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Abstract

10 Recently there has been a significant change in the distribution of wind farms in Graiatvith the

11 construction of clusters of large offshore wind farms.sElndusters can produce large ramping events
12  (i.e. changes in power outpuih temporal scales which are critical for managing the power system
13 (30 minute, 60 minute and 4 hours). This study analyses generation data from the Ebarags

14  cluster in conjunction with meteorological observations to determine the ndeyaita frequency of

15 ramping events and the meteorological mechanism.

16  Over a 4 hour time window, the extreme ramping events of the Thames Estuaryveduisteaused

17 by the passage of a cyclone and associated weather fronts. On shorter timehscalegest ramping

18 events over 30 minute and 60 minute time windows are not associated with the padsawfs.of

19 They are caused by three main meteorological mechanisms; (1) very high wind speeds associated with
20 a cyclone causing turbine cut-out (2) gusts associated with thunderstorms and (3) dtoamisef

21  convection following a front. Despite clustering offshore capacity, the addition of afaliod farms

22  has increased the mean separation between capacity and therefore reduced thiy vianebitnally

23 aggregated generation on high frequency time scales.

24  Keywords: wind; offshore; variability; ramping; extremes
25 1.0lntroduction

26 To meet ambitious carbon reduction targets, global renewable energy deployment has expanded
27 dramatically. In the UK, the capacity of wind power has grown steadily frol3&/9n 2008 to 1R

28 GW by June 2017 [1]. Due to the increasing penetration of wind power, extreme wind power
29 generation events are of growing concern. In particular, ramps in generation providagesafior

30 the transmission system operator who schedule reserve holding in advance and requesmlong t

31 strategies for system balancing [2]. Consequently, a number of studies have twtuse@rstanding

32 and improving the predictability of wind power ramping events [3, 4].5, 6

33  For the UK, Cannon et al. [7] used wind speed data derived from the MERRA readatgsist to
34 quantify the magnitude and frequency of nationally-aggregated wind generation rasnptimge
35 scales of 6 hours and greater based on the 2012 wind farm distribution. Hawegeent years there
36 has been a significant change in the distribution of wind farms in the Buiggih [8]. Since 2012,
37 the capacity of offshore wind farms has increased from 2.4 GW to 5.0 GW with milni& cdipacity
38 spread over a small number of very large wind farms located in clustemsxdraple, in the Thames
39 Estuary alone there is approximately 1.7 GW of capacity. Drew et al. [3] showed tles hadarge



40
41
42
43

44
45
46
47
48
49

50
51
52
53
54
55

56
57
58
59
60
61
62

63
64
65
66
67
68
69

70
71
72
73
74
75

76
77
78
79
80
81
82

regional ramps in generation on time scales of minutes to hours as localofegieal phenomena
simultaneously impacts production in several large farms. Given the large gapdb# farms, these
ramps can present a challenge in maintaining the balance between supply and demandpoal a nati
scale, particularly if they are not accurately forecasted.

The problem posed by local ramping events is expected to be exacerbated in theyeansingiven
the trend for clustering capacity in large offshore wind farms looks set to corfineidatest phase of
offshore wind development in the UK, launched in 2009, identified 9 zones within which a rafmber
individual wind farms could be located with a total capacity of over 30 GW [9,Cdljsequently,
following the construction of the round 3 wind farms the majority of GBdweapacity would be
located offshore in clusters of very large wind farms [11, 12].

To improve the performance of operational wind power forecasts there is amsingreeed for a
clear understanding of the meteorological features responsible for the extrenmanqualg events
[13]. For example, Trombe et al. [14] showed that high frequency ramping of largehdishore
wind farms can be associated with heavy rainfall and therefore considerscbgeefor using data
from the rainfall radar to adjust the forecast in real-timeeifessary. This study investigates whether
such an approach could be applied to ramping events in the Thames Estuary wind farms.

In addition to the problems posed by local ramping events, there are concerns thanglcapecity

could lead to an increase in the variability of the nationally aggregated wind gemérati a reversal
of some of the smoothing benefits gained by the spatial dispersion of turBimaghber of studies
have investigated the reduction in wind power variability due to geographspadrsiion of turbines
for single European countries. For example, Kubik et al. for Northern Ireland [15gyHanid

Watson for Ireland [16], Hasche for Germany and Ireland [17] and Giebel [18], Landl®drg
Buttler [20] and Huber et al. [21] considered the whole of Europe.

For the UK, Sinden [22] and Earl et al. [23] used wind speed data measured affisies@face
stations to quantify the inter-annual, seasonal and diurnal variability of WKegafed wind
generation. However, these studies did not consider offshore sites and assumed & odisbifi
wind capacity matched the distribution of weather stations which can lead ¢oelays [24]. To
address this problem, Cannon et al. [7] used wind speed data derived from the Me&dRRKsis
dataset to determine the characteristics of wind power in Great Boitama 33 year period. The
study provides a detailed climatology of ramping on time scales of 6 hours and greater.

Using the approach outlined in Cannon et al. [7], Drew et al. [12] showed that teasied
penetration of offshore wind farms has little impact on the ramping of GR:gatgd wind
generation on time scales of greater than 6 hours. However, due to the resoluhennaidel,
MERRA reanalysis data cannot be used to determine the high frequency GB-aggpeyeated
swings (minutes to hours) or quantify the magnitude of wind power ramps at high sgsatlutions
(below 300 km), both of which are important considerations for managing the power system.

In the UK, the electricity market is managed in 30 minute windows, knowntkesreait periods. For
each period, suppliers and generators contract electricity up to 1 hour ghierdelivery time, a cut-
off time known as “gate closure”. It is then the responsibility of the system operator (National Grid) to
take any necessary actions in order to balance the grid within each settlerioehtTgee electricity
network in the UK is largely isolated with relatively few interconnexctor neighbouring countries
and therefore there is a reliance on large conventional power plants to manage thersystarar,
these plants generally require a period of notice prior to generation to ramp up,lgasstahed to



83 be at least 4 hours. To manage the power system, it is therefore important samudtre possible
84  ramps in power that could occur on time scales shorter than the ramp up time of a conyantienal
85 plant (4 hours), between gate closure and settlement period (1 hour) and fragttlemeat period to

86 the next (30 minutes).

87 The aim of this study is to use a 30-minute averaged time series of wiral geweration from a
88 number of regions across Great Britain (GB) in 2014 to investigate howciteased penetration of
89 clustered offshore wind capacity has affected the characteristics of genatahah spatial and
90 temporal resolutions. The first section considers the impact on high frequariakility of wind
91 generation on both a national and regional scale, particularly the magnitude of rangengration
92 on time scales of less than 4 hours. The second section determines the meteorologgsabtta
93 extreme regional ramping events using the Thames Estuary as a case study.

94 2.0 Datasets and analysis methods

95 One of the main challenges when investigating the variability of wind genemtibe UK at high

96 spatiotemporal resolutions is the limited availability of suitable data. Acte#éred data from the

97 individual wind farms is protected by commercial interests; therefore thereeliance on nationally

98 aggregated data. However, analysis using this data is unable to quantify the regi@navpiogs or

99 indicate how the variability has been affected by the change in wind farnbulistn. Cradden et al.
100 [24] used an hourly 11 year hindcast derived using the Weather Research and Forecasting model
101 (WRF) at 3 km resolution to assess the variability of generation from 13 different regtbeduK.

102 This study introduces a new dataset which details the aggregated power outpfduirafishore

103 clusters (Anglia, Cumbria, N.Wales and Thames) and five onshore regions; Argghir&y Central,
104 Lothian and SSENW (see Figure 1) at 30 min resolution frodahuary 2014 to 81December 2014
105 (see Table 1 and Figure 1). The total capacity across the 9 regions is 6.5 GW, whichxsreately

106  70% of the total installed wind capacity of Great Britain.

107 A number of wind farms have been excluded from the analysis for two reasons (thetlsele wind
108 farm in a region therefore it was not possible to produce anonymous, aggregatedogedatator
109 (2) the data was not of sufficient quality. Despite the reduced number offavimg, the dataset
110 provides a good representation of the wind resource. For example, the @Badgdrcapacity factor
111 for 2014 was calculated to be 31%, which compares well to the figure of 30.2% folt thied farm
112  distribution [29.

Mean Number | Capacity

separation | of farms | (GW)

(km)
Lothian 17.3 5 0.44
N.Wales | 26.9 3 0.18
Cumbria | 30.7 5 117
Thames 34.5 4 154
Anglia 38.1 3 0.33
Central 60.7 11 1.22
Ayrshire 79.3 8 0.52
Argyll 89.1 6 0.30
SSENW | 115.2 16 0.80
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Table 1 Details of the 4 offshore clusters (bold) and the 5 onshore regions. The mean separation is derived using
equation 1 based on the wind farmswithin each region.

2.1 Spatial separation of capacity

The addition of offshore wind farms has changed the distribution of capacityidistinct ways.
Firstly, there is an increased concentration of capacity in clusters. Forregion the spatial
dispersion of the capacity has been guantified in terms of the mean separatiamt gdW of

capacity, S, as calculated in [12] as:

B N C (N deij
STEC\AG

whereg; is the wind farm capacityd; is the distance between wind farmsjs the number of wind

farms in the region an@; is the total installed capacity of the region. The offshore regions are
generally made up of large wind farms clustered together in a relativelyanaalhnd consequently

have a low separation between units of capacity (26.9 km to 38.1 km). In comparison, onshore regions
generally consist of spatially dispersed small wind farms therefore the s@parfathe capacity is

larger (60.7 km to 115.2 km), with the exception of Lothian (17.3 km). Secondly, thmaddithe
offshore regions has changed the geographical location of the generation. Figure thahaiof

the onshore zones are located relatively close to each other in Scotland; ¢htbeefoean separation
between the onshore capacity is only 168 km. In contrast, all of the offshosrslkust connected to
England, and are more geographically dispersed (mean separation of 327.6 km between tke offshor
capacity), therefore by combining the onshore and offshore capacity the mean separaten betw
capacity for the GB wind farm distribution increases to 399 km.

(1)

60°N

55

50 N

10 w 5°w 0 5 E

Figure 1 Map of the wind farm distribution used in this study. The onshore and offshore farms are represented by
the circlesand crossesrespectively.

2.2 Impact of spatial separation on generation characteristics

To investigate the impact of spatial separation of capacity on wind powabilrgr in Great Britain,
the 30-minute averaged time series of aggregated generation for each of then® hege been
combined to derive a time series of power output for every possible combination arfsrephis
ranges from a combination of two regions (36 possibilities) to the single cdmbird all nine
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regions (GB-aggregate) and therefore amounts to a total of 515 possible wind failbutidist
scenarios each with a different number of wind farms and mean separation between capacity. The data
are then used to determine the impact of clustering capacity on the high freqagability of the

wind generation.

A range of different metrics have been used to quantify the variabilityviraf generation. For the
purposes of this study a ramp, R, at time, t, is defined as the differencepoviae output over a
period of time, At, given by:

R(t) = P(t+ At) — P(t) 2)

where P(t) is the power output at time, t. Using the 30-minute averaged dataseseaxigsief ramps
for At=30 minutes, 60 minutes and 4 hours, has been calculated for each wind farm distribution
scenario. The standard deviation, o, of each time series is then calculated to quantify the distribution
of the ramps for each scenario.

2.3 Thames Estuary analysis

Section 3.3 investigates the most extreme ramping events over three time scalésu(&s, 160
minutes and 4 hours) of a single offshore cluster in order to determine te®rotegical
mechanisms. The analysis focuses on the offshore wind farms in the Thames Estuary, located
approximately 100-200 km east of London, UK. This is the largest of the offslusters consisting

of 5 individual farms with a total capacity of 1.7 GW. Drew et algf@sents a detailed analysis of a

high frequency ramping event of this cluster which had significant implicatiotiteeananagement of

the power system. This study investigates the full range of extreme ramps toirteténm
meteorological cause.

To determine extreme ramping events the 30 minute averaged time series of ¢itg fzaqear of the
Thames region (as outlined in section 2.2) has been used. The extreme rampinfpeeactstime
window have been defined following a similar method to that outlined in Cutler el.al. [6

e 4 hour ramps: Find all instances where the 30 minute averaged capacity factor changes by
more than 40% within a 4 hour window. Two individual ramps occurring withinhau®
window of each other are considered the same event.

e 60 minute ramps: After removing the periods of time during which a 4 hour ramgs oiicd
the occasions where the 30 minute averaged capacity factor changes by more tham 25% in
60 minute time window. Two ramps are considered the same event if they occur within 1 hour
of each other.

¢ 30 minute ramps: After removing the periods where either a 4 hour or 60 minuteceung,
find the occasions where the 30 minute averaged capacity factor changeselianot 5%
in a 30 minute time window.

To determine the meteorological mechanisms behind extreme ramping events, a numbeetsf datas
have been used (Table 2). Firstly, the meteorological conditions in the Thamey Esgien have

been determined using 1-minute averaged observations of temperature, wind speedaaed surf
pressure from two nearby Met Office weather stations (shown in Figure 2) afall naite data
derived from radar observations for an area of 4884awering all of the wind farms on a 1km
spatial resolution and a 5 minute temporal resolution [26, 27]. On the lar¢gsrteeasynoptic scale
conditions have been determined using hourly wind fields and surface pressure from Modern-Era
Retrospective Analysis for Research and Applications (MERRA) daja [28



181 In addition to determining the meteorological conditions associated with ramps; fiotddce wind
182 field data from MERRA has been used to estimate the aggregated power genethgoninfl farms
183 in the region, following the method of Cannon et al. [7]. Firstly, the botaly gridded surface
184  hourly winds were bi-linearly interpolated to the location of each wanah.f The derived winds were
185 then vertically interpolated to the hub height of the turbines. Finally, the hub-hemghspeeds were
186 converted to power output using a transfer function derived from empirical desonsbetween the
187 derived wind speeds and recorded wind farm output. The power output was summed wirat all
188 farms to produce an hourly time series of generation of the Thames Estuary cluster.

189
Dataset Variables Temporal | Location
resolution
UK Met Office weather | Air temperature (C) at 1.25 m | 1-minute | Manston (51.346°N,
station observations above the ground. 1.337°E).and
Mean wind speed and maximu Shoeburyness
gust at 10 m above the ground (51.536°N, 0.809°E).
(ms?). Atmospheric pressure
(hPa).
Met Office rainfall Rainfall rate (mm hf) 5-minute | Thames Estuary region
radar (see Figure 2) on 1 Km
resolution.
MERRA: Modern-Era | Mean wind speed (1} at Hourly 0.5° x 0.667° global grid
Retrospective Analysis | heights of 2 m, 10 m and 50 m.
for Research and Surface pressure (hPa).
Applications

190 Table1 Details of the meteorological datasets used in this study.
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192  Figure 2 Map showing the location of the 5 wind farms in the Thames Estuary: Greater Gabbard (GG), London
193  Array (LA), Gunfleet Sands (GF), Kentish Flats (KF) and Thanet (THA). Thered box indicates the region for which
194 radar rainfall data was obtained. The map also shows the locations of the surface meteorological stations: Manston
195  and Shoeburyness.

196 3.0 Results

197 The dataset outlined in Section 2 has been used to address a series of questiots netatqubwer

198 variability. Section 3.1 investigates the impact of the offshore windsfamthe GB-aggregated wind

199 generation characteristics, with a particular emphasis on the impact of chanegirsgparation

200 between capacity and the number of wind farms on the magnitude on the high frequency ramps.
201 Section 3.2 determines the magnitude of regional high frequency power swintdmee foffshore
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clusters and compares the results to that of the more spatially-dispersed oeghwore. Finally,
Section 3.3 quantifies the high frequency ramping of wind farms in the Thames E#teagrgest
offshore cluster and identifies the meteorological mechanism.

3.1 Impact of clustering capacity on generation variability

This section determines how the magnitude of the ramps in regional wind paues with two
metrics used to define the level of clustering (1) the number of windsfaggregated and (2) the
mean separation between capacity. For all 515 possible wind farm distiutihe time series of
power ramps over three time periods (30 minutes, 60 minutes and 4 hours) have beenedé&thami
standard deviation of the resulting time series was calculated and is usethemswae of the
magnitude of the ramps.
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Figure 3 Standard deviation of the power ramps of each of the 515 different wind farm distributions as a function of
the number of farmsin the distribution and the mean separation between the capacity for three time windows (a)-(b)

30 minutes, (c)-(d) 60 minutes and (e)-(f) 4 hours.

For all three time scales, the magnitude of the ramps decreases as the numbeérfafmgnn the
distribution increases (see Figures 3(a)-(f)). A large reduction in the sladdeiation is shown
between 5 and 30 wind farms before levelling off as the number of farms increakes. fidor
example, for the 30 minute ramps the standard deviation decreases from approximatety2418%o t
as the number of wind farms increases from 5 to 25, but decreases to onlgsltB&number of
wind farms increases further to 50. However, for all time scales thestostandard deviation is
shown for the largest number of wind farms (i.e. the full GB wind farm distribution).

7
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This analysis indicates that the number of wind farms aggregated is a usefidtpafamestimating

the distribution of power swings on time scales of 30 minutes to 4 hours. In compahnison, t
separation between capacity is not a good indicator of the size of the ramdl tfoe scales,
increasing the separation (but keeping the number of wind farms the samdfehampiact on the
size of the ramps (see Figures 3(b), 3(d) and 3(f). For example, for a wind farm tilistrikich
contains 41-60 farms, if the separation between the units of capa2§ lsn the standard deviation

of the 30 minute ramps is between 1.8% and 2.0%. If the separation were tedriord@0 km the
standard deviation is very similar (1.7% - 2.0%). These results suggest thia¢ ¢imeé scales
considered, the power ramps of the regions are not well correlated, therefore the manjrtihede
aggregated ramps decrease as more and more regions (number of farms) are added, irrespective of any
potential change in the separation between capacity.

3.2 Regional power ramps

The analysis in section 3.2 has shown that the magnitude of the power ramps of farmind
distribution is highly dependent on the number of wind farms. The recent traswhadntrating a
small number of very large wind farms therefore results in an increaBe magnitude of the local
power ramps. Figures 4 to 6 show the distribution of the power ramps for each regiont iBriEaia
in 2014. For all time intervals, the distribution is approximately symmetric withamedilues close
to zero for both the onshore and offshore regions, indicating that positive and nesyafigehave a
similar distribution.

In general, when considered in terms of a change in capacity factor, the magnitadearhps is
larger for the offshore clusters for all time scales. Consequenthg ifystem operator were to hold
reserve to protect against a 90th percentile swing, for the onshore regions it wouldtequate
average 3.8%, 6.0% and 14.5% of capacity for 30 minutes, 60 minutes and 4 hours respectively. In
comparison a similar holding for the offshore regions would equate to an average of 4.8%n&.9% a
18.9% of capacity. This is due to the offshore clusters containing a lower nafrfaems than the
onshore zones. As the 4 offshore regions have a similar number of farms, the magfniaumles is

very similar for all offshore regions- with slight differences in theeswe values. For the onshore
regions, there is generally a larger spread in the distributions reflecting the varialtigynumber of
farms across the regions. For example, for Lothian there are a similar numided darms to the
offshore regions and the standard deviation of the ramps is 4.7%, 7.6% and 17.9%ifout@8, 60
minutes and 4 hours respectively.

When considered in terms of change in power (MW), due to large capacity in Thamegy, Eseuar
ramps of the cluster are larger than all other regions for all time scakgso{&s in Figures 4-6 (c)).

For example, for the 30 minutes, 60 minutes and 4 hour time window, the maximum ramp in the
Thames Estuary is 777 MW, 886 MW and 1363 MW. Power ramps of this magnitude could
potentially pose a challenge to those responsible for maintaining a balameerhetupply and
demand on the power system. Accurate meteorological forecasting is criticalidgordemade on
holding reserve, but can be difficult on such short timescales. Here follows ledi@taestigation

into the meteorological conditions causing ramps in the Thames Estuary, to ddeetopment of
accurate forecasts.
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Figure 4 Distribution of the change in capacity factor within a 30 minute time window in 2014 for (a) offshore
clusters (b) onshoreregions. (c) Theramps expressed in terms of power (MW).

(a) (b) (©)

102 10? 102
= Anglia * Argyll = Thames
= Cumbria e Ayrshire All regions
. Thames . [ e Central _ 0
£ 10! L L= Nwales £ 10! e Lothian & 10!
@ @ * SSENW )
E £ E
S 10° S 10° s 10° ;.,-
c c c ’g’.v\
o o S o
: : E Faty,
B S-SR > SR R R §
o - — o o 0 o K . <’
- L n oo B, ) A e
1 T - p ceremer o -t cEmcem g Pp o oo
10—2 -:--l. --. -_ 10—2 - a6 aEne & - ees 10—2 " mme e - :. -
SplepEn & [ ) ”* Rl _ _ .1 om ®me eccom pmm w
-75 =50 -25 0 25 50 75 -60 -40 -20 0 20 40 60 -1000 -500 0 500 1000
Change in capacity factor (%) Change in capacity factor (%) Change in power (MW)

Figure 5 Distribution of the change in capacity factor within a 60 minute time window in 2014 for (a) offshore
clusters (b) onshoreregions. (c) Theramps expressed in terms of power (MW).
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Figure 6 Distribution of the change in capacity factor within a 4 hour time window in 2014 for (&) offshore clusters
(b) onshoreregions. (c) Theramps expressed in ter ms of power (MW).

3.3 Thames Estuary ramping

In Section 3.2 it was shown that the clusters of offshore wind farms adrnddarge high frequency
regional power ramps. This section analyses the generation data from the Thamg<ksstigar(the
largest of the offshore clusters in terms of capacity) in more detail, tofyddgre extreme ramping
events and determine the meteorological drivers. As with the previous sections |ybis &iaa been
completed on three time scales (30 minutes, 60 minutes and 4 hours).

3.3.1 Extreme ramps over a 4-hour time window

Following the method outlined in section 2.3 (the hourly capacity factor changes éyhaor40%
over a 4 hour time window), 74 ramp-up events and 69 ramp-down events were identified. Events
occurred throughout the year, however a larger proportion occurred in winteir(3%3%) than any

9



282  of the other seasons (22% in MAM, 24% in JJA and 15% in SON). The most extrepapavent
283 was 86.2% which equates to a change in power of 1.3 GW and the most extreme ramp-down was
284  76.7% which equates to a change in power of 1.2 GW.

285 For each event, the synoptic meteorological conditions have been investigated usingaitee surf
286 pressure data from MERR&ee figure 7)All of the extreme ramping events on this time scale can
287 Dbe linked to the passage of an extra-tropical cyclone (low pressure system) and thédsseather
288 fronts. For all of the 74 ramp-up events, there is a clear pattern in theespréssure field. A low
289 pressure system is centred over Iceland and the frontal features stretch sbuaitress the UK.
290 There is a similar pattern for the ramp-down events however the centre of the |lsurgires moved
291 eastwards and the gradient in surface pressure over the UK has weakened. Additihen&ibnta

292 features are now located east of the cluster.

293 By applying the method developed in Cannon et al. [7], the hourly generation diahed Estuary

294  cluster in 2014 has been estimated based on the surface wind field given by MERRderived

295 data have been analysed to determine whether extreme ramping events are captured. iMERRA
296 defined to have captured a ramp if it is at least 75% of the size of the measyedlittéin a £3 hour

297 time window of when it occurred. Based on this criterion, the MERRA derivedadgtures all 74

298 ramp-up events and 69 ramp-down events which occurred in the Thames Estuary offgtere clu
299 during 2014. This confirms that the extreme ramping on this time scale is theofesuioptic scale

300 meteorological features which are well reproduced by the reanalysis product.

(a) Ramp-up events (b) Ramp-down events

Surface pressure (hPa)

301

302 Figure 7 Mean sea level pressure averaged across all (a) 74 ramp-up eventsand (b) 69 ramp-down events.

303 3.3.2 Extreme ramps over a 1-hour time window

304 For the full year of measured data, power ramps over a one hour time window have beetedaalcula
305 and the frequency distribution of the ramps is showrignire 8(this is the same data as the Thames
306 curve in Figure 5(a)). The data have then been filtered to remove the periods whiah @ehtaur

307 ramp (identified in section 3.3.1) and the distribution of the filtered ramps isladsen inFigure 8

308 A comparison of the probability density functions shows the most extreme 60 minute rawgiitsg)

309 are the same in both distributions. For the both the filtered and unfilteredtsldteséargest ramp-
310 down is -48.8% and the largest ramp-up event is 57.9%. This indicates thaisthextneme 1 hour

311 ramps are not part of a larger scale ramp and are therefore not caused by tleeqgfdesagressure

312 system but by smaller scale meteorological features.
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Figure 8 The 60 minute rampsfor the Thames Estuary cluster during 2014 using the whole dataset (blue) and then
excluding the periods during which a4 hour ramp occurs.

Using the criteria outlined in section 2.3, 24 x 1 hour extreme ramping events have begadident
Further analysis shows, on 10 occasions an extreme ramp-up and ramp-down occurred within 3 hours
of each other (as shown in Table 3). These ramps were combined to produce 14 independsn

For each event, the meteorological conditions have been investigated using pretscee fields

from MERRA, observations of surface temperature and wind speed from Met Odfathaw stations

close to the cluster (Manston and Shoeburyness) and rainfall radar data. Based oadiwogietl

data, 3 main drivers of the extreme ramping on this time scale have been identified; (1) turbine cut-out
due to high wind speed conditions (2) outflow or gust fronts from thunderstorms amydB)jsed

band of convection following a frontal system.

3.3.3 High wind speed cut-out

There were 5 ramping events associated with the high wind speed shutdown of turbinesyeehe

of which occurred on 4February 2014, when the output of the farms reduced by 44.3% (i.e. a
reduction in power output of 680 MW in 1 hour). All 5 of the cut-out ramping events edcimrr
winter and are associated with a low pressure system located over the UK. Thepstsswuge
gradient leads to very high wind speeds in the Thames Estuary region. Forhall efents, the 1
minute mean wind speed at both Manston and Shoeburyness exceedsdefimgsthe period when
generation is reduced.

Three of the five events are characterised by a large reduction in the outpettasbines cut-out
followed by a similar sized ramp-up. For example, off d8nuary 2014 at 16:00 there was a
reduction in capacity factor of the cluster by 28.6% (Sgere 9 which corresponds to a spike in
wind speeds observed in the region (at Manston, the mean wind speed peakednat 3%.57:30).
Following this, there is a reduction in wind speeds and therefore rthiads start to generate again
and therefore there is a ramp-up of 26.7% at 17:00.
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343

344

345

346

347
348

349

350
351
352

353

No. | Date | R&mMP-up (%) | Ramp-down (%) rg/lii:‘(;trl]rtjer\?e Type
and time and time 1
(mm hr?)
1 | 25/01| 26.7 (17:00) -28.6 (16:00) 91 Cut-out
2 | 12/02| 38.3(16:30) -29.0 (14:00) 15 Cut-out
3 | 14/02 -44.3 (22:00) 26 Cut-out
4 | 07/03 | 27.6(20:00) 150 Post-frontal
5 | 23/03| 32.6 (16:30) -28.4 (17:30) 71 Thunderstorms
6 | 24/05| 26.3(16:30) 97 Post-frontal
7 | 07/06| 45.4(08:30) -48.8 (10:00) 12 Thunderstorms
8 | 18/07 | 57.9 (19:30) -42.5 (22:00) 1023 Thunderstorms
9 | 19/07 | 39.1(04:30) -25.4 (07:00) 64 Thunderstorms
10 | 19/07 | 28.6 (19:30) -28.4 (20:30) 115 Thunderstorms
11 | 14/08 | 26.8 (14:30) -45.9 (15:30) 396 Thunderstorms
12 [ 03/11| 31.1(13:30) | -48.8 (15:30) 147 Post-frontal
13 | 19/12| 36.9 (09:30) -39.8 (07:00) 622 Cut-out
14 | 26/12 -36.3 (23:30) 77 Cut-out

Table 3 Meteorological conditions for the 60 minute ramping events which occurred in the Thames Estuary in 2014

identified using the method outlined in section 2.3.

Figure 9 Meteorological conditions on 25th January 2014. (a) 30 minute averaged wind power generation of the
Thames Estuary cluster (expressed in terms of capacity factor) (b) 1-minute averaged wind speed observations from
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Figure 10 Meteorological conditions for the wind power ramping event on 18" July 2014. (a) 30 minute aver aged
wind power generation of the Thames Estuary cluster (expressed in terms of capacity factor) (b) the maximum
rainfall rate of any gridbox in the Thames Estuary on a 5 minute resolution and (c) 1-minute surface pressure
observations from Manston.

3.3.4 Thunderstorms

There were 6 ramping eventaused by the wind speed guassociated with a thunderstorm (2 on

19" July 2014), all of which occurred between March and August. For these eveatmtspheric
conditions are dominated by a high pressure system (anticyclonic) located over the @Koand
pressure system to the south westalysis of the meteorological conditions in the Thames Estuary
shows that all ramps coincide with other meteorological conditions whicla aignature of the
thunderstorm, such as a period of heavy rainfall in the region and large flugsuiat temperature

For example, the maximum rainfall rate during the ramp for any 1 km radar gridtio Tthames
Estuary exceeds 64 mm™arfor all but one of the ramping events. Furthermore, observations at
Manston and Shoeburyness show there is generally sharp drop in temperature during the ramping
event.

The largest ramping event associated with a thunderstorm occurred off théyl8014. At 19:30 the
capacity factor of the cluster increased by 57.9% (890 MW in 1Hngure 10shows this ramp
coincided with very heavy rainfall across the region. The maximum ranaftallderived from the
radar observations was 1023 mn lat 22:00. In addition, the surface pressure observed at Manston
increased by 4 hPa in a 25 minute periedre 10(c)).

3.3.5 Post-frontal convection

Three events are caused by a band of increased wind speeds which occur affiterTadrelevated
wind speeds lead to an increase in power output from the cluster for a short peirioel ledéfore the
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feature moves away from the region. As with the thunderstorms, there ia signature of these
features in the rainfall datd&igure 11shows the capacity factor of the Thames Estuary wind farms on
24" May 2014 and the mean rainfall rate across the region. During the morniegthewfront
moved across the South East of England which led to high wind speeds and heavy Aétifahe

front moved eastwards away from the cluster of farms, their wind generationed dramatically,
falling from 69.7% of capacity at 08:00 to only 23.7% at 13:00. In theaft@noon there was an
increase in wind power generation and by 17:00 the output was back up to 62.6%, hbiseaenp

had a short duration and by 20:00 the output had reduced to only 30idde 11(b)shows a
corresponding ramp in the rainfall in the region.
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Figure 11 Meteorological conditions for thewind power ramping event and the meteor ological conditions on 24" May
2014. (a) The 30 minute averaged wind power generation of the Thames Estuary cluster (expressed in ter ms of
capacity factor) and (b) the mean rainfall rate acrossthe Thames Estuary on a 5 minute resolution.

3.4 Extreme ramps over 30 time windows

For the full year of the data the power ramps over a 30 minute time winaleviieen calculated

using the method outlined in Section 2.3. The data have then been filtered to remove the periods
which correspond to a 4 hour ramp (derived in section 3.3.1). As with then@@mampsFigure 12

shows that the most extreme 30 minute ramping events are not associated with a larger scale ramp and
therefore are not caused by the passage of low pressure system but by a sriealegtecaological

feature.

Using the method outlined in section 2.3, only 6 30-minute ramping events have bédieddsee
Table 4). For each event, the meteorological mechanism has been determined usingd range
datasets. Based on the analysis, 4 of the ramps were shown to be associatedhigthwind speed
cut-out of turbines and two are associated with thunderstorms.
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No. | Date | R@MP-up (%) Ramp-down (%) r’;/lii:‘(z!lrlrlurjarlrt]e Type
and time and time 1
(mm hr?)
1 | 03/01 -18.3 (15:9) 9 Cut-out
2 | 26/01 -16.0 (18:00) 8 Cut-out
3 | 28/01 -17.4 (04:00) 37 Cut-out
4 | 01/02| 15.2 (07:30) 14 Cutdin
5 | 19/07 | 21.3(08:30) 19 Thunderstorm
6 | 19/07| 16.7 (12:00) 20 Thunderstorm

Table 4 Details of the 30 minute ramping events which occurred in the Thames Estuary in 2014 identified using the
method outlined in section 2.3.

10* - ; : .

—&— All data
—e— Excluding 4 hr ramps|

40 -20 0 20 40 60
Change in capacity factor (%)

Figure 12 The 30 minute ramps for the Thames Estuary cluster during 2014 using the whole dataset (blue) and then
excluding the periods during which a 4 hour ramp occurs.

4.0 Conclusions

In recent years there has been a significant change in the distribution of waeitycapthe UK, with
the construction of several clusters of very large offshore wind farms. This paper invebtigatbss
change has affected the magnitude of the nationally aggregated and regionalised raamyzomi t
scales which are critical for the management of the power system (30 minute, 60amdhdtbours).
In addition, the extreme high frequency ramps of the largest cluster of offgimatdarms (Thames
Estuary) have been investigated in detail to determine the meteorological drivers.

Despite the clustering of capacity in relatively small areas, the addititre afffshore wind farms
reduces the high frequency variability of nationally aggregated generation. Thishasidiged two
key parameters to quantify the level of clustering; (1) number of wind farms in flba (&) mean
separation between capacity. The level of the variability has been cedsiteterms of the
magnitude of the power ramps on the three timescales which are of importanegstfem
management (30 minutes, 60 minutes and 4 hours). For this metric, the magnituelevariability
was highly correlated to the number of wind farms aggregated. As the number obwmngdiri the
distribution increases, the magnitude of the ramps decreases. This reduction is partarga
between 5 and 25 wind farms before levelling off as the number of farms increabes. furt
contrast, the mean separation between capacity had little impact on the magnithdepofver
swings. In fact, keeping the number of wind farms fixed but changing the separation hhgilsleneg
impact on the standard deviation of the distribution of the power swings. Hwsts show that the
ramps on these time scales in the different regions are not correlated; thergfegatigg the
regions leads to a smoothing effect.
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As the magnitude of the high frequency power swings are highly dependent on the numiner of
farms, the recent trend in Great Britain for clustering capacity inal smmmber of very large wind
farms results in an increase in the local power swings. For example, if the systeraroperatto

hold reserve to protect against &"$@rcentile swing, for the onshore regions in 2014 it would equate
to on average 3.8%, 6.0% and 14.5% of capacity for 30 minutes, 60 minutes and 4 hourselyspectiv
In comparison, a similar holding for the offshore regions would equate dvesiage of 4.8%, 7.9%
and 18.9% of capacity. Consequently, for clusters with high levels of cagasigould lead to very
large ramps in power. For example, for the Thames Estuary, an 18.9% ramp equates te axchang
power of 290 MW. This effect would be exacerbated in the future with the developmemén
larger clusters (e.g. Dogger Bank which could have a capacity in excess of 4 GW).

The meteorological conditions leading to extreme high frequency ramping of an offsisbes bhve
been investigated in more detail using the Thames Estuary as a case study. Gweur &idhe
window, the largest ramp in capacity factor was 86.2% (which equates to agwiwgrof 1.3 GW).
This, along with the other extreme 4 hour ramping events was caused by the paasaggonie and

the associated weather fronts. On shorter time scales, the largest rampingesef minute and

60 minute time windows are not associated with the passage of frhpisalle caused by three main
meteorological mechanisms; (1) very high wind speeds associated with a cyclong taéne cut-

out (2) gusts associated with thunderstorms and (3) organised band of convection following a front.

To minimise the balancing costs associated with the extreme high frequency rawing the
meteorological features need to be captured by the wind power forecast. CakiBgthas shown

that high resolution ensemble models are able to capture the elevated wind speed associated with post-
frontal convection. However, the timing and location of the feature mayenexdictly correct. This

study has shown that this problem could potentially be addressed by considering theeak&né
meteorological observations, such as data from the rainfall radar to &djustdcast in real-time if
necessary.
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Abstract

Recently there has been a significant change in the distribution of wind farms in Graiatvigth the
construction of clusters of large offshore wind farms.sElwdusters can produce large ramping events
(i.e. changes in power outpuh temporal scales which are critical for managing the power system
(30 minute, 60 minute and 4 hours). This study analyses generation data from the Ebarags
cluster in conjunction with meteorological observations to determine the nasyaita frequency of
ramping events and the meteorological mechanism.

Over a 4 hour time window, the extreme ramping events of the Thames Estuaryveduisteaused

by the passage of a cyclone and associated weather fronts. On shorter timenscalegst ramping

events over 30 minute and 60 minute time windows are not associated with the padsaigfs.of

They are caused by three main meteorological mechanisms; (1) very high wind speeds associated with
a cyclone causing turbine cut-out (2) gusts associated with thunderstorms and (3) aigmmisef
convection following a front. Despite clustering offshore capacity, the addition of affehiod farms

has increased the mean separation between capacity and therefore reduced thiy vaneitnally
aggregated generation on high frequency time scales.

Keywords: wind; offshore; variability; ramping; extremes
1.0Introduction

To meet ambitious carbon reduction targets, global renewable energy deployment has expanded
dramatically. In the UK, the capacity of wind power has grown steadily frof®2/9n 2008 to 1R

GW by June 2017 [1]. Due to the increasing penetration of wind power, extreme wind power
generation events are of growing concern. In particular, ramps in generation providagesalior

the transmission system operator who schedule reserve holding in advance and requésmlong t
strategies for system balancing [2]. Consequently, a number of studies have @cusel@rstanding

and improving the predictability of wind power ramping events [3, 4.5, 6

For the UK, Cannon et al. [7] used wind speed data derived from the MERRA readatgsist to
guantify the magnitude and frequency of nationally-aggregated wind generation rammptimge
scales of 6 hours and greater based on the 2012 wind farm distribution. Hawegeent years there
has been a significant change in the distribution of wind farms in the Biiégin [8]. Since 2012,
the capacity of offshore wind farms has increased from 2.4 GW to 5.0 GW with miinif cdipacity
spread over a small number of very large wind farms located in clustersx&mple, in the Thames
Estuary alone there is approximately 1.7 GW of capacity. Drew et al. [3] showed tes hadarge
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regional ramps in generation on time scales of minutes to hours as localofegieal phenomena
simultaneously impacts production in several large farms. Given the large gapdb# farms, these
ramps can present a challenge in maintaining the balance between supply and demandpoal a nati
scale, particularly if they are not accurately forecasted.

The problem posed by local ramping events is expected to be exacerbated in theyeansingiven
the trend for clustering capacity in large offshore wind farms looks set to corfineidatest phase of
offshore wind development in the UK, launched in 2009, identified 9 zones within which a rafmber
individual wind farms could be located with a total capacity of over 30 GW [9,Cdljsequently,
following the construction of the round 3 wind farms the majority of GBdweapacity would be
located offshore in clusters of very large wind farms [11, 12].

To improve the performance of operational wind power forecasts there is amsingreeed for a
clear understanding of the meteorological features responsible for the extrenmanqualg events
[13]. For example, Trombe et al. [14] showed that high frequency ramping of largehdishore
wind farms can be associated with heavy rainfall and therefore considerscbgeefor using data
from the rainfall radar to adjust the forecast in real-timeeifessary. This study investigates whether
such an approach could be applied to ramping events in the Thames Estuary wind farms.

In addition to the problems posed by local ramping events, there are concerns thanglcapecity

could lead to an increase in the variability of the nationally aggregated wind gemérati a reversal
of some of the smoothing benefits gained by the spatial dispersion of turBimaghber of studies
have investigated the reduction in wind power variability due to geographspadrsiion of turbines
for single European countries. For example, Kubik et al. for Northern Ireland [15gyHanid

Watson for Ireland [16], Hasche for Germany and Ireland [17] and Giebel [18], Landl®drg
Buttler [20] and Huber et al. [21] considered the whole of Europe.

For the UK, Sinden [22] and Earl et al. [23] used wind speed data measured affisies@face
stations to quantify the inter-annual, seasonal and diurnal variability of WKegafed wind
generation. However, these studies did not consider offshore sites and assumed & odisbifi
wind capacity matched the distribution of weather stations which can lead ¢oelays [24]. To
address this problem, Cannon et al. [7] used wind speed data derived from the Me&dRRKsis
dataset to determine the characteristics of wind power in Great Boitama 33 year period. The
study provides a detailed climatology of ramping on time scales of 6 hours and greater.

Using the approach outlined in Cannon et al. [7], Drew et al. [12] showed that teasied
penetration of offshore wind farms has little impact on the ramping of GR:gatgd wind
generation on time scales of greater than 6 hours. However, due to the resoluhennaidel,
MERRA reanalysis data cannot be used to determine the high frequency GB-aggpeyeated
swings (minutes to hours) or quantify the magnitude of wind power ramps at high sgsatlutions
(below 300 km), both of which are important considerations for managing the power system.

In the UK, the electricity market is managed in 30 minute windows, knowntkesreait periods. For
each period, suppliers and generators contract electricity up to 1 hour ghierdelivery time, a cut-
off time known as “gate closure”. It is then the responsibility of the system operator (National Grid) to
take any necessary actions in order to balance the grid within each settlerioehtTgee electricity
network in the UK is largely isolated with relatively few interconnexctor neighbouring countries
and therefore there is a reliance on large conventional power plants to manage thersystarar,
these plants generally require a period of notice prior to generation to ramp up,lgasstahed to



83 be at least 4 hours. To manage the power system, it is therefore important samudtre possible
84  ramps in power that could occur on time scales shorter than the ramp up time of a conyantienal
85 plant (4 hours), between gate closure and settlement period (1 hour) and fragttlemeat period to

86 the next (30 minutes).

87 The aim of this study is to use a 30-minute averaged time series of wiral geweration from a
88 number of regions across Great Britain (GB) in 2014 to investigate howciteased penetration of
89 clustered offshore wind capacity has affected the characteristics of genatahah spatial and
90 temporal resolutions. The first section considers the impact on high frequariakility of wind
91 generation on both a national and regional scale, particularly the magnitude of rangengration
92 on time scales of less than 4 hours. The second section determines the meteorologgsabtta
93 extreme regional ramping events using the Thames Estuary as a case study.

94 2.0 Datasets and analysis methods

95 One of the main challenges when investigating the variability of wind genemtibe UK at high

96 spatiotemporal resolutions is the limited availability of suitable data. Acte#éred data from the

97 individual wind farms is protected by commercial interests; therefore thereeliance on nationally

98 aggregated data. However, analysis using this data is unable to quantify the regi@navpiogs or

99 indicate how the variability has been affected by the change in wind farnbulistn. Cradden et al.
100 [24] used an hourly 11 year hindcast derived using the Weather Research and Forecasting model
101 (WRF) at 3 km resolution to assess the variability of generation from 13 different regtbeduK.

102 This study introduces a new dataset which details the aggregated power outpfduirafishore

103 clusters (Anglia, Cumbria, N.Wales and Thames) and five onshore regions; Argghir&y Central,
104 Lothian and SSENW (see Figure 1) at 30 min resolution frodahuary 2014 to 81December 2014
105 (see Table 1 and Figure 1). The total capacity across the 9 regions is 6.5 GW, whichxsreately

106  70% of the total installed wind capacity of Great Britain.

107 A number of wind farms have been excluded from the analysis for two reasons (thetlsele wind
108 farm in a region therefore it was not possible to produce anonymous, aggregatedogedatator
109 (2) the data was not of sufficient quality. Despite the reduced number offavimg, the dataset
110 provides a good representation of the wind resource. For example, the @Badgdrcapacity factor
111 for 2014 was calculated to be 31%, which compares well to the figure of 30.2% folt thied farm
112  distribution [29.

Mean Number | Capacity

separation | of farms | (GW)

(km)
Lothian 17.3 5 0.44
N.Wales | 26.9 3 0.18
Cumbria | 30.7 5 117
Thames 34.5 4 154
Anglia 38.1 3 0.33
Central 60.7 11 1.22
Ayrshire 79.3 8 0.52
Argyll 89.1 6 0.30
SSENW | 115.2 16 0.80
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Table 1 Details of the 4 offshore clusters (bold) and the 5 onshore regions. The mean separation is derived using
equation 1 based on the wind farmswithin each region.

2.1 Spatial separation of capacity

The addition of offshore wind farms has changed the distribution of capacityidistinct ways.
Firstly, there is an increased concentration of capacity in clusters. Forregion the spatial
dispersion of the capacity has been guantified in terms of the mean separatiamt gdW of

capacity, S, as calculated in [12] as:

B N C (N deij
STEC\AG

whereg; is the wind farm capacityd; is the distance between wind farmsjs the number of wind

farms in the region an@; is the total installed capacity of the region. The offshore regions are
generally made up of large wind farms clustered together in a relativelyanaalhnd consequently

have a low separation between units of capacity (26.9 km to 38.1 km). In comparison, onshore regions
generally consist of spatially dispersed small wind farms therefore the s@parfathe capacity is

larger (60.7 km to 115.2 km), with the exception of Lothian (17.3 km). Secondly, thmaddithe
offshore regions has changed the geographical location of the generation. Figure thahaiof

the onshore zones are located relatively close to each other in Scotland; ¢htbeefoean separation
between the onshore capacity is only 168 km. In contrast, all of the offshosrslkust connected to
England, and are more geographically dispersed (mean separation of 327.6 km between tke offshor
capacity), therefore by combining the onshore and offshore capacity the mean separaten betw
capacity for the GB wind farm distribution increases to 399 km.

(1)

60°N

55

50 N

10 w 5°w 0 5 E

Figure 1 Map of the wind farm distribution used in this study. The onshore and offshore farms are represented by
the circlesand crossesrespectively.

2.2 Impact of spatial separation on generation characteristics

To investigate the impact of spatial separation of capacity on wind powabilrgr in Great Britain,
the 30-minute averaged time series of aggregated generation for each of then® hege been
combined to derive a time series of power output for every possible combination arfsrephis
ranges from a combination of two regions (36 possibilities) to the single cdmbird all nine
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regions (GB-aggregate) and therefore amounts to a total of 515 possible wind failbutidist
scenarios each with a different number of wind farms and mean separation between capacity. The data
are then used to determine the impact of clustering capacity on the high freqagability of the

wind generation.

A range of different metrics have been used to quantify the variabilityviraf generation. For the
purposes of this study a ramp, R, at time, t, is defined as the differencepoviae output over a
period of time, At, given by:

R(t) = P(t+ At) — P(t) 2)

where P(t) is the power output at time, t. Using the 30-minute averaged dataseseaxigsief ramps
for At=30 minutes, 60 minutes and 4 hours, has been calculated for each wind farm distribution
scenario. The standard deviation, o, of each time series is then calculated to quantify the distribution
of the ramps for each scenario.

2.3 Thames Estuary analysis

Section 3.3 investigates the most extreme ramping events over three time scalésu(&s, 160
minutes and 4 hours) of a single offshore cluster in order to determine te®rotegical
mechanisms. The analysis focuses on the offshore wind farms in the Thames Estuary, located
approximately 100-200 km east of London, UK. This is the largest of the offslusters consisting

of 5 individual farms with a total capacity of 1.7 GW. Drew et algf@sents a detailed analysis of a

high frequency ramping event of this cluster which had significant implicatiotiteeananagement of

the power system. This study investigates the full range of extreme ramps toirteténm
meteorological cause.

To determine extreme ramping events the 30 minute averaged time series of ¢itg fzaqear of the
Thames region (as outlined in section 2.2) has been used. The extreme rampinfpeeactstime
window have been defined following a similar method to that outlined in Cutler el.al. [6

e 4 hour ramps: Find all instances where the 30 minute averaged capacity factor changes by
more than 40% within a 4 hour window. Two individual ramps occurring withinhau®
window of each other are considered the same event.

e 60 minute ramps: After removing the periods of time during which a 4 hour ramgs oiicd
the occasions where the 30 minute averaged capacity factor changes by more tham 25% in
60 minute time window. Two ramps are considered the same event if they occur within 1 hour
of each other.

¢ 30 minute ramps: After removing the periods where either a 4 hour or 60 minuteceung,
find the occasions where the 30 minute averaged capacity factor changeselianot 5%
in a 30 minute time window.

To determine the meteorological mechanisms behind extreme ramping events, a numbeetsf datas
have been used (Table 2). Firstly, the meteorological conditions in the Thamey Esgien have

been determined using 1-minute averaged observations of temperature, wind speedaaed surf
pressure from two nearby Met Office weather stations (shown in Figure 2) afall naite data
derived from radar observations for an area of 4884awering all of the wind farms on a 1km
spatial resolution and a 5 minute temporal resolution [26, 27]. On the lar¢gsrteeasynoptic scale
conditions have been determined using hourly wind fields and surface pressure from Modern-Era
Retrospective Analysis for Research and Applications (MERRA) daja [28



181 In addition to determining the meteorological conditions associated with ramps; fiotddce wind
182 field data from MERRA has been used to estimate the aggregated power genethgoninfl farms
183 in the region, following the method of Cannon et al. [7]. Firstly, the botaly gridded surface
184  hourly winds were bi-linearly interpolated to the location of each wanah.f The derived winds were
185 then vertically interpolated to the hub height of the turbines. Finally, the hub-hemghspeeds were
186 converted to power output using a transfer function derived from empirical desonsbetween the
187 derived wind speeds and recorded wind farm output. The power output was summed wirat all
188 farms to produce an hourly time series of generation of the Thames Estuary cluster.

189
Dataset Variables Temporal | Location
resolution
UK Met Office weather | Air temperature (C) at 1.25 m | 1-minute | Manston (51.346°N,
station observations above the ground. 1.337°E).and
Mean wind speed and maximu Shoeburyness
gust at 10 m above the ground (51.536°N, 0.809°E).
(ms?). Atmospheric pressure
(hPa).
Met Office rainfall Rainfall rate (mm hf) 5-minute | Thames Estuary region
radar (see Figure 2) on 1 Km
resolution.
MERRA: Modern-Era | Mean wind speed (1} at Hourly 0.5° x 0.667° global grid
Retrospective Analysis | heights of 2 m, 10 m and 50 m.
for Research and Surface pressure (hPa).
Applications

190 Table1 Details of the meteorological datasets used in this study.
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192  Figure 2 Map showing the location of the 5 wind farms in the Thames Estuary: Greater Gabbard (GG), London
193  Array (LA), Gunfleet Sands (GF), Kentish Flats (KF) and Thanet (THA). Thered box indicates the region for which
194 radar rainfall data was obtained. The map also shows the locations of the surface meteorological stations: Manston
195  and Shoeburyness.

196 3.0 Results

197 The dataset outlined in Section 2 has been used to address a series of questiots netatqubwer

198 variability. Section 3.1 investigates the impact of the offshore windsfamthe GB-aggregated wind

199 generation characteristics, with a particular emphasis on the impact of chanegirsgparation

200 between capacity and the number of wind farms on the magnitude on the high frequency ramps.
201 Section 3.2 determines the magnitude of regional high frequency power swintdmee foffshore
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clusters and compares the results to that of the more spatially-dispersed oeghwore. Finally,
Section 3.3 quantifies the high frequency ramping of wind farms in the Thames E#teagrgest
offshore cluster and identifies the meteorological mechanism.

3.1 Impact of clustering capacity on generation variability

This section determines how the magnitude of the ramps in regional wind paues with two
metrics used to define the level of clustering (1) the number of windsfaggregated and (2) the
mean separation between capacity. For all 515 possible wind farm distiutihe time series of
power ramps over three time periods (30 minutes, 60 minutes and 4 hours) have beenedé&thami
standard deviation of the resulting time series was calculated and is usethemswae of the
magnitude of the ramps.
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Figure 3 Standard deviation of the power ramps of each of the 515 different wind farm distributions as a function of
the number of farmsin the distribution and the mean separation between the capacity for three time windows (a)-(b)

30 minutes, (c)-(d) 60 minutes and (e)-(f) 4 hours.

For all three time scales, the magnitude of the ramps decreases as the numbeérfafmgnn the
distribution increases (see Figures 3(a)-(f)). A large reduction in the sladdeiation is shown
between 5 and 30 wind farms before levelling off as the number of farms increakes. fidor
example, for the 30 minute ramps the standard deviation decreases from approximatety2418%o t
as the number of wind farms increases from 5 to 25, but decreases to onlgsltB&number of
wind farms increases further to 50. However, for all time scales thestostandard deviation is
shown for the largest number of wind farms (i.e. the full GB wind farm distribution).
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This analysis indicates that the number of wind farms aggregated is a usefidtpafamestimating

the distribution of power swings on time scales of 30 minutes to 4 hours. In compahnison, t
separation between capacity is not a good indicator of the size of the ramdl tfoe scales,
increasing the separation (but keeping the number of wind farms the samdfehampiact on the
size of the ramps (see Figures 3(b), 3(d) and 3(f). For example, for a wind farm tilistrikich
contains 41-60 farms, if the separation between the units of capa2§ lsn the standard deviation

of the 30 minute ramps is between 1.8% and 2.0%. If the separation were tedriord@0 km the
standard deviation is very similar (1.7% - 2.0%). These results suggest thia¢ ¢imeé scales
considered, the power ramps of the regions are not well correlated, therefore the manjrtihede
aggregated ramps decrease as more and more regions (number of farms) are added, irrespective of any
potential change in the separation between capacity.

3.2 Regional power ramps

The analysis in section 3.2 has shown that the magnitude of the power ramps of farmind
distribution is highly dependent on the number of wind farms. The recent traswhadntrating a
small number of very large wind farms therefore results in an increaBe magnitude of the local
power ramps. Figures 4 to 6 show the distribution of the power ramps for each regiont iBriEaia
in 2014. For all time intervals, the distribution is approximately symmetric withamedilues close
to zero for both the onshore and offshore regions, indicating that positive and nesyafigehave a
similar distribution.

In general, when considered in terms of a change in capacity factor, the magnitadearhps is
larger for the offshore clusters for all time scales. Consequenthg ifystem operator were to hold
reserve to protect against a 90th percentile swing, for the onshore regions it wouldtequate
average 3.8%, 6.0% and 14.5% of capacity for 30 minutes, 60 minutes and 4 hours respectively. In
comparison a similar holding for the offshore regions would equate to an average of 4.8%n&.9% a
18.9% of capacity. This is due to the offshore clusters containing a lower nafrfaems than the
onshore zones. As the 4 offshore regions have a similar number of farms, the magfniaumles is

very similar for all offshore regions- with slight differences in theeswe values. For the onshore
regions, there is generally a larger spread in the distributions reflecting the varialtigynumber of
farms across the regions. For example, for Lothian there are a similar numided darms to the
offshore regions and the standard deviation of the ramps is 4.7%, 7.6% and 17.9%ifout@8, 60
minutes and 4 hours respectively.

When considered in terms of change in power (MW), due to large capacity in Thamegy, Eseuar
ramps of the cluster are larger than all other regions for all time scakgso{&s in Figures 4-6 (c)).

For example, for the 30 minutes, 60 minutes and 4 hour time window, the maximum ramp in the
Thames Estuary is 777 MW, 886 MW and 1363 MW. Power ramps of this magnitude could
potentially pose a challenge to those responsible for maintaining a balameerhetupply and
demand on the power system. Accurate meteorological forecasting is criticalidgordemade on
holding reserve, but can be difficult on such short timescales. Here follows ledi@taestigation

into the meteorological conditions causing ramps in the Thames Estuary, to ddeetopment of
accurate forecasts.
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Figure 4 Distribution of the change in capacity factor within a 30 minute time window in 2014 for (a) offshore
clusters (b) onshoreregions. (c) Theramps expressed in terms of power (MW).
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Figure 5 Distribution of the change in capacity factor within a 60 minute time window in 2014 for (a) offshore
clusters (b) onshoreregions. (c) Theramps expressed in terms of power (MW).
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Figure 6 Distribution of the change in capacity factor within a 4 hour time window in 2014 for (&) offshore clusters
(b) onshoreregions. (c) Theramps expressed in ter ms of power (MW).

3.3 Thames Estuary ramping

In Section 3.2 it was shown that the clusters of offshore wind farms adrnddarge high frequency
regional power ramps. This section analyses the generation data from the Thamg<ksstigar(the
largest of the offshore clusters in terms of capacity) in more detail, tofyddgre extreme ramping
events and determine the meteorological drivers. As with the previous sections |ybis &iaa been
completed on three time scales (30 minutes, 60 minutes and 4 hours).

3.3.1 Extreme ramps over a 4-hour time window

Following the method outlined in section 2.3 (the hourly capacity factor changes éyhaor40%
over a 4 hour time window), 74 ramp-up events and 69 ramp-down events were identified. Events
occurred throughout the year, however a larger proportion occurred in winteir(3%3%) than any

9



282  of the other seasons (22% in MAM, 24% in JJA and 15% in SON). The most extrepapavent
283 was 86.2% which equates to a change in power of 1.3 GW and the most extreme ramp-down was
284  76.7% which equates to a change in power of 1.2 GW.

285 For each event, the synoptic meteorological conditions have been investigated usingaitee surf
286 pressure data from MERRA (see figure 7). All of the extreme ramping evettigsdime scale can
287 Dbe linked to the passage of an extra-tropical cyclone (low pressure system) and thédsseeather
288 fronts. For all of the 74 ramp-up events, there is a clear pattern in theespréssure field. A low
289 pressure system is centred over Iceland and the frontal features stretch sbuaitress the UK.
290 There is a similar pattern for the ramp-down events however the centre of the |lsurgoress moved
291 eastwards and the gradient in surface pressure over the UK has weakened. Additien&ibnta

292 features are now located east of the cluster.

293 By applying the method developed in Cannon et al. [7], the hourly generation diahed Estuary

294  cluster in 2014 has been estimated based on the surface wind field given by MERRderived

295 data have been analysed to determine whether extreme ramping events are captured. iMERRA
296 defined to have captured a ramp if it is at least 75% of the size of the measyedlittéin a £3 hour

297 time window of when it occurred. Based on this criterion, the MERRA derivedadgtures all 74

298 ramp-up events and 69 ramp-down events which occurred in the Thames Estuary offgtere clu
299  during 2014. This confirms that the extreme ramping on this time scale is theofesuioptic scale

300 meteorological features which are well reproduced by the reanalysis product.

(a) Ramp-up events (b) Ramp-down events

Surface pressure (hPa)

301

302 Figure 7 Mean sea level pressure averaged across all (a) 74 ramp-up eventsand (b) 69 ramp-down events.

303 3.3.2 Extreme ramps over a 1-hour time window

304 For the full year of measured data, power ramps over a one hour time window have beetedaalcula
305 and the frequency distribution of the ramps is shown in Figure 8 (this is the same dafarasrbe

306 curve in Figure 5(a)). The data have then been filtered to remove the periods whiah @ehtaur

307 ramp (identified in section 3.3.1) and the distribution of the filtered ramps istatsen in Figure 8

308 A comparison of the probability density functions shows the most extreme 60 minute rawgiitsg)

309 are the same in both distributions. For the both the filtered and unfilteredtsidteséargest ramp-
310 down is -48.8% and the largest ramp-up event is 57.9%. This indicates thaisthextneme 1 hour

311 ramps are not part of a larger scale ramp and are therefore not caused by tleeqgfdesagressure

312 system but by smaller scale meteorological features.

10
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Figure 8 The 60 minute rampsfor the Thames Estuary cluster during 2014 using the whole dataset (blue) and then
excluding the periods during which a4 hour ramp occurs.

Using the criteria outlined in section 2.3, 24 x 1 hour extreme ramping events have begadident
Further analysis shows, on 10 occasions an extreme ramp-up and ramp-down occurred within 3 hours
of each other (as shown in Table 3). These ramps were combined to produce 14 independsn

For each event, the meteorological conditions have been investigated using pretscee fields

from MERRA, observations of surface temperature and wind speed from Met Odfathaw stations

close to the cluster (Manston and Shoeburyness) and rainfall radar data. Based oadiwogietl

data, 3 main drivers of the extreme ramping on this time scale have been identified; (1) turbine cut-out
due to high wind speed conditions (2) outflow or gust fronts from thunderstorms amydB)jsed

band of convection following a frontal system.

3.3.3 High wind speed cut-out

There were 5 ramping events associated with the high wind speed shutdown of turbinesyeehe

of which occurred on 4February 2014, when the output of the farms reduced by 44.3% (i.e. a
reduction in power output of 680 MW in 1 hour). All 5 of the cut-out ramping events edcimrr
winter and are associated with a low pressure system located over the UK. Thepstsswuge
gradient leads to very high wind speeds in the Thames Estuary region. Forhall efents, the 1
minute mean wind speed at both Manston and Shoeburyness exceedsdefimgsthe period when
generation is reduced.

Three of the five events are characterised by a large reduction in the outpettasbines cut-out
followed by a similar sized ramp-up. For example, off d8nuary 2014 at 16:00 there was a
reduction in capacity factor of the cluster by 28.6% (see Figure @hvdurresponds to a spike in
wind speeds observed in the region (at Manston, the mean wind speed peakednat 3%.57:30).
Following this, there is a reduction in wind speeds and therefore rthiads start to generate again
and therefore there is a ramp-up of 26.7% at 17:00.
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345

346

347
348
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353

No. | Date | R&mMP-up (%) | Ramp-down (%) rg/lii:‘(;trl]rtjer\?e Type
and time and time 1
(mm hr?)
1 | 25/01| 26.7 (17:00) -28.6 (16:00) 91 Cut-out
2 | 12/02| 38.3(16:30) -29.0 (14:00) 15 Cut-out
3 | 14/02 -44.3 (22:00) 26 Cut-out
4 | 07/03 | 27.6(20:00) 150 Post-frontal
5 | 23/03| 32.6 (16:30) -28.4 (17:30) 71 Thunderstorms
6 | 24/05| 26.3(16:30) 97 Post-frontal
7 | 07/06| 45.4(08:30) -48.8 (10:00) 12 Thunderstorms
8 | 18/07 | 57.9 (19:30) -42.5 (22:00) 1023 Thunderstorms
9 | 19/07 | 39.1(04:30) -25.4 (07:00) 64 Thunderstorms
10 | 19/07 | 28.6 (19:30) -28.4 (20:30) 115 Thunderstorms
11 | 14/08 | 26.8 (14:30) -45.9 (15:30) 396 Thunderstorms
12 [ 03/11| 31.1(13:30) | -48.8 (15:30) 147 Post-frontal
13 | 19/12| 36.9 (09:30) -39.8 (07:00) 622 Cut-out
14 | 26/12 -36.3 (23:30) 77 Cut-out

Table 3 Meteorological conditions for the 60 minute ramping events which occurred in the Thames Estuary in 2014

identified using the method outlined in section 2.3.

Figure 9 Meteorological conditions on 25th January 2014. (a) 30 minute averaged wind power generation of the
Thames Estuary cluster (expressed in terms of capacity factor) (b) 1-minute averaged wind speed observations from
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Figure 10 Meteorological conditions for the wind power ramping event on 18" July 2014. (a) 30 minute aver aged
wind power generation of the Thames Estuary cluster (expressed in terms of capacity factor) (b) the maximum
rainfall rate of any gridbox in the Thames Estuary on a 5 minute resolution and (c) 1-minute surface pressure
observations from Manston.

3.3.4 Thunderstorms

There were 6 ramping events caused by the wind speed gusts associated with atdhem(zion

19" July 2014), all of which occurred between March and August. For these eveatmtspheric
conditions are dominated by a high pressure system (anticyclonic) located over the dKoand
pressure system to the south west. Analysis of the meteorological conditions in the Hstumaeg

shows that all ramps coincide with other meteorological conditions whicla aignature of the
thunderstorm, such as a period of heavy rainfall in the region and large flutsuiat temperature

For example, the maximum rainfall rate during the ramp for any 1 km radar griditlo Trhames
Estuary exceeds 64 mm™arfor all but one of the ramping events. Furthermore, observations at
Manston and Shoeburyness show there is generally sharp drop in temperature during the ramping
event.

The largest ramping event associated with a thunderstorm occurred off thdy18014. At 19:30 the
capacity factor of the cluster increased by 57.9% (890 MW in 1 hr). Figure 10 showantipis r
coincided with very heavy rainfall across the region. The maximum ranaftallderived from the
radar observations was 1023 mri lat 22:00. In addition, the surface pressure observed at Manston
increased by 4 hPa in a 25 minute period (Figure 10(c)).

3.3.5 Post-frontal convection

Three events are caused by a band of increased wind speeds which occur arfterTadrelevated
wind speeds lead to an increase in power output from the cluster for a short peirioel leéfore the

13



379 feature moves away from the region. As with the thunderstorms, there ia signature of these

380 features in the rainfall data. Figure 11 shows the capacity factor of the Thames Estuary varahfarm
381 24" May 2014 and the mean rainfall rate across the region. During the morniegthewfront

382 moved across the South East of England which led to high wind speeds and heavyAémfahe

383 front moved eastwards away from the cluster of farms, their wind generatlooed dramatically,

384 falling from 69.7% of capacity at 08:00 to only 23.7% at 13:00. In theafté@noon there was an

385 increase in wind power generation and by 17:00 the output was back up to 62.6%, hbiseaenp

386 had a short duration and by 20:00 the output had reduced to only 30.0%. Figure 11(b) shows a
387 corresponding ramp in the rainfall in the region.
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388

389 Figure 11 Meteorological conditions for thewind power ramping event and the meteor ological conditions on 24" May
390 2014. (a) The 30 minute averaged wind power generation of the Thames Estuary cluster (expressed in ter ms of
391 capacity factor) and (b) the mean rainfall rate across the Thames Estuary on a 5 minute resolution.

392 3.4 Extreme ramps over 30 time windows

393  For the full year of the data the power ramps over a 30 minute time wind@sbleawn calculated

394 using the method outlined in Section 2.3. The data have then been filtered to remove the periods
395  which correspond to a 4 hour ramp (derived in section 3.3.1). As with then@@mamps, Figure 12

396 shows that the most extreme 30 minute ramping events are not associated with a larger scale ramp and
397 therefore are not caused by the passage of low pressure system but by a srieatesteocsological

398 feature.

399 Using the method outlined in section 2.3, only 6 30-minute ramping events have beifieddaeie

400 Table 4). For each event, the meteorological mechanism has been determined usingad range
401 datasets. Based on the analysis, 4 of the ramps were shown to be associatedhigtihwind speed

402  cut-out of turbines and two are associated with thunderstorms.

403
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430

No. | Date | R@MP-up (%) Ramp-down (%) r’;/lii:‘(z!lrlrlurjarlrt]e Type
and time and time 1
(mm hr?)
1 | 03/01 -18.3 (15:9) 9 Cut-out
2 | 26/01 -16.0 (18:00) 8 Cut-out
3 | 28/01 -17.4 (04:00) 37 Cut-out
4 | 01/02| 15.2 (07:30) 14 Cutdin
5 | 19/07 | 21.3(08:30) 19 Thunderstorm
6 | 19/07| 16.7 (12:00) 20 Thunderstorm

Table 4 Details of the 30 minute ramping events which occurred in the Thames Estuary in 2014 identified using the
method outlined in section 2.3.

10* - ; : .

—&— All data
—e— Excluding 4 hr ramps|

40 -20 0 20 40 60
Change in capacity factor (%)

Figure 12 The 30 minute ramps for the Thames Estuary cluster during 2014 using the whole dataset (blue) and then
excluding the periods during which a 4 hour ramp occurs.

4.0 Conclusions

In recent years there has been a significant change in the distribution of windydaphe UK, with
the construction of several clusters of very large offshore wind farms. This paper invebtigatbss
change has affected the magnitude of the nationally aggregated and regionalised raamyzomi t
scales which are critical for the management of the power system (30 minute, 60 amithdt hours).
In addition, the extreme high frequency ramps of the largest cluster of offgimatdarms (Thames
Estuary) have been investigated in detail to determine the meteorological drivers.

Despite the clustering of capacity in relatively small areas, the addititre afffshore wind farms
reduces the high frequency variability of nationally aggregated generation. Thishasidiged two
key parameters to quantify the level of clustering; (1) number of wind farms iedl@ r(2) mean
separation between capacity. The level of the variability has been cedsiteterms of the
magnitude of the power ramps on the three timescales which are of importanegstfem
management (30 minutes, 60 minutes and 4 hours). For this metric, the magnitudeaoiathikty
was highly correlated to the number of wind farms aggregated. As the number obwmngdiri the
distribution increases, the magnitude of the ramps decreases. This reduction is partanga
between 5 and 25 wind farms before levelling off as the number of farms increakes. flrt
contrast, the mean separation between capacity had little impact on the magnithdepofver
swings. In fact, keeping the number of wind farms fixed but changing the separation hhgilsleneg
impact on the standard deviation of the distribution of the power swings. Hwsts show that the
ramps on these time scales in the different regions are not correlated; thergfegatiany the
regions leads to a smoothing effect.
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As the magnitude of the high frequency power swings are highly dependent on the numiner of
farms, the recent trend in Great Britain for clustering capacity inal smmmber of very large wind
farms results in an increase in the local power swings. For example, if the system operatty

hold reserve to protect against &"$@rcentile swing, for the onshore regions in 2014 it would equate
to on average 3.8%, 6.0% and 14.5% of capacity for 30 minutes, 60 minutes and 4 hours rgspectivel
In comparison, a similar holding for the offshore regions would equate dvesiage of 4.8%, 7.9%

and 18.9% of capacity. Consequently, for clusters with high levels of cagasigould lead to very

large ramps in power. For example, for the Thames Estuary, an 18.9% ramp equates te achang
power of 290 MW. This effect would be exacerbated in the future with the developmemén

larger clusters (e.g. Dogger Bank which could have a capacity in excess of 4 GW).

The meteorological conditions leading to extreme high frequency ramping of an offkisbes have
been investigated in more detail using the Thames Estuary as a case study. Gweur &ihe
window, the largest ramp in capacity factor was 86.2% (which equates to agyewegrof 1.3 GW).
This, along with the other extreme 4 hour ramping events was caused by the paasaggonie and

the associated weather fronts. On shorter time scales, the largest rampingesef minute and

60 minute time windows are not associated with the passage of frontsarEhegused by three main
meteorological mechanisms; (1) very high wind speeds associated with a cyclong taéne cut-

out (2) gusts associated with thunderstorms and (3) organised band of convection following a front.

To minimise the balancing costs associated with the extreme high frequency rawing the
meteorological features need to be captured by the wind power forecast. CakfB¢thas shown

that high resolution ensemble models are able to capture the elevated wind speed associated with post-
frontal convection. However, the timing and location of the feature mayenexdictly correct. This

study has shown that this problem could potentially be addressed by considering theeak@né
meteorological observations, such as data from the rainfall radar to &djustdcast in real-time if
necessary.
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