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Abstract:
This deliverable focuses on the large-scale changes to the tidal hydrodynamics from the extraction of energy using 

tidal stream turbines.  Large scale in this context means at larger scales than the wake behind an individual tidal 

turbine.  The sites studied in this project are Pentland Firth, Anglesey and Bristol Channel.  The report concludes 

that there are near field impacts (turbines cause reduction in flow), but no far field impacts (say between Anglesey 

and Bristol Channel).  Environmental impact is outside the scope of the report.

Context:
The Performance Assessment of Wave and Tidal Array Systems (PerAWaT) project, launched in October 2009 

with £8m of ETI investment. The project delivered validated, commercial software tools capable of significantly 

reducing the levels of uncertainty associated with predicting the energy yield of major wave and tidal stream energy 

arrays.  It also produced information that will help reduce commercial risk of future large scale wave and tidal array 

developments.

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for 

Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed ‘as 

is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information to the 

maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and shall not 
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indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated profits, and 

lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding any statement 
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documents and data available to the public to inform the debate on low carbon energy innovation and deployment. 

Programme Area: Marine

Project: PerAWAT

Report on Assessment of the Impact of Energy Extraction for the Horizontal 

Axis Tidal Turbine on Large Scale Tidal Characteristics at Example UK 

Sites



 

 

Energy Technologies Institute 

PerAWaT 

WG3 WP6 D8 — REPORT ON ASSESSMENT OF THE IMPACT 

OF ENERGY EXTRACTION FOR THE HORIZONTAL AXIS 

TIDAL TURBINE ON LARGE SCALE TIDAL 

CHARACTERISTICS AT EXAMPLE UK SITES  

Authors S. Serhadlıoğlu, T.A.A. Adcock, 

G.T. Houlsby, and A.G.L. Borthwick 

Version 1.0  

Date 09/12/2013 

  

Revision History 

Issue / 

Version 
Issue Date Summary 

0.0 

1.0 

05/11/2013 

09/12/2013 

Draft of the report submitted to GH. 

Report submitted to ETI. 

 

 



   

Not to be disclosed other than in line with the technology contact 2  

Executive Summary 

WG3 WP6 D8 focuses on the large-scale changes to the tidal hydrodynamics from 

the extraction of energy using tidal stream turbines. Large scale in this context means 

at larger scales than the wake behind an individual tidal turbine. 

There will clearly be a significant local impact on the hydrodynamics close to the 

tidal turbine as flow is accelerated around the turbines. There will also be an increase 

in turbulence intensity due to the turbines. These may impact on the local wildlife and 

cause significant localised changes to the sediment transport in the region of the 

turbines. However, these changes are beyond the scope of this work package. 

The basin-scale models used in this work package are used to examine (a) the 

influence of the location of turbine arrays on the power output, (b) the changes to the 

local hydrodynamics due to the placement of the arrays and (c) interactions between 

arrays placed in multiple locations. 

This report analyses these changes for the three sites studied in this project 

(Pentland Firth, Anglesey and Bristol Channel) and introduces a general analytical 

model for describing these changes at all sites. 
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1.  Introduction 

Acceptance Criteria 

Table 1 lists the acceptance criteria for the present deliverable.  

Deliverable 

WG3 WP6 D8:  

Report on assessment of the impact of energy extraction for the horizontal axis tidal 

turbine on large scale tidal characteristics at example UK sites 

Acceptance Criteria 

Report describes: 

- the methodology for assessing the impact of energy extraction at different 

sites, 

- an assessment of the effect of energy extraction for the horizontal axis turbine 

at the different sites, 

- discussion of the model performance, including review of applications, 

sensitivities and limitations. 

Table 1 Acceptance criteria.  

Methodology  

Two approaches are used in this report: 2D depth-integrated numerical modelling 

and semi-analytical modelling. 

The 2D depth-integrated model developed as part of this work package has been 

documented in various deliverables — particularly WG3 WP6 D5. A brief description 

is included here. The numerical model used in this work package is the discontinuous 

Galerkin (DG) ADCIRC model, developed by Kubatko et al. (2006 and 2009). The 

presence of tidal turbines is included in this model through a line-sink of momentum 

included by imposing a depth-change across the row of tidal turbines. The numerical 

implementation and theory for this are described in WG3 WP6 D5. 
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The semi-analytical modelling is an extension of the approach taken by Garrett and 

Cummins (2005). They modelled a tidal channel between two oceans whose water 

level was not modified by the dynamics within the channel. In this report we extend 

this to a channel split into sub-channels and produce an analytical model of the 

extractable power. This work has been accepted for publication (Draper, 2013a,b). 

The methodology is described in detail in Draper (2013b) included with this report. 

The environmental change has also been examined as part of an additional paper 

written as part of this project and included with this report (Adcock and Draper, 

2014). 

Sections 2 and 3 present the results obtained for turbine array deployment in the 

Anglesey headland region and the Bristol Channel respectively. Section 4 considers 

both sites together, the aim being to assess whether any significant hydrodynamic 

interactions could occur as a result of tidal farm deployments at both sites together. 

Section 5 presents results obtained for different tidal array deployments in the 

Pentland Firth. Finally, Section 6 presents the conclusions.  

2. Anglesey 

Description of the Model 

WG3 WP6 D7 discusses that mapping the undisturbed kinetic energy flux within a 

site is a good indicator for selecting where the tidal turbine arrays are to be deployed. 

With this in mind, Figure 1 illustrates the map of the undisturbed kinetic energy flux 

density off the Anglesey site. It can be seen that there are several locations at 

Anglesey site, which are favourable for tidal array deployments. The sites that are 

chosen for analysing the tidal farm interactions are summarised in Table 2.  

The analysis follows the same approach as taken in WG3 WP6 D7. Here, it is 

intended to examine the extent of the disturbance to the local hydrodynamics caused 

by the presence of the turbine arrays. In each simulation, the effect of the turbine 

array is represented using linear momentum actuator disk theory (Houlsby et al., 

2008) for a high blockage ratio (B = 0.5) and the computed optimum wake velocity 
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coefficient. Each simulation covers a full spring-neap cycle. The forcing harmonics 

are the dominant semidiurnal M2 and S2 tides. The model parameters include the 

Coriolis force and a constant eddy viscosity term of 3 kg/(s.m). The bed friction 

coefficient used in the simulations is !! = 0.0025. 
 

 

Figure 1 Undisturbed kinetic energy density map off Anglesey headland 

 

Site Location Coordinates 

Undisturbed 
kinetic energy 
flux density, 
ρKE  (W/m2) 

Anglesey 

Holyhead (HH) 
53°18’10”N 
4°45’58”W 

720 

Skerries – Offshore 
(SO) 

53°26’37”N 
4°39’23”W 

680 

Skerries - Strait (SS) 
53°24’52”N 
4°35’14”W 

1460 

Table 2 Locations where high tidal currents are observed off Anglesey site. 
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Analyses on Individual Array Deployments 

WG3 WP6 D7 has introduced a parametric study focusing solely on tidal farm 

deployments near the Anglesey Skerries. The present section investigates potential 

interactions between tidal farm sites located in close vicinity to each other off the 

Anglesey headland.  

Figure 2 illustrates the locations of the selected tidal farm sites. Following the 

methodology explained in WG3 WP6 D7, a parametric study has been conducted in 

order to compute the optimum wake velocity coefficient for a high blockage case. 

Using a fixed blockage ratio (B = 0.5) and varying the prescribed wake velocity 

coefficient (!4), the optimum wake velocity coefficient is computed by fitting a spline 

to the averaged available power values obtained from each simulation. 
 

 

Figure 2 Locations of selected tidal farms off Anglesey headland 

 

Table 3 summarises the computed optimum (!4) values and the corresponding 

maximum available and extracted power values that are averaged over a tidal spring-

neap cycle for each region considered. 
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Location Length 
(km) 

Optimum 
(!4) 

Maximum available 
power (MW) 

Maximum 
extracted power 

(MW) 
Holyhead (HH) 4.9 0.48 168.3 275.9 

Skerries - Offshore 
(SO) 9.1 0.46 385.8 658.1 

Skerries - Strait (SS) 1.8 0.55 86 127.7 

Table 3 Optimum wake velocity coefficients of the arrays located at different sites off 
Anglesey. The maximum available and extracted power values are also given. 

The change in the local hydrodynamics is estimated by considering only the 

semidiurnal M2 and S2 harmonics. Figure 3 shows selected stations where the changes 

in harmonic constituents are computed. Stations S1, S2 and S3 are chosen to evaluate 

changes to the far field owing to the energy extraction from the different sites, 

whereas S4 is selected to compare changes to the hydrodynamics near the coast of 

Anglesey headland. The remaining observation points are selected to examine the 

effects upstream and downstream of each individual tidal farm.   
 

 

Figure 3 Locations of the stations off Anglesey, selected for comparison 
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Table 4 and Table 5 present the harmonic analysis of the tidal amplitude results for 

the M2 and S2 tidal constituents respectively. Table 4 shows that the M2 amplitude 

changes in the vicinity of the arrays are within 1% for the Holyhead (HH) and 

Skerries-Strait (SS) cases. This change is slightly higher  (2.5 – 3 %) for the Skerries-

Offshore (SO) case owing to the higher thrust applied to the flow because of the 

length of the array. The M2 phases do not alter significantly due to the presence of the 

arrays. The maximum change is observed in the Skerries-Offshore case, in which high 

water occurs approximately 5 min (~ 2.6°) earlier than natural upstream of the array, 

whereas it is delayed around 2 min at the downstream location. It should be noted that 

the upstream and downstream locations relative to the arrays are determined with 

respect to the direction of the flood tide.   
 

Station 
Amplitude (m) Phase (°) 

Natural HH SO  SS Natural HH SO  SS 
S1 1.44 1.44 1.48 1.44 284 283 283 284 
S2 1.88 1.88 1.93 1.88 310 310 309 310 
S3 2.54 2.54 2.58 2.54 319 320 319 320 
S4 1.60 1.60 1.64 1.59 281 280 281 281 
S5 1.70 1.71 1.74 1.70 290 289 289 290 
S6 1.77 1.77 1.81 1.77 294 295 294 294 
S7 2.02 2.03 2.07 2.03 303 304 301 303 
S8 2.08 2.08 2.13 2.08 306 306 307 306 
S9 2.04 2.04 2.08 2.03 300 300 299 299 

S10 2.12 2.13 2.17 2.14 305 305 305 305 

Table 4 Amplitude and phase of the M2 tidal elevations at different observation 
stations off Anglesey under natural conditions and in the presence of different array 

configurations. 

The change in the semidiurnal solar harmonic S2, due to the presence of arrays, is 

insignificant. Table 5 summarises the predicted S2 elevation amplitudes and phases at 

different observation stations. The amplitudes differ by approximately 0.01 m. Across 

the turbine arrays, the phases change by 5° at the Skerries-Offshore (SO) case. 

However, for other case studies the average difference is approximately 2°. 

At a tidal array, the partially blocked flow tends to divert around the turbines, as 

discussed previously in WG3 WP6 D7. This in turn results in a decrease in the flow 
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through the array site, and an increase of the bypass flow. 
 

Station 
Amplitude (m) Phase (°) 

Natural HH SO  SS Natural HH SO  SS 
S1 0.52 0.52 0.53 0.52 313 313 313 313 
S2 0.58 0.57 0.58 0.57 340 340 339 340 
S3 0.73 0.72 0.73 0.72 354 355 354 355 
S4 0.57 0.57 0.57 0.56 311 311 311 311 
S5 0.57 0.58 0.58 0.57 320 318 319 320 
S6 0.58 0.57 0.59 0.58 324 325 324 324 
S7 0.63 0.63 0.64 0.63 334 335 331 334 
S8 0.63 0.63 0.63 0.63 337 338 339 337 
S9 0.63 0.63 0.63 0.63 331 331 331 330 

S10 0.64 0.64 0.64 0.64 337 337 337 338 

Table 5 Amplitude and phase of the S2 tidal elevations at different observation 
stations off Anglesey under natural conditions and in the presence of different array 

configurations. 

Table 6, Table 7, Table 8 and Table 9 present the change in the M2 and S2 tidal 

currents due to the presence of the individual tidal arrays. From Table 6, it can be seen 

that the M2 tidal current magnitudes are not changed greatly at the offshore stations 

S1, S2 and S3. However, in the vicinity of the arrays, the velocity magnitudes 

decrease considerably. For the Holyhead (HH) array, the M2 velocity magnitude 

decreases by 13% upstream and 9% on the downstream of the array. The estimated 

velocity magnitude changes for the Skerries-Offshore (SO) array is 16% upstream and 

11% downstream. The maximum difference is observed for the Skerries-Strait (SS) 

array. The upstream M2 velocity magnitude is altered by ~25% upstream and by 

~20% downstream of the array.  

The M2 velocity phase lags show that for Skerries-Offshore (SO) and Holyhead 

(HH) arrays, fastest currents occur approximately 20 min earlier than natural case. 

This change is less significant at the Skerries-Strait (SS) array, where the currents 

reach their maximum speed 5 min earlier than the natural case. The Skerries-Offshore 

(SO) array affects the tides reaching the strait between Anglesey Skerries and the 

headland. From Table 6, the M2 phase lag difference observed in the stations S9 and 

S10 indicate that the fastest currents are delayed. This delay is approximately 15 min 
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at the S9 station. However at S10, the fastest currents are delayed by 5 min.  
 

Station 
!!"# (m/s) !!"# (°) 

Natural HH SO SS Natural HH SO SS 
S1 0.82 0.82 0.81 0.82 228 228 228 228 
S2 0.96 0.97 0.98 0.97 239 240 241 240 
S3 0.82 0.82 0.81 0.82 240 241 240 241 
S4 0.39 0.38 0.40 0.39 229 226 229 230 
S5 1.47 1.28 1.44 1.46 226 219 226 226 
S6 1.28 1.16 1.22 1.26 227 217 225 227 
S7 1.48 1.47 1.25 1.50 230 230 221 230 
S8 1.47 1.47 1.31 1.49 232 232 223 232 
S9 2.17 2.16 2.28 1.65 206 206 213 204 

S10 2.02 2.01 2.05 1.60 217 217 219 214 

Table 6 Amplitude and phase of the M2 tidal current at different observation stations 
in the Irish Sea off Anglesey under natural conditions and in the presence of different 

array configurations. 
 

Stations 
Eccentricity Inclination (°) 

Natural HH SO SS Natural HH SO SS 
S1 0.097 0.124 0.098 0.098 83 84 83 83 
S2 -0.101 -0.107 -0.091 -0.100 44 44 44 44 
S3 -0.032 -0.031 -0.039 -0.033 3 3 2 3 
S4 0.117 0.115 0.101 0.119 116 115 118 116 
S5 0.038 0.011 0.037 0.037 105 106 105 105 
S6 0.080 0.108 0.088 0.090 76 73 76 77 
S7 -0.040 -0.059 -0.079 -0.048 38 37 39 38 
S8 -0.030 -0.041 -0.013 -0.033 28 27 26 28 
S9 -0.082 -0.083 -0.069 -0.099 51 51 51 54 

S10 -0.001 -0.010 0.002 0.021 31 31 31 28 

Table 7 Eccentricity and inclination of the M2 currents at different observation 
stations in the Irish Sea off Anglesey under normal conditions and in the presence of 

different array configurations. 

The eccentricity and inclination (Table 7) values indicate the impact on the “tidal 

ellipses” which express a rectilinear flow when eccentricity is equal to 0 and a circular 

flow when eccentricity is 1. For far-field observation stations, considering that the 

semi-major axis values do not change significantly, the observed change in 

eccentricity relates to the change in semi-minor axis. Noting the results obtained for 
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these far-field stations, it appears that the presence of HH array has an impact on the 

tidal ellipse structure in the incoming tide from the western Irish Sea. The presence of 

the Skerries-Offshore (SO) array has a similar effect on the tidal ellipse structure 

observed in the western Irish Sea. The case study concerning the operation of the 

Skerries-Strait (SS) array indicates that the ellipse structure is changing in the 

Anglesey Skerries offshore site as well as in the strait. This result implies that the 

change in the hydrodynamics is limited within the vicinity of the array and is 

influenced by the coastal characteristics of the site.  

A similar analysis has been conducted for S2 tidal currents. Table 8 shows the 

maximum current magnitudes and phase lags at different observation stations around 

the Irish Sea, which are computed for conditions when there is no array operating 

(Natural) and when there are arrays present (HH, SO and SS). The table shows that 

the far-field stations are not affected by the existence of the arrays. However, the 

current magnitudes decrease both upstream and downstream of the arrays. The change 

is about 20% at the HH and SO arrays, and 30% at the SS array. The reason for this 

considerable difference is primarily due to flow diversion. The phase lags indicate a 

maximum of 30 minutes delay for the S2 tidal currents to reach their maximum at the 

vicinity of the arrays.  
 

Station 
!!"# (m/s) !!"# (°) 

Natural HH SO SS Natural HH SO SS 
S1 0.24 0.24 0.24 0.24 264 264 264 264 
S2 0.28 0.28 0.28 0.28 278 280 281 280 
S3 0.25 0.24 0.24 0.24 280 280 279 280 
S4 0.12 0.11 0.12 0.12 261 257 260 261 
S5 0.48 0.36 0.47 0.47 259 251 257 259 
S6 0.38 0.33 0.38 0.38 264 248 257 263 
S7 0.45 0.44 0.35 0.45 266 266 254 266 
S8 0.45 0.44 0.37 0.45 268 268 256 268 
S9 0.61 0.60 0.60 0.41 234 232 242 231 

S10 0.59 0.57 0.57 0.42 248 247 251 244 

Table 8 Amplitude and phase of the S2 tidal current at different observation stations in 
the Irish Sea off Anglesey under natural conditions and in the presence of different 

array configurations. 
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Table 9 lists the eccentricity and inclination values for S2 tidal current ellipses. 

According to Table 9, the SS array mainly affects the region offshore of Anglesey 

Skerries (again due to the flow diversion). For station S8, the presence of arrays 

changes the direction of the S2 tidal ellipse from anti-clockwise to clockwise.  
 

Station 
Eccentricity Inclination (°) 

Natural HH SO SS Natural HH SO SS 
S1 0.126 0.175 0.133 0.130 82 82 82 82 
S2 -0.054 -0.069 -0.053 -0.060 42 42 43 42 
S3 -0.030 -0.024 -0.039 -0.026 2 2 1 2 
S4 0.161 0.125 0.146 0.166 115 115 116 114 
S5 0.063 0.035 0.053 0.064 103 105 104 104 
S6 0.112 0.164 0.106 0.119 79 73 78 80 
S7 -0.019 -0.077 -0.071 -0.048 37 37 39 38 
S8 0.006 -0.033 -0.003 -0.013 27 27 26 27 
S9 -0.083 -0.093 -0.057 -0.119 47 48 48 52 

S10 0.064 0.028 0.019 0.053 29 31 32 29 

Table 9 Eccentricity and inclination of the S2 currents at different observation stations 
in the Irish Sea off Anglesey under normal conditions and in the presence of different 

array configurations. 

Analyses of Multiple Array Deployments 

This subsection considers the effect of installing multiple arrays within the 

Anglesey basin. The array configurations studied in this section are: 

1. Holyhead and Skerries-Offshore (HH + SO), 

2. Holyhead and Skerries-Strait (HH + SS), 

3. Skerries-Offshore and Skerries-Strait (SO + SS) and, 

4. Holyhead, Skerries-Offshore and Skerries-Strait (HH + SO + SS). 

Regarding the power that is available to the arrays, WG3 WP6 D7 previously 

concluded that arrays connected in parallel interact constructively, and those in series 

interact destructively. For a spring-neap cycle, a similar analysis has been conducted 

to evaluate the total available power from the site for each array configuration. The 

simulations use the optimum wake velocity coefficients presented in Table 3. The 

local blockage ratio is set to 0.5 and the model is forced with the dominant semi-

diurnal tides M2 and S2. Table 10 shows the simulated available power output (Pavail) 
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and the arithmetic sum of the available power outputs (ΣPavail) for each array 

combination. From Table 10, it is evident that when Holyhead (HH) array is operating 

along with other arrays, there is no significant change in the power extracted by the 

either turbine array.  However, operation of the Skerries-Offshore (SO) array together 

with the Skerries-Strait (SS) array corresponds to operating arrays connected in 

parallel, thus increasing the local blockage, which increases the available power. The 

arithmetic sum of the available power of SO and SS arrays that operate in isolation is 

471.8 MW, whereas the simulated available power is 515.4 MW. There is a 44.2 MW 

(8.5%) increase of the available power in this configuration due to parallel operation. 

For Case Study 4, when all the arrays are operating together, the enhancement over 

the sum of the individual arrays is only 28.1 MW, as compared to the 44.2 MW 

increase when SS and SO are operated together. The decrement of 16.1 MW is 

attributed to the destructive interference of the HH array acting in series with the other 

two arrays. Interestingly, this decrement is significantly higher than that observed 

when combining HH + SO or HH + SS. This is attributed (qualitatively) to the fact 

that it is only when SS and SO are both operated that there is any effective barrier in 

series with HH.  
 

Case Study Array Combinations !!"!#$ !(MW) !!"!#$ (MW) 

1 HH + SO 553.3 554.1 

2 HH + SS 254 254.3 

3 SO + SS 515.4 471.8 

4 HH + SO + SS 668.4 640.1 

Table 10 Comparison of the estimated (Pavail) and calculated (ΣPavail) available power 
output for each test case studied for Anglesey region. 

The local hydrodynamics of the system is evaluated by focusing on the M2 tidal 

harmonic constituent. The change in the M2 elevation amplitudes is illustrated in 

Figure 4 for each case study.  

Case 1 involves the Holyhead (HH) and Skerries-Offshore (SO) arrays. Figure 4(a) 
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shows that the M2 tidal amplitudes are increased by an average of 1.5 cm at the 

upstream of the HH array (regarding the direction of the flood tide). This is expected 

as the tidal devices are acting as an additional resistance to the flow, which causes the 

flow to build up in front of the devices. Due to the energy extraction, there is a head 

drop observed across the array. The total head drop across the array is approximately 

3 cm for the HH array. As for the SO array, the flow tends to divert towards the 

northern edge of the array. The diversion of the flow reduces the mass flux entering 

the array closer to the Skerries, thus reducing the M2 tidal elevations over that region.  

Figure 4(b) shows the M2 elevation amplitude change for the Holyhead (HH) and 

Skerries-Strait (SS) arrays. The Holyhead (HH) array behaves in a similar manner as 

in Figure 4(a). For the SS array, it is evident that the amplitudes are decreased at the 

upstream side (regarding the direction of the flood tide) of the array due to the flow 

diversion. During the ebb tide, however, the amplitudes are increased in front of the 

array due to the additional resistance. The head drop across the SS array is 

approximately 2 cm in average. Figure 4(c) and Figure 4(d) reveal that the arrays act 

individually and do not interact significantly as far as M2 elevation amplitudes are 

concerned. The arrays behave in a similar manner for each case study.  
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a) HH and SO arrays 

 

b) HH and SS arrays 
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c) SO and SS arrays 

 

d) HH, SO and SS arrays 

Figure 4 M2 amplitude change from natural conditions off Anglesey due to the 
presence of different array configurations 

 
























































