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Abstract

This paper presentsresearch 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 at a particular
location and examines its timing with respect to
electricity demand. Actual performance data from a
tidal device is not available; therefore a
representative hypothetical device is used to
simulate electrical generation output from the
availabletidal 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
smilar to the UK system demand. Increasing
penetration leads to larger power excursions in the
system dueto 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 resousces
to be deployed, and understand what might be the
consequence of absorbing the energy generatethimto
existing network system. No electricity system ¢en
100% reliable, since even with conventional genenat
there is a small chance of major power failure. ifidd
of variable generation will introduce additional
uncertainty, which needs to be quantified.

Each tidal site has very specific characteristc s
two sites are exactly the same, but it is posstble
compare some of the generic responses of energetic
tidal current sites and assess how much theseidosat
can contribute to the future energy mix if apprapaly
developed. The aim of this paper is to exploredssu
associated with the operation of the electricitjwmek
with the addition of tidal current 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 locationghe UK.

The aggregate effect of wind is studied in a simila
manner in [1]. [1] draws upon actual wind data from
the western Denmark electricity system to illugtrtite
variability of wind and makes comparisons with
demand fluctuations. The outcome from [1] highlgyht
that the system is inherently capable of copinghwit
intermittency and shows that there already existsr
for perturbations. Importantly, there are large pow

The United Kingdom has an excellent tidal currentexcursions that need to be managed by the system
energy resource potential, and the developmenhisf t when significant amount of wind generation is
resource could make a meaningful contribute tdncluded, but the number of extreme excursions and
meeting out future energy requirements. With a €angtheir occurrences are manageable.

of tidal current devices being developed and pypiot

Current work would involve using a similar

full scale devices being tested, deployment will bemethodology to evaluate the impact of tidal current
enhanced by reliable evidence about the resoutge, ienergy from a specific site in the network with tim
characteristics, potential environmental impactsl anof developing a number of test sites to assess the

economic cost.

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 study The sources of data being considered here as in [3]

scenario. are:

Conventional generation can lose output as a result 1. British Oceanographic Data Centre (BODC) UK
of mechanical or electrical faults and the entitenp Moored Current Meter Data, [4];
can shut down. For a farm of (tidal) devicessitriuch 2. DTI Atlas of UK Marine Renewable Energy [5-6].
more likely that one or two devices will shut dodue Figure 1 shows an extract from the DTI Atlas

to failure but the shutdown of the entire farm isindicating the case study region in the Irish Searthe
unlikely. Renewable resources are often termedisland of Anglesey off the north Wales coast. The
‘intermittent’. For example wind and wave can stoppotential suitability of this location for tidal ergy
generation instantaneously at the point of cutdout development as identified by a leading early stiadgd
extreme conditions for example. For tidal generatio current energy technology developer [7] is one aras
‘variable’ is a much better description. It hasipds of  for selecting this site for analysis. The othey Heiver

no generation but there will be a constant tramsiti to select this region is the existence of threeohis
from rated to no generation over a period of tifleis BODC buoy records available in this region. Two of
makes the output variable, but instantaneous stutsio the records are located on the same mooring, one

are unlikely. located at 3 metres depth (near surface) and ther ot
one located at 30 metres depth (near bed), ina tot
2. Tidal Resource water depth of approximately 40 metres. The third

) ) buoy is located 1.07 km away at 3 metres depthialso
As the rise and fall of the tide depends upon theypproximately 40 metres of water depth.
rotation of the Earth-Moon-Sun system, tidal vaitigh

is highly predictable, with small additional vartats
due to other factors such as local meteorological Tidal mean spring curren
conditions. The predictability of tidal energy isrejor g
advantage over other intermittent renewable energy
resources for integration into the network. Evethwi
numerical weather prediction models wind and wave
predictions are not nearly as accurate or precdalal
analyses based upon appropriate data sources and
application of harmonic analysis. The accuracy of
numerical weather predictions diminish over time,
whereas tidal perditions can be conducted accyratel
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 _x )y’ L
complications. None the less, the predictabilitytidés - L e T
should help with the planning of day to day network ' &
integration of electricity generated from this resme. ’ i

2.1 Case Study Study Area

Only about 0.15% (1269 Kinof the UK continental
shelf has a peak flow of 3 m/s or greater [2]. Thisrigyre 1: Mean spring peak current. © Crown Copyright. Al
represents the main region of interest in terms of rights reserved 2008.
economic energy extraction due to the charactesist
the technologies proposed for harnessing the dlaila
energy. Therefore obtaining data across all of U
continental shelf area is not necessary. Insteadt wh
would be most beneficial would be a detailed survky
sites that have high peak flow velocities. This idou
capture all the information needed to carry out th
analysis and assess the sites feasibility, but igtity
tidal data tends not to exist for the areas ofrexe
Prior to the rise of interest in tidal current engrthese
regions were not previously deemed of much interes
and therefore not much data exists A methodology t?}
combine publically available datasets to produce a . ; .
improved P resour)::e assessment methcr))dology \ear of 2009. The choice of.the year |s.such thaas a
discussed in [3]. nodal factor as close to unity as p035|t_>le for_rtbdal

cycle (18.6 years). For the present period thipphap

The buoy records do not coincide in time, so direct
omparison between the data is not possible. Theref
armonic decomposition and analysis of the original

buoy data is used to construct datasets that are
coincident in time. This was achieved through least
Square analysis using National Oceanic and
Atmospheric Administration (NOAA) Centre for
Operational Oceanographic Products and Services
(CO-OPS) Tidal Current Analysis Procedures and
p\ssociated Computer Programs [8].

The data is reconstructed from the derived harmonic
onstituents to generate a time series for the temp
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to be in the year 2011, but demand data is only 60000

available from April 2001 to April 2010 [10]. e / ~
The buoy data is a true in-situ record of suffitien 50000 / \

length to allow confidence in its fidelity, thereéofor § 40000 e .

this analysis it is reasonable to treat reconstdict |c 30000 e R

moored buoy data as the ‘gold standard’. The only | ~ . “

concern is that this data is not for the exacttiocaof g 20000 1 T

interest, the original buoy data was recorded a@dut & 10000 -

km from the area of interest. The average peakegalu

identified in [5-6] are used to scale up the reseur 0

Using this approach helps retain the correct pluise 0030 0430 0830 1230 1630 2030

the tidal signal as well as provide the most adeura Time in hour.

tidal current velocity for the location. Althougidés
are spatially very varied, this is the best way to Figure2: Mean demand daily profile for the year 2009.
combine the data sets without carrying out a fodlls L

site assessment which would require extensive and 31 Fluctuation in Demand

expensive in-situ survey and numerical modelling The UK elec_tricity system has an average demand of
activity. 36449 MW, with a Standard Deviation of 7774 MW.

Demand for electricity peaked at 59140 MW in 2009.
3 D d The lowest demand is 34% of this peak value and the
: eman average demand is about 62% of this peak. This igeak
Half hourly demand data is published online andestimated to be around 62.8 GW by 2016/17, assuming
available from National Grid, the Transmission 8yst & growth rate of 1.2% per year [11]. Figure 3 shtves
Operator in Great Britain. The 1014 _DEM values ardoad profile covering two 14 day periods in January
used; this is the sum of all the generation. lesalnto  (winter) and July (summer). The January period
account station load but not pump storage pumpingicludes the occurrence of peak demand, on thef6
[10]. January between the hours of 1700 and 1730. Tige Ju
Figure 2 shows the mean daily profile demand fotrend shows where demand is at its lowest on thef2
the year 2009. Also illustrated are the days wheakp August at 0600.
and lowest demand occurred in 2009. This graph show Load patterns are very distinct in this graph, for
the extent of diurnal variation in electricity demidsand ~€xample demand for working days (Monday —Friday)
how they vary reflects seasonal effects. It is tvort can easily be distinguished from non-working days
noting that the mean day has very distinct(Saturday and Sunday). The seasonal variation lsan a
characteristics. There is an increase in the profilbe identified here. On average about 7GW are
between the hours of 1600 and 1800. This two hiogr s consumed more during the winter period than during
is usually when demand reaches its peak over th&e summer period. This demand pattern is distioct
winter period, used by National Grid to determihe t the UK and most northern European countries where
charge it levies on the electricity supplier know a the winter season is dominated by short dayligheti
Triad demand. and the need for heating along with the normal \wayk
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Demand in UK over a 14 day period in 2009. Dataltiermonth of January from 5th to 18th and for Zitly to 9th of August. Th
graphs caputre periods of peak demand (6th JarLiéd9) as well as periods when the demand is titsst (2nd August, 0600).

Figure 3: Demand in UK over a 14 day period in 2009
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load gives it its ‘peaky-ness’. The daily and seabo For both scenarios, it has been assumed thatdalke ti
demand pattern can significantly vary in counttiest current energy resource is not impacted by the
experience different weather conditions or workoperation of extraction devices. As the scale @&frgy
practices. extraction increases, the energy available in yistes
Generators require periodic maintenance andor extraction will be reduced to some extent [1R3jr
occasionally there will be unplanned outagesa larger development project, it will become more
Therefore power systems are designed to deal witimportant to take appropriate considerations of the
demand fluctuations and periods when several powegyotential reduction of resource available for hativey.
stations are unavailable due to planned shutdown or Figure 5 shows the power curve of the hypothetical
unexpected failure. A range of plants are used éetm generic device appropriate for this site. The di@mis
the daily demand, from some that mainly provide aassumed to be 16 meters, cut in velocity of 0.7ant
base load output and can be slow in reaction tagda the rated velocity of the device is 2.25 m/s. This
in demand to flexible plant that meet rapid swings velocity was obtained by considering tH& @uartile of

demand [12]. the highest velocity recorded in the time serie§.[1
Understanding demand trends will help forecast 05 -
future demand patterns. This can in turn be used t ;
‘match’ with variable resources. Timing is a very 041 I
crucial and a key factor as demand for electricity . :
high at very specific times of the day and supply % 034 I Rated
response needs to be instantaneous for the systbm t 5 : velocity at
stable. Figure 4 shows inter half-hourly analysfs o | 3 | 225mh
demand fluctuation in 2009, obtained by measurieg t & 027 :
difference in demand between each half hour period. 014 I
. I
B 5000 |
2 0 e
S 4000 0.05 1.05 2,05 3.05
5 Velocity (m/s)
o 3000
= 2000 - Figure5: Power curve of a typical tidal device. Power rated
< at 0.5 MW
é‘ 1000+ For this device the efficiency has been assumée to
] about 42% on the basis of [15].The annual energy
=) 0 T T T T A . . . . .
= S S S production for each de\_/lc_e at this site is the sirall
o (0@ ,bg® @ \900 ’b@ (og@ the energy produced within the operational ranginef
‘ ‘ ‘ turbine. In this case, the actual production is 7132
Inter half-hourly load change (MW) MWh which represents a capacity factor of 30.3%sTh

Figure4: Inter half-hourly demand change in UK during IS Substantially lower than what conventional power
20009. plants achieve but comparable with other variable

3.2 Scaled Demand renewable technology approaches such as wind.

As this paper is only investigating the impact oo 301
generation facility on the network, it is necesstoy
scale the demand down to simulate the response of g
regional distribution network. It is assumed thiag t
scaled demand will have similar demand timing
characteristics to a local distribution network i
would likely be the connection point of a smallegrof
first generation tidal turbine devices.

Demand for electricity has been scaled down from
59.1 GW peak demand to 200 MW, so that demand and 59
supply for tidal generation are comparable to esblr
while maintaining likely demand variability pattetn
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Figure 6: Tidal power generation and its occurrence by the

The supply considered here is the output obtained postulated hypothetical generic tidal device.

for the chosen site with two hypothetical farms.eTh
first scenario consists of 40 devices that havateadr
power of 0.5 MW, making rated power generation
20MW. The second scenario consists of 80 devic
with a total generation potential of 40 MW.

Figure 6 illustrates the percentage of time thaaev
generates a specific amount of power. Device
echaracteristics are such that, it operates at nadoecer

for 9% of the time and is idle for 27% of the time.
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4.1 Supply variation may exceed demand. If this is the case, the system

Intermittency is part of the electricity system; it operator may choose to export excess power oricurta
needs to cope with plant shutdown and variability i the output of the tidal power plant depending uffzan
demand as it follows different daily and seasorelds network capacity. This will in turn affect the
(as already discussed). How much difficulty willeth operational cost as the site may be underutilised.
addition of variable generation from tidal energy The penetration level at which supply exceeds
harvesting pose the network operator with increpsindemand is not a limit for the resource. After tinisial
levels of penetration? level of generation the market value and cost of

. generation will change to accommodate the need for
4000 curtailments or exporting energy elsewhere [1].
m
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Figure 7: Tidal power fluctuation for one device. Time (hours)
Figure 7 illustrates the fluctuations generatedbg
0.5 MW tidal power device. The frequency of 250 1=——Demant = 20 MW 40 MW
occurrence (change over a half-hour period) is ver
high at 0 MW as there are periods of no generatio 200+ At the time of lowest demand,
during slack and neap cycles when the velocityds t tidal generation meets more

low for generation. When the device is operating a
rated power, the change observed is also zero hen
adding to the accumulative 0 MW change. Outputg
from figure 7 are different to the wind generation
pattern shown in [1] as the nature of the resousce
different and importantly [1] looks at the aggresght

than 50% of the demand
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output from a number of sites. The asymmetry of thg 0 Bepponpti | Saeppetititay oens =
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5. Demand and SUpply fluctuations Figure 8: Demand and tidal production in the two scenarios.
Figure 8 shows demand fluctuations on the day of .
peakg and lowest demand. Also plotted on the s)gme 5.1 Perturbation at 10% and 20%
graph are the simulated 20MW and 40MW generation Figure 9 shows a more systematic way of
scenarios. At the exact moment of peak demand, thavestigating the extent to which the introductiof
tidal resource is generating no power. The tidesim tidal energy affects the perturbation observed Huy t
their neap cycle, so generation potential is lowreif  system operator. Comparing this to the work done in
the demand and supply peak were coincident. ThEl] shows that there is more excursion at bothtéils
generation at 1500 hours does not help service peaf the distribution curve. This is mainly becausdyo
demand. As demand is increasing, tidal generason ithe output from one generation location is being
reducing — therefore it is an even bigger swingtf® considered here and does not benefit from aggmuyati
network to cope with in this case. This may potdhti of locations to dampen the ‘peaky’ operational
imply that this site has a low capacity credit, eleging  characteristics of tidal current energy generatibine
upon the variation of the tidal cycle and how itaggregate effects of a number of tidal current gner
progresses with respect to demand. This would requilocations would be expected to produce an excursion
further analysis that is currently under developmen  characteristic more in line with those produced for
On the other hand, looking at the day when demandind. Additional sites will be geographically diger
is lowest — generation from tidal production canetne and bring individual site characteristics to theiaipn

more than 50% of the demand. This could be cause falong with phasing aspects associated with tidatgn
concern as combined with base load generation guppl
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The extreme case for negative changes above 17MWublication. The data were collected by the Proudma

and below 9MW are summarised in table 1. Oceanographic Laboratory during the Mixing and
sediment resuspension in shelf seas which was funde
5000 4 —%— Scaled by the Natural Environment Research Council (NERC).
Demand The authors also wish to acknowledge the provision

4000 only of tidal analysis software by Chris Zervas at NOAA.
®=  Demandt This research work is funded by the EPSRC

3000 Tidal Supergen FlexNet and SuperGen Marine Consortia.

(20MW)
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