mihis

equates to the cut in velocity expected of firsteyation tidal
current technologies; below 0.7 m/s the device widt

generate. For the remaining 70% of the time thécéewill be

generating but will be operating somewhere betwedrin

and rated velocity.

Capacity factor is used here as a simplified ingdicaf how
‘economic’ a site is (assuming common turbine desid\
low capacity factor indicates low economic perfonta This
method of using the exceedance plot therefore gdesvia
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Fic. 4 Summary of Capacity Factor evaluation for all the#lscof interest
appropriate for first-generation device deployment

V. ACCEPTABLEPOWER

The installed capacity for each cell is based an réted
velocity and device spacing as in [14]. Two sceymrare
considered, the unconstrained scenario considdrsthal
energy that can be extracted from the site witlvouisidering

sensible way of understanding the power generati6@nsequences of extraction on the local environrflerdwn

distribution over tidal cycles and assists in idfgintg a rated
velocity appropriate for each cell location thatluead to a
capacity factor of around 30% (deemed a likely ecoic
balance for first generation tidal devices in light wind
energy developmental experience).

Having established the rated velocity, the poweregated
from a device can be characterised using the emjuati

P =%CppAV3 (1)

as the farm approach).

The second scenario considers constrained power
generation, Technically Acceptable Power, (TAPY tten be
extracted from the site without significantly impiag the
environment based upon current understanding of the
engineering potential of the technology.

While the analysis presented here lacks the vegh hi
temporal and spatial resolution data necessarynform
individual project development and detailed deviesign
characteristics, it offers a credible and broaduwese analysis

whereC, is the device efficiency, assumed to be a constajfitable for understanding the nature of the Ulltigisource

value of 40% based on [21], the water dengpity,1025 kg/m,

A (m?) is the rotor swept area and(m/s) is the depth-
averaged current velocity. Two energy capture dewiodels
are utilised in the analysis to reflect the diffeze required for
operating across a range of water depths: in adlldepth

between 25 to 30 meters, a device diameter of 1termés

used to provide appropriate surface and seabedaolea and
avoid conflict with vessel navigation. In water thep of 30

meters or more (up to 50 meters) a device diameftez0

meters is specified. Cut-in velocity in all casesagssumed to
be 0.7 m/s. The device maintains rated power fdociges

higher than rated velocity.

Figure 4 shows the capacity factor for each of ¢hés
already identified in the analysis using the twdfedéent
approaches for selecting the rated power. Fromgthaeh, it
can be seen that the updated method of asses@&nmtid
velocity maintains better consistency of capacigctdr
(around 30% as desired). Hence this new methadrised
forward throughout the analysis. This standardegguaroach is
being used to inform a national scale resourcesassent.
For project scale and site-specific design, muchenaetailed
analysis would be necessary to obtain the desimdce
rating and other associated user-specified
specifications of the device.

and its phasing. A true understanding with a highel of
accuracy of the resource will only be gained byergive site
measurements combined with tidal hydrodynamic nwdel
incorporating the complex interaction of device mpien
alongside the evolving hydrodynamics.

A. Total Power

Aggregating the output from each of the sites, he t
unconstrained scenario, there is potential for gner
harvesting of 31.22 TWh/yr utilising a total ind¢al capacity
of 11.44 GW. Within this scenario there are a ramde
installed capacities across various locationssthallest being
Isle of Wight at 0.23 GW. The largest installed azipy of 3.4
GW is at Race of Alderney. The productivity of easite
broadly reflects the installed capacity as the aden
developed achieved a good consistent capacity rfacto
30.17% nationally.

B. Technically Acceptable Power

The national resource assessment presented imegbeding
section has been conducted without considering etffiect
energy extraction may have on the underlying teladtem.

techniddne SIF approach utilised by [3] and [8] is nowdated and

needs to be revised to update and reflect enhanced
understanding of the resource. Numerical modellmd22]



suggests that tidal hydrodynamic mechanisms cagrdagped
into hydrodynamic mechanisms — tidal streamingpmesace
and hydraulic current. These flow phenomena aressy to
generate tidal current flow conditions extreme eouo
warrant considering the location appropriate fooregnic
development. [22] identifies that there is a litoitthe amount
of energy that can be extracted before the enexgiaation
process starts affecting the local hydrodynamic hmasm.
[23] has already identified that beyond a theoattharvesting
limit, any more energy extraction would in fact wed the
cumulative energy harvested as a result of redudtikinetic
energy flux.

To evaluate the level of power that can be hardeftem
each of the sites, their respective hydrodynamicharism is
identified and a TAP value defined. Regions withltiple
sites are treated in one of two ways: the site3rihey, Islay
and Anglesey are considered to be sufficiently gaoigically
and hydraulically dispersed to be evaluated segigrathile
for the Pentland Firth, sites are considered ieetident and
are handled jointly by a single set of limits. Froany sites the
high flow velocities experienced are as a result aof
combination of mechanisms

Where a site needs to be constrained, the cafacityr of
each cell is considered. Cells with the lowest cépdactor
are sequentially removed until the restricted TAdPagation
conditions are met. This was achieved either byoréng the
cell entirely or by reducing the number of devideployed in
the identified cell to meet TAP constraints. Detailf the
limitations for the sites considered in this scemaran be
found in [14]. For the UK wide constrained scenarging the
locations identified in this analysis, a TAP of 28 TWhlyr is
extractable utilising an optimised total installedpacity of
5.4 GW. The limit imposed by the constraint reduttestotal
power output by more than half from the unconsgdito the
constrained scenario. A breakdown of unconstraiaed
constrained generation for all the sites is listedable .

Figure 5 shows the combined power output from lad
sites for the constrained and the unconstrainedasice Only
the peak value far each 12 hour period is plottedas
envelope of the generation can be seen representittithe
variation of the spring-neap cycle. What is notvshan the
graph is the daily cycle with two peaks and twautres in
generation every 12.4 hour period. Hence, the pawtput
varies every three hours, ranging from 12 GW toW @ the
unconstrained scenarios and a range of 6 GW to OirGihve

TABLE Il
POWER GENERATION POTENTIAL FOR ALL THE SITEEONSTRAINED AND
UNCONSTRAINED
Generation Generation
Unconstrained | Constrained
Site name (TWhlyr) (TWhlyr)
Pentland Skerries 1.173 1.173
S. Ronaldsay P. Firth 0.287 0.287
S. Ronaldsay/ P. Skerrieg 1.085 1.085
Duncansby Head 0.410 0.410
Inner Sound 0.886 0.886
Stroma P. Firth 2.658 2.658
Westray Firth 2.877 0.746
N. Ronaldsay Firth 0.144 0.144
Islay North 2.580 0.493
Islay Centre 4.614 0.580
Islay South 2.099 1.173
Sound of Islay 0.104 0.104
Anglesey North 0.871 0.832
Anglesey South 0.288 0.288
Ramsey Island 0.726 0.625
Race of Alderney 9.766 2.115
Isle of Wight 0.664 0.664
Total (TWhlyr) 31.23 14.26

t

constrained scenario during Spring tide conditioS&ce the
output from all the sites are predominantly in-ghathe
potential for tidal current to provide significanfirm
generation is limited. Continuous output can bdeadd for a
number of days around Spring peak, however theiraomis
output is sustained as a small fraction of the pgahkeration
potential. An informative way of summarising thetalas
using an exceedance curve as shown in Figure 6e Dwver
the year is presented as a percentage, it carebetlsat for the
constrained and unconstrained case, the power toditpps to
zero near 100% exceedance indicating that tidareatir
energy cannot generate firm power, at least nohimvithis
scenario considering the major tidal current endoggations
around the UK coastline.

As the unconstrained scenario is likely to be dekme

unacceptable due to the associated environmengaanie.g.
extracting 9.76 TWh/yr from Race of Alderney as eleped
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FiIc.5 Power output for 2009 in the constrained and uricaingd scenario.
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FiG. 6 Power exceedance for the constrained and uncamstracenario

for the unconstrained case would reduce the freearst
velocity by 25% and alter tidal height variation impre than
35%), only the constrained scenario will be consde
hereafter. The analysis indicates that for moshefidentified
key sites, the limit to how much energy can beamtad is
determined by the TAP constraint limiting energyvesting
due to excessive environmental impact. In the camstd
scenario presented here, most of the sites meetased the
TAP limitations imposed. The only exceptions arentRad
Firth (consisting of Pentland Skerries, S. Ronajd3aFirth,
S.Ronaldsay/P.Skerries, Duncansby Head, Inner Seunad
Stroma P. Firth), N. Ronaldsay Firth, Sound of ysla
Anglesey South and Isle of Wight. At these locatioif
suitable depth conditions are available, furthevelgpment
potential would be possible when second and thémaegation
tidal energy devices become available. Howevepeations
where the TAP constraint has already been readbetther
development with newer generations of technologlf be
constrained by the existing first generation depiemts.

VI. MATCHING TIDAL GENERATION AND DEMAND

Demand for electricity is characterised by variatiat
different time scales. Northern European countiiesluding
the UK experience winter periods that are domindtedold
weather and short daylight periods. Peak elegirib#mand is
therefore concentrated in the winter period with thcrease
in consumption of electricity associated with theed for
domestic heat and lighting along with the usual eutyihg
load. Electricity consumption patterns are well erstood and
the extent of the variability can be estimated widthhigh
degree of certainty. Detailed weather forecastiysjesns can
help prepare for cold spells and provide early weyrior the
system to secure more reserve. For this study, Halfly
demand data is obtained from National Grid, then$naission
System Operator in Great Britain. 1014 _DEM demaatlies
are used for this analysis, which takes into actatiation
load but no pump storage activity [24].

A. Tidal Variability

system, particularly during periods of high demand
expectation. Although the inherent predictability tdal
generation is beneficial, there is no obvious chsua
relationship to expect that strong periods of gati@n will
coincide with high demand. Figure 7 shows tidal egation
fluctuation potential simulated every half hour ngsithe
constrained development scenario data for 2009adyre
detailed. This graph presents the aggregated outpuhe
complete tidal generation scenario. Extreme flubna of -2

to +2 GW are observed. Considering the total itedatidal
capacity under the constrained scenario is 5.4 GN¢,
maximum indicated half-hourly swing is a signifitan
proportion of installed capacity. However smallairgys are
generally the norm. The modular approach to tidarent
generation installation ensures that intermitteiscyavoided.
Key distinction to be made here is that near—zeitpud from

an entire fleet of conventional generation unitesinot occur,
while for tidal generation the output is constantigriable
dependent upon the forcing of the resource. Howearer

unexpected shutdown is highly unlikely.
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FiG. 7 Inter half hourly power output fluctuations fromnstrained scenario.

An advantage tidal generation has over wind andewav
power is the absence of extremities of operation.dxample,
a standard wind turbine may be rated at 12 m/scahdut at
25 m/s. This is necessary as gust speeds of 50arma/sot
uncommon across the UK [25]. A cut-out velocitysaorvival
strategy is therefore necessary for these techiesdags sites
can experience extreme gust speeds (wind) or waights
(wave) that are far beyond the operating regiothefenergy
extraction device. For tidal current this is nanajor issue as
the operating conditions are not that far remowvexnf the
extreme conditions as shown in Figure 3; most taklices
are therefore not designed to cut out and can tpatarated
power during extremes by pitching the blades terathe
angle of attack and hence shed load.

B. Demand Variability

The addition of renewable generation to the exstin The UK electricity system has an average demar@bof

electricity network will further complicate the apg¢ion of the

GW, with a standard deviation of 7.7 GW. In 2008c#licity



demand peaked at 59.1 GW™"(8anuary, 17:30) and iswith a significant system demand peak. Examiningufé 8
expected to grow at a 1.2% growth rate per yedr [A§ure 8 indicates the importance of timing of demand andhalti
shows the mean demand for each half hour perioc ingeneration cycles.

standard day determined from the complete 2009 atmrd. A key question to be addressed is what consequemides
Although the average demand for the entire ye@6id GW, the addition of variable generation from tidal euntr have on
it can fall as low as 20.15 GW "f2August), 34% of the peak the network and the system operator with increakingls of
value. penetration? In the constrained case, tidal curm@ays a
45 ‘ ‘ ‘ small role meeting 3.8% of existing UK demand. Atoel of
Average demand assessing the variability for the whole year issprged in
a0r 1 Figure 10. The two curves show demand with theusioh of
35¢ 1 tidal in the system. The reduction in the load tdaracurve
with tidal in the system is an even spread indicata
potential correlation, however the tidal resource i
independent of demand due to the lack of any causal
relationship.
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Fic. 8 Mean demand for each half hour period in the d@@¥92.

The system is most vulnerable at times of peak deimso
any generation that contributes towards meetingg demnand 10
has a positive influence and reduces the burdenthen
network. Figure 9 shows two curves, the UK demaruafilp % 10 20 3 40 50 6 70 8 9 100
spanning over the week when peak demand occunad,the Time (%) ,
5th to lilfh of January with peak demand Occurring on tﬁe 6FIG. 10 The half hourly demands and tidal generation piteskmas Load

. . . Duration curve.
The second curve shows net demand with tidal géoara

imposed as a negative load (demand - tidal gepeatiDespite its usefulness the load duration curve admésshow
utilising 5.4 GW installed capacity (the constrairseenario). how demand and generation are responding with cedpe
The contribution of tidal current energy to thetsys would time. Therefore, matching of demand and supplhjh@s in
only reduce the system peak on tifel§ 0.5 GW. Two days Figure 11. Each column in the bivariate histogragsents the
later, on the 8 maximum demand for the day was 57.3mount of half-hours for which a particular comhioa of
GW(12" highest for the year). Under the envisagegeneration is presented as a percentage of theinstalled
constrained scenario, this demand would be redbge8iGW  capacity and demand is presented as a percentageasf
with the inclusion of tidal in the system. The lBggreduction demand. The combined frequency of all the coluntrsulsl
that can be obtained with the inclusion of tidaltie system add up to 17520 half-hours (8760 hours). The wease as
will be in the order of 5 GW, which occurs aroundimght defined by [27] is identified as the period whermded is
on the 11} in this instance, peak generation does not co&ci>90% and tidal generation is10%, the right-most column in
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system.

TABLE Il

KEY DATA FOR HALF HOURLY POWER EXCURSIONS WITH THE INGLSION OF
TIDAL IN THE SYSTEM.

the histogram. This corner is significant as ities the time
when generation is low and demand is high. Theogisim
highlights that the largest match occurs when gditar is
<10% and demand is between 60-70%. According to §27
mix of different resources produces a more evefribligion
and reduces the number of worst-case hours.

The effect of this variability on the system canexamined
by considering the net demand that generation ssunther
than tidal must provide. Figure 12 shows the fregyeof
inter-half hourly demand changes before and aftail tis
introduced. The impact of inclusion of tidal to theerall
system is rather small although there are few @gopaswith
near zero (0 GW) residual demand change. The Ysés a
log scale to highlight excursions occurring at this of the
distribution; an important characteristic of thimgh from the
perspective of network management. Table Il sunsearthe
key changes and highlights that the largest swings
increased and become more frequent with the additidgidal
to the system This outcome obviously relates baxckhe
initial findings of the relative phasing of UK tidaurrent
energy resources — if the resource was more ophase, the
variability felt by the system would be reduced @mver
generation would vary more smoothly with potentfal
continuous generation.

Capacity value is another important concept that lvalp
understand the potential contribution made by ticiairent
energy in supporting demand. The commonly useddiffe

Tidal Penetration
None Constrained

Maximum decrease: GW 5.47 6.65
Number of decreases of 5.25 GW 1 21

and above

Maximum increase: GW 2.77 4.36
Number of increases of 2.5 GW 2 220

and above

Load Carrying Capability (ELCC) can be defined &e t
additional demand which the generation can supyihtout
increasing the system risk. The empirical distifutacross
all days of available tidal capacities at 1700 kq(tine time of
day at which extreme high demands typically occuiGB)
may be used as the distribution of available capatitime of
annual peak. This may be used in an annual pealolelwad-
probability (LOLP) based generation adequacy
calculation [28]. LOLP is the probability that geation will
be insufficient to meet demand at a particular tinde
preliminary calculation has been performed usingaassian
distribution of available conventional capacity lwinean 65
GW and standard deviation 2 GW; this is represietaif a
sustainable long-term level of adequacy risk. Th&CE is
then 1.15 GW (10.05% of the unconstrained scenasialled
capacity) and 0.82 GW (15.19% of the constrainezhado
installed capacity). The small difference betweée two
cases arises because, in the unconstrained capedtibility
of very low percentage outputis more significahart the
substantial mean of 3.39 GW (the mean in the caimstd
case is 1.55 GW). A more detailed study of adequis&ywill
be presented in future.

risk



VI, CONCLUSION [2]

This work presents an improved method of assesiag 3]
total UK tidal current resource by combining muktiplatasets
including Marine Atlas, TotalTide tidal diamonds danl[4]
measured tidal current information where availaliiérst
generation device installation is considered inaeg where g
spring peak velocity exceeds 2.5 m/s in water depft25 to
50 meters. Based on an economic assessment oéplaeity
factors for each of the sites considered it is bated that
14.25 TWh/yr can be extracted without significargtiversely
affecting the environment or the resource itself. ndw
approach to identifying the device rated velocityritroduced [7]
to help achieve an overall economic capacity factor (8]

The nature of tidal wave propagation around the ddidst
indicates that all the high energy sites are lgrgebhase and [9]
that tidal current cannot be seen as ‘base loaderggion.
However, generation from this scenario can mee%308the
present UK demand. Two of the largest sites, Pedtkirth (1)
and Race of Alderney together contribute 60.4%hef tbtal
generation.

The impact of aggregated tidal current generationthe
system is considered. Inclusion of tidal in thetsysincreases (1]
the number of extreme short-term changes in netaddnbut
they do not appear to be severe and seem managasbl&3]
suggested by National Grid [26]. The capacity vabfiehe [14]
preferred scenario is 15.19% with an ELCC of 0.82.G

The analysis presented here makes specific assumpti
about how much resource can be extracted and whatdf
devices will be used, their efficiency, operatirgditions etc.
Varying any of these parameters can significantyyvthe
final output. The intention has been to developnades
representative of realistic large-scale uptakeiadl tcurrent
energy in the UK using conservative assumptionslefice
characteristics based upon existing prototype @svic

(6]

[11]

[15]

[16]
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