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1.1. Impact assessments

Environmental impact assessments have identi�ed a number of
key physical and biological parameters which could be affected by
feedbacks between in-stream tidal energy extraction and the local
hydrodynamics. Namely: �ow hydrodynamics, sediment dynamics,
arti�cial reef effects and habitat disruption caused by the installa-
tion, operation and maintenance of devices [42,40], the impacts of
which have yet to be successfully quanti�ed. In the region of the
array, 2-D extraction methods will reduce velocities over the whole
water column. In reality the tidal current will increase around the
tidal stream device [5,27], which is reproducible using a 3-D
method [38]. Research by Vogel et al. [46]; identi�es that in order
to match the total power removed by a 2-D array to that removed
by a 3-D array, the 2-D model requires a lower thrust to be applied
to the �ow than the 3-D simulation, which would lead to a higher
�ow speed through the array. Additionally, previous methods
where an enhanced bed friction is used to represent tidal stream
turbines in a 3-D model will ultimately misrepresent the vertical
�ow bypass around the device (i.e [29]; Fig. 1). With the 2-D
method there will be a higher bottom drag associated with the
region of the array, which will have consequences for sediment
transport applications.

The aim of this research is to use a three dimensional (3D) hy-
drodynamic model to quantify the differences between using
depth-averaged and 3-D numerical methods for tidal energy
extraction, in order to help reduce uncertainty within resource and
environmental impact assessments and to highlight when a 3-D
resource assessment is required. Tidal stream extraction is
included in the numerical model using a methodology based on
that developed by Roc et al. [38] which applies the actuator disc
concept to the 3D Regional Ocean Modeling System (ROMS). The
paper applies both methods to an idealised model of an energetic
tidal channel to examine the reliability of depth-averaged tidal
extraction methods when water depth is increased between the
upper and lower limits of �rst generation tidal energy sites (Section
3). The methods are then applied to a regional model of the Pent-
land Firth and the impact of each method on the �ow-�eld is
explored from an environmental impact assessment perspective.
The Pentland Firth has a world-leading tidal stream resource and
hence is of great interest to UK tidal energy development [26]. The
environmental impact focus will be on changes to �ow behavior
with a view to future works on impacts to sediment dynamics.
Sandbanks are important coastal features which are valuable to the
aggregate and �shing industries and also naturally protect
Fig. 1. Illustrated comparison of the consequent vertical tidal current pro�les if 2-D
(solid line) or 3-D (dashed line) turbine modelling methods are used in 3-D ocean
models.
coastlines through the dissipation of wave energy [29].
2. Numerical modelling

This study used the Regional Ocean Modeling System (ROMS), to
compare tidal energy extraction methodologies. ROMS has been
used in recent publications of resource assessments [45,24,37].
However, these works have not considered the variability of the
tidal current resource over the water column. Tidal energy extrac-
tion is paramaterised within the ROMS source code using a method
developed by Roc et al. [38]; described in Section 2.2.
2.1. ROMS

ROMS (Regional Ocean Modeling System) is an open-source 3-D
model which solves the hydrostatic Navier-Stokes equations using
a Boussinesq approximation on a structured horizontal grid with
terrain following sigma layers [41]. ROMS undergoes continuous
development by its active user community led by Rutgers Univer-
sity and the University of California, Los Angeles (www.myroms.
org). It is suitable for a wide range of applications, over a variety
of scales from idealised analytical studies [45] to coastal and
regional domains [31], toolboxes have been created to couple ROMS
with various models, such as the wave model SWAN and sediment
sub-models [47].
2.2. Modelling tidal energy extraction

In this study, an external force (Ft) is applied to the ROMS mo-
mentum equations to simulate the impact of tidal energy extraction
(Equation (1)) [39]. The force of a turbine acting on the �uid (Ft) is
de�ned by Equation (2), where Ct is the dimensionless thrust co-
ef�cient, related to the porosity of the disc by the induction factor a.
a, is a dimensionless quantity ranging between 0 and 1 which
represents the reduction in �ow velocity [19].

In order to account for realistic �ow conditions, it is more ac-
curate to de�ne Ft as a function of the �ow velocity at the disk
location ( Ud

�!
) instead of the unconstrained upstream velocity (U�),

in order for �ow interaction with the turbine structure to be taken
into account.
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AM represents the horizontal eddy viscosity, KM the vertical vis-
cosity, u; v are the velocity components in x and y respectively. z is
the water depth, v! is the mean velocity vector and f is the coriolis
parameter. f is the dynamic pressure which is equal to the total
pressure, P, divided by the background density r0. Ft is the force
being applied over the turbine swept area (AD), characterised by the
dimensionless thrust coef�cient Ct (Equation (2)).

Ct …
Ft

1
2 rADU2

�
… 4að1 � aÞ (2)

Power extraction from the �uid (disregarding any mechanical
losses) can be de�ned as the force multiplied by the rate of work
done. According to the de�nition of the induction factor the
extracted power can thus be described as:



Fig. 2. Comparison of horizontal velocity along the channel domain for both 2-D and
3-D scenarios.
Power … Ft � Ud … 2rAdU3
�að1 � aÞ2 (3)

For the 3-D extraction method, the force was applied over an
area speci�ed in x,y and z directions. A detailed methodology for
the implementation of the turbines within the ROMS model can be
found in Roc et al. [38]. The 2-D tidal extraction was implemented
in the 3-D model by applying the force term over an area in which y
was the water column depth and x was the width of the grid cell
perpendicular to the dominant �ow direction. In this case, the force
term was adjusted accordingly to account for the increased area of
tidal energy extraction. To ensure the amount of energy extracted
by the turbine is equal for both cases the individual input and
output velocities were compared (Table 1; Fig. 2). The support
structure is neglected in this instance in order to enable the method
to be applicable to multiple turbine designs.

The key turbine operating parameters were assumed (Table 1;
Myers and Bahaj [27]). This was not an attempt to represent a
speci�c device, however it was intended to represent a typical �rst-
generation tidal stream turbine.

3. Application to an idealised channel

An idealised channel model is created to compare the two
methods within an environment which is easily quanti�able.
Initially a comparison is made between the two methods to ensure
that both methods are reducing the depth-averaged velocities by
the same amount, before comparing the velocity pro�les and
establishing what impacts there might be on resource and envi-
ronmental impact assessments as a result of these differences
(Section 3.2). Finally, both methods are tested in models which
become progressively deeper. This �nal test determines the
differing levels of accuracy between the methods in increasingly
more complex environments (Section 4).

3.1. Model setup

A channel with dimensions similar to that of the Pentland Firth
is simulated (length of 30 km, a width of 20 km). Initially it has a
constant depth of 30 m, the lower limit of �rst generation tidal
stream sites. Grid spacing (dx; dy) was equal to 100 m (the diameter
of the turbine, plus 5 diameters of spacing either-side) and was 3 m
in the vertical to ensure the area of the turbine was resolved by at-
least 3 evenly-spaced sigma layers. The lateral boundaries were
closed and a free slip condition applied. A constant in�ow of 2 m/s
was imposed at the upstream channel boundary. The downstream
boundary was clamped for depth averaged velocities, and a radia-
tion condition was used for 3-D momentum. The free surface was
clamped to enable the comparison of the two methods without the
�uctuation of the free-surface. A drag coef�cient of 0.0025, similar
to other studies of tidal channel [6], was imposed at the bed and the
model was run for 48 h, long enough for the model to reach a steady
state (where velocities at the turbine location vary less than 1%
between each 10 s time-step).
Table 1
Comparison between mid-depth velocity (U) and depth averaged velocity (U) for
both 2-D and 3-D extraction scenarios.

3-D Method 2-D Method

U-velocity U velocity U-velocity U velocity

TD (m) 10 10 30 30
UIN (m/s) 2.04 2.00 2.04 2.00
UOUT (m/s) 2.02 1.99 2.03 1.99
UD (m/s) 1.55 1.81 1.80 1.81
The turbine array is rated at 0.6 MW and has a rated velocity of
2.5 m/s. It is represented by a mid-depth force term (Equation (2)).
For 3-D tidal extraction, the height of the turbine (TD, equivalent to
the turbine diameter) is equal to 10 m. For the 2-D extraction case
TD is equal to the water depth (30 m). The array of turbines is
located in the middle of the top third of the channel to enable the
wake to freely develop; The blockage ratio (BR), where BR … AD

lengthx;y
,

of the turbine within the channel equates to 5% in x and 3% in y. The
area of the turbine, AD is equal to dx; y � TD.

Adcock et al. [1] recommends boundary lengths of 10 times
those of the turbine array. In order to ensure that the model
boundaries were suf�ciently far from the turbine, multiple model
runs were performed with an increasing BR. The velocities were
extracted at the model boundary and compared with a control (no
turbine) case to ensure that perturbations resulting from the tur-
bine were not ampli�ed by the boundaries.

3.2. Results: velocity pro�le

Both the depth-averaged extraction and 3-D extraction reduce
the depth-averaged velocity �eld across the turbine area by 10%,
from the input velocity of 2 m/s to 1.8 m/s (Fig. 2). The �ow
reduction across the 3-D disc is greater (Fig. 3). This discrepancy,
which in this case is of the order of 30 cm/s, should be considered
when making resource assessments. Wake effects from each
method converge approximately 50 turbine diameters downstream
of the region of energy extraction however a localised acceleration
around the 3-D disc can be observed.

4. Results: idealised tidal energy extraction in deeper water
environments

In this scenario, the depth within the idealised channel model is
increased from 30 m to 60 m and 90 m (in accordance with typical
tidal-stream energy site classi�cations, Blunden and Bahaj [7]). In
each of these three cases, the height (TD) of the 3-D turbine is
increased to maintain a blockage ratio in the vertical of 1=3 [48],



Fig. 3. Vertical �ow bypass around the 3-D turbine (a) and through the 2-D turbine (b). X is scaled by the turbine diameter (X=TD).
and the thrust coef�cient altered accordingly. The velocity for all
cases remains a constant 2 m/s, forced at the upstream channel
boundary. For all cases, both the depth-averaged extraction and 3-D
extraction reduce the depth-averaged velocity �eld from the input
velocity of 2 m/s to � 1:8 m/s.
Fig. 4. Power density for (a) the 3-D method, (b) the 2-D method and (c) the power
difference between the two methods in a channel of 30 m.
4.1. Results: power density

The amount of velocity reduction as a result of tidal energy
extraction increases with water depth for the 3-D method, but
decreases for the 2-D method (Table 2). The difference in velocity
between the scenarios is between 2 and 5 cm/s. The power density
(Equation (4)) is calculated for all cases (Figs. 4e6), where Power (P)
divided by an area is equal to the kinetic energy (KE) of the �ow
multiplied by the velocity (u) within the area speci�ed. The results
of Figs. 4e6 is summarised in Table 2. It is observed that with the
increase in channel depth, the difference between the maximum
calculated power density in the channel increases. The difference in
calculated power density for the two methods ranges from 1.7 kW/
m2 for the original 30 m channel depth case, to 2 kW/m2. With the
calculated power density for the 2-D case equal to 3298 W/m2 and
3405 W/m2 and for the 3-D case the calculated power density
across the disc was equal to 1595 W/m2 and 1406 W/m2 for the
channels with depths of 30 m and 90 m respectively.

P=A … KE$u …
1
2

ru3 (4)
Table 2
Velocity and power difference between the two methods with increasing channel depth

Channel
depth (m)

Free stream
velocity (m/s)

Velocity at turbine (m/s)

2D 3D

30 2 1.86 1.46
60 2 1.87 1.44
90 2 1.88 1.4
5. Case study e Pentland Firth

The Pentland Firth, an approximately 20 km long channel which
separates the Isles of Orkney from the Scottish mainland, connects
the North Atlantic Ocean with the North Sea. The tidal dynamics
.

Velocity difference
(m/s)

Maximum power density
difference (kW/m2)

0.4 1.7
0.43 2.2
0.48 2.6



Fig. 5. Power density for (a) the 3-D method, (b) the 2-D method and (c) the power
difference between the two methods in a channel of 60 m.

Fig. 6. Power density for (a) the 3-D method, (b) the 2-D method and (c) the power
difference between the two methods in a channel of 90 m.
within the Pentland Firth and indeed the Orkney islands are
notorious for their complex tidal dynamics and large tidal resource
[15,30,50]. The tides in the region are predominantly semi-diurnal;
Despite its world leading tidal current speeds, the M2 amplitude of
the vertical tide at the outer-reaches of the Pentland Firth is not
remarkable, 1.02 m at Wick (East) and 1.35 m at Scrabster (West).
Hence, it is the combination of the 2 h phase difference between
the North Atlantic end of the channel and the North Sea end of the
channel (see Fig. 7), and the complex geography resulting from the
existence of many islands and headlands, which serve to further
augment the tidal currents, leading to peak spring current speeds
which exceed 4 m/s, making the Pentland Firth a world leading site
for tidal energy development [26]. Four sites, with a total capacity
of 800 MW, have been leased by the crown estate for development
by tidal energy companies (Fig. 8 a), the largest of which is the Inner
Sound site, a 400 MW site which was leased to MeyGen for devel-
opment in the last quarter of 2014 [12,25]. The Inner Sound of
Stroma is a prominent island channel located between the Scottish
mainland and the Isle of Stroma. Here peak spring currents exceed
3.5 m/s. The capacity of the planned tidal energy development
within the Inner Sound of Stroma is equal to that of the other three
leased sites combined. Depths within the Pentland Firth range from
maximum depths in exceedance of 80 m in the main channel to
depths of 30 m in the Inner Sound which shoal gradually towards
the coastline.

The Carbon Trust [44] predicts that the tidal resource of the
Pentland Firth, accounting for constraints on the extraction of tidal
energy (i.e: water depth, grid connections, shipping pathways and
�ow velocity), will make up 30% of the UK's practical energy
resource.

6. Application to the Pentland Firth

6.1. Model setup

The Pentland Firth model has a longitudinal resolution of 500 m
and a variable latitudinal resolution, approximately equal to 500 m.
The model domain extends from 1:3+ W to 4+ W and from 58:3+ N
to 60:3+ N (Fig. 8). Bathymetry for the Pentland Firth was provided
by the General Bathymetric Chart of the Oceans (GEBCO) 30 arc
second data set. The vertical resolution was de�ned by 10 sigma
layers, providing a resolution of approximately 3 m in the Inner
Sound. The model was nested inside a North West European Shelf
model which had a resolution of approximately 3 km, with one-
way M2 and S2 tidal elevation and tidal current forcing at the
boundaries. The validation of the outer model (full results not
presented here) for the semi-diurnal M2 and S2 tidal constituents
were 17 cm and 5 cm for amplitude and 2+ and 6+ for phase when
compared with 12 in-situ tide gauges. After the initial run without
tidal energy extraction (the control), the model was re-run with 2-
D and 3-D tidal energy extraction. A 300 MW tidal array was
implemented within the area of the Inner Sound leased by the
Crown Estate [12].

6.1.1. Model validation
The M2 and S2 constituents separated using the harmonic

analysis software T_TIDE [33], were compared with 9 tide gauges
located around the Orkney domain and the results given in Table 3.
Additionally, the depth averaged velocities at three ADCP locations
(see Fig. 8 a) were validated following the principal components
analysis method prescribed by Boon [8]; (see Fig. 9).

The RMSE for M2 and S2 amplitudes were 7 cm and 3 cm and for
phase were 13+ and 12+ with Scatter Index values of less than 10%
for S2 amplitude and phase and � 6% and � 12% for M2 amplitude
and phase respectively.

The modelled depth averaged current amplitudes and phases
were validated using current and direction measurements from
three 30 day ADCP deployments. The devices were deployed within
the centre channel of the Pentland Firth by Guardline Surveys on
behalf of the Navigation and Safety branch of the Maritime and
Coastguard Agency. Each mooring is separated by � 8 km. As would
be expected, the modelled results show much less variability than
the observational data. Overall, it is promising to observe that both
magnitude and direction are reasonably represented by the model.
The RMSE of the tidal current speed amplitudes and phase for the
M2 and S2 constituents were 21 cm/s, 4 cm/s and 5+, 13+

respectively.

6.2. Results for the baseline case

The model was initially applied to a case with no tidal energy
extraction, hereafter referred to as the control scenario, in order to
understand the residual circulation and theoretical available kinetic
energy before tidal energy extraction. The mid-depth 3-D velocities






















