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Abstract—Tidal energy projects require numerical mod-
elling for the assessment of tidal site conditions and
turbine/array performance. The Interreg TIGER project has
offered a unique opportunity to implement a wide range
of numerical models. This paper provides an overview and
comparison of the different numerical models developed
by academic partners in the TIGER project. The models
cover a variety of spatial and temporal scales. The largest
scale models provide long-term climatic studies covering
the entire English Channel region, at relatively low resolu-
tion, whilst the highest-resolution models provide detailed
information about short-term and small-scale turbulent
flow and its interaction with tidal turbines. The models
are used for various purposes. At one end of the scale, the
models have been used to inform the large-scale techno-
economic assessment of tidal energy and its impact on the
energy mix in the UK and France. At the other end of the
scale, the numerical models provide information that feeds
into detailed engineering design of tidal turbines at partic-
ular sites, and assessment of the energy yield. The models
showcase the range of computational tools available to aid
the development of the tidal energy industry. This paper
will be useful for investors, technology developers and
project stakeholders to help identify suitable numerical
models to support and develop ongoing and future tidal
stream projects.

Index Terms—Resource Assessment; Turbulence; Wave-
Current interaction; Loads modelling; Wake modelling

I. INTRODUCTION

HE Tidal Stream Industry Energiser Project

(TIGER) is the largest project ever funded by
the European Union Interreg program, with a value
of €45.4 million. The objective is to demonstrate that
tidal stream energy is a maturing industry, capable of
achieving an accelerated cost reduction pathway. The
project aims to drive the growth of tidal stream energy
by installing up to 8 MW of new tidal capacity at
six sites in and around the English Channel region,
illustrated in Fig. 1. Further details on the TIGER
project can be found at https://interregtiger.com. To
support the development of the projects at these sites,
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academic partners in the project have implemented a
range of numerical models for estimation of tidal site
conditions and tidal turbine/array performance and
loading.

Development of tidal energy projects requires mod-
elling at various scales. At the largest spatial scales,
sites for potential deployments must be identified and
compared. Once sites are identified, the spatial and
temporal variation of flow conditions across the site
must be considered, with regard to currents, turbu-
lence and waves. At the smallest scale, the interactions
between the local flow and turbines need to be cal-
culated to estimate the power production and struc-
tural loading. The impact of the turbines on the flow
also must be calculated, to assess potential changes to
large-scale flow conditions, understand wake recovery
mechanisms and device loading, and optimise array
layouts. Within this paper, the various models are
classified as either regional-scale, site-scale, or turbine-
scale models, although there is some overlap in the
scales considered by some models. The models provide
information about flow conditions and interaction be-
tween flow and turbines at different levels of fidelity
and corresponding computational cost.

The purpose of this paper is to provide a high-level
overview of the numerical modelling conducted as part
of TIGER and how this information has been used. Due
to the wide range of models used within the TIGER
project and the large number of simulations conducted,
it is not possible to describe all the details of the model
implementations and results here. Instead, the focus of
this paper is on the unique contributions and novel
results from each model, and their wider implications
for the tidal industry. Further details can be found in [1]
and references therein. The paper is organised as fol-
lows. Regional-scale models are discussed in Section 1II,
and site-scale and turbine-scale models are discussed
in Sections III and IV respectively. Finally, a discussion
and conclusions are presented in Section V.

II. REGIONAL-SCALE MODELS

The regional-scale models considered here solve the
Reynolds-averaged Navier-Stokes (RANS) equations
for incompressible flow, and related equations derived
under various assumptions (see e.g. [2]). When the
horizontal length scales of the flow are much greater
than the vertical length scales, it can be shown from
the momentum equation that vertical pressure gradi-
ents are nearly hydrostatic. The additional assumption
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Fig. 1. Demonstration sites considered within the TIGER project.

of hydrostatic pressure leads to the 3D shallow wa-
ter equations (SWE). Depth-averaging these equations
leads to the 2D SWE. Within the TIGER project, Delft
Flow, Thetis and MIKE21 have all been run using the
2D SWE, whilst Telemac has been run using both 2D
and 3D SWE and 3D non-hydrostatic equations.

Some of the models considered also include pa-
rameterisations of tidal turbines. In the 2D models
which include turbines, these are represented with
an enhanced bottom friction term over the area of
the array, whereas in Telemac 3D (non-hydrostatic),
turbines are represented by actuator disks. In some of
the applications discussed below, the models have been
run at higher resolution over particular sites. However,
in the present work, the classification of regional-scale
and site-scale models is made based on the governing
equations, with the regional-scale models using the
RANS equations, and the site-scale models discussed
in Section IIl, using a Large Eddy Simulation (LES)
approach.

A. Delft suite

Wave-current interactions were assessed with a fully
coupled flow-wave model developed using Delft3D
Flexible Mesh (DFlow FM) and SWAN. DFlow FM is
the hydrodynamic flow solver which forms the core
of the Delft3D Flexible Mesh suite of models and
solves the shallow water equations, described above.
SWAN is a third-generation spectral wave model used
predict the wave spectrum in the coastal and shallow
water zones. SWAN, like other spectral wave models
determines the evolution of the action density in space
and time. Wave breaking, white-capping, triad inter-
action and quadruplet interaction all affect the energy
propagation of the sea state. The model accounts for
these by employing various numerical schemes. A full
description of the model is available in the SWAN
technical documentation [3].
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The models have been used to generate a 33-year
hindcast (1st January 1990 — 31st December 2022)
dataset of flow and wave conditions throughout the
English Channel with a focus on two sites: the PTEC
site off the Isle of Wight and Le Raz Blanchard. The
flow model was run on an unstructured mesh of the
entire channel region with resolution ranging from
2km-20m, whereas the wave model was run on three
levels of nested rectangular grids. An outer wave grid
with 2km resolution covered the whole channel with
higher resolution nested grids shown in figure 2. The
models were used for: resource quantification, extreme
value modelling, input to techno-economic modelling,
inputs for the dynamic analysis of tidal turbines, and
model inter-comparisons. The models were used in [4]
to explore the impact of including wave effects in tidal
resource assessment modelling. It was found that the
effects are significant with instantaneous differences in
tidal stream power of up to 9.6% between coupled
models and flow only models.

The coupled models were also used to investigate
joint extremes of waves and currents at tidal sites. A
novel method for estimating environmental contours
was developed [5] and used to construct 3D envi-
ronmental contours of flow speed, wave height and
relative direction between waves and currents [6]. The
results showed that in sites of strong tidal flows, the
most extreme wave conditions tended to occur when
the wave and currents are propagating in opposite
directions, due to the wave-current interactions. Fig.
3 shows an example of the joint density of the compo-
nent of significant wave height in line with the current
direction against current speed, for a location in Le Raz
Blanchard. The increase in wave heights in opposing
currents is clearly visible.

In Le Raz Blanchard the data were used in a model
comparison study focusing on unsteady load predic-
tions for tidal stream turbines. The full study is re-
ported in Annex A of [1]. Within the TIGER project
the model output was supplied to developers and used
in their technical and economic site assessments. At
time of writing, research is ongoing looking at spatial
variability of the flow and wave conditions. The study
is using the model outputs to identify whether there
are advantages to selecting locations with slightly lover
peak flow speeds to benefit from less severe wave
conditions.

B. Telemac

Telemac is an open source model for free sur-
face flows. It solves the shallow water equations
(Telemac2D) or the 3D Reynolds-Averaged Navier-
Stokes (RANS) equations (Telemac3D) using the finite
element method. Within the TIGER project, Telemac
has been applied at three sites: Le Raz Blanchard,
Paimpol-Bréhat and Morbihan Gulf. The bathymetry
data were provided by the SHOM (French Navy), as
well as the sediment maps that permitted to estimate
the bed roughness. The TPXO database was used to
predict sea level and current velocity at the domain
boundary. Meteorological and wave effects were not



MACKAY et al.: NUMERICAL MODELLING IN THE TIGER PROJECT

550

500

450

I
(=]
o

Northings [km]
w
=

300

250

200
400 450 500 550 600 650 700

Eastings [km]

Fig. 2. Nested wave domains for the SWAN wave model, showing
seabed bathymetry in the focal areas.

4 2 0 2 4
Cipa [m/s]

Fig. 3. Joint density of current speed and component of significant
wave height in line with current direction, for a location in Le Raz
Blanchard, from coupled wave-current Delft model. Negative current
speed indicates opposing wave and current directions.

included. The turbulence closure scheme was the k-
" model. Cell sizes varied according to the targeted
applications. They ranged between 10 km and 15m
for the simulations without turbines and were refined
up to 1 m for simulations with actuator disks. For
resource assessments without turbines, models config-
urations were validated with measurements of water
elevation and current speeds (e.g. six ADCP time-series
in Le Raz Blanchard, two in Paimpol-Bréhat and four
in Morbihan Gulf). For wake-field studies relying on
actuator disks, model predictions of turbulence and
velocity deficit in wake have been validated from lab
experiments [7].
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Fig. 4. Time-averaged flow perturbation induced by 294 turbines
deployed in Le Raz Blanchard. Results have been obtained form
a Telemac2d simulation in which turbines are represented with an
enhanced friction term. Coordinates system (in m): EPSG 2192

In 2D, Telemac has firstly been used to charac-
terize the resource of the three aforementioned sites
(simulations without turbines). Secondly, for Le Raz
Blanchard, different tidal arrays have been represented
with an enhanced friction term [8] to analyse the
effect of energy extraction on the resource considering
several scenarios (different array locations and turbine
densities). An example of the time-averaged influence
of 294 turbines on the current magnitude is shown in
Fig. 4. The feedback between the tidal arrays and the
resource itself fed into a techno-economic analysis of
the site conducted by ORE Catapult. Thirdly, for the
Morbihan Gulf, simulations with turbines were used
to analyse the effect of tidal current exploitation on
the hydrodynamics of the site. These simulations were
used to assess the extent and the magnitude of the flow
perturbation.

In 3D, Telemac has been used to characterize the
hydrodynamics of Le Raz Blanchard and Paimpol-
Bréhat. Model outputs of Le Raz Blanchard were used
in a cross-comparison of different models and to aid
the deployment and recovery of an ADCP. A model
configuration of Telemac3D with actuator disks was
also used to assess the performance of different array
layouts and to analyse the influence of blockage ( [9],

[10]).

C. Thetis

Thetis is an open source, unstructured grid coastal
ocean model built using the Firedrake finite element
framework. Wind and wave effects are not included
in the model. The model is run in depth-averaged
mode in order to achieve acceptable computational
efficiency to run simulations for the range of purposes
set out in Table 1. This prevents the models from being
able to resolve the boundary layer flow in the vertical
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plane, which has been deemed acceptable given the
accuracy of the model in two dimensions, and the
additional computational efficiency this provides [11].
Within the TIGER project, a Thetis model of the Ram-
sey Sound, initially presented in [11], has been used by
the University of Plymouth (UoP), and developed for
several studies. In addition, UoP has developed new
hydrodynamic models of Le Raz Blanchard.

Fig. 5 shows the domain and computational mesh
from the Ramsey Sound model, which covers a large
section of the Irish Sea, as well as incorporating parts
of the Celtic Sea and Northern Channel. The spatial
resolution of the mesh is 8 km at its outer extremi-
ties, and refined to around 250 m around coastlines
to capture intertidal processes, and to 25 m within
the Ramsey Sound to resolve complex flow features
around bathymetric features such as Horse Rock and
the Bitches. In some of the model runs, tidal arrays
have been included in the model, represented using
an enhanced drag coefficient, C,, defined as

_ A,
- Aa, (1)
1
Ca= > Cy; )

where is the array density, defined as the ratio of
the total swept area of the array to the plan area of
the array. A is the swept area of a turbine rotor, n
is the number of turbines in the array, and A, is the
plan area of the array. C, is the turbine array drag
coefficient and Cy is the drag coefficient of a single
turbine. This approach is often referred to as the con-
tinuous array drag approach, which is different to the
discrete turbine drag approach where each individual
turbine is assigned its own drag term. The continuous
drag approach cannot simulate local blockage effects
caused by the wakes/bypass flow of upstream turbines
impinging on downstream turbines, for example. These
impacts were minimised in the Thetis modelling by
upholding a relatively low array density, to maintain
high spacing between turbines, as recommended in
[12].

The Thetis model of the Ramsey Sound was used
to quantify the performance of various tidal arrays,
using 0.5 MW, 15 m rotor diameter turbines. The array
plan area was derived based on a range of practi-
cal constraints that determine the viability of turbine
positioning. These constraints included depth (LAT),
bathymetric gradient, flow speeds, shipping lanes, and
conservation areas. Simulations were run to quantify
the performance of the array when 20 — 80 turbines
are distributed evenly over the array plan area. Table
II-C summarises the estimated annual energy yield and
capacity factor of the arrays. Results show that whilst
the annual energy yield of the array increases by 200%
as the number of turbines is increased from 20 to 80,
there is a 25% reduction in the array capacity factor.
Given that operational projects are requiring capacity
factors of 0.4 to achieve financial close [13], these
results indicate that Ramsey Sound is highly unlikely
to be able to facilitate large scale array development,
until capital and operational costs reduce.
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Fig. 5. Domain and computational mesh for Thetis model of Ramsey
Sound and surrounding seas.

TABLE I
ANNUAL ENERGY YIELD ESTIMATES FOR ARRAYS IN THE
RAMSEY SOUND

No. Array Annual En-  Capacity
Turbines Capacity ergy Yield Factor
20 10 MW 34.8 GWh 0.40
40 20 MW 63.3 GWh 0.36
60 30 MW 87.4 GWh 0.33
80 40 MW 103.6 GWh 0.30

D. MIKE21

To investigate tidal stream energy potential at the
Gulf of Morbihan site, the MIKE 21 Flow Model was
used to simulate the tidal hydrodynamics in the area of
interest, using a 2D SWE approach. The area consists of
many islands, channels and river outflows. The com-
putational domain was setup using an unstructured
mesh with cell sizes ranging from 10 km to 10 m. The
bathymetric data was based on the Litto-3D dataset
from SHOM, with a resolution of 10 X 10 m, and a
higher-resolution 1 X 1 m dataset gather by UBS for
the entrance of the Gulf of Morbihan. The model was
run for a period of 1 month, from December 2014
to January 2015, coinciding with the deployment of
two ADCPs, one in the channel between ile Longue
and Pointe du Monténo, and the other in the channel
between ile Berder and fle de la Jument (see Fig.
6). ADCP measurements showed peak flow speeds
around 3.5 m/s. The mean flow speed from the model
output at the Tle Longue site was found to be 1.8 m/s
and the corresponding mean power density was found
to be 3.1 kW/m?2.

III. SITE-SCALE MODELS

The purpose of the site-scale models implemented in
TIGER is to provide detailed information about turbu-
lent flows across the sites. Both the models described
here use an LES method to model turbulence. The first
one relies on an in-house version of Telemac3D. The






