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A B S T R A C T

The tidal energy sector is a growing industry in the UK and beyond. Energy developers’ interests are progressing
towards the deployment of large arrays of tidal energy converters (TECs). Numerous factors will affect decision
making related to arrays siting and size. One key factor is the effect that the TEC arrays may have on the natural
sediment transport patterns and the sea bottom morphodynamics. The Inner Sound Channel located between the
Island of Stroma of Pentland Firth and the Scottish Mainland (UK) has been accredited for a large-scale TEC array
installation to be developed in the future. Three morphodynamically active, large sandbanks are located in the
Inner Sound channel. This study investigated the impacts of tidal energy extraction from a large array of TECs on
the sediment dynamics and morphology of these sandbanks. A large-scale 3D hydrodynamic and morphody-
namic Delft3D model was set up to computationally model Pentland Firth, Inner Sound Channel in order to study
the impacts of tidal energy extraction from a generic TEC array, on the existing hydrodynamic and morpho-
dynamic regime. A range of hypothetical energy extraction scenarios was modelled. Results reveal that the
changes to morphodynamics of these sandbanks as a result of large scale tidal energy extraction far exceeds the
morphology change under the natural hydrodynamic regime and that the severity of morphology change de-
pends on the level of energy extraction.

1. Introduction

Tidal stream technology has a reliable and promising power po-
tential and has undergone intensive academic research over the past
decade. Commercial interests have now moved towards planning of
large arrays of tidal energy converter (TEC) deployments. Numerous
factors, many quite uncertain at the moment and linked to site speci-
fications, will determine the array location, size, layout and TEC op-
erating characteristics. One such factor that will play an important role
in decision making is the impact of TECs on the ambient marine en-
vironment (e.g. hydrodynamics; biological receptors; sediment trans-
port dynamics) [1–4].

Numerical models are a well-established tool to study the impact of
tidal energy extraction on the marine environment [5–8]. However,
limited research has been done on the impact of TECs on sediment
dynamics, due to the limited availability of natural sediment transport
information at potential TEC deployment sites. However, potential
changes to natural sediment transport processes and sea bottom mor-
phodynamics as a result of the altered tidal flows in TEC array sites
cannot be disregarded as they may also have significant impacts on the

sea bed morphology and the marine ecological environment.
There are a few previous studies on the impact of tidal energy ex-

traction on sediment transport. Neill et al. [9], using a 1D model,
modelled the impact of a TEC array on sea bed morphodynamics in the
Severn Estuary (Bristol Channel, UK). They found that maximum sea
bed changes did not exceed 0.1 m in areas of strong tidal asymmetry
over a lunar month, but bed changes were still noticeable even 50 km
away from the array. Neill et al. [6,10] applied a 3D model and studied
the impact of a large array of TECs (rated 300 MW) on the maintenance
mechanisms of headland associated sandbanks in the Channel Islands.
The maximum sea bottom change was ˜0.01 m in the vicinity of TECs
and in a larger area (100 km2), after half lunar month. Following on,
Robins et al. [4] used a 2D model to study the effect of TEC arrays on
sediment transport processes, in the Anglesey Skerries channel (Wales,
UK). They found that the sediment transport capacity rates changed less
than the natural variability range, for small array deployments of
10–50 MW. However, the changes exceeded the natural range for array
sizes over 50 MW and changes were seen as far as 10 km away from
TECs. On the other hand Fairley et al. [11,12] studied the cumulative
impacts of 4 TEC arrays on sandbank dynamics of the Pentland Firth
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(Scotland, UK), by using a 3D numerical model. The model output
showed that bed level changes up to 0.2 m can occur at those sand-
banks, which is not significant compared to natural changes, at least at
this site. Martin-Short et al. [13] used a 2D model to investigate the
impacts of TEC arrays on sediment carrying capacity of the Inner Sound
Channel of Pentland Firth, UK. They found that arrays in excess of 85
turbines influenced bed shear stress patterns, concluding that the de-
celerated flows through TECs may deposit sediment from the edges of
the Inner Sound towards its centre in array areas.

The present research used the Pentland Firth, Inner Sound channel
(Scotland, UK) between the Scottish Mainland of the UK and the Island
of Stroma (Fig. 1) as the test study site to investigate morphodynamic
impacts of tidal energy extraction. The Inner Sound has been re-
cognized as an excellent location for a commercial development of a
TEC array by 2020 [14]. The proposed TEC array lies close to three
large sandbanks. The objective of this study is to investigate the impacts

of tidal energy extraction from a generic array of horizontal in-stream
TECs on sediment dynamics and bed change of those sandbanks. A 3D
hydro-morphodynamic model Delft3D [15] was set up for the Pentland
Firth, Inner Sound channel. TECs effect was parameterized in the model
as an added volumetric sink term in the momentum conservation
equations. The thrust coefficient CT, which represents the level of en-
ergy extraction from a TEC, is linked to the equivalent coefficient in the
momentum sink term in Linear Momentum Actuator Disc Theory
(LMADT) for energy reduction [16,17]. We modelled five energy ex-
traction scenarios by using a range of thrust coefficients.

The paper is organised as follows: Section 2 gives a detailed de-
scription of the test study site; Section 3 describes the numerical model
set up used in this study; Section 4 presents the most significant impacts
of the TEC array on the hydrodynamic environment of the Inner Sound;
Section 5 presents the effect of TECs on the morphodynamic environ-
ment of the sandbanks and Section 6 concludes the paper.

Fig. 1. a) Upper Figure: “The Pentland Firth site.” W 4°30' - W 1°42' and N58°30'- N59°18'. Google Earth. Taken December, 2018; b) Upper left figure: “United
Kingdom.” W11°- W1° and N51°- N59°. Google Earth. Taken December, 2018; c) Lower Figure: “The Inner Sound channel.” W 3°18' - W 2°58' and N58°37'48”-
N58°43'48”. Google Earth. Taken December 2018. White lines denote the extent of the sandbanks A, B, C found in Inner Sound.
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2. Field site: the Pentland Firth, Inner Sound channel

The Inner Sound channel in Pentland Firth separates the Island of
Stroma and the north coast of Scottish Mainland (Fig. 1). Water depths
between 25–30 m coupled with fast moving tidal flows found in the
central parts of the channel, provide very favourable site characteristics
for TEC deployments [18–20].

2.1. Hydrodynamic environment

Semi-diurnal tides are predominant in the Inner Sound, with the
highest tidal range occurring to the west and the lowest to the east of
the channel. Mean spring tidal range recorded at the nearest tidal gauge
is 2.88 m. Due to different tidal ranges and phases at the ends of the PF
channel, tidal currents of up to 8 ms−1 are generated in places in re-
sponse to 2.5 m head drop during a tidal cycle. Maximum currents at
flood phase travel north-east and at ebb phase north-west in the
channel. Currents differ in strength and direction at each phase of the
tidal cycle, indicating a significant tidal current asymmetry in large
areas inside Inner Sound [21]. The residual currents over a tidal cycle
confirm the presence of a large anticlockwise cyclonic eddy eastwards
and a smaller scale clockwise anti cyclonic eddy westwards of the Inner
Sound [22]. An energetic wave climate approaches the channel from
the west but most areas in the middle and to the east side of the Sound
appear to be more protected from incoming waves [23]. Water depth in
the channel vary from ˜75 m below mean sea level (MSL) northward to
˜25–30 m in central areas.

2.2. Morphodynamic environment

Three large sandbanks (A, B and C) located in the Inner Sound
channel dominate the local morphological environment [14]. The re-
maining areas are found to be largely bed rock (Fig. 1). The sandbanks
predominantly consist of coarse sand and fine gravel with D50 values
between 2–5 mm (British Geological Survey (BGS), 2013). The sedi-
ment transport and morphodynamic environment of those sandbanks
have been extensively modelled using Delft-FLOW (MOR) in 3D, in
Chatzirodou et al. [20,21] where a full description of the sediment
dynamics and morphology change can be found. It was found that all
three sandbanks are morphodynamically active under the prevailing
natural hydrodynamic regime where Sandbank A is the most active
while Sandbank C is the least active. Sediment transport rates of the
order of 10−3 m3/m/s were modelled on both Sandbanks A and B at
various phases of a tidal cycle. Over a period of two spring-neap tidal
cycles, the cumulative bed changes were found to be up to 2 m.

Fig. 2 presents a conceptual model of the natural sediment pathways
that occur on Sandbanks A and B [20,21]. Around the sandbank A, net
bed load transport is present on the southern flank, at flood phase and
on the northern flank, at ebb phase. The two net ebb- and flood-
dominated sediment transport pathways create a convergent zone,
where sediments rest towards the middle areas of the bank
(Fig. 2upper). Erosion mostly occurs on the flank regions and accretion
occurs towards the central parts of the sandbank. Around the sandbank
B, net ebb transport is present on the western flank and net flood
transport on the eastern flank. The two mobile zones create an inner
boundary where sediments are deposited. Erosion mostly occurs on the
western flank with sediments resettling towards the central and north-
eastern parts of the sandbank (Fig. 2lower). The reader is further re-
ferred to Chatzirodou et al. [20] for a full description of sediment dy-
namics and morphology change of sandbanks under the natural hy-
drodynamic regime.

It is clear that sandbanks are the predominant feature of the natural
sedimentary and ecological environment of this area. Therefore, any
changes to the natural tidal regime due to TEC installations may have
significant impacts on their sustainability and integrity and also on the
existence of benthic communities found on them.

3. Numerical modelling methodology

3.1. Model description

The open source Delft3D FLOW module, including the morphology
(MOR) suite used in this study utilizes a finite difference representation
of the unsteady swallow water equations in 2D and 3D to compute
sediment transport processes (bed load rates in present case) and
morphological changes [15]. For the 3-D flow simulation the system of
equations reads:
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where uand are the horizontal velocities in x and y direction; is
the vertical velocity in -coordinates; Px , Py are the horizontal pressure
gradients approximated by the Boussinesq assumptions; O is the re-
ference density; Fx , Fyequal to the horizontal viscous forces presenting
the unbalance of the horizontal Reynold’s stresses; Mx , My are external
forces added as source or sink terms in the momentum equations;
vv back, is the minimum background value for the vertical eddy viscosity;
f presents the Coriolis parameter; is the water level above the re-
ference plane = 0 and H is the total water depth.

3.2. Multi-scale model domain set up and model parameters

The model domain extends from 58°00′N to 60°00′N and from
5°44′W to 1°32′W with grid resolution from 2000 m and 200 m in
deeper areas in Pentland Firth (Domains A, B) to 20 m in Inner Sound
(Domain C) (Fig. 3). Domains A, B and C run in a fully coupled mode
with domain decomposition process [24]. The model domain is forced
along the open boundaries (Fig. 3) by astronomic tidal elevations from
the TPXO 7.2 Global Inverse Model [25], based on the major semi-
diurnal (M2, S2, N2, K2) and diurnal (K1, O1, P1, Q1) tidal con-
stituents. Model bathymetry data are provided by The Crown Estate
(TCE), UK at a very fine grid resolution of 20 m x 20 m (Fig. 4).

The spatial resolution of the largest computational domain (Domain
A) is 2 km while that of the Domain C is 20 m. The boundaries of
Domain C were carefully selected to avoid any sediment influx or
outflux. As the all seabed areas other than sandbanks consist of bedrock
and are free of sediment, sediment transport takes place only in areas
associated with sandbanks. The flow depth is divided into 10 sigma
layers. The key model parameters were calibrated and validated using
flow and water level measurements at a number of locations within the
model domain. It was found that a Chézy bed friction coefficient of
50 m 1/2 s−1 and a horizontal eddy viscosity value of 5 m2s−1 gave the
best model performance. Considering the sediment transport regime
and sediment sizes at site Van Rijn (1993) sediment transport formula is
used. Focusing only on short term impacts the total simulation time of
30 days is used with simulation time step of 0.2 min. Model details and
simulation conditions are summarized in Tables 1 and 2. Further details
of the hydro-morphodynamic model setup and extensive model vali-
dation against hydrodynamics measured at and around the study site
are found in Chatzirodou and Karunarathna [22] and [26]. Model va-
lidation reveals that it is capable of reproducing hydrodynamic condi-
tions very accurately.
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3.3. Turbine representation in the model domain

TECs are included in the water column as porous discs, along the
internal boundary of two computational grid cells, as devised by
Delft3D modelling suite [24,27]. Delft3D FLOW module incorporates a
porous disc (TEC) by adding a quadratic momentum loss term M M,x y in
the right hand side of the horizontal momentum conservation equations
2, 3 [24]. For the rest of our description we will use the single term
TEC.

The steady-state subcritical flow rate Q passing through the TEC
region placed normal to the flow is related to the difference between

the upstream and downstream water levels as follows [24]:

=Q µA g2 | |D u d (4)

where AD equals to the swept area of the TEC; µ presents a di-
mensionless contraction coefficient ( µ0 1) and | |u d is the local
water level difference between upstream and downstream of TEC.
Power extraction by the turbine rotor from water is manifested as a
pressure drop thus creating a lower velocity behind the rotor plane,
which in turn manifests as a thrust force. Owing to the pressure drop,
momentum is reduced. The pressure is assumed to be uniform over the
area of the disc. Consequently, the control volume expands to satisfy

Fig. 2. Conceptual model of the sediment pathways occurring on the sandbanks A (upper) and B (lower) under natural tidal flows. Red and black arrows indicate the
magnitude and direction of the ebb- and flood-dominated sediment transport patterns respectively.
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Fig. 3. Multi-scale computational domain set up. A: Large scale model covering the entire continental shelf (2 km x 2 km), B: Pentland Firth model (200 m x 200 m),
C: Inner Sound channel model (20 m × 20 m). Red lines denote the open boundaries and green lines denote the coupled internal boundaries used in domain
decomposition process.
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mass conservation thus inducing a wake. It is assumed that TEC is “sub-
grid” and that the Mx retarding force felt by the flow, due to the de-
ployment of a single TEC normal to the flow (in y- direction) will locally
equilibrate with the pressure head drop as follows [24]:

=M g
x

| |
x

u d
(5)

Substituting | |u d term from Eq. (4) into Eq. (5), Eq. (5) becomes:

=M Q
µ A x2X

D

2

2 2 (6)

Considering now =Q U U A| |m n m n D, , , Eq. (6) turns into:

Fig. 4. Numerical bathymetry generation. The hydrodynamic grids (A, B, C) are mapped onto bathymetry data available at 20 m x 20 m grid resolution. The colour
bars indicate the water depth values.
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in which = ( )Closs U µ
1
2

1
2 is a constant uniform resistance coefficient

term; Um n, is the horizontal velocity (x-component) normal to the sub-
mersed TEC (in y- direction) and U| |m n, equals to the magnitude of the
horizontal velocity (x-component) in each σ-layer occupied by the TEC.
The Closs U coefficient should represent the properties of an actual TEC.
We selected the most appropriate Closs U value by use of the Rankin-
Froude LMADT principles which have been widely applied in literature
[7,28–30] to parameterize the effects of horizontal in-stream TECs in
2D/3D shallow water numerical models. According to LMADT [16,17]

(Fig. 5) the thrust force FT felt by the flow, due to the presence of a TEC
modelled as a porous disc is defined by:

=F A u C1
2T D T

2
(8)

Where is the water density, AD is the swept area of the TEC,
=C a a4 (1 )T determines the thrust coefficient of the TEC with

=a u u
u

1 ; and u is the free stream velocity upstream of the TEC region
(Fig. 5). Reworking =C a a4 (1 )T , the a factor is written in terms of
the CT coefficient as follows [31]:

=a C1
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By use of the definition of a factor and Eqs. (9) and (8) becomes:
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where C is a resistance coefficient, felt by the bypassing flow through
the TEC region, for

each CT value and u1 is the horizontal velocity normal to the TEC
(Fig. 5).

We combine Eqs. 7, 10 as follows:
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in which n equals to the total number of σ-layers occupied by the TEC
area and surface, bottompresent the upper and lower σ-layers expanding in

the TEC region. By use of =( ) U U u| |n m n m n
1
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Eqs. (12) and (13), Closs U is defined as:
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By selecting the thrust coefficient CT for a real TEC replaced by a porous
disc, we can assign a value to the Closs U . The thrust force felt by the
flow in the TEC region is highly dependent on the Closs U and the inflow
velocities. Similar quantities are defined for a single turbine located in

Table 1
Delft3D FLOW parameters used in the hydrodynamic model set up of the study
area.

Key Model Parameter Value

Grid size Domain A: 2 km × 2 km (2D)
Domain B: 200 m × 200 m (3D)
Domain C: 20 m × 20 m (3D)

Vertical distribution profile 10 even σ-layers
Simulation time 09/09/2001 - 09/10/2001
Time step 0.2 min
Chézy bed friction 50 m 1/2 s−1

Background horizontal eddy viscosity vH back, Domain A: 10 m2s−1

Domain B: 5 m2s−1

Domain C: 1 m2s−1

Density Barotropic
Turbulence Closure Model (TCM) κ-epsilon

Table 2
Delft3D FLOW (MOR) parameters used in the morphodynamic model set up of
the study area.

Key Parameter Value

Mobile Sand Availability Sandbanks A,B,C
Sediment transport formula Van Rijn (1993) (only bed load rates)
SED50 (space-varying) Sandbank A: 3 mm & 2 mm

Sandbank B: 4 mm
Sandbank C: 4.75 mm
Non-erodible regions: 9mm

Initial sand layer thickness Space-varying
Initial non-erodible layer thickness Zero
Bed level updating Yes (at each computational time step)

Fig. 5. Classic LMADT (Description of the properties of a TEC device in an unbounded flow pattern).
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the x- direction or along a line segment at an angle of an integer mul-
tiple of 45° with the x- direction to calculate Closs V and Closs U V, coef-
ficients respectively. However, it is worth noting that there are certain
assumptions specific to the TEC representation as a porous disc inside
the model domain and these are summarized as follows; A physical
porous disc introduces higher turbulent intensity values inside the
wake, directly downstream from the disc region, in contrast to a porous
disc modelled in the Delft3D FLOW module [29,32]; The horizontal
grid size is larger than the vertical grid size, thus the TEC is represented
by a rectangular rather than a circular shape in the water column [33];
The width of the vertical σ-layers varies according to each phase of the
tidal cycle. As a result, the modelled TECs will rise and fall slightly in
the water column at flood and ebb phase. The swept area of a TEC will
further increase at flood tide and decrease at ebb tide, due to σ-grid
vertical discretization. However, for calculations, it is assumed that the
swept area is the same throughout the tidal cycle [34]; Variable CT
represented by Closs U are not supported in the Delft3D FLOW module,
thus a constant coefficient is chosen for each energy extraction sce-
nario. It is also assumed that a TEC will produce energy even at the
lowest and highest tidal currents, since ‘cut in’ and ‘cut off’ velocities for
TECs in operation are not included in computations; The scale of the
processes modelled is in order of few hundred meters. Therefore, the
model is reliable to evaluate far-field instead of near- field effects. Fi-
nally, TECs are assumed to be of horizontal-axis type. Most of the full-
scale demonstration devices operate with a horizontal-axis rotation
which suggests them as the most promising design to date [35]. Also,
TECs support structures effects are not included in the model.

3.4. Modelled tidal energy extraction scenarios

In 2010 the Crown Estate leased a number of sites for tidal stream
energy development projects in the Pentland Firth and Orkney Waters
(PFOW) in the UK, with a potential total power generation capacity of
1.6 GW [36]. Amongst potential developers MeyGen Limited was
awarded an Agreement for Lease (AFL) to develop a 400 MW hor-
izontal-axis TEC array by 2020 in Inner Sound Channel [14]. In the
present study, impacts of a generic TEC array on the morphodynamics

of the MeyGen lease site in the Inner Sound are modelled. To develop
the TEC array, 28 rows with 200 TECs of 20 m diameter (D) turbines
were added to the model in a staggered arrangement (Fig. 6). It should
be noted that both the TEC array and turbine characteristics used in this
research do not correspond to any real tidal energy development project
however, values used represent the most commonly considered turbine
and array scenarios studied to-date.

In Fig. 6, row numbers (RN) have been assigned to the array con-
figuration to be able to comment on the results shown and discussed in
Section 5. We ensured that each TEC occupied one grid cell in the
model domain to account for possible interactions between TECs within
the array, still though to a limited extent considering simplicity of the
energy extraction model (see limitations of the model in Section 3.3).
For generic array and device conditions, intra-row spacing is set to 2.5D
and array-row spacing to 10D [37]. In the vertical water column, a
minimum of 5 m top and bottom clearance is allowed [37]. To represent
different levels of energy extraction, five scenarios (SA-SE) were mod-
elled with a gradual increase in CT , from a minimum (0.18) to a max-
imum (0.85) value assigned to each scenario. The selection of the thrust
coefficient is based on Waldman et al. [38] and [39]. All scenarios
tested with CT and equivalent Closs U V, are summarized in Table 3. The
maximum CT value of 0.85 is used as this is the value that has been
agreed from the generic TEC (D= 20 m) thrust curve, at a rated current
speed of 2.5 ms−1 to be used in wave and tidal energy developments
sites in the Pentland Firth [40]. It should also be noted that no ex-
perimental results were available in present study for further CT eva-
luation.

Fig. 6. TEC array configuration and row numbering used in the model.

Table 3
Modelled tidal energy extraction scenarios inside the Inner Sound channel.

a/a Scenarios CT Closs-U,V

0 NE – –
1 SA 0.18 0.10
2 SB 0.45 0.30
3 SC 0.64 0.50
4 SD 0.77 0.70
5 SE 0.85 0.90

A. Chatzirodou, et al. Applied Ocean Research 91 (2019) 101882
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Fig. 7. Differences in horizontal velocities (m/s) between ‘worst case’ SE scenario and ‘no energy extraction’ NE scenario at spring ebb phase (19/09/2001 02:40), at
a) the surface and b) the bottom layer. The colour bar indicates the magnitude of velocity differences and arrows indicate altered velocity vectors of the ‘worst case’
SE scenario. Grey circles denote TECs location. For full row numbering refer to Fig. 6.
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In the analysis given in Section 5, the main focus is to identify the
effects on the hydrodynamics and sandbank morphodynamics in the
Inner Sound, resulting from the highest energy extraction (SE) scenario
(‘worst case’) relative to the ‘no energy extraction (NE)’ scenario and
then to investigate the extent of the effects of other scenarios (SA-SD)
when compared to the ‘worst-case’.

4. Three dimensional hydrodynamic effects of TEC array in the
Inner Sound

This section describes the effects of ‘worst case’ energy extraction
scenario on the three-dimensional hydrodynamic regime of the Inner
Sound, focusing on the areas where sandbanks are located. The altered

Fig. 8. Differences in horizontal velocities (m/s) between ‘worst case’ SE scenario and ‘no energy extraction’ NE scenario (SE-NE) at spring flood phase (19/09/2001
08:00), at a) the surface and b) the bottom layer. The colour bar indicates the magnitude of velocity differences and arrows indicate altered velocity vectors of the
‘worst case’ SE scenario. Grey circles denote TECs location. For full row numbering refer to Fig. 6.
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transient and residual (mean) tidal flows in the Inner Sound at the
maximum spring tide on 19/09/2001are presented and discussed.

4.1. Effects on tidal hydrodynamics

Figs. 7 and 8(a, b) show the differences in surface and bottom
horizontal velocities between SE and NE scenarios (SE-NE), at spring
ebb and flood phases. Positive values indicate increase in current speed
while negative values indicate reduction as a result of energy extrac-
tion. At ebb phase (19/09/2001 02:40) maximum surface currents
passing through RN 1-10 of the array are highly affected where velocity
reduction as a result of energy extraction reaches 1.5 ms−1. Surface
velocities to the north of RN 1-10 are approximately four times higher
when energy is extracted, increasing up to 1.6 ms−1 and by less than
0.8 ms−1 to the south of the array. To satisfy volume conservation,
surface velocities decrease by up to ˜ 25% with 1.2 ms−1 loss in the
west array-wake region and 0.8 ms-1 loss in the east array-wake region

(Fig. 7a). The spatial distribution of change of ebb current patterns at
the surface and bottom as a result of energy extraction remains the
same although surface velocity magnitudes have changed more than
the bottom velocities. Bottom velocities increase approximately three
times by up to 0.9 ms-1 in the north-west part of the array and less than
0.6 ms-1 at the southern array boundary. Maximum velocity decrease as
a result of energy extraction in the westward wake region is 0.9 ms−1(˜
23% from NE currents) (Fig. 7b).

It is worth noting that the changes in free surface levels between SE
and NE at ebb (not shown) are very low compared to the mean spring
tidal range of ˜2.88 m and local depths of ˜25-75 m. Ebb tide water
levels decrease by less than 19 cm to the south-west, close to the
Scottish mainland and increase by up to 8 cm towards the north-west
exit of the Inner Sound channel. This results agree with previous studies
done elsewhere, where surface elevation differences between energy
extraction and no energy extraction were found to be not significant
[e.g. 5,7,28,41–43].

Fig. 9. Differences in residual velocities (m/s) between ‘worst case’ SE scenario and ‘no energy extraction’ NE scenario (SE-NE) over a spring tidal cycle (19/09/
2001), at a) the surface and b) the bottom layer. The colour bar indicates the magnitude of velocity differences and arrows indicate altered velocity vectors of the
‘worst case’ SE scenario. White arrows indicate the rotational direction of the residual eddies of the ‘worst case’ SE scenario. Grey circles denote TECs location. For
full row numbering refer to Fig. 6.
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At flood phase (19/09/2001 08:00) (Fig. 8a,b), the maximum dif-
ferences between the currents for SE and NE scenarios are seen closer to
RN 15–20 of the array, where highest amount of energy is extracted
from the north-east part of the array. Surface free stream velocities are
approximately 6.6 times higher, increased by over 3.3 ms−1 in the lee
of the Island of Stroma and by 1.9 ms-1 towards the North-East. Surface
velocities have decreased up to 55%, with 3 ms-1 loss in the east array-
wake region (RN 15–27) and 0.6 ms-1 in the west array-wake region
(RN 1–14) (Fig. 8a). Similar to the ebb phase, the spatial distribution of
change of flood current at the surface and bottom layers is similar.
Bottom free-stream currents increase around 6.6 times by up to 2.5 ms-1

north-eastward of the TEC array and 0.35 ms-1 southward, close to
Scottish mainland as a result of energy extraction. Maximum velocity
reduction in the east array-wake region is close to 1.7 ms-1 (˜ 55%)
(Fig. 8b).

The differences in free surface flood levels between SE and NE
scenarios are higher than that at ebb phase. Flood tide water levels

increase up to a maximum of 36 cm towards the south-east exit of the
Inner Sound and decrease up to 24 cm to the north-east exit of the
channel. However, it can still be considered insignificant, compared to
the deep water depths in this region.

4.2. Effects on residual tidal flows

Residual tidal flows are important for sediment transport. Fig. 9(a,
b) shows the differences in surface and bottom residual (mean) cur-
rents, between the SE and NE scenarios, over a tidal cycle at maximum
spring tide (19/09/2001) where the currents can be the highest. Sur-
face residual currents decrease by up to 0.6 ms−1 (˜ 90%) through the
east part of the TEC array (RN 22–27) as a result of energy extraction.
The most significant surface residual flow velocity reduction is seen to
the north of the east part of the TEC array (RN 16–25), at the lee of
Island of Stroma, where velocity is reduced by up to 1.0 m/s as a result
of energy extraction. Despite local variations in residual currents

Fig. 10. Differences in bed load transport rates (m3/s/m) between ‘worst case’ SE and ‘no energy extraction’ NE scenarios (SE-NE); at maximum spring (19/09/2001)
a) ebb (02:40) and b) flood (08:00) tide on the sandbank A. The colour bar indicates the magnitude of sediment transport rates differences. The dashed grey line and
grey circles denote the extent of the TEC array layout and the position of TECs. For full row numbering refer Fig. 6.
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Fig. 11. Differences in residual bed load
transport rates (m3/s/m) between ‘worst case’
SE and ‘no energy extraction’ NE scenarios (SE-
NE), over the tidal cycle at maximum spring
tide (19/09/2001), on the sandbank A. The
colour bar indicates the magnitude of sediment
transport rates differences. The red and black
arrows define the sediment transport vectors at
‘worst case’ SE and ‘no energy extraction’ NE
scenarios respectively.

Fig. 12. a) Differences in sea bed change (m) between ‘worst case’ SE and ‘no energy extraction’ NE (SE-NE) scenarios, at the end of one month simulation period
(from 09/09/2001 to 09/10/2001), on sandbank A. b) Natural sea bed change (m) at ‘no energy extraction’ NE scenario, at the end of one month simulation period
(from 09/09/2001 to 09/10/2001), on sandbank A.
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through west TECs, the residual anti-cyclonic eddy observed westward
in Inner Sound at NE scenario [26] is still maintained.

The effects of energy extraction on bottom residual flows also are
more pronounced at the eastern side of the array where a velocity re-
duction in the array region (RN 20–27) of around 0.4 ms−1 and to the
north of the array of up to 0.6 ms-1 can be seen. The spatial variability
of the surface and bottom residual current change as a result of energy
extraction is very similar.

5. Effects of TECs on sandbanks dynamics in the inner sound

Changes to the transient and residual tidal currents can change se-
diment dynamics of the sedimentary areas of the Inner Sound. In the
analysis presented below the effects of TECs on tidally driven sandbank
dynamics in the Inner Sound are described, taking the’ worst case’ SE
scenario. The cumulative effects of sediment transport over the simu-
lation period of one month on the morphology of the sand banks A, B
and C are discussed in terms of total bed level change of each sandbank.

5.1. Sandbank A: effects on sediment transport patterns and morphology
change

Sandbank A is located to the eastern side of the turbine array con-
sidered in this study. Fig. 10 shows the differences in bed load transport
rates on the sandbank A between ‘worst case’ SE and ‘no energy ex-
traction’ NE scenarios (SE-NE) at spring ebb and flood phases. At
maximum ebb phase (19/09/2001 2:40) a notable decrease of ˜ 85% in
bed load transport rates on the west wedge of the sandbank A as a result
of energy extraction can be seen (Fig. 10a). As a result of localised in-
crease in current velocities (see Section 4.1), sediment transport rates
increase by a factor of 2.5 at the south-west and north flank of the
sandbank, while minor reductions in transport rates are observed fur-
ther upstream at the eastern flank. It is important that despite the ob-
served variations in sediment transport rates, ebb dominant sediment
transport patterns on the sandbank A remain unaffected (Fig. 10a). At
maximum flood phase (19/09/2001 08:00), sediment transport rates at
the northern part of sandbank A increase while that at the southern part

Fig. 13. Differences in bed load transport rates (m3/s/m) between ‘worst case’ SE and ‘no energy extraction’ (SE-NE) scenarios, at maximum spring (19/09/2001) a)
ebb (02:40) and b) flood (08:00) tide, on the sandbank B. The colour bar indicates the magnitude of sediment transport rates differences. The dashed grey line and
grey circles denote the extent of the TEC array layout and the position of TECs. For full row numbering refer Fig. 6.

A. Chatzirodou, et al. Applied Ocean Research 91 (2019) 101882

14



reduce, showing a clear boundary of erosion and deposition regions
(Fig. 10b).

Fig. 11 shows the differences in residual bed load transport rates on
the sandbank A between ‘worst case’ SE and ‘no energy extraction’ NE
scenarios over the tidal cycle at maximum spring tide (19/09/2001).
Two clear regions of decrease of residual transport can be seen. Com-
parison between SE and NE shows that residual transport decreased by
up to 67% in the north-west region of the sandbank. The change in
residual transport then led to areas of erosion and deposition of the
sandbank. The maximum cumulative accretion and erosion at the end
of one month simulation period (09/09/2001-09/10/2001) were 0.8 m
and 1.0 m respectively (Fig. 12a). Erosion and accumulation were lo-
calised to different areas of the sandbank however, it can be seen that
the bed level change of the sandbank as a result of energy extraction is
significant. In Fig. 12b, cumulative natural sea bed change on sandbank
A over the same period is shown. Comparison of Fig. 12a and b confirms
that natural sediment dynamics and spatial distribution of accretion/
erosion of sandbank A are significantly affected by the TEC array al-
though the scale of change remains largely unaffected.

5.2. Sandbank B: effects on sediment dynamics and morphology change

Sandbank B is located at the western fringe of the turbine array.
Fig. 13 shows the differences in bed load transport rates on the sand-
bank B between ‘worst case’ SE and ‘no energy extraction’ NE scenarios
at spring ebb and flood phases. At maximum ebb phase (19/09/2001
2:40), bed load transport rates decrease by about 54% on the west flank
of the sandbank, due to flow deceleration downstream of the TECs as a
result of energy extraction (RN 4–14). Bed load transport rates increase
by a factor of 1.8 in the middle south-westward area and across the
eastern flank of the sandbank (Fig. 13a), following local increases in
current velocities (see Section 4.1). However, despite the observed
changes in transport rates, ebb dominant spatial sediment transport
patterns on the sandbank B are not significantly affected by tidal energy
extraction.

At maximum flood phase (19/09/2001 08:00), sediment transport
rates decrease as a result of energy extraction almost at the entire
sandbank area with transport rate diminishing up to 50% across the
south-eastern flank, as a result of flow deceleration through the west
array-wake region. Bed load transport rates increase by a factor of 2.3
on a small area towards south-westwards of the sandbank (Fig. 13b). It
is important that despite the observed changes in transport rates,
naturally occurring spatial sediment transport patterns are maintained,

similar to what observed in sandbank A.
In order to investigate potential bed level changes that can occur as

a result of energy extraction, residual bed load transport rates over one
tidal cycle are studied. Fig. 14 shows the differences in residual bed
load transport rates between the ‘worst case’ SE and ‘no energy ex-
traction’ NE scenario over the tidal cycle at maximum spring tide (19/
09/2001) on the sandbank B. Residual ebb transport rate decreases by
up to 66% on the west flank followed by localised increases in the
south-west part and across the eastern flank. On the other-hand residual
flood transport rates decrease by up to 54% south-eastward on the
sandbank (Fig. 14). Overall, residual sediment transport rates have
decreased in most areas of sandbank B.

As can be seen in both Figs. 14 and 15a, decreasing residual ebb
transport rates on the west flank and the southern side of sandbank B
lead to maximum accretion of 0.8–1.0 m between ‘worst case’ SE and
‘no energy extraction’ NE scenarios, at the end of one-month simulation
period (09/09/2001-09/10/2001). Likewise, decreasing flood transport
rates result in maximum cumulative accretion of 0.5 m across the
eastern flank. A cumulative erosion of up to 0.20 m in the central part of
the sandbank and by up to 0.7 m on the north-west flank (Fig. 15a) can
also be seen. Overall, the peripheral areas of sandbank undergo ac-
cretion while middle parts erode as a result of tidal energy extraction.
Fig. 15b shows natural cumulative sea bed change of sandbank B during
the same simulation period. Comparison of Fig. 15a and b shows that
sandbank B has become more morphodynamically active under the new
hydrodynamic regime created by energy extraction and that spatial
erosion/accretion areas have almost flipped sides.

5.3. Sandbank C: effects on sediment transport patterns and bed form
dynamics

The small sandbank C is located in a region of weak flow separation,
in the lee side of the Island of Stroma. Minor differences in the residual
sediment transport rates at spring tide (19/09/2001) are observed be-
tween the’ worst case’ SE and the ‘no energy extraction’ NE scenarios
leading to cumulative changes in sediment thickness of less than 0.14 m
over the whole sandbank C area at the end of one month’s simulation
(09/09/2001-09/10/2001) (Figs. 16 and 17). In majority of the sand-
bank area, the differences in sea bed change between SE and NE are
negligible (less than 0.02 m). Therefore, it is fair to say that the sand-
bank C is almost unaffected by tidal energy extraction.

Fig. 14. Differences in residual bed load
transport rates (m3/s/m) between ‘worst case’
SE and ‘no energy extraction’ NE (SE-NE) sce-
narios, over the tidal cycle at maximum spring
tide (19/09/2001), on the sandbank B. The
colour bar indicates the magnitude of sediment
transport rates differences. The red and black
arrows define the sediment transport vectors at
‘worst case’ SE and ‘no energy extraction’ NE
scenarios respectively.
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Fig. 15. a) Differences in sea bed change between ‘worst case’ SE and ‘no energy extraction’ NE (SE-NE) scenarios, at the end of one month period (from 09/09/2001
to 09/10/2001), on the sandbank B. b) Natural sea bed change (m) at ‘no energy extraction’ NE scenario, at the end of one month simulation period (from 09/09/
2001 to 09/10/2001), on sandbank B.

Fig. 16. Differences in residual bed load
transport rates (m3/s/m) between ‘worst case’
SE and ‘no energy extraction’ NE (SE-NE) sce-
narios, over a spring tidal cycle (19/09/2001),
on the sandbank C. The colour bar indicates the
magnitude of sediment transport rates differ-
ences. The red and black arrows define the
sediment transport vectors at ‘worst case’ SE
and ‘no energy extraction’ NE scenarios re-
spectively.
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Fig. 17. Differences in sediment thickness (m) between ‘worst case’ SE and ‘no energy extraction’ NE (SE-NE) scenarios, at the end of one-month period (from 09/09/
2001 to 09/10/2001), on the sandbank C.

Fig. 18. Differences in residual bed load transport rates (m3/s/m) between each
tidal energy extraction scenario (SA-SE) and the ‘no energy extraction’ scenario
(NE), over the tidal cycle at maximum spring tide (19/09/2001), on the
sandbank A.

Fig. 19. Differences in sea bed change (m) between each tidal energy extraction
scenario (SA-SE) and the ‘no energy extraction’ scenario (NE), at the end of the
one-month simulation period (from 09/09/2001 to 09/10/2001), in the sand-
bank A.
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5.4. Comparisons of the impacts of TECs on sandbank dynamics between
the modelled tidal energy extraction scenarios

Results and analysis presented in this section focus on a comparison
of sediment dynamics and sea bed change of sandbanks A and B under
different tidal energy extraction scenarios modelled in this study. The
presented results are from the one-month simulation time between 09/
09/2001 and 09/10/2001, which covers two spring-neap tidal cycles,
as in previous sections. This comparison will enable insights into how
much energy can be extracted without imposing significant impacts on
the sedimentary environment of the Inner Sound channel.

The differences in the residual bed load transport rates between
each of the modelled energy extraction scenarios (SA-SE) and the ‘no
energy extraction’ scenario (NE) were calculated at maximum spring
tide (19/09/2001) on the sandbank A (Fig. 18). From SB to SE scenario
residual sediment transport rate increases by a factor of approximately
4–5 towards the west wedge and decreases by up to 80–90% across the
southern flank (Fig. 18). As a result of changes in residual sediment
transport rate, the central areas of Sandbank A predominantly erode
significantly while the flanking regions accrete (Fig. 19). The average
changes in sediment thickness are around 0.43-0.69 m, exceeding the
natural sea bed variability of 0.30-0.35 m, after one month simulations
[20].

As can be seen in both Figs. 18 and 19, the effects of tidal energy
extraction are minor for the SA scenario and become increasingly im-
portant for SB to SE scenarios. It proves that sediment dynamics of the
sandbank A are sensitive to the level of energy extraction.

The differences in residual bed load transport rates between each of
the modelled energy extraction scenarios (SA-SE) and the ‘no energy
extraction’ scenario (NE) were also calculated at maximum spring tide
(19/09/2001) on the sandbank B (Fig. 20). For the SC-SE scenarios
residual sediment transport decreases by up to 38–66% respectively on
the west flank.

Fig. 21 shows change in sediment layer thickness of Sandbank B
after a one moth simulation period similar to Sandbank A. As a result of
changes in residual sediment transport under SC-SE scenarios, the
western flank of Sandbank B accretes while the middle areas are sub-
jected to erosion. It is important to note that the average change in
sediment layer thickness in one month is around 0.28-0.57 m, which
does not exceed the natural sea bed variability of 0.47–0.52 m [26].

6. Summary and conclusions

A Delft3D hydro-morphodynamic model was set up to explore
possible impacts of TEC array deployments on sediment dynamics and
sea bed morphology. This study exemplifies the use of numerical
models to study the effect of TEC arrays in greater detail. Although it is
not possible to validate the model against tidal energy extraction, the

Fig. 20. Differences in residual bed load transport rates (m3/s/m) between each
tidal energy extraction scenario SA-SE and the ‘no energy extraction’ scenario
NE, over a spring tidal cycle (19/09/2001), on the sandbank B.

Fig. 21. Differences in sea bed change (m) between each tidal energy extraction
scenario (SA-SE) and the ‘no energy extraction’ scenario NE, at the end of the
one month period (from 09/09/2001 to 09/10/2001), on the sandbank B.
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model was extensively validated against hydrodynamic conditions
measured in and around the field site, acquiring the confidence of using
the model for this study. The model is extremely useful to gain pre-
liminary insights into the impacts of tidal energy harvesting as field or
large-scale laboratory investigations are hardly possible to investigate
impacts of TEC arrays on sediment dynamics. Same modelling techni-
ques can be adopted and applied to undertake similar studies world-
wide where tidal energy resource exploitation is possible. Such type of
studies can help investigate detailed effects of TECs on the surrounding
complex coastal environment and support decision-making process in
renewable energy industry prior to reaching commercialization.

In here, the Inner Sound channel in Pentland Firth located between
the Scottish Mainland and the Island of Stroma (UK) was used as the
test study site, as this site is already licensed for a large marine energy
development. TECs effect was parameterized in the model, as an added
volumetric sink term in the momentum conservation equations and the
properties of an actual TEC device were linked to the equivalent mo-
mentum sink term, by the use of the Linear Momentum Actuator Disc
Theory (LMADT) principle. To represent different levels of energy ex-
traction, five scenarios (SA-SE) were modelled with a gradual increase
in TEC thrust coefficient CT, from a minimum (0.18) to a maximum
(0.85) value uniformly assigned to TECs at each scenario. The limita-
tions in the model in terms of TEC device representation should be
acknowledged however, it should be noted that the focus of this study is
on large scale sediment dynamics due to flow alteration by energy
harvesting than the turbulent scale local sediment movement due to
turbine wakes.

The dynamics of sandbanks A, B, C are governed by the highly
energetic tidal flows found in the channel which were significantly
affected by tidal energy extraction. Their very own existence is strongly
linked with the island associated flow dynamics of the existing tidal
regime [21]. Therefore, it is not surprising that any form of change to
the current flow field potentially will change the dynamics of them. For
the ‘worst case’ SE scenario, tidal currents decreased in the array areas
and further upstream and downstream from the array, both at peak ebb
and flood phase. However, the water levels over a full tidal cycle pre-
sented minor changes. The main residual current circulation observed
at the ‘no energy extraction’ scenario was also largely unaffected by
energy extraction. However, the anticlockwise cyclonic eddy observed
eastwards expanded significantly over a larger area inside the channel
following energy extraction. Although the deployment of the TEC array
significantly altered the existing hydrodynamic regime at the close
proximity to the array, it is still important to note that the magnitude
and the nature of changes will depend on the tidal phase and the lo-
cality with respect to the array.

The effects of the TEC array on the sediment dynamics and mor-
phology of sandbanks A, B and C were then investigated by comparing
the sediment transport rates and bed changes occurring under the
‘worst case (SE)’ scenario and the ‘no energy extraction’ (NE) scenario.
A one-month simulation period covering two spring and neap tidal
cycles was used. The changes were also compared with the natural
changes that will occur over the same simulation period. The model
results reveal that both Sandbanks A and B are sensitive to tidal energy
extraction and that morphological changes following energy extraction
far exceeds the natural changes during the same simulation period. The
morphological changes of sandbank C are not significant. The severity
of sediment movement and bed change of sandbanks A and B depends
on the level of energy extraction where trust coefficients of until 0.45
did not have a noticeable effect on the morphodynamics.

If changes to sediment dynamics and hence morphology of sand-
banks A and B accumulates over a long period of time, it may be pos-
sible that sandbank A will be relocated further northwards in Inner
Sound. Also, any short or long-term changes to sandbank morphology
may disturb the benthic ecology of these delicate sediment systems,
which may need time to adjust to a new flow environment. Further
research should be carried out to investigate these aspects in detail and

to explore potential impact mitigation mechanisms.
It should be noted that this study did not consider any specific

turbine type. The energy extraction scenarios investigated do not re-
plicate any specific potential future development. Also, although the
wake behind TECs and supporting structures of bottom mounted TECs
may have some impacts on very localised morphodynamics of the TEC
array site, considering the focus of this study is at a more wider scale
morphodynamics of the Inner Sound channel, wake effects were not
taken into account.

Any changes to the seabed sediment environment may be of sig-
nificance to complex ecological system that prevail in deep sea sand-
banks where they are used as habitat and breeding grounds by nu-
merous marine species. Therefore, potential shift of the existing natural
environment may affect these species and a wider chain of marine
habitat.
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