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Co-location of wind and tidal stream turbines provides opportunity for improved economic viability of
electricity generation from these resources relative to projects exploiting each resource separately. Here
co-deployment is assessed in terms of energy generation and loading of support structures. Energy yield
is modelled using an eddy viscosity wake model for wind turbines and superposition of self-similar
wakes for tidal turbines. A case-study of the Inner Sound of the Pentland Firth is considered. For 3.5
years of coincident resource data, 12 MW wind capacity co-located with a 20 MW tidal array results in a
70% increase in energy yield, compared to operating the tidal turbines alone. Environmental loads are
modelled for a braced monopile structure supporting both a wind and tidal turbine, as well as for each
system in isolation. Peak loading of the combined system is found to be driven by wind loads with
greatest overturning moment occurring with the wind turbine operating at close to rated-speed and the
tidal turbine close to its shutdown speed. Mean loads vary across the tidal array by 6% indicating no
significant shielding effects are gained by co-locating in more sheltered regions of the array.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In-linewith the commitments signed by the 175 countries of the
2015 Paris Agreement recognising the need to significantly cut
global greenhouse gas emissions [1], further expansion of large
offshore wind farm deployments are expected. In the UK, electricity
generated from offshore wind is currently around 17 TWh/yr [2]
and is anticipated to reach over 90 TWh/yr1 by 2030. However,
the cost of electricity from offshore wind has failed to decrease as
expected through experience alone [4]. Many planned wind farm
locations require deployment in water depths greater than 30 m
where traditional support structures may no longer be feasible and
the required systems may have higher capital cost. As such lev-
elised cost of energy is likely to remain higher than for gas or coal
generation and large scale deployment of wind is likely to rely on
continued government incentives. Deployment of other renewable
technologies, such as solar and wave alongside wind farms (co-
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acity by 2030 and an average

er Ltd. This is an open access artic
location) have been proposed as methods of cost reduction of
electricity generation (e.g. Tina et al. [5] and Gao et al. [6]). In this
study, co-location of offshore wind turbines with farms of tidal
stream turbines is considered. Tidal stream turbines are a less
mature technology than offshore wind or solar. However tidal ar-
rays are currently being installed and there is the potential in the
UK to generate an estimated 18 TWh/yr from the tidal stream
resource [7] and average power of more than 2 GW from the
Pentland Firth alone [8]. Co-location enables shared use of elec-
trical infrastructure and, potentially, of support structures. There
may also be benefits in terms of reduced variability of power from a
co-located farm as opposed to operating a wind or tidal farm in
isolation. Existing offshorewind farms have typically been installed
in locations with low tidal stream velocities. As such, this study
addresses co-location of wind turbines at sites being developed for
tidal stream arrays, since a strong tidal stream resource will be
required for tidal generation.

To assess economic viability of alternative design options at a
preliminary stage of development, it is informative to assess how
factors which directly influence revenue and capital expenditure
may differ. Revenue from renewable energy projects is dependent
on annual energy production and the accuracy with which this may
be forecast is clearly vital. Capital cost is dependent onmany factors
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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including dimensions, complexity and number of support struc-
tures, as well as site-specific installation costs. To this end, a model
of the energy yield from co-located wind and tidal turbines is first
presented, along with evaluation of time varying power for a case-
study farm comprising 12 MW offshore wind power capacity co-
located with 20 MW tidal capacity, situated in the Inner Sound of
the Pentland Firth, Scotland. It is noted that the methodology could
be applied to any site of interest. For the tidal stream array, the
influence of a yaw operating strategy and shutdown criterion based
on both current speed and significant wave height, Hs; is consid-
ered, since these directly influence yield and tidal turbine
complexity. The second part of this paper assesses the environ-
mental loads acting on a hybrid support structure for a wind and
tidal stream turbine, since such loads affect structural dimensions.
The loads are compared against those acting on support structures
for wind and tidal turbines in isolation.

2. Wind farm energy yield model

AWS OpenWind [9] with a standard eddy-viscosity wake model
[10] is used to model wind farm energy yield. A generic 3 MW
power curve is specified for each turbine, with a rotor diameter of
100 m, rated speed of 12 m/s and shutdown set at 25 m/s. The
thrust curve was from a 3 MW Vestas V90 wind turbine [11] in
order to define the momentum extraction in the wake model. The
wind turbines are assumed to operate with 100% availability, with
no downtime due to faults or maintenance. A power matrix, spe-
cific to the farm layout and dependent on wind heading, is gener-
ated. This is used as a look-up table against hourly wind resource
data to obtain time-varying power output.

Numerical Weather Prediction (NWP) data of wind resource at
10 m height is available from the UKMet Office UKVmodel [12] in a
Fig. 1. Hourly time-series of wind speed (a) and direction (b) at 10 m elevation from both UK
start date of each shown on the x-axis. (For interpretation of the references to colour in th
6-hourly time-series for the periods 01 Jan 2012e30 Nov 2012 and
01 Jan 2013e24 Jun 2015 and at an approximately 1.5 km spatial
resolution. This approximately 3.5 years of data is too short to ac-
count for the wind power variability over the life-time of the farm
(e.g. decadal variability [13]). However, the approach used herein
can also be applied to longer time-series, as more data becomes
available. This analysis therefore provides an indication of the
relative magnitude of wind to tidal energy yield, the power vari-
ability, and when used for analysing loads, the operational condi-
tions of the turbines during peak load events. Since this dataset is at
relatively coarse spatial and temporal resolution, a linear measure-
correlate-predict (MCP) approach has been applied to the UKV data,
using wind data from an hourly, 400 m resolution mesoscale
Weather Research and Forecasting (WRF) model [14,15] employed
over the Pentland Firth region. The WRF model is considered to
provide a more accurate representation of the undisturbed wind
speeds at the site and was configured according to [16] who pre-
viously validated the model against measured data from five met
stations around the Pentland Firth. Initial and boundary conditions
were from National Centres for Environmental Prediction (NCEP)
Final (FNL) Global Analysis data at 1� � 1� spatial and 6-hourly
temporal resolutions [17]. Five telescopic nested-domains, each of
78� 78 compute nodes provided an outer domain resolution of
32.4 km, increasing in ratios of 3:1 to an inner domain resolution of
400 m on plan. In the vertical axis, 45 h levels were specified with
ten levels within the lowest 250 m.

The WRF model has been run for an aggregate period of eight
weeks and wind speed at 10 m level extracted to correlate with the
UKV model data. The intervals considered comprised two, non-
overlapping 14-day periods and four, non-overlapping 7-day pe-
riods (see Fig. 1). Each interval was selected such that the wind
speed occurrence represented annual occurrence statistics defined
V (black) andWRF (blue). The figure shows data for six separate time-intervals, with the
is figure legend, the reader is referred to the web version of this article.)



Fig. 2. Weibull distributions for the year 2014 and for the fortnight commencing 10/
04/2014 for which wind speed occurrence is comparable to the annual. Data is from
the uncorrected-UKV model at the target site.

Fig. 3. Parabolic treatment of wake superposition.
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by the minimum value of the following six error indicators: Dif-
ference of mean wind speed; root-mean-square error (RMSE) of
wind speed histograms; RMSE of probability distribution functions
(PDFs) of wind speed; Average RMSE of the 12-sector wind rose;
RMSE of PDF-fit to wind speed histogram; and difference in energy
yield from a single turbine operating under each distribution. The
occurrence probability for the period beginning 10 April 2014 are
shown against the annual occurrence probability and correspond-
ing Weibull distribution in Fig. 2.

Various methods for correcting the coarser but longer time-
period of UKV data to the eight weeks of WRF data have been
evaluated, including; linear regression, a standard linear MCP
method (eqn. (1)) and a non-parametric method [18]. The MCP
method predicted both extreme high and low wind speeds most
accurately, important for estimation of extreme loads and
improved the root-mean-squared error between correction and
WRF data from 1.85 m/s of the uncorrected data to 1.69 m/s once
corrected.

bUðqÞukv ¼ aqUðqÞukv þ bq (1)

where UðqÞukv is the un-corrected and bUðqÞukv the corrected UKV
10 m wind speeds, aq and bq are constants found by linear regres-
sion of the 8 week interval of coincident un-corrected UKV and
WRF wind speed data for each 30� direction bin, q.

3. Tidal farm energy yield model

Methods for modelling of wind turbine wake interactions
within farms are reasonably well established. The presence of a
bounding free-surface means that although there are some simi-
larities for farms of tidal stream turbines, analogous approaches
aren't directly transferable and to date, there are few validated
approaches available. The range of methods being investigated
include semi-empirical models to CFD of various levels of
complexity. One approach is to include actuator disc representa-
tions of turbines embedded into shallow water solvers to represent
energy extraction from fences of multiple turbines [19]. Reynolds-
averaged Navier Stokes-Blade Element Momentum (RANS-BEM)
CFD models have also been used to model small arrays of turbines
and resolve device scale characteristics, such as [20,21]. However,
both are relatively computationally expensive and so a quick, reli-
able approach, similar to the Ainslie [10] or Jensen [22] models for
wind, is desirable for rapid evaluation of tidal energy yield [23]. A
computationally efficient method is the superposition of semi-
empirical descriptions of self-similar wakes. In experiments by
Stallard et al. [24] of a 1/70th geometry, Froude scaled tidal turbine,
the authors show that beyond six diameters ðDtÞ downstream of
the rotor plane, the vertical profile of velocity deficit becomes
almost a depth-averaged plane wake with a transverse profile
following a self-similar Gaussian form. The centreline velocity
deficit, DUmax is then proportional to x�1=2 (eqn. (2)) and half wake
width, y1=2 proportional to x1=2 (eqn. (3)).

DUmax

U0
¼ �0:126þ 0:8639ðxDÞ�

1
2 (2)

y1=2 ¼ 0:5þ 0:4118ðxDÞ
1
2 (3)

where xD is the ratio of downstream distance to diameter and y1=2
is the width of the wake at 1

2DUmax.
These relationships were obtained for a single turbine located

within a shallow turbulent channel flow of depth 1:67 Dt and with
mean turbulence intensity of 12% and some variation is expected
with these parameters [21]. The local velocity deficit, DU in the
wake due to a single turbine, i (eqn. (4)), is then:

DUi ¼ DUmaxexp

 
�lnð2Þy2r

y21=2

!
(4)

where yr is the distance from the centreline relative to the disc
radius.

The velocity deficits from a single row of k turbines are then
superposed as in equation (5), giving the overall reduced velocity
deficit of the combined wake, DUw.

DUw ¼
Xk
i¼1

DUi (5)

where D has been used to represent velocity deficits, i.e.
DUw ¼ U0 � Uw.

For multiple rows of turbines, deficit superposition is treated in
a streamwise parabolic manner as in Stansby and Stallard [25] (see
Fig. 3). The deficit, DUr at distance, xr behind the r-th row of
downstream turbines, is due to the superposition of all upstream
turbine wake deficits. In other words, the deficit from the first row
of turbines provides the onset flow profile to the second row, with
the deficit of the second row providing the onset flow for the third
row and so on. Hence eqn. (5) can be applied as:

DUrðxr; yrÞ ¼ DUr�1ðxr; yrÞ þ
Xn
i¼1

DUiðxr; yrÞ; xr � 6 Dt (6)
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where DUr is the velocity deficit at xr ; yr due to all turbines in rows
upstream of and including row r, DUr�1 is the velocity deficit due to
all turbines in rows upstream of and including row r � 1, and DUi is
the velocity deficit for all turbines, i ¼ 1; n, in row r; xr is the
perpendicular downstream distance (aligned with bulk flow di-
rection) from row r; yr is orthogonal to xr .

Variation of global blockage between rows can be accounted
for by applying conservation of volume flux at each streamwise
row positions. This approach provides good agreement to mea-
surements of the wake of scaled rotors [25]. A local blockage
correction can also be applied [26], however neither approach to
blockage correction is applied in the present study since global
blockage is negligible and transverse turbine spacing is relatively
large. For downstream turbines, the onset flow is due to the
wake of upstream turbines with turbulence intensity differing
from the ambient flow. Turbulence of the wake differs from the
ambient flow, with higher turbulence intensity occurring over
the near-wake region and decaying with distance downstream.
For the relatively large turbine spacings considered here
(transverse spacing 1.5 Dt , streamwise greater than 8 Dt), tur-
bulence intensity is assumed to recover to the same value as the
ambient flow (e.g. Stallard et al. [24]) and this approach of su-
perposition of semi-empirical wakes has been shown to be
suitable [25].

Applying the superposition method, the velocity deficit field at
hub-height across the array can be established for a specific turbine
layout and range of inflow headings. The area-weighted average of
Fig. 4. Current magnitude for un-correct FOAM data (blue) and ADCIRC (black) (a) and for M
to colour in this figure legend, the reader is referred to the web version of this article.)
hub-height velocity, weighted by a thin vertical strip of width, w
across the swept area of the rotor, AD is used for calculating the
power at each turbine and obtained as in equation (7).

Uavg ¼ 1
AD

Xn
i

UidAi (7)

where dAiz2w
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2i

q
for n number of small strips and radial

height, ri of the i-th strip.
3.1. Tidal resource data

There are limited open-access sources of flow velocity data for
sites considered suitable for tidal stream turbine deployment.
Hourly time-series of tidal resource data from the Forecasting
Ocean and Assimilation Model (FOAM) [27], provided by the E.U.
Copernicus Marine Environment Monitoring Service, at 7 km hor-
izontal resolution was previously used by Sudall et al. [28]. How-
ever the low spatial resolution meant that both mean and
maximum current speeds were under-predicted, leading to unre-
alistically low tidal turbine capacity factors being calculated for the
site. In this study, a 2D ADvanced CIRCulation model (ADCIRC) used
in Adcock et al. [8] with 15-min temporal and 150 m spatial reso-
lution has provided northing and easting components of current
velocity. Data from the node (58.6577�, �3.1272�) nearest to the
centre of the array is taken for the seven month period between 01
CP-corrected FOAM (blue) and ADCIRC (black), (b). (For interpretation of the references



Fig. 5. Linear regression for direction sector 105�e135� .
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Jan 2014e29 Aug 2014 and is compared to the same period of data
from FOAM in Fig. 4a).

The ADCIRC model captures higher peak current velocities,
more representative of those seen from ADCP measurement cam-
paigns of the currents in the Pentland Firth [29]. The same linear
MCP method (Fig. 5) as used for the wind data analysis, has been
used to correlate the ADCIRC data to the FOAM data (Fig. 4b)).
Application of MCP improved the R-squared correlation coefficient
from 0.57 to 0.91. The direction-dependent correlation functions
are then applied to the three and a half year period of FOAM data.
3.2. Tidal turbine specification

It is widely recognised that turbines must be sized appropriately
for the resource such that the energy generated, hence revenue
accrued, justifies the installed capacity. A generic power curve is
defined specifying rated power and maximum power coefficient,
Cpmax for a rotor of diameter Dt ¼ 18m, typical of prototype turbines
operating in 30 m water depth. The cut-in speed is defined at the
power required to overcome the generator resistive torque (dif-
ference between mechanical and electrical power), approximately
8% of the rated power, Prate. The rated speed, Urate then varies with
maximum power coefficient, Cpmax and Prate with shut-down speed
Fig. 6. Contours of capacity factor (a) and annual energy yield (b) for X ¼ 10 Dt stre
set at 5 m/s. To be consistent with the wind turbines, the tidal
turbines have also been assumed to operate with 100% availability.

In order to determine a suitable size turbine for the site, energy
yield of a small array was evaluated for a range of rated power and
maximum power coefficients. The array comprised a rectilinear
layout of 2 rows of 5 turbines with Y ¼ 1:5 Dt lateral spacing. Both
X ¼ 10 Dt and 20 Dt longitudinal spacings were tested with results
shown for X ¼ 10 Dt in Fig. 6. Since project developers are expected
to seek both good annual energy yield and high capacity factor (CF)
a rated power of 1 MWand maximum power coefficient of 0.44 are
selected, giving a CF of 0.39 for 10 Dt spacing. This is comparable to
typical capacity factors seen for offshore wind farms, close to 0.35
[30]. Fig. 7 shows that for 28:8% of the time, the current velocities
are below cut-in speed of the turbine. This contrasts with the wind
speed distribution at the same location, which is below the wind
turbine cut-in speed for around 2% of the time.
3.3. Tidal yaw control strategy

The analysis of the preceding section was based on application
of a continuous yaw strategy, analogous to that used in wind tur-
bines. Although a continuous strategy is being used by the TEL
Delta Stream device [31], it is complex to implement in the un-
derwater environment and alternative yaw control strategies could
be adopted, such as slack-tide yaw (e.g. Alstom/GE DEEP-Gen IV
[32]) or fixed (e.g. MCT SeaGen [33]). For a fixed yaw strategy, the
nacelle remains fixed but pitching of the blades enables the turbine
to generate power on both the ebb and flood of a bi-directional tide.
In slack-tide yaw, the turbine nacelle only yaws during a slack tide,
defined in the model as the local minimum in current velocity
ðd2U=dt2 >0Þ. The turbine is orientated to the heading which will
maximise energy yield during the subsequent half tidal period (i.e.
the time between two slack tides) and this is based on the power
curve of a single turbine. In reality, this strategy would require
accurate prediction of the heading for the next half-tidal cycle.

Variability in current heading during a half tidal period means
the turbine rotor plane will be subject to oblique inflow angles for
both the slack-tide and fixed orientation strategies. For small an-
gles, ft � ±7:5� between inflow and turbine heading, McNaughton
[34] showed using CFD simulations that CP remains constant, such
that power from the turbine is then given by equation (8).
am-wise and Y ¼ 1.5 Dt cross-stream spacing. Chosen turbine specification (þ).



Fig. 7. Histogram showing current speed probability distribution with the turbine's
1 MW power curve (blue) and cut-in speed (dashed). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Implementation of a Slack-tide yaw control strategy.

Fig. 9. Variation of turbine heading (blue) and current heading (black). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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P ¼ 1
2
CPrAðU0cosftÞ3 (8)

For misalignment angles greater than ±7:5�, the turbine power
output is assumed zero. Implementation of the slack-tide strategy
in the model is schematically represented in Fig. 8, with the cor-
responding variation of turbine heading shown for a seven day
period in Fig. 9

Based on the tidal resource during the full year 2013, slack-tide
yaw increases yield byz5% above a fixedmechanism (Table 1). This
is because the site has a single distinct ebb and flood direction
separated almost exactly by 180� (Fig. 10). In contrast, the whole
three and a half year period exhibits significant directional
Table 1
Energy yield (GWh) and capacity factor (CF) for the periods 01 Jan 2012e01 May 2015 a
rectilinear arrangement with 1.5 Dt lateral spacing and 10 Dt longitudinal spacing.

Fixed

2013 Energy 20.24
CF 0.231

2012-15 Energy 44.7
CF 0.153
variation (Fig. 10). Over the full period, the continuous yaw mech-
anism captures the most energy but a slack-tide yaw strategy yields
90% of this and also yields 2.6 times more energy than the fixed
strategy, with a capacity factor of 0.394 compared to just 0.153.
Hence a slack-tide yaw strategy has been selected for the remaining
analysis.

3.4. Wave operating conditions

Tidal turbines are expected to have a shut-down criteria based
on significant wave height, Hs [35] in order to protect the turbine
from extreme wave loads. Wave buoy data of significant wave
height, Hs, peak wave period, Tp and corresponding direction, qp
have been used for the six month interval, 17 Jan 2012e17 Jul 2012.
The buoy is located at 3.2792�W, 58.6750�N, approximately 8 km
West of the case-study site centre and is one of the longest
continuous datasets available near to the array. The buoy data,
stored at 30-min intervals, is time-averaged to an hourly interval to
coincide with that of the tidal and wind resource data.

The wave shut-down criteria has only been applied to this seven
month interval of the wave dataset. Future work will investigate
correlating the buoy data to numerical predictions of wave condi-
tions such as from ERA-Interim. The sensitivity of energy yield
based on a range of Hs shut-down thresholds is shown in Fig. 11.
Limiting the operating range to Hs <2:5 m reduces energy yield by
5%, although it is noted that this time interval neglects the months
OctobereDecember where the occurrence of wave conditions
exceeding Hs ¼ 2:5 mare expected to be more frequent, and so is
likely to be an under-estimate of the impact on energy yield.
Similarly the increase in yield offered by operating a higher shut-
down criteria will be more significant for more exposed sites.

4. Steady-state load modelling

The environmental loads acting on an offshore support structure
considered here are due to wind, wave and current. Design codes
are available for assessment of turbulent wind loading and wave
loading on offshore wind support structures [36]. The first such
code for tidal turbine loading was released in DNV GL [37], with
various simplified approaches available for consideration of tidal
turbine loads due to turbulent flow and waves. Complete design
requires consideration of dynamic loads. However, initially, it is
informative to determine the range and occurrence of steady-state
loads to assess how the loading of a structure within a co-located
system may differ to the loading of structures supporting individ-
ual wind or tidal turbines. This is useful to identify the position
within a tidal array where it would be most suitable to co-locate a
wind turbine. Extreme loads are also of interest as these govern
support structure sizing for survivability. Here, extreme loads are
considered as a combination of those defined in DNV-OS-J101 [36]
for offshore wind turbines and the severe operational cases defined
for tidal turbines in DNV GL [37].

The maximum still water level (SWL) of the Inner Sound is 35 m
[38], which is beyond the limits seen for traditional monopiles.
Instead, a braced monopile support structure (tripod) has been
nd 01 Jan 2013e31 Dec 2013 from a small array of 2 rows of 5, 1 MW turbines in a

Slack-tide Continuous

21.23 33.95
0.242 0.388
115.0 127.7
0.394 0.438



Fig. 10. Tidal roses of current speed and direction at site.
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analysed (Fig. 12). Dimensions are the same for each individual
system, except that the tidal turbine support structure extends
from the bed to hub-height (17.5 m) only, whereas the structure
supporting both awind and tidal turbine extends through themean
water line. For the wind-only system there is no tidal turbine. The
centre column of the support structure was defined as 3.5 m
diameter, typical for a 3.6 MWwind turbine [39], with braces up to
a height, H ¼ ðSWL� DÞ=2 from the sea-bed. A 1=7th power law
[40] was used for both the current and wind shear profiles in order
to extrapolate from hub height to the sea-bed and free-surface,
respectively, although these can be defined independently.
4.1. Wind loading

Thrust loading due to wind turbine operation is obtained using
the same thrust curve as used in the energy yield calculation, see
Section 2. The part of tower above water line is considered in two
regions (see Fig. 12). An upper section behind the swept area of the
wind turbine rotor (shaded) and a lower section below the rotor
and down to the still water level (SWL). Each section is divided into
1m segments. The drag coefficient, CD;w for the top of each segment
height is calculated using Reynolds numbers, Re for a circular
Fig. 11. Energy yield (blue) for the period 01 Jan 2012e01 May 2014 from a small array
of 2 rows of 5, 1 MW turbines in an aligned arrangement with 1.5 Dt lateral and 10 Dt

longitudinal spacings, for a range of Hs shut-down thresholds. Limit of no constraint on
Hs (dashed). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
cylinder as specified in BSI [41] and subsequently the maximum
drag force, Fw is obtained for each segment as equation (9).

FwðzÞ ¼ 1
2
CD;wðReÞrAUwðzÞ2 (9)

where density, r ¼ 1:225 kg/m3 for each segment frontal area, A
and UwðzÞ is the turbulent wind speed at height z, the treatment of
which is described below.

Equivalent net force on the whole tower is obtained as the
summation of each segment force with the moment arm obtained
through summation of moments about the tower base at the sea-
bed. During shut-down, drag on each of the three blades is
defined by CD ¼ 1:3 and the projected area as defined in DS 472
1992 [42].

For the treatment of turbulence, a Reynolds decomposition into
a steady mean, Uw and fluctuating term, U0

w, eqn. (10) can be
substituted:

Uw ¼ Uw þ U0
w (10)

where Uw is the wind velocity.
The turbulence intensity, I is defined at hub-height as:

I ¼ s

Uhub
(11)

where s is the standard deviation of the stream-wise component of
hub-height wind speed, Uhub.

Due to the numerical wind resource data only being an hourly
average, there is no information regarding turbulence intensity at
the site. Where such information is lacking, the standards [43,44]
define different profiles for the 90th percentile of the distribution
of standard deviation of wind speed, s90. In this study, the defini-
tion of the Normal Turbulence Model (NTM) from DNV [36] for
normal operating conditions is used:

s90 ¼ I15ð0:75Uhub þ bÞ; b ¼ 5:6 m=s (12)

where I15 is a reference turbulence intensity defined at 15 m/s. For
onshore wind turbine classes A-C, I15 varies between 12 and 16%.
For offshore wind turbines, no such classes exist and so a more
appropriate reference intensity is required. Turk and Emeis [45]
and Westerhellweg et al. [46] provide turbulence intensities at



Fig. 12. Sketch of arrangement of combined system showing treatment of environ-
mental loads. Grey sections indicate parts of the structure which are only considered
for loading during turbine shut-down. The wind-only structure is the same as depicted
here, except without a tidal turbine mounted, while the tidal-only structure has no
support above its nacelle.
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around 100m height for the FINO 1e3measurement stations in the
North Sea typically of between 4.5 and 7% at 15m/s. However, these
sites are far from shore (FINO 1 is 45 km from shore) whereas the
nearest wind turbine in this study is only 500 m from shore. The
proximity to shore is not expected to have a great impact on tur-
bulence intensity though, since based on the definitions of site
complexity given in BSI [47] the maximum elevation of land within
1.8 km (20 hub-heights) of the nearest turbine is only around 40 m,
and so the site is not considered complex. However, a reference
value from a site closer to shore is desired. Hansen and Larsen [48]
give the turbulence intensities for coastal sites, Nasudden and
Skipheia as approximately 6% for heights around to 100 m. This is
similar to that seen for the FINO stations which contradicts the fact
that turbulence intensity typically decays with distance from shore.
An alternative approach is to consider the expected mean standard
deviation of the 10-min averaged wind speed, U10 given in DNV
[43]:

E½s� ¼ U10Axk
1

lnðz=z0Þ
(13)

where Ax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:5� 0:856lnðz0Þ

p
and can be considered as 2.4 for flat

terrain with z0 coming from the implicit Charnock relation:

z0 ¼ Ac

g

�
kUhub

lnðzhub=z0Þ
�2

(14)

where k ¼ 0:4 is the von Karman constant and Ac ¼ 0:034 for near-
coastal locations.

Assuming the standard deviation of the 60-min average wind
speed to be independent of that for U10, this same definition then
provides I15 ¼ 8:7%. Although this is higher than the 6.5% seen for
the above offshore sites, it is lower than the 12% considered by the
onshore standards and so seems a suitable reference intensity to
use without further site-specific information.

As such, the fluctuating wind speed is defined in the model as:

U0
w ¼ ±I90Uw (15)

where I90 ¼ s90=Uw.
The impact of wake effects on turbulence are not considered in

this study since peak loads are expected to occur on the front row of
turbines in a dominant wind heading which is not affected by the
wakes of upstream turbines.

4.2. Support structure loading in turbulent current and waves

Loading on fixed slender structures due to waves and current is
typically approximated by a Morison type drag and inertia formula:

F ¼ 1
2
CDrAUðzÞ2 þ rVCm _UðzÞ (16)

where z is the depth variation below the wave surface, h; and Cd
and Cm are coefficients of drag and inertia, respectively.

In the case of combined waves and current, the velocity com-
ponents of each, normal to the cylinder, N, are vectorially summed
first, to give:

FN ¼ 1
2
CDrAUN

��UN
��þ rVCm _Uwavcosfwav (17)

where A is the projected area, V section volume, _Uwav the wave-
induced particle acceleration and subscript N has been intro-
duced to indicate the component normal to each structural mem-
ber, such that:



Fig. 13. Detailed dimensions of braced section of support structure. Dimensions are
quantified in Table 2.
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UN ¼ Uccosfc þ Uwavcosfwav (18)

with subscripts c and wav corresponding to current and wave-
induced velocities, U and directions, f relative to structure orien-
tation, respectively.

In the case of very small waves the drag force is only due to
current. Here, the drag coefficient, CD is defined as a function of
Reynold's number, Re for a rough cylinder of specified roughness
coefficient ð1� 10�2Þ [43]. In the case of waves, the flowaround the
support is always assumed to be post-critical ðRe >106Þ since for
waves of most practical interest, Re remains post-critical [43]. The
KC number is modified to include the in-line current velocity:

KC ¼ ðUwav þ UcÞTP
D

(19)

such that as Uc is large, the drag coefficient tends to its steady-
value, CD;S ¼ 1:05. For Uc >0:4Uwav and all non-vertical cylinders
of the braced section of the structure, the steady-value CD;S is also
assumed. The inertia coefficient, Cm, is defined as a function of KC
according to [49].

In the case of turbulent current, a analogous treatment to that
defined for the wind turbines is used, starting with a Reynolds
decomposition into a steady mean, Uc and fluctuating term, U0

c:

Uc ¼ Uc þ U0
c (20)

where Uc is the current velocity.
Turbulence intensity is known to vary with location, with cur-

rent speed and depth in the water column. Here a depth-averaged
value of 10% is used. This is lower than the values 17% and 13%
observed by Hardwick [29] for ebb and flood respectively in the
Inner Sound of the Pentland Firth but consistent with analysis of
[51] who observed 8e10% turbulence intensity at the Falls of
Warness and in-line with studies at other sites [52,53]. Drawing
from the wind standards Normal Turbulence Model (NTM) [36] it
was shown in the treatment of wind turbulence, a characteristic
standard deviation can be defined as the 90th percentile of the
distribution of standard deviation. Assuming the current turbu-
lence is normally distributed about the mean, this would be 1.28sc.
This was the approach used by Thomson et al. [53] who also notes
that further research is required to assess its suitability. In contrast,
the NTM actually defines a specific variation of sc relative to wind
speed (see equation (12)). Sime�on and Ferreira [54] assessed the
suitability of such a distribution applied to current speeds in the
Falls of Warness and found that the definition works well for the
flood tide and although it doesn't predict the ebb turbulence in-
tensity well, the agreement is within ð1:28±1%Þsc and so is a
suitable definition without further information available. As such,
the fluctuating current speed is defined in the model as:

U0
c ¼ ±1:28IUc (21)

This expression characterises the turbulent intensity of the
ambient flow only and neglects turbine generated wakes and
elevated kinetic energy due to wave induced kinematics. For the
array considered, streamwise spacing is 20 Dt and so turbulence
due to upstream turbines is considered to have decayed to the
ambient level (turbulence decays faster than velocity deficit).
However, for arrays with significantly smaller streamwise spacing
the effect of wake-generated turbulence should be considered. The
fluctuating kinetic energy of linear waves propagating over a tur-
bulent channel can be treated as a superposition of current-only
TKE and kinetic energy associated with the amplitude of wave-
induced kinematics [55]. As such, the presence of waves is
assumed to have negligible affect on the turbulence intensity of the
site and wave-induced loads are treated separately as described
below.

The wave kinematics, Uwav and _Uwav are predicted as a function
of depth andwave phase, j, using the SAWWmodel [56] for a range
of Hs and Tp combinations. SAWW is a non-linear wave model
based on a 20-term Fourier series numerical approximation
method for steady water waves [57] with initial conditions defined
by linear wave theory and solved for using Newton-Raphson iter-
ation. The water particle velocities and accelerations are output for
35 section heights, linearly spaced between sea-bed and wave
elevation at phase intervals of p=20 radians. For very small values of
Hs and Tp the wave motion is assumed to tend towards a current-
only condition. The current velocities are obtained at each sup-
port structure from the tidal wake model velocity field and
extrapolated from hub-height along the shear profile. This profile is
stretched from the SWL to wave surface, h using the non-linear



Table 2
Dimensions of braced structure, with reference to
Fig. 13.

Dimension

SWL 35 m
H SWL=2� Dt=2
d1 3.5 m
d2 d1=3 m
d3 d1=7 m
a tan�1ðH=L3Þ�
f [0, 30, 60]�

Fig. 15. Coefficients of thrust, CT (solid) and performance, CP (dashed) vs. tip-speed
ratio (TSR) for the full-scale, fixed pitch turbine. Maximum CP (*).
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stretching method defined in DNV [43].
Dimensions for the braced section are shown in Fig. 13 and

provided in Table 2. These were sized according to a simple space-
truss analysis of buckling load, with wall thickness to section
diameter ratio set to minimise material volume.

Loading on the immersed part of the structure is considered in
three sections (see Fig. 12); area above the tidal rotor (upper), area
behind the rotor swept area (mid) and the braced section area
below the turbine rotor (lower). The force normal to each member
of the braced structure is calculated using the component of com-
bined wave-current velocity normal to the member [43]. Shielding
effects of members in the braced section are ignored. During tur-
bine operation, drag due to the section of tower behind the rotor
swept area is ignored. The reduction in water level seen across the
rotor is not accounted for, nor is the corresponding increase in
velocity seen in the bypass flow around the rotor. The change in
depth with the tide is also neglected. Forces are calculated for 30�

direction sectors to account for the orientation of the structure
relative to the wave direction.

The peak overturning moment,Mmax caused by a wave occurs at
the corresponding peak-phase, jmax (eqn. (22)). There is a subtle
difference between the phase corresponding to maximum over-
turning moment as opposed to maximum force. Fig. 14 shows the
difference in phase between the normalised net force and moment
variations for wave-current loading. Both curves are for Hs ¼ 2.5 m
and Tp ¼ 10.5 s, found to be representative of the maximum load
scenario 3 in Table 4 (see Section 6.2). For the full range of Hs and Tp
considered, the maximum shift in phase was less than
p=10 radians.

Mmax ¼ max

(Xh
z¼0

Fwavðz;jÞhðz;jÞ
)

(22)

For breaking waves, [58] shows that the wave force can be 2.8
times greater than the total force predicted by using SAWW. The
breaking wave height is defined by the Miche criterion, as:

H ¼ 0:142l tanhðkdÞ (23)

where k ¼ 2p=l is the wave number.
Fig. 14. Phase-variation of normalised magnitudes of net force (dashed lines) and over-turn
(red) current of speed jUc j ¼ 2:5 m/s. (For interpretation of the references to colour in this
For waves which exceed the Miche criterion, the total wave
force,

P
FwavðzÞ is corrected by the kd-force correction profile

suggested in Stansby et al. [58] and the difference is applied at the
wave crest elevation to assume a worst-case overturning moment.
In the splash zone, the wind drag force and wave force are both
included.

A large look-up matrix as a function of all resource variables is
then generated. This is used in conjunction with the hourly time-
series of resource data, as used in Section 3, to obtain a quasi-
steady time-series of force variation with height. Since the peak
loads acting on the structure are of interest, at each time step of Hs,
a deep water approximation is assumed [59], whereby the range of
wave heights are then governed by a Rayleigh distribution eqn.
(24).

f ðHÞ ¼ H
s2

exp
�
�
�

H

s
ffiffiffi
2

p
�2	

(24)

where sH is the standard deviation of wave height.
The 1% exceedance height, H1=100 (25) is then used to linearly

interpolate to from the look-up matrix and obtain the corre-
sponding peak force distribution.

H1=100 ¼ Hs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
lnð100Þ

r
(25)

which gives H1=100 ¼ 1:52Hs.

4.2.1. Rotor wave and current loading
As applied for the energy yield model, the turbine is assumed to

shut-down for Hs >3 m. However, for Hs <3 m, the turbine will be
operating and hence be subject to oscillatory wave-current loading.
ing moment (solid lines) for Hs ¼ 2:5 m, Tp ¼ 10:5 s with in-line (blue) and opposing
figure legend, the reader is referred to the web version of this article.)



Fig. 16. Farm footprint of 12 MW wind capacity co-located with 20 MW tidal capacity,
showing footprint heading (horizontal dashed line), angle of yawed turbines (▬)
relative to footprint heading, q, angle f of onset flow, U0 relative to the yawed turbine's
axis and relative spacing of wind turbines ð+Þ and tidal turbines (L). Not to scale.

Table 3
Energy yield for the period 01 Jan 2012e01May 2015 (excl. Dec 2012) from a farm of
4 No. 3 MW wind turbines arranged regularly with 11Dw longitudinal and 3.6Dw

lateral spacing co-located with 4 rows of 5, 1 MW tidal stream turbines in an aligned
arrangement with 5 Dt lateral and 20 Dt longitudinal spacings. Idealised energy
yield for no wakes is shown in brackets.

Tidal-only Wind-only Combined

Energy, GWh 242.4 (273.6) 181.7 (194.4) 424.1
Capacity factor (CF) 0.426 0.533 0.466
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The rotor force due to combined waves in a turbulent current can
be established by separately decomposing the drag force compo-
nents of the Morison equation into a drag force due to steady
current loading, FTtide and a drag force due to oscillatory wave
loading, Fwav;rot [60]. The steady-current drag force is obtained
using a full-scale thrust curve for a fixed-pitch turbine (Fig. 15).

For misalignment, f of the steady-current to the turbine axis,
the thrust force is calculated as eqn. (26):

FTtide ¼
1
2
CTrAUccosf

��Uccosf
�� (26)

The wave drag force in-line with the rotor is then given as:

Fwav;rot ¼ 1
2
rAC0

DUwav;rot


Uccosfþ Uwav;rot

�
(27)

where C0
D ¼ 2 is the average oscillatory drag coefficient obtained

from Fernandez-Rodriguez [61] for KC >0:25 and Uwav;rot is the
component of the wave-induced velocity acting in the turbine's
rotor plane and averaged over the rotor area (as in eqn. (7)) and
applied at hub-height.

During shutdown, drag of the three blades is considered for
current-only loading and is accounted for in the same manner
defined for the wind turbine in Section 4.1.
5. Energy yield assessment

A farm of 4 rows of 5 No. 1 MW tidal turbines co-located with 4
No. 3 MW wind turbines are considered at a site with an approxi-
mate area of 1100 � 360 mwithin the Inner Sound of the Pentland
Firth. The farm footprint is given in Fig. 16 with the relative turbine
spacings.

Table 3 presents energy yield for the 3.5 year period, excluding
December 2012. The addition of 12 MW wind capacity to the
20MW tidal array increases the net energy yield by over 70%. Based
on idealised energy yield for each system, wake losses of 9% and
6.5% are calculated for the tidal and wind-only systems respec-
tively. The capacity factors are also shown, with the combined farm
being a weighted-average of the two isolated systems, weighted by
the capacity of each system relative to the aggregate capacity. It is
noted that the wind farm capacity factor is quite high and greater
than the 35% average typically seen for offshore wind farms [30].
This occurs because thewind turbines are under-sized for the given
wind resource. However, a larger rated capacity wind turbine
would require larger spacing, particularly on the cross-stream
spacing which is already small at just 3.6Dw. This would also
mean fewer wind turbines for the same number of tidal turbines
which would reduce the improvements seen in co-located energy
yield and may also reduce the impetus for using shared support
structures, since despite the expected cost savings, there would be
fewer number of ‘standardised’ shared structures and this would
limit the potential for cost reduction.

The time-varying power for each system in isolation versus the
combined system power output is shown for the period 01 Jan 2013
to 31 Dec 2013 in Fig. 17 a). Previously, the diurnal power variation
from a co-located farm was studied in Sudall et al. [28], showing
differences in combined power output for neap and spring tides
during summer and winter. It was found that during neap tides the
combined power supply could be entirely dependent on the wind-
only, which during summer months might be significantly lower
than during winter months when the averagewind speed is higher.
Conversely, during a spring tide, the co-located power output
would feature a regular supply from the tidal turbines, with the
magnitude of the peak output varying as the wind. This same trend
is demonstrated in the 28-day period considered in Fig. 17 b),
where the combined supply has a regular fluctuation governed by
the tidal variation, but during the neap tide around 22nd January,
the combined supply is almost entirely wind dependent.

The multi-year interval considered allows analysis of the
monthly-moving average and year-to-year variation of power
output as in Fig. 17 c). The tidal variation is almost constant across
the years 2013 and 2014. The final 3.5 months (01 Jan 2015e15 Apr
2015) features a significant drop in tidal power and similarly, the
first quarter of 2012 also has reduced power output, which is re-
flected in the reduced average power output seen for these periods.
For this period of 2012, there is actually a shift in the tidal heading
from being centred approximately around 303� N during the flood
tides prior to 28 Mar 2012, to being centred around 293� thereafter.
This means during power generation, the turbines would be yawed
relative to the array footprint heading (set at 293� to maximise
annual energy yield) and so produce less power. For the period 01
Jan 2015 onwards, this reduced power is also due to a change in the
direction of the tide, but during each flood tide. From 03 Feb 2015
the flood tide heading starts varying by approximately ±15�

compared to varying by approximately ±4� before this date. The
ebb tide appears to be unaffected. There is limited published data
available concerning historical changes to the FOAM model and so
the cause of these direction changes remains a topic for further
investigation. However, the effect is that the flow is misaligned
with the turbine heading more frequently during each flood tide,
for which the turbines cannot generate any power outside of inflow
headings of ±7:5� and hence the reduced average power. The
annual average wind power is almost identical for each of the three
complete calendar years. It is noted that the average power output
is higher during the final four months' of data, due to the higher
wind speeds which occur over the winter months. For each year,
the wind exhibits reduced power output during summer,



Fig. 17. (a) Power-time variation in MW for wind-only (grey), tidal-only (blue) and combined (red) for the 12 month period, 01 Jan 2013 to 31 Dec 2013; (b) the contribution to total
power from wind (pale-red) and tidal (blue); (c) monthly moving-averages of wind (grey-scale), tidal (blues) and combined (reds) power variation in MW versus UK electricity
demand (greens) in GW for the years 2012e2015 stacked in order of increasing colour intensity. Annual averages for each year are also shown (dashed lines). Note: data for 2012
begins 15th Jan so the moving average is not skewed by zero data; similarly, data for 2015 ends on 15th Apr. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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increasing over autumn to give peak output through December and
January. This trend is also translated onto the combined power
output, and is coherent with the tidal power monthly-moving
average variation being almost constant. This is a convenient
result if significant up-scaling of co-located deployment was
considered, since this is also the trend seen in the annual UK
electricity demand (green).
The variability of power and in particular, the rate of change of
power is an important factor for the power network, since the
network frequency needs to be maintained within a given toler-
ance. It therefore gives an indication of the level of storage capacity
or reactive power required in the network. The standard deviation
of each system normalised by the system's respective capacity al-
lows comparison of the distribution of power about the mean for



Fig. 18. The absolute change in power every 6 hours normalised by the capacity of
each system versus the percentage of occurrence.
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systems of differing capacities. In this study, these normalised
standard deviations are 0.36, 0.40 and 0.28 for wind-only, tidal-
only and the combined systems respectively. This shows that a
combined system has 22% smaller standard deviation than a wind
farm of the same capacity. The result is slightly surprising for the
tidal-only system since the tides are predictable and hence are
expected to be less variable than for wind. However, with the tidal
current principally governed by the semi-diurnal lunar constituent,
M2 the tide changes from slack to peak ebb or flood every
6.21 hours, resulting in a corresponding change from zero to rated
power output over the same period. Since the tides are well pre-
dicted by their harmonic constituents, it is logical to look at the
change in power over this period as this would represent how
much of the change in power is difficult to predict. Although short-
term forecast methods can also predict wind speeds fairly reliably
for up to 6 hours in advance [62], observing the change in power
over 6-hour intervals accounts for changes in power which are
expected to occur, without any detailed prediction methods being
available. The rate of change of power, the so-called ‘ramp rate’, is
shown in Fig. 18 and although the tidal-only system shows a
smaller ramp rate compared to the wind-only system, the com-
bined system has the smallest rate of change. For example, for less
than 20% of the time the change in power of the combined system is
greater than 27% of capacity, whereas the corresponding change for
the wind and tidal-only systems would be 36% and 33%
respectively.
6. Support structure load variation

This section presents the results of the environmental load
modelling for each of the three support structure types considered:
wind-only, tidal-only and combined. The force variation with
height of the structure is obtained, however the focus here is on the
overturning moment these generate about the base of the structure
since this indicates the overall strength required and subsequently
structural dimensions and material usage.
6.1. Load time-series

The time-history of overturning moment for the tidal-only,
wind-only and combined systems over the six months studied, is
shown in Fig. 19 along with the variation of wind, tidal and wave-
induced velocities. Peak wind-only bending moment is 95.3 MNm
(21 Jan 2012), whereas peak tidal-only bending moment is almost
60% lower, at 39.5 MNm (10 Mar 2012). The latter occurs during a
spring ebb tide with Hs ¼ 2:95 m, prior to the wave shutdown of
the turbine, and at a wave heading within 20� of the current
heading (see marker in Fig. 19). The combined system peak over-
turning moment is 98.4 MNm occurring on 05 May 2012, the same
time as the second-greatest wind-only overturning moment. The
dominance of wind loads relative to tidal loads is consistent with
our earlier findings [28] although the tidal loads are greater here
due to the different tidal resource model. In this study, wave loads
are also considered and the trend still holds with peak overturning
moment for the combined structure 3% greater than the peakwind-
only overturning moment.
6.2. Extreme load scenarios

Four operational load scenarios are considered for the co-
located structure in Table 4. These scenarios are selected as they
represent different combinations of wind- and tidal-turbines
operating close to rated power and shutdown respectively. These
effectively represent the ‘severe operation’ conditions defined in
[40] and [37] for wind and tidal turbines respectively. A fifth case
for both turbines shutdown is also considered where the tidal
turbine is shutdown due to the Hs shutdown criterion rather than
the shutdown speed criterion. For each shut-down criterion, ‘max’
and ‘min’ refer to the largest and smallest value of the peak load
predicted to occur during each 1-hour combination of environ-
mental conditions.

The vertical variation of force for each of the five load cases of
Table 4 is also shown in Fig. 20. Most notable from these curves is
that the magnitude of force on the submerged section of the
structure is of a similar order of magnitude to the thrust force on
the wind turbine. However, due to the greater moment arm of the
wind turbine thrust, the submerged loads do not contribute
significantly to the net overturning moment. The difference in
height of the submerged loads between the shutdown-shutdown
(case 5) and rated-shutdown (case 2) cases gives an indication of
the resulting splash zone.

Finally, it should be noted that the magnitude of force increases
significantly at the base of the structure, this is due to the horizontal
cross-bracing at the bottom of the structure which presents a
relatively large projected area to the flow. However, since these are
located within the bottom metre of the structure, these do not
contribute greatly to the overturning moment.

For the tidal-only array, the variation of mean moments with
turbine position within the array are considered in Fig. 21. Turbines
at locations 1e5 have the greatest mean loads due to the heading of
the dominant flood tidal current. Turbines on the northern edge of
the array also have greater mean loads than those on the southern
edge of the array due to more occurrences of misalignment of the
flood tide occurring to the north of the footprint heading rather
than to the south. The turbine with lowest mean load is at location
15, for which the load is less than for turbines on the eastern edge of
the array during an ebb tide due to shadowing. The difference in
mean loads for the maximum loaded turbine, location 1 and the
least loaded, location 15 is 0.54MNmor 6.3% of the load seen by the
turbine at location 1. The force probability distributions for these
two turbines are shown in Fig. 22 along with their corresponding
98th percentile loads which give an indication of the peak loads
with a 50 year return period. The 98th percentile loads vary as
28.39 MNm and 27.91 MNm for turbines at locations 1 and 15
respectively, a difference of 1.7%. Given that this maximum 98th



Fig. 19. From top (a) to bottom (e): hourly, time-histories of (a) Wind speed; (b) Current speed (blue) and wave-induced velocity (black); with base bending moment for (c)
combined, (d) tidal-only and (e) wind-only, all at turbine location 1 (see Fig. 16), which experiences the greatest mean overturning moment during the 6-month period of coherent
wind, wave and current data. The five load scenarios as defined in Table 4 are given in order as B;△;�;◊;, for (a) wind speed (black), (b) current speed (red) and wave-induced
velocity (green) and (c) for combined moment (black).
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percentile mean load is around 29% of the combined system's peak
bending moment (98.38 MNm), the reduction in peak load seen by
the combined system if deployed at location 15 instead of location 1
would be less than 1% which is likely to be less than the accuracy of
the model. As such there would be little benefit in terms of peak
(design) moment reduction by placing a co-located structure at
location 15 over location 1.



Table 4
Environmental conditions during operation at near-to -rated and -shutdown speeds for each the wind and tidal turbine located at location 1. For the wind turbine, near-to
-rated operation is defined as 11<Uwrate <20 m/s and -shutdown as 20 � Uwshut <25 in order to increase the number of samples. Similarly, for the tidal turbine near-to
-rated operation is defined as 2:3<Urate <3 m/s and -shutdown as 3 � Ushutdown <5 m/s. For these 4 cases, Hs <3 m was considered. þThe final shutdown-shutdown case
is the extreme case of both turbines parked in shutdown and with Hs >3 m.

Wind Turbine: Rated Rated near-Shutdown near-Shutdown Shutdown

Tidal Turbine: Rated near-Shutdown Rated near-Shutdown Shutdownþ

(max-min) (max-min) (max-min) (max-min) (max-min)

jMj, MNm 82:42� 12:71 98:38� 95:80 68:88� 17:42 88:41� 67:22 95:43� 23:31
Uw (90 m), m/s 11:38� 16:67 11:75� 16:01 21:90� 20:19 20:18� 21:94 32:76� 25:18
Uc (mid-depth), m/s 2:86� 2:65 4:40� 3:56 2:93� 2:58 3:85� 3:19 2:73� 2:50
Uwav (mid-depth), m/s 0:21� 0:01 0:18� 0:01 0:50� 0:00 0:61� 0:23 0:88� 0:00
Hs 1:70� 0:59 1:34� 0:58 2:81� 2:70 2:96� 1:85 3:96� 3:53þ

Tp 12:20� 7:30 8:81� 7:30 11:28� 13:75 12:67� 11:28 12:60� 12:43
qw , �N 150� 274 149� 280 90� 94 84� 97 116� 97
qc , �N 111� 110 111� 113 113� 286 112� 111 111� 287
qwav , �N 129� 73 124� 73 131� 129 130� 129 129� 129
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7. Conclusions

The potential for increasing energy yield from tidal energy sites
by co-deployment of wind and tidal turbines has been assessed in
terms of the magnitude and variability of energy supply and the
loading of support structures. The site considered is located in the
Inner Sound of the Pentland Firth. A standard modelling approach
is used for wind farm energy yield prediction and a turbine wake
superposition model presented for the tidal farm energy yield. The
influence of yaw strategy on tidal farm energy yield was considered
and a slack-tide yaw strategy found to generate 2.6 times greater
energy yield than a fixed yaw system and only 10% less than the
yield available from a continuous system whilst offering a simpler
Fig. 20. Variation in force per unit length with height of the combined structure for
the 5 cases of Table 4. Case 1, case 2, case 3, case 4, case 5.

Fig. 21. Variation in logarithmic temporal-mean overturning moment for each tidal
turbine location (1e20) across the array.
mechanism. The sensitivity to a wave shutdown criterion was also
investigated for a seven month period indicating that constraining
operation to significant wave height less than 2.5m reduced energy
yield by 5%. A more onerous reduction is likely at more exposed
sites.

Energy yield for the co-located array of four wind turbines and
twenty tidal turbines was found to be 70% greater than for the tidal
array alone. Monthly moving averages of the time varying power
for the 3.5 year period exhibited large seasonal variations for the
wind farm, although these generally followed UK power demand.
In contrast, the tidal power variation at this temporal scale
Fig. 22. Probability distributions of the overturning moments for tidal turbines only
with maximum (black) and minimum (grey) mean loads across the array and corre-
sponding 98th percentiles (dashed lines). Histogram shown for turbine number 15
only.
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remained fairly constant with seasonal variation associated with
wind power only.

Support structure loads due to wind, waves and current have
been modelled to assess the loading on a structure supporting both
a wind and tidal turbine relative to either turbine alone. Five load
conditions are identified with maximum load occurring with wind
operating at close to rated-speed and the tidal turbine close to its
shutdown speed. However, the addition of a tidal turbine to a wind
turbine support structure was found to have no significant impact
on either mean or extreme overturning moment due to the larger
moment arm of the wind turbine compared to that of the tidal
turbine. This also meant that despite a 2% variation in loads across
the tidal-only array, this would make negligible impact to loads on
a co-located support structure and so there would be little struc-
tural advantage by situating co-located supports in these more
sheltered tidal locations.

Co-deployment of wind turbines with 60% of the capacity of a
tidal turbine farm results in 70% greater energy yield than a tidal
farm of the same configuration and a reduced variability of power
supply. Such deployment would involve shared support structures
with design loads similar to wind turbine loading substituting tidal
turbine support structures at one-fifth of the positions in the array.
The prospect of attaining higher yield for reduced infrastructure is
encouraging and further analysis is required of the extent to which
commonality of infrastructure, installation processes and power
export affects the economics of such co-located projects.
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