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The impact of tidal energy extraction is estuaries: analysis of the influence of
channel geometry.

Miriam Garcia-OlivaI , Slobodan Djordjevic, Gavin R. Tabor

College of Engineering, Mathematics and Physical Sciences
University of Exeter, North Park Road, Exeter, EX4 4QF, United kingdom

Abstract

Macro-tidal estuaries in the UK not only have a high tidal range but also present strong currents in some cases,
where tidal farms could be used for energy extraction but not forgetting about the associated environmental impacts
beforehand.

The purpose of this study is to delimit the influence that the geometry of the channel could have over the impact of a
tidal farm deployed in the estuary. A hydrodynamic model (Mike21) has been used to create several cases of idealised
estuaries with dimensions based on a group of locations suitable for tidal energy extraction in the UK. The maximum
changes in low and high water levels with the tidal farm have been identified for each case and located within the
estuary. The changes in the time for the low and high tides in a point inside the estuary have also been analysed. The
effect of the drag coefficient of the turbines over the changes in water levels has been addressed as well.

As a conclusion, it can be noted that the maximum changes in water levels due to the farm range from the order of
mm to a few dm and the locations of these changes are strongly dependent on the geometry of each case. In addition,
the effect is generally more noticeable in the increase of low water levels and the decrease of high water levels than
vice-versa. This would be associated with the loss of intertidal areas and the reduction of flood risk levels. In terms of
the changes in the time of low and high water levels, the effects of the farm are negligible in all cases. Finally, the use
of a higher drag coefficient seems to increase the changes on water levels.

Keywords: Tidal farm, Hydrodynamic impact, Estuaries, Idealised model, Sensitivity analysis, Finite volume method

1. Introduction

Tides are a constant and predictable source of en-
ergy. This fact represents an advantage over other renew-
able energy sources which are intermittent and involve
a higher level of uncertainty in the estimation of the
available resource. Therefore, tidal technologies could
be used in a complementary way with other renewable
schemes in order to cover the electricity demand in a
more efficient way. Additionally, tidal energy can be
considered as an autonomous solution for less accessible
locations. As indicated in the report by [1], the use of
marine renewables can provide lower costs and reliability
in the supply of far-peripheral areas and islands.

There is a high availability of tidal energy resource
in the UK. The strongest tidal currents usually happen
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in offshore locations while the highest tidal ranges are
mostly observed in estuarine areas, as can be seen from
[2]. Nevertheless, it should be mentioned that some
estuaries also show tidal currents over 1 m/s, reaching
spring values over 2 m/s at specific locations like the
Severn estuary [3]. Thus, the use of tidal schemes in
such estuaries could benefit from the combination of
tidal stream and ranges.

On the other hand, environmental aspects related to
the use of tidal technologies must be considered care-
fully in estuaries, which are typically protected areas
for the conservation of nature. An effect of tidal energy
extraction that can be analysed more immediately is the
change in the hydrodynamic behaviour of the estuary,
which will affect other environmental aspects, such as
sediment transport, water quality, flood risk, intertidal
habitats, etc.

Previous studies have been carried out in relation to
the assessment of environmental impacts of tidal energy
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schemes in estuaries. Some of them are related to the de-
ployment of tidal barrages and lagoons [4], while others
analysed the use of tidal stream turbines [5], [6]. Most
of these studies apply numerical models to describe the
hydrodynamics of a certain location with the level of
detail given by the use of the real bathymetry and bound-
ary conditions. Analytical models have also been used
extensively to analyse the effects that energy extraction
could have on the hydro-environmental conditions and
the remaining available power in channels. Some exam-
ples can be found in ([7], [8], [9]). These models offer a
reduced computational demand and can give an estima-
tion of the desired results when a high degree of accuracy
is not required. However, it must be highlighted that they
are only valid under certain specific circumstances.

Accordingly, the results from the aforementioned mod-
els depend on intrinsic parameters, such as the geometry
or bathymetry of the basin, the boundary conditions and
the bed roughness, amongst others. In this sense, the
study by [10] stated that the sensitivity of a simple chan-
nel to energy extraction is related to water depth, length,
width and the nature of boundary roughness. Based on
this idea, the aim of this study is to delimit the effect
of the geometry over the impact that tidal farms have
when they are installed in estuaries. This impact is here
mainly related to the water levels because they affect
aspects such as flood risk levels and changes in intertidal
habitats, which are important issues in estuaries.

This study considers the deployment of block tidal
farms, which occupy partially the width of the estuary,
leaving space for other activities. It has also been consid-
ered the use of turbines supported by floating structures,
which adapt to the tidal levels and can be moved to dif-
ferent positions within the estuary if necessary.

For the purpose of this research, idealised models
have been used to represent different geometries based
on existing estuaries in the UK suitable for tidal energy
extraction. The same tidal farm and conditions have been
used in all cases and a sensitivity analysis has been per-
formed over the variation of the geometrical parameters
in the idealised models. Idealised models benefit from
a reduction in computational demand, which allows to
test numerous scenarios, and an easier identification of
physical trends [11]. Regarding previous studies about
the application of idealised models to estuaries two main
groups can be found: the projects related to the estuarine
morphodynamics ([11], [12], [13]), and the more recent
research about the effects of tidal energy extraction in
estuaries ([14], [15]). Regarding the second group, an
example closer to this study can be found in the thesis
by [16], where a group of generic coastal geometries,
including estuaries, are used to identify the effects of a

tidal fence.
This paper is organised at follows. Initially, the

methodology used in order to select the estuaries covered
in this study, classify their geometries and create the ide-
alised models is presented. The next section describes
the numerical model used, the parameters involved and
the design of the tidal farms included in the models. Fi-
nally, the results are shown and discussed in order to
extract the main conclusions about the effect that geome-
try has on the impact of tidal farms in estuaries.

2. Materials and Methods

2.1. Estuaries Classification
For the purpose of this study, the main estuaries in

the UK with a high resource of tidal energy were first
identified based on the report carried out by [2]. The
report differentiates between the locations with a high
tidal range or tidal stream energy resource (please see Fig.
1 ). It can be seen that most of the tidal stream resources
are generally located in offshore areas, except for the
Bristol Channel, while the tidal range resources appear
to be only related to estuaries. It should be mentioned
that schemes such as barrages or lagoons are not the only
options for some of the locations with high tidal range.
According to the information provided by the Atlas of
UK Marine Renewable Energy [17], velocities frequently
show values over 1m/s in some locations, reaching peak
flows up to 2 m/s in a few cases . This fact allows them
to be considered as potential locations for the installation
of tidal in-stream turbines, which are the focus of this
project.

In order to complete the list of estuaries suitable for
tidal energy extraction, other macro-tidal estuaries were
identified through the information provided by the estu-
ary data base [18] and the peak flows in these estuaries
were analysed by means of the Atlas of UK Marine Re-
newables [17]. In some estuaries where the Atlas did
not have coverage, some of these details were obtained
from the existing literature ([19], [20], [21], [22], [23],
[24]). Only the estuaries with peak flows above 1 m/s
have been considered for this study (Please see Table 1)

2.2. Geometrical Characterisation of the Estuaries
Following, the main dimensions of the estuaries se-

lected for this study were obtained from different sources,
such as the estuary guide [18] and [25], [26], [27], [28],
[29]. These values can be seen in Table 2.

The study by [29] presented a formula to relate the
mean depth with the depth at the mouth of the estuary:

Dmouth = 1.8Dmean (1)
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Figure 1: Tidal range (left) and stream (right) resource locations (source: UK Tidal Resource Review V5 Sustainable Development Commission)

Estuary Tidal range (m) Current speed (m/s)

Severn 13 2

Thames 6.5 1

Ribble 7.9 1.5

Duddon 8.1 1

Morecambe Bay 8.4 1

Mersey 8.9 2

The Wash 6.5 1

Humber 7.2 2

Solway Firth 8.4 2

Table 1: Estuaries included in this study: maximum tidal range and approximate maximum limit of the current speed (which can be sometimes
exceeded)
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Estuary Length Width at Width at Depth at Depth at
(km) mouth (km) head (m) mouth (m) head (m)

Severn 111.2 6836 200 63.54 7.06

Thames 82.5 2191 90 43.38 4.82

Ribble 28.4 3129 - 12.78 0.98

Duddon 22.6 2094 50 8.82 0.92

Morecambe Bay 40.3 13493 - 8.28 0.88

Mersey 45.6 1706 150 7.92 3.16

The Wash 90.2 19360 50 28.44 2.32

Humber 144.7 7366 500 20.88 2.1

Solway Firth 46.3 7091 80 14.94 1.72

Table 2: Main dimensions of the estuaries considered in this study. ( - : information not available)

It has been used to determine the values of the depth
at the mouth in Table 2 and at the head of the estuaries
where this information was not available.

2.3. Idealised Cases

The values shown in Table 2, were analysed in order
to define three ranges that could be named as small,
medium and large dimensions, as can be seen from Fig.
3

The variation of the width and the depth over the
length of the estuary has been calculated as:

∆W =
WH

WML
(2)

∆D =
DH

DML
(3)

being the subscripts H or M related to the head and
the mouth of the estuary, respectively, and L the total
length of the estuary.

Based on the ranges shown in Table 3, fifteen cases
(case 1.a to case 3.iii) with different geometry where
created by varying one of the parameters and fixing the
rest. Two more cases were included in order to provide a
more detailed analysis of the longitudinal depth variation
because the results, as it will be explained in the next
section of this document, showed that this parameter had
a higher influence than others.

The cross section of the channel is another aspect that
needs to be considered. Therefore, in order to account
for three different sizes of the lateral slopes in the chan-
nel walls with the same cross sectional area, other six
cases (case 4.a to case 5.c) were defined in which either

the width or the depth were fixed. This would lead to
three kinds of shape for the cross section, that is, rect-
angular, trapezoidal or triangular. Finally, based on the
triangular cross section, three more cases (case 6.a to
case 6.c) were defined in order to represent different
lateral slopes with the same area. The lateral slope in
Figure 5 is defined as the ratio between horizontal and
vertical dimensions, that is, a smaller slope means that
the sides of the cross section are closer to the vertical
shape. All the geometrical parameters for the cases used
in the sensitivity analysis can be found in Table 4.

2.4. Numerical Model

Mike 21 by DHI was used in this study to represent
the hydrodynamic conditions of the estuaries and the
influence of a tidal farm. It uses a 2-dimensional (2D)
numerical model based on the finite volume method to
solve the Reynolds averaged Navier-Stokes equations. A
rectangular flexible mesh was used in this study for the
spatial discretisation of the governing equations, which
can follow a first or a second order scheme. An approx-
imate Riemann solver is used for the calculation of the
convective fluxes at the cell interface using linear gra-
dient reconstruction techniques which provide second
order accuracy. Numerical oscillations are avoided by
means of a TVD slope limiter. For the time integration,
a low or higher order method can be applied. In order to
provide stability, the time step is varied according to the
restriction that the Courant-Friedrich-Levy (CFL) num-
ber is less than 1. [30], [31]. The governing equations
are the continuity and the momentum equations (4), (5),
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Length (km)
Small 0 - 50

Medium 50 - 100
Large 100 - 150

Width at the mouth (m)
Small 0 - 7000

Medium 7000-14000
Large 14000-21000

Depth at the mouth (m)
Small 0-20

Medium 20-40
Large 40-60

Width variation (1/km)
Small 0-0.0007

Medium 0.0007-0.0014
Large 0.0014-0.0021

Depth variation (1/km)
Small 0-0.0016

Medium 0.0016-0.0032
Large 0.0032-0.0048

Table 3: Ranges of parameters, based on the estuaries analysed in this study

(6).

∂h
∂t

+
∂h
u
∂x +

∂h
u
∂y = hS (4)

∂hu
∂t

+
∂hu2

∂x
+
∂huv
∂y

= f vh − gh
∂η

∂x
−

h
ρo

∂pa

∂x

−
gh2

2ρo

∂ρ

∂x
+
τsx

ρo
−
τbx

ρo
−

1
ρo

(
∂sxx

∂x
+
∂sxy

∂y

)
+
∂

∂x
(hTxx) +

∂

∂y

(
hTxy

)
+ husS

(5)

∂hv
∂t

+
∂huv
∂x

+
∂hv2

∂y
= f uh − gh

∂η

∂y
−

h
ρo

∂pa

∂y

−
gh2

2ρo

∂ρ

∂y
+
τsy

ρo
−
τby

ρo
−

1
ρo

(
∂syx

∂x
+
∂syy

∂y

)
+
∂

∂x

(
hTxy

)
+
∂

∂y

(
hTyy

)
+ hvsS

(6)

Where η = bed elevation, h = water depth, u and v =

velocity components in x and y directions, respectively,
g = gravitational acceleration, ρo = reference density
of the water, si j = components of the radiation stress
tensor, pa = atmospheric pressure, τbx, τby = bottom
stresses, τsx, τsy = wind or ice stresses, Ti j the lateral
stresses including viscous friction, turbulent friction and
differential advection, S the discharge from sources and
us, vs the velocity components of the water discharged
into ambient.

The model also includes the equations for temperature,
salinity and density and includes a turbulence model. A
more detailed description of the model can be found in
[30], [31].

Representation of turbines
Based on the idea that structures are generally smaller

than the extent of the mesh element, turbines are mod-
elled as sub-grid structures using basic equations to cal-
culate the overall impact in the cell, instead of perform-
ing detailed modelling. The effect of turbines is included
in the governing equations as an additional shear stress
term from the drag force imposed to the flow, with axial
and transverse components as follows:

Fd =
1
2
ραCdAev2 (7)

Fl =
1
2
ραClAev2 (8)

Where α is a correction factor, Cd and Cl are the
drag and lift coefficients respectively, Ae is the effec-
tive area of the turbine and v is the velocity of the flow
incident into the turbine or the current value in the el-
ement wherein the turbine is positioned. This value is
influenced by the former time steps in the calculation
and is affected by the presence of the turbine but it is not
to be interpreted as the current speed through the turbine.
[30]

2.5. Application to the idealised estuaries

The geometries, previously described in subsection
2.3- Idealised Cases, were used to generate a mesh, inter-
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Case Length Width at Width Depth at Depth Lateral Cross
(km) mouth (m) variation (/km) mouth (m) variation (/km) slope (1/m) section

1.a 25 10500 0 30 1.000 0 Rectangular

1.b 75 10500 0 30 1.000 0 Rectangular

1.c 125 10500 0 30 1.000 0 Rectangular

2.a 75 3500 0 30 1.000 0 Rectangular

2.b 75 10500 0 30 1.000 0 Rectangular

2.c 75 17500 0 30 1.000 0 Rectangular

2.i 75 10500 0.0018 30 1.000 0 Rectangular

2.ii 75 10500 0.0011 30 1.000 0 Rectangular

2.iii 75 10500 0.0004 30 1.000 0 Rectangular

3.a 75 10500 0 10 1.000 0 Rectangular

3.b 75 10500 0 30 1.000 0 Rectangular

3.c 75 10500 0 50 1.000 0 Rectangular

3.i 75 10500 0 30 0.004 0 Rectangular

3.i-ii 75 10500 0 30 0.0032 0 Rectangular

3.ii 75 10500 0 30 0.0024 0 Rectangular

3.ii-iii 75 10500 0 30 0.0016 0 Rectangular

3.iii 75 10500 0 30 0.0008 0 Rectangular

4.a 75 10500 0 60 1.000 87.5 Triangular

4.b 75 10500 0 40 1.000 65.625 Trapezoidal

4.c 75 10500 0 30 1.000 0 Rectangular

5.a 75 21000 0 30 1.000 350 Triangular

5.b 75 15750 0 30 1.000 175 Trapezoidal

5.c 75 10500 0 30 1.000 0 Rectangular

6.a 75 21000 0 30 1.000 350 Triangular

6.b 75 16601 0 38 1.000 218.75 Trapezoidal

6.c 75 10500 0 60 1.000 87.5 Rectangular

Table 4: Geometrical dimensions for the different cases used in the study (yellow indicates the parameters that are not fixed on each case).

polated over the bathymetry, to be used as a domain for
the models. The maximum size of the cells was set up
to 1km2. The simulation period covered 6 days, with a
time step of 900 seconds. Regarding the stability of the
models, the Courant-Friedrich-Levy (CFL) number was
limited to a maximum value of 0.8.

A flood and dry function was activated in all the mod-
els to remove the cells from the calculation when the
depth is very small (dry elements). The parameters in-
volved in the flood and dry function consisted of a drying

depth of 0.005 m, a flooding depth of 0.05 m and a wet-
ting depth of 0.1m.

A constant bed roughness was used over the domain
being the inverse of the Manning coefficient equal to 40
for all the models. Regarding the turbulence parameters,
a Smagorinskys coefficient of 0.28 was used as a constant
value in the domain. The Coriolis force was not included
in the calculations.

At the open sea boundary a Flather condition was used
consisting of a zero velocity condition and the tidal curve
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for the water levels. The tidal levels were approximated
as a cosine function of the M2 tide with amplitude of 9
m. Nevertheless, the river discharges were not included
in the models for simplicity. It was important to use the
same conditions for all the models in order to be able to
compare the results between them.

Tidal farm
The Momentum Reversal Lift turbine (MRL), devel-

oped by Aquascientific Ltd. in collaboration with the
University of Exeter, has been used in this study. It
presents some advantages in this case when compared
to other designs, such as the adaptability of the floating
support structure to the varying water levels in macro-
tidal estuaries and the suitability of its dimensions to
be used in shallower areas. It is a horizontal cross-flow
turbine with three blades that rotate around the axis of
the turbine and also around their individual axis. More
information can be found in the study by [32].

A tidal farm consisting of 3025 turbines organised in
55 rows by 55 columns following a parallel layout was
installed in the central area of each model. The same
tidal farm was used in every case because it allows to
compare the effect of the geometry on the results. The
maximum installed capacity of the farm was approxi-
mately 1.1 GW, calculated based on peak current speed
of 2m/s and a power coefficient of 0.5, taken from the
experimental results in [32]. Each turbine had a diameter
of 6 m and a length of 30 m, based on an aspect ratio of
1:5 for the MRL turbine. The turbine diameter covers 70
% of the water column for the minimum depth (8.6 m),
which has been taken from the results of the model with-
out turbines in the shallowest case. The lateral spacing
between turbines was 0.5 times the turbine length and the
longitudinal spacing between two rows of turbines was
10 times the turbine diameter. The longitudinal spacing
was based on the work by [33].

For the definition of the turbines in Mike 21, an equiva-
lent diameter had to be defined because it is only referred
to axial flow designs. Thus, a value of 15.14 m, which
provides the same frontal area as the rectangle of 6x30
m in the real turbines, was used in the calculations. For
the representation of the effect of the turbines in the
flow, a drag coefficient of 0.9 has been chosen from the
information provided by [34], due to the lack of experi-
mental data. The design of the Gorlovs crossflow turbine
is closer to the MRL turbine than the axial ones. For
simplicity, a fixed drag coefficient and no lift coefficient
were used and therefore, the correction factor α from
equations (7) and (8) was set equal to 1.

In order to assess the effect of the drag coefficient in
the results, four more cases were used based on case 1b
with different drag coefficients (1.0, 2.0, 5.0 and 10.0).

3. Results

The results of the water levels in the model domain
during the period of the simulation were obtained for
each case in the situation with and without the tidal
farm. The results for the last half of the simulation
were extracted, in order to remove the warm up period.
The statistical analysis tool in Mike21 was applied to
calculate the maximum and minimum values of the water
levels at each location of the domain, thus being related
to the high and low tides. Following, the difference
between the water levels for the high and low tide in the
situations without turbines and with the tidal farm was
calculated for each case. The differences give an idea
about the effect that the tidal farm can have on every
channel geometry. Fig. 2 shows an example of these
results for case 1b. The results of the differences between
water levels were analysed to determine the maximum
increase and decrease in the water levels over the domain,
which are included in Table 5.

The results for the cases with longitudinal depth varia-
tion (cases 3.i to 3.iii) were used to plot a graph (please
see Fig. 3) where it can be seen that the most important
effect appears in the increase of low tide levels and it
follows quite a linear behaviour.

The locations where the maximum increase and de-
crease happen both for the low and high tides were also
identified by using the scheme from Fig. 4 and sum-
marised for each case in Table 6.

The time series of the water levels over the last half
of the simulation were also obtained in a point located
at the longitudinal axis of the estuary and one quarter of
the estuary length from the head. These results shown
that there was not any appreciable change in time for the
high and low tides with the presence of the tidal farm in
any case. As an example, the results for case 1.b have
been included in Fig. 5.

The results for the cases with a different drag coeffi-
cient were analysed in the same way as the rest of the
cases in order to find the maximum increase and decrease
in the low and high tide levels due to the effect of the
tidal farm, as can be seen in Table 7.

These results have been plotted in Fig. 6.

4. Discussion of the Results

When analysing the results in terms of each parameter,
it can be seen that, in general:

• Length has inverse effects than width or depth.
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Figure 2: Case 1a / Upper image: Computational domain and tidal farm; Central image: Difference in high water levels with the tidal farm ; Lower
image: Difference in low water levels with the farm.
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Case Difference low levels (m) Difference high levels (m)
Max. increase Max. decrease Max. increase Max. decrease

1.a 0.003 0.004 0.003 0.003

1.b 0.026 - - 0.019

1.c 0.038 0.011 0.016 0.046

2.a 0.133 - - 0.124

2.b 0.026 - - 0.019

2.c 0.016 - - 0.013

2.i 0.017 - 0.006 0.006

2.ii 0.015 - 0.005 0.005

2.iii 0.013 0.002 0.004 0.005

3.a 0.052 0.020 0.080 0.051

3.b 0.026 - - 0.019

3.c 0.007 - 0.002 0.004

3.i 0.102 0.007 - 0.076

3.i-ii 0.122 0.008 - 0.084

3.ii 0.142 0.007 - 0.089

3.ii-iii 0.160 0.006 - 0.090

3.iii 0.178 0.005 0.012 0.091

4.a 0.054 0.002 - 0.040

4.b 0.043 0.003 - 0.031

4.c 0.026 - - 0.019

5.a 0.077 0.033 0.046 0.063

5.b 0.076 0.014 - 0.200

5.c 0.026 - - 0.019

6.a 0.077 0.033 0.046 0.063

6.b 0.072 0.023 - 0.142

6.c 0.054 0.002 - 0.040

Table 5: Maximum increase and decrease of water levels for the low and high tides over the model domain with the inclusion of a tidal farm.
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Figure 3: Maximum increase and decrease of low and high tide levels for the cases with longitudinal depth variation

 

Figure 4: Scheme of the estuary (M: mouth of the estuary; O: outer area; U: area upstream the farm; F: tidal farm: S: sides of the farm; D: area
downstream the farm; I: inner area; H: head of the estuary; E: edges of the estuary)
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Case Difference low levels / locations Difference high levels / locations
Max. increase Max. decrease Max. increase Max. decrease

1.a O I I O

1.b D - - S

1.c I/U/S/D O O I/U/S/D

2.a O - - I

2.b D - - I

2.c I - - S

2.i S - I S

2.ii O/S - I S

2.iii O/S I I/S S

3.a I/D O/U O U/S/D

3.b D - - S

3.c O/S - O/U S/D

3.i I/D O - O

3.i-ii O D - O

3.ii I/D O - O/S

3.ii-iii M/H D - H

3.iii I/D O O S/H

4.a U/S/D E - O

4.b I/D O/S - O

4.c D - - S

5.a I M M U

5.b I M - M

5.c D - - S

6.a I M M U

6.b I/D M - M

6.c U/S/D E - O

Table 6: Locations of the maximum increase and decrease of high and low tide levels within the estuary. (Please see Figure 9 for the meaning of the
capital letters).
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Figure 5: Water levels in the situations with and without the tidal farm over the last three days of the simulation at a point with coordinates (3L/4,
W/2), being L and W the estuary length and width, respectively

Case Difference low levels (m) Difference high levels (m)
Max. increase Max. decrease Max. increase Max. decrease

1.b Cd 0.9 0.026 - - 0.019

1b Cd 1.0 0.027 - - 0.020

1b Cd 2.0 0.034 - - 0.029

1b Cd 5.0 0.044 - 0.010 0.042

1b Cd 10.0 0.056 - 0.020 0.053

Table 7: Maximum increase and decrease of low and high tide levels with a tidal farm with different drag coefficient for the turbines in case 1b.
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Figure 6: Maximum increase and decrease of low and high tide levels in case 1 b with different drag coefficients of the turbines in the tidal farm.

• Longitudinal width variation has smaller effects
than the equivalent case with constant width (case
2b).

• Longitudinal depth variation has a stronger overall
effect compared to the equivalent case with constant
depth (case 3b).

• A more horizontal lateral slope has more influence
both over low and high tidal levels than a more
vertical one.

Focusing on the results separately for the increase and
decrease of low and high tidal levels, it can be noted that:

• Regarding the maximum increase in low tidal levels,
the most relevant effect appears in the inner area
and downstream the farm in case 3iii, being in the
order of 18 cm. Apart from the longitudinal varia-
tion cases, case 2a, which represents the narrowest
case in the study, also shows a significant increase,
reaching up to 13 cm in the outer area of the estuary.
Basically, longitudinal depth variation and width
have stronger effects than the other parameters over
the increase of low tidal levels, which can be as-
sociated to the permanent submersion of intertidal
areas.

• In relation to the maximum decrease of low tidal lev-
els, the highest value (3 cm) happens in the mouth

of the estuary in cases 5a and 6a, with the same tri-
angular cross-section, which represent a more hor-
izontal lateral slope. While in several of the other
cases the value of the decrease is almost impercep-
tible. The decrease of low tidal levels could have
an associated increase of the extension of intertidal
areas.

• When comparing the results for the maximum in-
crease of high tidal levels, which have a conse-
quence on the increase of flood risk levels and the
extension of intertidal areas, the overall highest
value (8 cm) appears in the outer area of case 3a,
which is the shallowest case. On the other hand,
the triangular section with a more horizontal lateral
slope also has a higher effect (approximately 5 cm
in the mouth of the estuary). The rest of the cases
do not show important changes in this sense.

• In reference to the maximum decrease over the high
tidal levels, case 5b reaches 20 cm in the mouth of
the estuary (which is the absolute maximum change
in all cases). Case 6b also shows a significant maxi-
mum decrease also in the mouth of the estuary (ap-
proximately 14 cm). On the other hand, the width
of the estuary seems to have some impact, being the
effect higher at the inner part in case 2a (narrowest
case). The decrease of high tidal levels has an effect
on the decrease of intertidal areas, which change
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into permanently dry areas.

Some of the locations where the highest changes ap-
pear have been commented in the previous paragraph but
there are also other ideas which can be extracted from 6:

• In general, when one of the parameters (depth,
width or length without longitudinal variation) is
increased, the maximum effects seem to move to
different parts of the estuary. For example, in case
1c the maximum increase of low tidal levels and
decrease of high tidal levels move from the inner
and outer part respectively to different locations
including both sides of the tidal farm.

• In cases with a longitudinal variation of the width
and depth, maximum changes usually happen in
areas different to the equivalent case with a constant
depth or width over the length.

• Counting the number of times in Fig. 6 that each
kind of location from Fig. 4 registers a maximum
change it can be seen that most of these changes
happen at both sides of the farm followed by the
outer part and less frequently in the inner part of the
estuary. In the cases with triangular and trapezoidal
cross sections is significant the location of these
effects in the mouth of the estuary.

Changes in time for low-high tides

In terms of the change of the time for low and high
water levels, from the time series extracted at a
point at L/4 of the estuary head, it can be mentioned
that there is no remarkable change and the highest
and lowest levels at that point happen during the
same time step with or without the tidal farm for all
cases.

Influence of the drag coefficient of the turbines

From the analysis of the results in the cases with
an increased drag coefficient, it seems that the max-
imum increase in low levels and decrease in high
levels follow a similar trend (please see Fig. 6) and
there is not noticeable decrease in low levels for all
cases.

5. Conclusion

From the results included in the previous section, it
can be concluded that:

– In general, when comparing all the geome-
tries, the effect of the farm would be higher

in terms of permanently submerging the inter-
tidal areas (increase in low tidal levels) rather
than increasing the extension of intertidal ar-
eas (decrease of low tidal levels).

– It could be also mentioned that, with the in-
clusion of the tidal farm, the decrease in high
tidal levels happens to be more relevant than
the increase. Therefore, it would mean that
the net effect over flood risk could be positive,
while, on the other hand, intertidal areas could
become permanently dry areas.

– The locations of the maximum changes in low
and high water levels happening due to the
influence of the tidal farm are strongly depen-
dent on the geometry.

– There are negligible effects for all the cases
in changes to the time of high/low tides with
the farm.

– There is an increase of the effects in general
with a higher drag coefficient although the de-
crease of low tide levels continue being negli-
gible for all cases with a different drag coeffi-
cient in case 1b.

6. Future Research

Future studies may be done by using a similar
methodology based on idealised models in order
to assess the effect that different configurations and
locations of tidal farms or other tidal technologies
could have on the environmental aspects of estu-
aries. The use of different drag coefficients rather
than the same fixed coefficient for the turbines in
the tidal farm is another issue that needs to be ad-
dressed.

Finally, idealised models could be used in the future
in order to integrate results from undergoing studies
on the optimisation of tidal farms and become a
tool to find the configuration of turbines and the
combination of drag coefficients which covers both
the objectives of maximum energy extraction and
minimum environmental impact.
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