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with these stakeholders, to build the first tidal turbine
demonstration farm in France generating electricity
from the energy of tidal currents. Between 2011 and
2012, a few turbines generating several MW will be
installed off Paimpol-Bréhat (Brittany) and connected
to the grid.
Section 2 of this paper briefly describes the main
features of the Telemac-2D software that EDF R&D
has been developing for more than twenty years. This
software allows river and coastal hydrodynamic
phenomena to be modelled and simulated. Here,
Telemac-2D is used to calculate the tidal characteristics
(water depth and velocity) and to assess the tidal
energy yield potential at the Paimpol-Bréhat site.
Section 3 focuses on the optimisation of the layout.
Various constraints are described that need to be taken
into account in order to determine the optimal and
precise location of the devices within the array. These
include the boundaries of the possible zone of interest,
which were determined after discussions with local
fishermen, the tolerance of the chosen technology to
the uneven seabed (e.g. clearance), physical
phenomena (e.g. spacing between the devices, wake
effects) and, of course, maximisation of the energy
yield. The study is carried out on a Geographic
Information System (GIS) by analysing a Digital
Elevation Model (DEM) of the site, which has been
built using a high resolution multibeam bathymetry
survey of the site.
In the final part, two methodologies, mostly used by
EDF R&D primarily for tidal resource assessment, are
applied, taking into account wake effects. The results
are obtained using the Telemac-2D model of the
Paimpol-Bréhat zone, which was validated against
current measurements obtained from ADCP deployed
at sea. However, the model has been refined to include
modelling of the fluid-structure interactions and of the
wake effects, previously validated in Telemac-2D and
adapted for this study. The results show the differences
in energy yield between the various modelled layouts.

Abstract
In 2008, EDF announced its decision to build the
first tidal turbine demonstration farm in France
generating electricity from the energy of tidal
currents. By 2012, several turbines will be installed
off Paimpol-Bréhat and connected to the grid.
EDF R&D has been developing the Telemac-2D
software that facilitates modelling and simulation of
river and coastal hydrodynamic phenomena. At the
Paimpol-Bréhat site, Telemac-2D is used to
calculate tidal current characteristics and to assess
the tidal energy yield potential produced by
turbines exploiting such currents.
The optimisation of the layout is described, as are
the constraints taken into account, which include:
the boundaries of the zone of interest, the tolerance
of the chosen technology to the uneven seabed and
maximisation of the energy yield. The study is
carried out on a Geographic Information System by
analysing a Digital Elevation Model, which is built
using a multibeam bathymetry survey of the site.
Two methodologies used by EDF for tidal
resource assessment are applied. The results are
obtained using the Telemac-2D model of the
Paimpol-Bréhat zone, validated against ADCP
measurements. This model is refined to include
modelling of the wake effects. The results show the
differences in energy yield between the various
layouts modelled.
Keywords: energy yield evaluation, numerical modelling
with Telemac, optimisation of the layout, tidal currents, wake
effects.

1.

Introduction

On July 15th 2008, after several years' dialogue with
the various stakeholders, EDF announced its decision,
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line is forbidden in this area. This is one of the main
reasons why this location was chosen for the tidal
current farm, together with the tidal current resource,
the results of a preliminary environmental diagnosis
and of a geophysical study of the zone. The Local
Fisheries Committee of Lannion-Paimpol actually
proposed this zone and an area for the site within it.

2. The Telemac-2D software
Telemac-2D is a component of a hydro-informatics
system that consists of a set of computer programs
dedicated to the numerical simulation of free surface
flows. The system includes the shallow water equations
(Telemac-2D) and the Navier-Stokes equations in 3
dimensions with a free surface (Telemac-3D) [1]. It is
based on finite element techniques and has been
developed by EDF R&D and other scientific partners
since 1987. It is also used externally (more than 200
licences have been granted around the world) by many
scientific teams, the majority of hydraulic laboratories
in Europe, water authorities, universities, and
consultants. Telemac-2D can be downloaded on the
website www.telemacsystem.com as a freeware and
will become available in Open Source during 2010.
Telemac-2D permits the study of coastal, fluvial,
estuarian and lacustrine domains. Many processes can
be taken into account, in particular:
- flows induced by tides, floods, river water
intake or dam failure,
- effects of meteorological events: atmospheric
pressure and wind,
- propagation of long waves,
- friction against the bottom,
- influence of the Coriolis force,
- turbulence (various modelling options),
- sub- and super-critical flows,
- Cartesian or spherical coordinates,
- consideration of the tidal generating force
- and dry areas: tidal flats and flood plains.
Telemac-2D solves shallow water equations written in
the non-conservative depth-velocity from either
primitive equations or pseudo wave equations. Details
of the numerical algorithm are given in [1].

Figure 2: Bathymetry of Paimpol-Bréhat zone and location
of the site.

The proposed site, near La Horaine Plateau, is
located about 10 km from Bréhat Island and about
15 km from the continental coast.
To optimise the location of the site for a 4-turbine
farm, energy yield was estimated inside the zone close
to the first suggested area. The first criteria were the
distance from the coast, the water depth (under –30 m
CD) and the maximum energy yield. That is why the
Southwest part of the crustacean reserve in North-East
of La Horaine Plateau was chosen to investigate the
location of the site. Fig. 3 shows several tens of
positions tested for this first optimisation.

3. Optimisation of the location of the site
and of the layout
3.1 Presentation of the zone and the site
Paimpol-Bréhat tidal current site is located in the
English Channel off the coast of Brittany in France (see
Fig. 1). Paimpol is a famous fishermen port, and Bréhat
a famous island.

Paimpol-Bréhat

Figure 1: Paimpol-Bréhat, France.

Figure 3: Location of tested positions for the location of the
site, bathymetry and maximum velocities during one mean
spring tide. Zone #1.

Fig. 2 shows the zone investigated with the Telemac2D model and the location of the wildest European
crustacean reserve. Any type of fishing other than on-

For EDF studies (and in particular to build the
numerical model with Telemac), the digital bathymetry
data for the zone was bought from the French Navy
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Hydrographic and Oceanographic Service (©
Copyright 2007 SHOM. Realised with the authorisation
of SHOM. Contract number 67/2007). The data is
divided into probes with a minimum distance between
each of 25 m and a digital terrain model every 500 m
that covers French coastal regions along the English
Channel and Atlantic Ocean. Once the location of the
proposed site was determined, an extra bathymetry
survey was carried out during spring 2008. On the site,
an area of 3.75 km2 was surveyed (including a 0.75 km2
bathymetry with a 1 m resolution). The bathymetry of
the zone used in the 2D numerical model is shown in
Fig. 2.

3.2.1.2 Details of constraints on location
The various constraints on tidal turbine location and
the assumptions behind them are detailed below:
- Pitch and roll of the devices with the bottom:
tolerances are imposed by the manufacturer,
- Ground clearance (distance between base of feet
and base of the tubes connecting two feet of the
tripods): the micro-relief has to be stepped over
by the base,
- Alignment of the devices with tidal currents:
because of the bi-directionality of the tidal rose
(see subsection 4.2), an optimal location with
devices aligned with the flood direction is first
sought,
- Spacing between devices (longitudinal and
transverse): these parameters are fixed by EDF
to minimise the surface of the farm area, taking
into account wake effects and constraints for
installation or maintenance operations)
- Orientation of the devices with regard to the
position of the electric cable plug: the cable
output terminal is located at the rear of the
device and all cables lead out directly towards
the converter located in the centre of the zone
bounded by four tidal turbines,
- Water clearance: the vessel water clearance for
boats traffic has to be respected. By coupling
this water clearance with extreme swell
conditions and with a 21 m device height, the
minimal tidal turbine depth layout is 31 m.

3.2 Optimisation of the layout
After the optimisation of the site location based on
preliminary energy yield evaluations of the zone, and
after the first bathymetry analyses (mainly water depths
– water clearance under extreme swell conditions), a
first layout for installing devices was then suggested
with a rough location given for four devices (positions
1, 9, 14 and 35 in Fig. 3). This initial layout was also
chosen so that the constraints of internal EDF rules for
spacing between devices were roughly respected.
As has been described in [2], once the site is chosen,
an accurate knowledge of the site and of the technology
is decisive for optimal positioning of devices within the
array. Because the submarine topography is rather
chaotic, with a sharp rocky bottom, it seems necessary
to conduct a finer study of the location of tidal turbine
tripods on the bottom. The crucial criterion to observe
is the angle the devices make with the bottom (pitch
and roll). Ground clearance between the base of the feet
and the base of the tubes connecting two feet of the
tripods has to be high enough to step over the microrelief.
After the study of topographic constraints, the layout
should take into account certain other constraints
including alignment with tidal currents (flood or ebb),
wake effects, minimum spacing between devices and
orientation of the devices with regard to the position of
the electric cable plug. Finally, the new positions have
to be in accordance with the critical water clearance
under extreme swell conditions.

3.2.2
Analysis details
A scaled geometry of tripods aligned with the flood
axis is defined with GIS. Tests of overlapping scaled
tripods on the DEM are carried out with two
discriminating criteria (pitch and roll limits) and also
micro-relief missing under the tubes connecting tripods
feet (ground clearance). The adherence to these
constraints is verified by drawing the topographic
profiles between every foot. Once these constraints are
satisfied, the other constraints (distance between
devices, wake effect) are checked. These tests are
carried out around the four initial tripods positions set
after the energy yield evaluations.

3.2.1
Methodology
3.2.1.1 Generalities
The optimisation of the layout is carried out on a
Geographical Information System (GIS) by spatially
analysing a Digital Elevation Model (DEM) of the
bottom of the site. The ArcGIS software (developed by
ESRI company) and its extensions (Spatial Analyst and
3D Analyst) are used. The DEM has been built using a
high-resolution multi-beam bathymetry survey of the
site, such that the grid resolution (generic distance
between every point) is 1 m (see subsection 3.1). The
bathymetry accuracy (representing the quality of
measurement in the all directions x, y and z) is 1 cm. As
the feet of the devices have a radius of a few metres, it
is therefore consistent to study the location of tripods
on the bottom using a 1 m resolution DEM.

3.2.3
Results
A number of optimal positions are found in the
vicinity of the four initial positions. The different
combinations of positions allow for several scenarios,
taking into account wake effects or not. In fact, a plan
has been made, for experimental reasons, to test the
influence of a tidal turbine wake effect on another
turbine for energy yield. Location i_j designates the jth
suggested location for device #i (e.g. 9_1 is the 1st
suggested location for device #9).
Fig. 4 shows all the possible locations with those
constraints. Layouts where turbine #9 generates a wake
effect on turbine #14 during the ebb can be seen. For
every initial location of a device, a minimum of two
further possible locations close to the initial ones have
been found.
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Besides, the numerical model shows that velocity is
not uniform over the zone and it can vary a great deal
within distances of only hundreds of metres.
4.3 “Schematic tides” and “real tides” methods
to evaluate the energy yield
In this subsection, the two methodologies favoured
at EDF for evaluating energy yield generated from tidal
currents are briefly recapitulated. This is reported in
more detail in [2]. The main advantage of the
methodologies is that they allow the tide to be
modelled over a large geographic area with sufficient
time and spatial resolution.
Here again, the method using Remenieras and
Smagghe's formula [3] is called the “schematic tides
method”. The energy yield of a tidal turbine farm is
determined from the simulation of three types of tides
(one mean spring tide, one “mean tide”, one mean neap
tide). The “real tides method” for estimating energy
yield requires the simulation of a relevant duration (e.g.
a whole year or one typical lunar month). In practice,
the year 1992 is a mean year of energy generation and
August 2001 is a mean lunar month of a mean year.
Remenieras and Smagghe's formula [3] is a balance
between the energies generated during one mean spring
tide, one “mean” tide and one mean neap tide:

Figure 4: possible locations for the devices after a study on
the optimisation of the layout.

4. Wake effects & energy yield evaluation
4.1 Hydrodynamic model with Telemac-2D
The Telemac-2D software solves shallow water
equations in 2D, and is used to model the tide in the
Paimpol-Bréhat zone. The results of such simulations
are water depth h and horizontal velocities that are
depth-averaged, u and v. The area covered by the
model is almost square, extending 60 km from North to
South and from West to East, respectively (see Fig. 2).
The mesh used in this numerical model is a finite
element mesh built with Matisse, the mesh generator of
the Telemac system. It includes 16,520 nodes and
32,208 triangular elements and is refined on the
location of the tidal current site. The element size
varies from 8 m in the zone of interest to 1.6 km where
high depths are reached (West and North of the model).
Boundary conditions are generated from an EDF
R&D - LNHE model on an area covering the near
Atlantic Ocean, English Channel and South of the
North Sea. Four main tidal harmonic components are
extracted (M2, S2, N2, and M4). Water depths and
velocities on the borders are imposed using Thompsontype boundary conditions. Dissipation by bottom
friction is modelled by a constant Strickler coefficient.
The results of the model are calibrated with SHOM
data (particularly tidal sea levels and mean spring and
mean neap tidal roses) and at-sea measurement results
(ADCP) in 2005 and 2008 [2].

E = 0.3 Espring + 0.4 Emean + 0.3 Eneap,

(1)

with Espring (resp. Emean, Eneap) being the energy yield
generated during one year if every tide was a mean
spring (resp. “mean”, mean neap) tide. The
computations are carried out using formula (1) and on
the basis that there are 705.8 tides per year.
The two methods differ in the way the tide is
reconstituted but both effectively reproduce the
geographic discrepancies [2]. The “schematic tides
method” is simple and quick to carry out, but velocity
variations during one year are schematic. The “real
tides method” accurately represents the velocity
variations throughout the modelled period, but the CPU
time is greater.
Nevertheless, the two methods give results, which
are quite similar, around 6 % (around 4 % constantly
observed in [2]).
4.4 Power model
The power model can be expressed by:
1
3
if V > V min
 ρ .η.C p .S .V
P = 2

0
if V ≤ V min
where P is the power transmitted to the rotor of the
turbine, ρ is water density (= 1 025 kg.m-3), η models
the various efficiencies Cp is the power coefficient, S =
πD2/4 is the inlet area, D is the inlet outer rim diameter
(= 16 m), V is the velocity at the rotor axis and Vmin is
the cut-in speed.
For reasons of confidentiality, results provided
underneath are relative.

4.2 Provisional tidal characterisation
Some results of a tidal characterisation of PaimpolBréhat site are taken from [2].
Both at-sea measurements (two campaigns in 2005
and 2008 with ADCP) and numerical modelling show
that the maximum velocities during flood are somewhat
higher than during ebb at the Paimpol-Bréhat site; the
tidal rose is asymmetric (in magnitude and direction).
The flow is bi-directional with two main directions:
around 120° clockwise from North during flood (i.e.
South-East) and around 320° during ebb (i.e. NorthWest), which means that ebb and flood are not
perfectly at opposite angles (but on a bearing of around
200°).
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4.5 Modelling of the devices and wake effects
Interactions between tidal currents and the devices
are here taken into account by modelling wake effects.
The principle is to model the device in the flow by
adding an additional term to the momentum equations
of shallow water equations - a drag force Fdrag - that is
in the opposite direction of the fluid momentum and
due to the blades, the Venturi and the base of the
converter, resulting in a head loss of the fluid:

4.6 Results
4.6.1
Wake effects
To estimate the energy losses due to wake effects,
the same computations are carried out but by artificially
dismissing the effect of the tidal farm on the currents.
Energy yields without the wake effects are mostly
greater than those computed when taking wake effects
into account. Wake effects are estimated to be
responsible for between 5 and 15 % losses in energy for
the tested layout on Paimpol-Bréhat site with this
methodology using Telemac-2D.

∂hu ∂huu ∂huv
∂Z
+
+
= − gh s + hFx + div(hν e∇u ) + Fdrag .x
∂t
∂x
∂y
∂x
∂hv ∂huv ∂hvv
∂Z
+
+
= − gh s + hFy + div(hν e∇v) + Fdrag .y
∂t
∂x
∂y
∂y

4.6.2
Energy yield evaluation
All the energy yields in the following tables are
relative. The reference energy yield is for device #1_2.
There are large discrepancies in energy yield for a
real four tidal turbine farm on the site (up to 10 %)
between the different layouts.
For the two possible locations of turbine #1, the
difference in energy yield is less than 2 % between all
layout variations (see Table 1). The energy yield only
depends on the location of device #1 and this location
seems not to be sensitive to wake effects or the layout
of the other three turbines. Moreover, the location of
device #1 has no influence on the energy yield of
devices #9 or #14.
For the two possible locations of device #9, the
energy yield varies up to 15 %. The energy yield of
device #9 greatly depends on the layout. For some
layouts, device #9 may be located in the wake of device
#14_2 and/or #35_3, which explains the loss in energy
yield.
For the different locations of device #14, the
maximum differences are around 6 %. The energy yield
of device #14 only depends on the location of device
#9. Position #14_1 seems to be in the wake of device
#9_2. Device #14 seems to be the least powerful
device. That is why the wake effect will be sought in
tests on the real farm.
For the 3 possible locations of device #35, energy
yield differences can reach 16 % (see Table 3). As with
device #9, there are large discrepancies. They depend
on the layout of devices #1 and #35, but there is no
dependence on the location of devices #9 or #14.
Nevertheless, location 35_1 always has the biggest
energy yield whereas the least is yielded if location
35_2 is in the wake of device #1_2 or if location 35_3
is located in the wake of device #1_1. Location 35_1
seems to increase the energy yield of location #35
because of a shift grid configuration rather than a
regular one which prevents a “block effect” [4].

with: u and v the components of depth-averaged
velocity, h the water depth, νe the effective viscosity, g
the gravity, Zs the elevation of the free surface and
F = (Fx, Fy) represents all external forces excluding
gravity g. The components of the drag force
Fdrag = (FUdrag, FVdrag) are:
- FUdrag = -½.Cd.S.|V|.V.cos θ if |V| > Vmin, 0
otherwise,
- FVdrag = -½.Cd.S.|V|.V.sin θ if |V| > Vmin, 0
otherwise,
V is the projection of the upstream velocity “far from
the turbine” (detailed below), S is a characteristic area
(e.g. the area swept by the turbine blades or inlet
Venturi area) and Cd is the drag coefficient. In this
study, the drag forces due to the turbine, the Venturi
and the base of the device are taken into account within
the same drag force coefficient Cd and θ is the mean
stream angle related to a reference axis.
The velocity V is defined as the projection of the
upstream velocity, where it is not greatly disturbed by
the device (“far from the turbine”), onto the rotor axis.
In this study, the distance from the centre of the
turbine, where the velocity “far from the turbine” is
computed, is deduced from CFD calculations: the test
case is a flow around a turbine in an open rectangular
domain with a constant bottom and a constant velocity
imposed for inlet on one edge of the rectangle. Indeed,
upstream and downstream, the turbine disturbs the flow
locally. The position to take into account is the one
where more than 99 % of the power corresponding to
the inlet velocity is found upstream in the stream
direction. This distance is approximately a few times
the diameter of the converter. Velocity V is the only
component of upstream velocity to be taken into
account in order to calculate the drag force on the
turbine blade and the extractable power.
Moreover, the velocity at the rotor is extrapolated
from the depth-averaged velocity (computed with
Telemac-2D) by applying a theoretical velocity profile.
Finally, the four devices are assumed to be
perpendicular to the main stream direction (supposed to
be constant on the site), so that the rotor axis is aligned
with the main stream direction.
This method was previously validated in [4].

Device #1
1_1

Relative energy yield
0.99

1_2

1.00

Table 1: Relative energy yield (reference: device #1_2) from
the 2 possible locations for device #1.
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35_1

Relative
energy
yield #9
0.97

Relative
energy
yield #14
0.92

14_1

35_2

0.96

0.92

9_1

14_1

35_3

0.92

0.92

9_1

14_2

35_1

0.88

0.90

9_1

14_2

35_2

0.88

0.91

9_1

14_2

35_3

0.84

0.90

9_2

14_1

35_1

0.94

0.88

9_2

14_1

35_2

0.96

0.88

9_2

14_1

35_3

0.88

0.88

9_2

14_2

35_1

0.91

0.90

9_2

14_2

35_2

0.93

0.90

9_2

14_2

35_3

0.85

0.90

Device
#9

Device
#14

Device
#35

9_1

14_1

9_1

boats traffic. The other criteria (spacing between the
devices and orientation with respect to the currents) are
of interest in order to better understand the behaviour
of a real farm. Combining all these constraints, the
chosen technology and the chosen site, the optimisation
of the layout only gives a few possible locations in
which to install the turbines within an array in this real
site. This part of the study is carried out on a
Geographic Information System (GIS) by analysing a
Digital Elevation Model (DEM) of the site, which has
been built using a high-resolution multibeam
bathymetry survey of the Paimpol-Bréhat site.
Energy yield evaluation for the different scenarios
coming from the optimisation of the layout shows great
discrepancies between the different layouts and
between the four devices. Here again the two methods,
which reconstitute the tide with Telemac-2D, give close
results (6 %). Energy losses due to wake effects are
here estimated between 5 to 15 %, but a better
modelling of the fluid-structure interaction may still
improve the results. Depending on the chosen layout,
the energy yield of a 4-turbine farm can vary by up to
10 % on this site. Thus, energy yield evaluation is a key
step in setting up the present project, and will be key
for future profitable ones.

Table 2: Relative energy yield from devices #9 and #14
(reference: device #1_2) for the 12 possible layouts for
devices #9, #14 and #35.
Device #1
1_1

Device #35
35_1

Relative energy yield
0.97

1_1

35_2

0.86

1_1

35_3

0.85

1_2

35_1

1.01

1_2

35_2

0.85

1_2

35_3

0.86
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Table 3: Relative energy yield from device #35 (reference:
device #1_2) for the 6 possible layouts for devices #1 and
#35.

5. Conclusion
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