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Abstract

An accurate assessment of the hydro-environmental impacts of tidal range energy schemes, where the
performance of the scheme has an impact on the marine environment and ecology, is crucial in
optimising the design and development of such schemes. A proposal for a new coastally-attached
impoundment, namely West Somerset Lagoon, has been investigated in this research study and the
numerical model TELEMAC-2D has been refined to model the impacts of this scheme on the Bristol
Channel and Severn Estuary. Domain decomposition was applied and full momentum conservation
between the subdomains was included in the model by implementing momentum source terms at the
turbine locations. The results have confirmed the importance of including full momentum conservation
in modelling the effects of turbo-machinery in tidal lagoons. It was found that the operation of the
scheme decreased the high water level slightly in the Bristol Channel and Severn Estuary, while there
was a decrease in the low intertidal areas. The maximum velocity and bed shear stress were predicted
to increase in the inner Bristol Channel, while they decreased noticeably across most of the interior of
the lagoon, away from the turbine wakes. Furthermore, the operation of the lagoon significantly
improved the water renewal in the region.

Keywords: Tidal Lagoons; Hydrodynamic Modelling; Environmental Impact Assessment; Lagoon

Operation; Momentum Conservation
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1 Introduction

Marine renewable energy has been widely considered in many countries with potentially vast
marine resources [1-4]. One of the oldest forms of marine renewable energy is tidal range energy. A
Tidal Range Scheme (TRS) is capable of generating predictable energy from tides by utilizing an
artificial water head difference, generated by impounding water throughout a tidal cycle. Tidal lagoons,
which generally do not block major estuaries to the same extent as barrages, have tended to have
reduced impacts on the estuarine environment and ecology, as well as potentially offering many of the
multifunctional features of barrages, such as flood risk reduction, etc [5, 6].

The Bristol Channel and Severn Estuary is located in the southwest of the UK, with the basin having
the second highest tidal range in the world due to the funnelling effect of the basin and tidal resonance
[7]. Itis therefore not surprising that this basin has been one of the major areas of interest for tidal range
schemes [8-11]. Meanwhile, there are areas within the basin which are protected under a number of
European and international legislative directives for their unique characteristics and important
ecosystem [12]. In recent decades various TRSs have been proposed for siting within the region, but
none have yet been developed, due primarily to the potentially significant environmental impacts and
the high capital costs [13]. Other concerns reported have related to the need to preserve the delicate
inter-tidal mudflats that are vital for migrating birds. Therefore, it is essential to fully understand the
performance of such schemes and their environmental and ecological impact on the estuarine waters,
both inside and outside of the lagoon or barrage.

The main impacts of TRSs, particularly in terms of the hydrodynamics, are the changes that arise
in the water levels and tidal velocities both within and outside of the impoundment, and the
consequential impact on the estuarine environment and ecology. For example, changes in the water
levels, and particularly the tidal range, as a result of the operation of a TRS can alter the risk of flooding
[14] and can cause a significant loss of intertidal mudflats, particularly within the impounded area. Any
pronounced loss of intertidal habitats can significantly restrict feeding opportunities for birds post
development [15, 16]. Alterations to the tidal hydrodynamics can also significantly impact on solute
and suspended sediment concentrations in the estuary, thereby affecting the geomorphological and
benthic environments [2, 17-19]. Thus, predicting the impacts of any such scheme on the tidal elevation
and velocity characteristics in an estuarine basin are essential in order to assess the preliminary analysis
of the design and operation of a new TRS proposal.

Changes in the hydrodynamic regime caused by the operation of a TRS can have both positive
and/or negative impacts on solute fluxes and concentrations [20-23]. The impact of such a coastal
scheme can significantly affect the water quality characteristics during the initial stages of the design,
with such impacts being investigated through predicting the water renewal capacity and water renewal
time [24, 25]. However, very little research has been undertaken and reported in terms of the water

renewal capacity of TRSs.
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There are several ways in which turbines and sluice gates can be represented in numerical
hydrodynamic models. In early studies, turbines were modelled in a simplified way by only considering
mass-balance through the impoundment wall [10, 26]. However, recent research results have indicated
that accurate representation of the lagoon boundary, and particularly achieving accurate momentum
conservation of flow through the turbines can have a significant impact on the wake hydrodynamic
characteristics, and can be critical in studying the hydro-environmental impact within and in the near-
field outside of a lagoon or barrage [27, 28]. Conserving the momentum flux through turbines requires
a particular treatment of the momentum terms to ensure conservation, based on the characteristics of
the structure [29]. Early studies in treating the momentum flux through the turbines have involved
refining the cross-sectional area of the grid cell wall normal to the turbine efflux, thereby ensuring that
the velocity exiting from the turbine diffuser cell interface leads to area mean momentum conservation
[27]. This paper has adopted a full momentum conservation approach [28]in modelling the flow through
the turbines in the lagoon and the impact of different velocity profiles at the turbine outlets have also
been studied.

The paper also focuses on studying the hydro-environmental impacts of the proposed West
Somerset Lagoon (WSL), with this project being one of the largest lagoon proposals currently being
considered in the UK. The scheme design has been optimised for maximum electricity generation with
pumping and is expected to generate 7.16 TWh/year [30]. However, this study does not focus on energy
generation optimisation and therefore does not include pumping. Another innovation of this paper is
the investigation of the operation of WSL on the flushing characteristics within the region by studying
the impact on a passive mass-conservative tracer in the lagoon. The corresponding model comparisons
for tracer concentrations within and across the lagoon enhance our understanding of the performance
of the WSL scheme and encourage maintenance of good water quality characteristics. The impacts of
the lagoon on water levels, velocities, intertidal mudflat and bed shear stresses have been studied and
are reported herein. The findings from this study have shown that the WSL performed well during this
preliminary design study, while showing that further hydro-environmental impact studies and more

extensive geomorphological, environmental and ecological modelling studies are also required.
2 West Somerset Lagoon

West Somerset Lagoon was proposed by Tidal Engineering and Environmental Services Ltd
(TEES) [31]. The proposal includes a semi-circular breakwater with a length of 22 km, as shown in Fig.
1 and Fig. 2. WSL spans from Culvercliff in Minehead, on the Western end, to West Quantoxhead, on
the Eastern end, and encloses an area of approximately 80 km?2. The location of the turbine housings
and sluice gates were distributed uniformly initially, while subsequently they have been adjusted to
account for local bathymetric and geological conditions, with further studies being undertaken to
investigate the optimal environmental considerations and impacts. Based on optimization studies

carried out previously at Cardiff University, using a flexible operation of the turbines and based on the
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findings obtained from a Genetic Algorithm model, the initial layout for the WSL incorporates 125 bulb
turbine generators, each of 7.2 m diameter, split equally between 5 housing blocks [30]. The capacity
of each turbine is 20 MW, with a total installed capacity of 2.5 GW. To enhance the power output and
the flushing capacity, 8 sluice gate housing blocks, with 2 different sizes, have been proposed. The
sluicing area of each housing block is: 2860 m? for S1-S5 and 1900 m? for S6-S8. In total, the proposed
sluicing area for WSL would be 20,000 m?. The locations of the hydraulic structures are shown in Fig.
2, with T1 to TS illustrating the location of the 5 turbine housing blocks and S1 to S8 representing the

8 sluice gate blocks.

Fig. 1. Location of WSL and model validation data measurement points, including tidal gauge sites and ADCP measuring points.
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Minehead +
T1-T5: Turbines
S$1-88: Sluice gates

Fig. 2. () The computational domain of the model; (b) layout of the turbine housing and sluice gate blocks around West Somerset Lagoon,

together with the numerical model grid structure.

TRSs have different operation modes and operating parameters including pumping, which should
aim to maximise the energy and minimise the environmental and ecological impact. In order to reduce
the loss of basin inter-tidal habitat and to increase net energy output, the WSL scheme (as proposed by
TEES) includes pumping but this has not been included in this research. In this study, two different
two-way generation scenarios without pumping, and derived from a Genetic Algorithm model, were
used as the operation methods for WSL [30]. The first operation scheme was based on the traditional
two-way operation of the turbines, with an optimised fixed generation head, and with the energy
generation start and end heads being 4.9 m and 2.5 m respectively. The second scheme considered was
based on two-way operation with an optimised flexible generating head [32]. The main difference

between these two schemes is that the flexible generation head scheme takes account of the fluctuating
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maximum and minimum sea level for the tidal cycle into consideration, achieving the maximum total
energy output by using an adaptive flexible generating head. While a fixed generation head uses a
constant turbine start and end parameter throughout the whole tide cycle, this scheme does not take
account of the difference between the tidal range for neap and spring tides. It should be noted that
optimisation for a flexible head is sensitive to the tidal levels and therefore in the current study the tidal
levels in the Bristol Channel were predicted using the model set-up for this study, i.e. TELEMAC, rather
than the DIVAST model [32], which was used in the optimised scheme studies.

In considering two-way fixed generation as an example, when the water level inside the lagoon
reached its highest level, both the turbines and sluice gates were closed to hold the water volume inside
the lagoon. This is termed the holding phase at high tide. The water head difference across the lagoon
wall then increases with the receding ebb tide as the tidal level outside of the lagoon falls. When the
water head difference is greater than the generation head, i.e. 4.9 m in this case, then the turbines start
operating and the ebb generation mode commences. During ebb generation, the water level inside the
lagoon keeps dropping until the water head is smaller than the end generation head, i.e. 2.5 m. When
this end generation head is reached then the lagoon begins emptying further and the sluice gates are
fully open; this is termed the sluicing phase. During this phase, the turbines stop generating and remain
idle. This process allows the lagoon to empty as much as possible at low water, thereby creating the
maximum head difference for the next generation phase and replicate the natural tide as much as
possible to minimise the environmental impacts of the scheme. When the water level is almost the same
on both sides of the lagoon wall, the turbines and sluice gates are closed and the holding phase
commences again at low water. The water level inside the lagoon stays almost constant again while the
water head outside begins increasing. Flood generation starts again when a head difference of 4.9 m is
achieved and the ebb tide cycle is repeated. The flexible generation process is similar to the fixed head
process, but has the benefit of optimising the energy generated for each individual tide, with the tidal
range in any estuarine basin varying continuously. The key operational modes of: holding, generating
(or turbining), sluicing and pumping will have different optimal starting and ending heads depending
on the tidal range for an individual tide, and the tidal range of the proceeding and subsequent tides.
Therefore, to acquire the maximum energy over a spring-neap cycle for any tidal range scheme it is
desirable to vary, through optimisation, the starting and minimum heads for each individual tide within
the cycle. Further information about the operation of TRSs can be found in Baker [33] and Xue et al.
[32].

3 Methods

3.1 Numerical model

In this study, the numerical modelling of the hydrodynamics and the operation of the tidal lagoon

has been undertaken using the widely used TELEMAC model. This model is an open-source
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hydroinformatics modelling suite, developed by the Research and Development Department of
Electricite de France (EDF). The TELEMAC suite has been developed to model the hydrodynamics,
including the free surface variations and the tidal currents, as well as the hydro-environmental impacts,
with the modules including both 2D and 3D hydrodynamic and environmental coupling. The current
patterns in the vicinity of the turbines and sluice gates are fundamentally three dimensional in structure
[34] and the impact of tidal energy extraction on the water renewal capacity is also a 3D phenomenon
[35, 36]. However, 3D modelling of the scheme at this stage would have required excessive
computational resources and would potentially have necessitated limiting the simulation period and
reducing the horizontal grid resolution. Furthermore, the flow structure in the Bristol Channel is well
mixed [37, 38] and the main focus of this study is preliminary on the far-field environmental assessment
of this proposed scheme. It was therefore decided to refine TELEMAC-2D in this study due to the well-
mixed nature of the estuary [37, 38], computational efficiency and general applicability of the results
[28, 39]. However, a 3D analysis of the water renewal capacity will be undertaken in future planned
studies.

The Reynolds Averaged Navier Stokes (RANS) equations were solved in the TELEMAC-2D model
and the governing depth-averaged equations, written in their non-conservative form [40], are given as:

=+ grad(h) + hdiv(@) = S [1]
ou ou ou iz 1 . —_—
E+UE+V@= 95t dlv(hvegrad(u))+Fx [2]
ov dv ov _ oz 1 ,. —
E+UE+V5_ _95+Z dlv(hvegrad(v))+Fy [3]

where h is the total depth of flow (m); Z is the of free surface water elevation, positive above datum
(m); u, v are the depth-averaged velocity components in the X, y-directions (m/s); v, is the depth-
averaged eddy viscosity (m%s); S is the mass source term (m/s); F;, F, are the momentum source terms
representing the effects of wind, Coriolis acceleration, bottom friction, and sources or sinks of

momentum.

3.2 West Somerset Lagoon modelling

First, a base-line model was built to simulate the hydrodynamics in the Bristol Channel and Severn
Estuary. The open seaward boundary was set at the mouth of the Bristol Channel, spanning from
Heartland Point in south-west of England to Stackpole Head in south west Wales, as shown in Fig. 1
and with the seaward boundary conditions being derived from the continental shelf model [41]. It was
considered that there was sufficient distance between the seaward boundary and the scheme to ensure
limited impact from the scheme on the open seaward boundary conditions for such an early stage study
[42]. However, further studies to confirm that the scheme does not have a significant impact on the
open seaward boundary will be undertaken at a later date. The model extended upstream to the River

Severn, close to the tidal limit at Haw Bridge, near Gloucester, and where there is an Environment
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Agency hydrological monitoring station. Major rivers discharges within the domain were included in
the model as external sources, with the values for the discharges being based on a report by Stapleton
[43]. The entire computational domain covered an area of 5805 km?. A typical spring-neap tidal cycle,
covering the period from 14:00 on 12" August 2012 to 14:00 on 27" August, was used as the baseline
for optimizing the scheme, plus two more days at the beginning of the simulations to achieve model
set-up conditions. The mesh resolution varied across the domain according to the bathymetric
conditions, with the inverse distance interpolation method being used to achieve a higher resolution and
better accuracy in shallow waters, with the resolution being based on the following equation:

Mesh Resolution = -10-Bathymetry + 200 [4]

This method has been used successfully in previous studies for macro-tidal modelling [44] and
island wake modelling [45]. Moreover, the mesh was further refined in the proximity of the WSL
location, where a finer resolution of the hydrodynamic predictions was required. In summary, the mesh
resolution varied from 50 m near the lagoon structure to 800 m close to the open seaward boundary.
The computational domain contained 69404 nodes and 134674 elements.

In this numerical model, the method of characteristics was used to solve the advection terms in the
governing momentum equations. Discretization in space was carried out by using a quasi-bubble
triangle to determine the velocity field and a linear triangle to determine the water elevations, thereby
ensuring a balance between model accuracy and efficiency. For turbulence modelling, the classic k-¢
turbulence model was used, as this model has been found to be most suitable for modelling flow around
obstructions in a macro-tidal estuary and with a conjugate residual solver being adopted [45].

WSL was represented in the model as an independent subdomain, using domain decomposition [10,
39, 46], and in accordance with the actual scale. This meant that the lagoon wall acted as a solid
impermeable boundary, except for the turbine and sluice gate sites. The turbines and sluice gates,
connecting the internal and external domains either side of the lagoon wall, were represented in the
model as an internal discharge boundary, represented by the source term S in equation [1]. The value
of the discharge at each timestep was determined as a function of the water head difference across the
impoundment wall. This value was added to the domain on one side of the wall and then subtracted
from the domain on the other side, thereby ensuring mass conservation. For a submerged sluice gate, a
standard orifice equation was used to calculate the discharge as given by:

Qstuice = CaAstuicer/29AH [5]
where AH is the water level difference across the lagoon wall; Ag;,,ice 1S the sluicing area; and g is the
gravitational acceleration. At the preliminary stage of the design and in the absence of any experimental
data, the discharge coefficient, C,, was assumed to be 1.0 [33].

The performance of the turbines, including the flow-through discharge and the power generated,
was obtained using a publicly available hill-chart [5, 33, 47, 48]. A hill-chart is unique for different

types of turbines and is usually provided by the manufacturer. Due to commercial confidentiality, it has
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not been possible to acquire the latest hill-chart for the most recently promoted triple regulated turbines.
In the current study a typical hill-chart, corresponding to the Andritz Hydro double-regulated bulb
turbine, was therefore used [49]. To represent the gradual operation of the sluice gates and turbines, a
ramp function was applied to the area, €.9. Aquice in Equation 5. The ramp function represents the
physical opening of a sluice gate or turbine and has been expressed in the model in a half sinusoidal
form. Thus for the opening operation the function was given in the following form: f = sin (nt/2T),
0<t<T,and likewise a half cosine form was used for the closing operation: f = cos (t/2T),0<t<
T [50], where T is the time of opening and closing and was assumed to be 20 mins in the current study.

The tidal conditions, i.e. time and height of the tides, are different at each of the turbine and sluice
gate blocks shown in Fig. 2, as the tide propagates into and out of the Bristol Channel and past WSL.
This variation in the tidal conditions is due to the size of the lagoon and the highly variable tidal
conditions in the region, resulting in a 10-20 min difference in the time of the HW (High Water) along
the lagoon wall and a difference of 0.2-0.3 m in the spring tidal range between T1 and T5. This variation
was expected to affect the optimisation and operation of the scheme and it was found that all the turbines
and sluice gates, following the same opening and closing rules, as determined by a single water level
inside and outside of the basin - as traditionally used, led to an inefficient performance of the scheme
[19, 28]. Therefore, the optimisation of the scheme was carried out by separately operating each
component, i.e. turbine and/or sluice gate block, using water levels predicted by TELEMAC-2D at the
location of each block structure. The model was then revised to operate each structure independently,
which led to an improved and more efficient operation of the scheme for the 2D and 0D model, as

discussed further in section 4.2.

3.3 Momentum conservation across the structure

To ensure momentum and mass conservation across the structure, a momentum source term was
added to the momentum equations, i.e. Egs. 2 and 3, for the cells linked to the turbines or sluice gates.
This method has been successfully used in simulating tidal stream turbines [51] and is applicable to
other hydraulic structures, such as coastal reservoirs [52]. The momentum source term in the x direction

was calculated from first principles and is given as:

1 1
F,((l:Z(us—u)-S:Z(us—u)ﬁQAn) [6]

where A& X An is the area of the source/sink discharge; u is the local velocity at the source point, h is
the water depth; and ug is the jet velocity through the source point, which was considered as the flow
velocity through the hydraulic structure, as shown in Figure 3. However, due to the fast-changing
velocity in the turbine housing [53], the value selected to define ug is uncertain. Therefore, different
values of ug were applied and compared in this study. In the first scenario, the velocity was taken just
beyond the turbine runner, which could be considered as a simplified value since this value ignored the

expansion of the flow through the diffusor [28]. In the second scenario, the value of ug was considered
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as the velocity at the end of the turbine diffusor. This was considered to be more realistic, based on Eq.
6, and includes the energy dissipation in the draft tube.

Vertical velocity gradients cannot be accurately accounted for in 2D models [26] for such complex
turbine wake structures and u in Equation 6 was derived from the model. However, the velocity of the
jet, us, can vary significantly over the diffuser. This hydrodynamic jet will be different based on the
design of the turbine and its housing and therefore an appropriate velocity profile needs to be used after
the turbine characteristics have been finalized. However, at this early stage of the design process, a
typical horizontal velocity profile along the vertical section produced by Wilhelm et al. [54], as shown
in Fig. 3, was used in this study. The velocity profile is represented in Eq. 6 by dividing the profile into

small sections and calculating the accumulated impact of the jet over the area, as shown below:

J; (us —w)QdZ [7]

FA !

X-3D ~ n(agxan)

The velocity profile in verticle direction

1

T k
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x 0.

£

N i:» Average velocity
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Diffuser .
Extension . ?

0 05 1 15 2

Runnel’ Blade V_z/V_average

Turbine
Diffuser

Fig. 3. Shape of the low head bulb turbine housing and measured velocity distribution in the outer turbine diffuser [54]

3.4 Renewal time and bed shear stress calculation

In order to study the water retention time of WSL, the renewal time was estimated by studying the
characteristics of a passive mass-conservative tracer, which was introduced inside the lagoon domain.
This tracer was then monitored to give the concentration changes with time, particularly inside the
lagoon. It is also known that the renewal time depends on the tracer release time during a tidal cycle
and different calculation methods of renewal time were applied [24, 25, 55, 56]. For the current study,
the tracer was introduced at low-water for a typical spring tide, with the tracer being released
instantaneously within WSL and dispersed uniformly. A tracer remnant function was adopted to
represent the remaining tracer in the studied domain [57], as follows:

_ Jqr(y, ) T(xy,)da
r(®) = Joah(xy,to) T(x,y,to)dQ

(8]

Where X, y are the spatial coordinates; t, is the initial time of tracer releasing; h is the water depth
and T is the tracer concentration. The renewal time was then determined based on the method proposed
by Matta et al.[24] and Guillou et al.[55], in that the renewal time was taken as the time when the

average tracer concentration across the lagoon dropped by 10% of the initial concentration.

10
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The impact of the lagoon on sediment transport, including potential erosion and deposition changes,
and particularly long-term geomorphological changes, was another key concern for such a scheme. The
bed shear stress is a major indicator of potential changes in sediment transport and hence the bed shear
stress was predicted and compared in the region for pre- and post- lagoon construction of the lagoon.
The bed shear stress was calculated using a conventional quadratic formulation, as given by:

T =pCqlulu [9]
where p is the seawater density, assumed to be 1025 kg/m?, Cq is the bottom drag coefficient, assumed
to be 0.0025 in this study [58], and u is the depth average velocity and |u| is the magnitude of the depth

average velocity.
3.5 Statistical Analysis tool

The coefficient of determination (R?) and the root mean squared error (RMSE) were used to
quantify the predictive capability of the model when validated against measured water level data, with
the terms being defined as:

21 2 Sim00?
R=1-Sr ooy [10]
RMSEz\/%Z?Zl(Si —0,)2 [11]

where 0; is the observed value, 0, is the average of the observed value, S; is the simulated value, and
S, is the mean of the simulated value.  The R?and RMSE values are mainly applied to evaluate scalar
guantities, not vector quantities. Thus, the mean absolute error (MAE) and relative mean absolute error
(RMAE) were also evaluated for quantifying the degree of accuracy of the model in predicting the

measured velocities. The MAE contained both errors of magnitude and direction, with the formulation

for a vector X = (X1, X3), being given for MAE and RMAE as follows:

MAE:<|§ _ 5') — Zi:l \/(Sln_oln)2+(52n_02n)2 [12]

n

_ MaE
RMAE= {0 [13]

The qualification for the ranges of RMAE is also presented , with: Excellent (RMAE < 0.2), Good (0.2
<RMAE < 0.4), Reaonable (0.4 < RMAE < 0.7), Poor (0.7 < RMAE < 1.0), Bad (RMAE > 1.0) [59].

4. Result

4.1 model calibration and validation

The model was first calibrated using water level and velocity data from the Admiralty Charts [10]
and 4 tidal gauges covering the Bristol Channel and Severn Estuary. A manning’s roughness coefficient

of 0.025 was selected during calibration, which was generally found to give the closest agreement
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between the predicted results and available field data. The model was then validated using further tide
level gauges and ADCP measured data.

Sea surface elevation data obtained from four British Oceanographic Data Centre (BODC) tide
level gauges, including: Avonmouth, Hinkley Point, Mumbles and Newport (shown in Fig. 1), were
used for model validation. The comparisons between the model predicted water levels and the measured
data are summarized in Table 1; comparisons of the water levels at the nearest gauge to the WSL site,
i.e. Hinkley Point, are shown in Fig. 4. The comparisons between the predicted and measured water
levels and velocities show good agreement. All of the R? results show a strong correlation between the
model predicted and measured free surface elevations, thereby giving confidence in the accuracy
achieved using the model for predictions for the preliminary design. Although the water levels at
Newport show a slight misalignment, this is thought to be due to the relatively shallow water depths
and the complex bathymetry in the vicinity of the tidal gauge. Available seabed mounted ADCP
monitoring sites are also shown in Fig. 1, with these sites providing velocity data for further model
validation. A typical comparison of water level and current speed/direction values at point L3 are shown
in Fig. 4, with a statistical analysis of these comparisons being summarized in Table 1. The R? values
for the comparisons with the ADCP measured water levels were all higher than 0.99 and the MAEs for
both current magnitudes and directions were smaller than 0.1, except at site L1. Three of the RMAE
indicator values were classified as being ‘excellent’ and with the others classified as ‘good’, according
to the classifications given for the RMAE. The validation between the model predicted and the ADCP
measurement data therefore show good correlations, again giving confidence in the accuracy of the
model predictions.
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Fig. 4. Typical comparison of water levels, current speeds and directions at one tidal gauge and one ADCP measurement site.
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Table 1 Validation statistics of BODC gauge data and Swansea Bay ADCP data

Water level analysis

Site RMSE (m) R2
Avonmouth 0.359 0.992
Hinkley 0.351 0.988
Mumbles 0.420 0.964
Newport 0.767 0.932
ADCPs L1 0.260 0.990
ADCPs L2 0.213 0.993
ADCPs L3 0.232 0.992
ADCPs L4 0.231 0.992
ADCPs L5 0.214 0.993

Swansea bay ADCPs measured Velocity magnitude

Site MAE (m/s) RMAE
ADCPs L1 0.122 0222
ADCPs L2 0.083 0.145
ADCPs L3 0.057 0.142
ADCPs L4 0.045 0.191
ADCPs L5 0.076 0.230

The tidal constituents were then used to validate the model and to explore the tidal resonance
characteristics in this area. The model was run for more than 30 days, to achieve an accurate harmonic
analysis. The Matlab package T-tide [60] was utilized to derive the tidal constituents. The top three
dominating tidal constituents were M2, S2 and N2 and these were compared using the BODC tidal
measurements and model predictions, with the resulting comparisons being summarised in Table 2.

The corresponding results show that the amplitudes and phases for the M2, S2 and N2 tidal
constituents are all well matched and most of the agreement between both sets of results is less than
5%. However, the M2 phase shows a discrepancy at the IIfracombe site, where the discrepancy is more
than 8%. The Ilfracombe gauge is sited closest to the seaward boundary, which suggests that there might
be some small impact from the seaward boundary conditions. In comparing with the harmonic analysis
results in this area with the findings of other researchers the results show that the harmonic components
data are close to the published findings, further confirming that the validation agreement is encouraging
[61, 62].

13



352

353

354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

Table 2 Amplitude and phase comparisons for M2, S2 and N2 tidal constituents at 5 gauges

Tidal M2 M2 S2 S2 N2 N2
gauges Amplitude(m) Phase (deg) Amplitude(m) Phase (deg) Amplitude(m) Phase (deg)

Observation 3.80 185.0 1.42 237.0 0.62 171.75

Hinkley Prediction 3.78 187.2 1.52 246.1 0.59 176.1

Difference 0.5% 1.2% 7.0% 3.8% 4.8% 2.5%
Mumbles Difference 0.56% -4.15% -2.82% -1.04% 12.26% -3.93%
Ilfracombe Difference 0.15% -8.84% -4.11% -3.82% -3.10% -1.70%
Newport Difference 1.96% -9.35% -1.63% -4.79% 1.57% -2.75%
Avonmouth  Difference -0.38% -5.96% -5.45% -3.50% -4.83% -1.70%

4.2 Lagoon operation for two-way generation

The model predicted water levels inside and outside of the lagoon, the flow through the turbines
and the power generated are all shown in Fig. 5. The total energy generated during a typical spring-
neap cycle for fixed and flexible generation schemes were predicted to be 0.196 TWh and 0.233 TWh,
respectively. The energy generated over the typical cycle can then be multiplied by 24.6 to provide the
annual generation [30]. This gives 4.82 TWh and 5.73 TWh per annum for fixed-head and flexible head
generation, respectively. The advantage of the flexible head generation scheme, which can yield up to
19% more energy, with no additional investment, is noticeable from these results. These results are also
consistent with similar OD model predictions, used to optimise the scheme, and giving comparable
predictions of the annual energy output of 4.87 TWh and 5.71 TWh for fixed-head and flexible head
generation, respectively and leading to differences of 1% and 0.35% for annual energy outputs for fixed-
head and flexible head generation, respectively. This confirms that the simplified 0D model simulated
the operation well for the WSL and hence this operation scheme could be used for the 2D modelling
[30].

The significant increase in energy generated for optimised flexible head generation compared with
traditional fixed head generation showed the benefit of adopting a flexible head generation operational
procedure for the turbines and sluice gates. By comparing the discharge and power outputs in Fig. 5, it
is noted that the optimised generation scheme delayed the turbine generating time to achieve a higher
turbine working head. Although a small increase in the water level difference and the discharge is
predicted, the extra energy generated is significant due to the approximate square relationship between

power and water head difference in tidal range energy extraction [30].
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Fig. 5. (a) Water level variations for lagoon operation; (b) discharge through a single turbine; and (c) power output for a single turbine.

Almost all previous hydro-environmental modelling studies undertaken in the past have used a fixed
head operation procedure. However, since the flexible generation scheme shows an appreciable increase
in the energy generated, when compared to that generated using a fixed generation head procedure, it
is likely that the flexible generation scheme will be adopted in further TRSs proposed in the future. The
following analysis will therefore be based for two-way generation with the optimised flexible head.

4.3 Different momentum conservation and velocity distribution comparisons

The velocity distributions in the vicinity of the lagoon, for a peak discharge through the turbines
and during high spring tide, are shown in Fig. 6. The comparisons show the predicted variations for
three different representations of momentum conservation across the lagoon wall, in the form of an
additional source term, and as outlined in section 3.3.

Fig. 6 (a, b) shows the model predictions without any momentum source term included and was
taken as the baseline model for comparison purposes. For all cases in Fig. 6 the velocity distribution on
the left shows that predicted during a flood tide, with ebb tide predictions being shown on the right. It
can be seen that the turbine jet has a length of around 2.2-3.3 km and a core velocity of 1.7-2.9 m/s

during flood generation. When the velocity at the end of the turbine diffusor was used to include the

15



391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

momentum source term, it was observed that the turbine jet was slightly increased in comparison with
the baseline predicted characteristics, with a length of about 2.5-3.4 km and a core velocity of 2.2-3.2
m/s, as shown in Fig. 6(c). The small difference in the velocity magnitude between Fig. 6(a) and (b)
and Fig. 6(c) and (d) means that the original velocity at the outlet of the turbine diffuser was predicted
to be slightly smaller than the source velocity taken at the turbine diffuser. A higher turbine jet velocity
is predicted in Fig. 6(e), reaching up to 3.3 m/s and with the length of the turbine jet reaching 2.7-3.7
km.

The turbine jets for ebb generation show similar overall results to those predicted for flood
generation. Moreover, it is noticeable that the water jet through the turbine block T5, the most easterly
block, is clearly more pronounced than the jets effluxing from the other blocks. This is mainly caused
by the relatively shallower bathymetry to the east of WSL, and the resulting slightly larger water head
difference of 0.2-0.3 m through this block complex shape, and the strong degree of resonance in the
Bristol Channel and Severn Estuary.

The eddy structure also changes with the different momentum source term representations. For
example, circulation zones appeared on both sides of each jet in Fig. 6(e), which arose as a result of the
higher velocity differences. Weaker circulation cells developed in Fig. 6(a) and (c), due to the weaker
jet velocities. The relatively high tangential velocities in the inner Bristol Channel, meant that outside
of WSL the ebb tide jets were strongly deflected by the tidal currents and eddies were mainly generated
only on the western side of the lagoon. This ebb flow structure in the main channel could affect sediment
transport processes in the region, although this was not studied in the current investigations.
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Fig. 6. Instantaneous velocity fields for peak discharges during flood and ebb generation, for a typical spring tide and with
different momentum source terms: (a) and (b) model without momentum source term; (c) and (d) model with momentum
source using velocity at the end of the turbine diffusor; and (e) and (f) model with momentum using velocity taken at the

turbine blade location.

17



416
417
418
419

420
421

422
423
424
425
426
427
428

429

430
431
432
433
434
435
436
437
438
439
440

In comparing with the momentum source velocity taken as the depth-averaged velocity and the
model with depth-integrated source velocity, the model shows a limited impact on the turbine jet, as
seen in Fig.7. This has some influence on the flow pattern near the turbines, but is negligible in the far-
field study.

A " =
Velocity: 0 025 05 075 1 125 15 175 2 25 3 Velocity: 0 025 05 075 1 125 15 175 2 25 3

Fig. 7. Turbine jet comparisons between momentum with depth-averaged source velocity (colour contour) and depth-
integrated momentum (dotted line) during (a) flood generation; (b) ebb generation.

It is concluded from Figs. 6 and 7 that the introduction of momentum term has a significant
influence on the flow pattern near the lagoon. The momentum term with source velocity included at the
end of the turbine diffusor was therefore applied in all subsequent lagoon modelling simulations since
it was considered to be more representative of the true hydrodynamics in the near-field of the turbines
and sluices. However, in modelling the turbine wake and momentum conservation further testing and
validation is required in terms of including momentum conservation through comparisons with field

observations or experimental studies with a scale physical model of a simplified TRS.
4.4 Hydrodynamic impact analysis

4.4.1 Tide harmonic constituents change

To understand the impact of the lagoon on the water levels, the tidal constituents were studied
individually and the results are summarised in Fig. 8. It can be seen that the operation of the lagoon has
generally moved the amplitude for the M2, N2 and S2 tidal constituents further into the inner Bristol
Channel towards the head of the estuary, and particularly after passing WSL in the upstream direction.
Furthermore, for the M2, N2 and S2 phases these were also noticeably affected by the lagoon, again
particularly towards the east of the lagoon and up to the Severn Estuary. In other words, WSL has
increased the amplitude of these three tidal constituents in the region and particularly to the east of the
lagoon and towards the head of the estuary. Likewise, the phase has increased to the West of WSL,
while it has decreased to the East. Thus, the influence of WSL on the tidal harmonic constituents is
predicted to be greater towards the head of the estuary, which is thought to be particularly pronounced
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due to the convergence of the estuary and the natural frequency of the Bristol Channel and Severn
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Fig. 8. Comparison of cotidal charts for M2, N2, S2 before and after the construction of WSL. (a),(c) and (e) show the
amplitude of M2, N2 and S2; and (b), (d) and (f) show the phase of M2, N2 and S2. (The black line represents the tidal
constitutes for pre-lagoon construction and the blue line refers to post-lagoon)

4.4.2 Water level change

The model predictions showed that the highest water levels inside the lagoon dropped by up to 1.2
m as a result of the operation of WSL, as illustrated in Fig. 5(a). Fig. 9 also shows that in the middle
and inner Bristol Channel, the water level has dropped by 0.05 - 0.2 m. The changes in the peak water
levels across the domain were greater within the Severn Estuary and were predicted to be 0.2 - 0.3 m.
The envelope curves of high water levels along the estuary in Fig.10 confirm this phenomenon, in that
the high water level upstream of Mumbles decreased for the post-lagoon condition, while the high water
level near the open boundary increased slightly. These results suggested that the reduction in flow area
across the Bristol Channel at the WSL site had an effect on the resonance characteristics of the tide as
it propagated up the Bristol Channel and Severn Estuary.

There are a number of cities and towns and key infrastructures (such as the Port of Bristol) located
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along the Severn Estuary and Bristol Channel. These predicted changes in the peak water levels are
generally small and will only have a modest impact at the various coastal sites and facilities, such as
the Port of Bristol. Table 3 lists the high and low water level changes in spring tide (DWHS and DWLYS)
and neap tide (DWHN and DWLN) at various locations along the basin after the introduction of WSL.
For the potential tidal range energy plants, the positive values for DWLS and DWLN and the negative
values for DWHS and DWHN means that the tidal range will decrease slightly at several of these sites,
which will lead to a small reduction in the estimated energy output at some sites after the construction
of WSL.

The critical indicator for shipping is the minimum water level that determines the available time for
manoeuvering into docks etc. While a positive value of DWLS for docks refers to an increase in the
minimum water level, this means that the shipping industry and leisure yachting etc. could benefit
marginally from WSL. Furthermore, the positive DWLN and negative DWHS at the key bird feeding
sites would also mean a small increase in the minimum feeding area and a corresponding decrease in
the maximum feeding area. Furthermore, the positive DWHS means a drop in the peak water level at
some important sites, thereby reducing the relative risk of flooding at these sites.

In considering the predicted changes in the water levels after including WSL, these changes are all
relatively small and within the error of measurement at the reported observation gauge sites, as shown
in Fig.10. Moreover, for more accurate predictions of the impact of WSL then the open seaward
boundary should be extended beyond the existing location and seawards to the Continental Shelf; this

would remove any potential impact of the lagoon on the open seaward boundary.
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Fig. 9. Cumulative effect of WSL on maximum water level during a spring-neap tidal cycle
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Table 3. High and low water level differences with WSL at selected sites in the Bristol Channel and Severn Estuary. (DWHS: Difference in
water level at high spring tide; DWLS: Difference in water level at low spring tide; DWHN: Difference in water level at high neap tide;
DWLN: Difference in water level at low neap tide)

Site DWHS(m) DWLS(m) DWHN(m) DWLN(m)
Proposed Lagoon Scheme
Cardiff Lagoon -0.165 0.266 -0.070 0.121
Swansea Bay lagoon -0.094 0.031 -0.019 0.036
Severn barrage -0.155 0.271 -0.052 0.088
Newport Lagoon -0.151 0.253 -0.077 0.162
Bridgewater bay Lagoon -0.141 0.300 -0.054 0.085
The Docks
Avonmouth dock -0.156 0.187 -0.086 0.132
Cardiff dock -0.155 0.198 -0.056 0.072
Swansea dock -0.091 0.072 -0.008 0.022
Porlock dock -0.164 0.18 -0.088 0.045
Birds feeding area
Bridgwater Bay -0.091 0.256 0.042 0.135
Welsh grounds -0.154 0.110 -0.103 0.161
Important Sea defences
Hinkley nuclear power station -0.094 0.322 -0.015 0.068
Somerest -0.156 0.040 0.008 0.010
Peterstone flats -0.157 0.264 -0.071 0.088
Slimbridge -0.368 0.012 -0.276 0.011
8
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Fig. 10. Envelope curves of high water levels for pre- and post-WSL and maximum predicted model deviation.

4.4.3 Impact on the area of the intertidal mudflats
Changes to the intertidal mudflats zones are considered to be one of the key ecological concerns of
tidal range schemes. Intertidal zones are important feeding habitats for birds, mussel and insects, which
are crucial for biodiversity in the estuary [63, 64]. Fig. 11(a) shows that the construction and operation
of WSL would slightly reduce the maximum intertidal area during low water level for both spring and
neap tides, while the minimum area generally would remain unchanged at the same level. The change

in area identified in Fig. 11(b) confirmed that WSL could decrease the mudflat area during most of the
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tide cycle by up to 20 km?, mainly in the upper Severn Estuary. The loss of the intertidal mudflats is
mainly caused by an increase in the predicted low water level, with a slight increase in the water level
causing a noticeable decrease in the intertidal area in some parts of the estuary. The changes in the low
intertidal areas are shown in Fig.12. It is known that the low intertidal zone is virtually always
underwater and only exposed during lowest spring tides, thus the area is abundant with life because of
the protection provided by the water [65]. Except for the loss of some of the low intertidal zones within
the WSL basin, resulting from the sea level change inside WSL, the low intertidal mudflat region around
Welsh grounds, Severn beach and the outer Severn Estuary have all decreased slightly. It should be
noted that the changes in these areas are mainly due to the shallow bathymetry and the gentle slope,
which makes the mudflats very sensitive to small changes in the lowest water levels. There are some
other factors that need to be included for an accurate qualitative prediction of the changes, including:
the qualitative change occurring for specific wetland conservation areas, whether the lagoon can be
operated specifically to minimise its impact on intertidal mudflats, the period that the intertidal area is
submerged within a day and the relationship with bird feeding times. Therefore, further studies are
required in the future to identify more accurately the impact of the lagoon, and its operation, on the

intertidal mudflats and particularly in the Severn Estuary.
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Fig. 11. Change in intertidal mudflat areas before and after the construction of WSL, (a) the area of tidal flat area for pre-
and post-WSL; (b) the change in tidal flat area with WSL.
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Fig. 12. The loss of low intertidal zone after the operation of WSL.

4.4.4  Changes to velocities

The introduction of WSL structure and the operation of the turbines and sluice gates changes the
simultaneous and accumulated tidal currents, to varying degrees, across the model domain. Fig. 13
shows the accumulated impact of WSL on the velocities during a maximum spring tidal cycle. As
expected, the existence of a jet at the exit of the turbines and sluice gates results in a significant increase
in the accumulated velocity of up to 1.5 m/s, in the vicinity of the turbines and sluices. The
corresponding velocities in the inner Bristol Channel, further away from the structure, show a typical
increase of 0.25 to 0.75 m/s. These changes in the velocities are more noticeable closer to WSL. This is
to be expected due to the blockage effect of the scheme, which reduces the effective cross-sectional
area of flow across the Bristol Channel at the lagoon site, thereby resulting in slightly higher velocities
in the region. However, the velocities inside the impoundment were markedly reduced except in the
vicinity of the turbine and sluice gate wakes. This is consistent with the pattern observed at other TRSs
[10, 27, 28, 39] and is primarily due to the limited interaction between the water volume with the basin
and the natural flow in the estuary and outside of the lagoon. There is a relatively large area to the West
of WSL where the velocity is predicted to be reduced, which contributes to the blockage effect of the
lagoon on the freestream flow, as observed around headlands and natural flow obstructions [45, 66].
Moreover, the lower natural velocities on the shallower region to the eastern side of WSL causes a
greater increase in the maximum velocity in the vicinity of the turbines and sluice gates in comparison

with conditions on the western side of the scheme.
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Fig. 13. The cumulative effect of WSL on the maximum and averaged velocities for a spring-neap tidal cycle. (a)AVmax is
the difference in the maximum velocity and (b) AVmean refers to the average velocity difference during the spring-neap
tidal cycle.

4.5 Renewal time

The flow pattern within the lagoon and in the region will have an impact on the water retention and
renewal capacity, particularly inside the basin, as indicated by the flow patterns in Fig. 13. The
behaviour of a passive conservative tracer was used to study these changes [24, 55]. The tracer was first
released in the lagoon located at high water level for a typical spring tide. In the first instance the tracer
movement was modelled without the lagoon in place, and was flushed freely with the tides and without

any restrictions. The tracer concentration distribution after 2 tidal cycles is illustrated in Fig. 14(a). This
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result shows a significant change in the average tracer concentration in the lagoon impoundment area
after release, as seen in Fig.15. This oscillation continues for some time, with the tracer being diluted
mostly by the process of dispersion. The renewal time for this natural condition is about 22.4 days. This
relatively high renewal time is thought to be due to the magnitude of the ebb and flood tides and the
low residual currents in the area [67].

In the subsequent simulations WSL was included in the model, with the flushing processes inside
the lagoon being much more confined due to the marked changes in the local velocity patterns arising
from the lagoon operation. A comparison of the concentration distributions shown in Fig. 14 (b), (c)
and (d) illustrate the impact of the mixing processes on the tracer and the impact of the vortex trapping
associated with the jet induced vortices inside the lagoon and induced by the turbine and sluice gate
wakes. The larger wakes induce larger and stronger vortices and extend further into the impoundment
area, resulting in more mixing. While smaller jets cause less interference with high concentration areas
and encourage more of the concentration towards the shoreline. Fig.15 shows that tracer concentrations
oscillate to a lesser degree after the inclusion of the lagoon in the model. The momentum conservation
through adjusting the momentum source terms tends to have a higher impact on the renewal times. The
model renewal time predictions without the momentum source terms, and with realistic source velocity
and simplified source velocity momentum adjustments, were 9.75, 8.10 and 6.29 days, respectively.
This highlights the importance of accurate representation of hydraulic structures and the preference for
3D modelling in future studies. In particular, the results show that the operation of WSL, with
momentum conservation, could improve the water renewal capacity in the water impoundment area by
64%. The concentration of tracer for the model without momentum adjustment also depicted high
oscillations, which indicated that the tracer had limited mixing due to the smaller jets. This led to the
accumulation of the channel water into the proximity of the openings and flushing the tracers towards
the shoreline with limited mixing. Fig.16 illustrates the tracer distribution at the end of renewal time for
each scenario. Higher concentrations were observed inside the lagoon near the coastline and particularly
at the junction of the embankment with the coastline. This was due to the significant reduction in the
velocity in these regions as a result of the structure, as observed in Fig.13. The concentration outside
and to the east of WSL had also increased due to reductions in the local velocity as a result of the lagoon,

i.e. Fig.13, and the sheltering effect of the lagoon.
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568 Fig. 14. Instantaneous tracer flushing distribution after 21.7 hours of release: (a) without lagoon; (b) with lagoon and mass
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Fig. 16. Instantaneous tracer flushing distribution at the end of renewal time: (a) without lagoon; (b) with lagoon and mass

balance only; (c) with lagoon and momentum using realistic source; (d) with lagoon and momentum using simplified source.
4.6 Bed shear stresses

The variations in both the maximum and averaged bed shear stresses for the pre- and post-lagoon
configurations are shown in Fig. 17. The main changes are limited to the vicinity of the lagoon location
and the inner Bristol Channel, following the similar changes observed for the velocity patterns. The
peak increase in the maximum bed shear stress occurs in the lee of the turbine and sluice gate wakes,
with the peak increase reaching 10-20 Pa, while outside of WSL there is a relatively large area identified
where there is a slight increase in the bed shear stresses. This indicates that there is potential for scour
and erosion in these areas as a result of the increased maximum bed shear stresses. Both the maximum
and averaged bed shear stresses show a slight decrease inside the middle part of WSL. This decrease is
mainly limited to 1-2 Pa. This decrease in the bed shear stresses indicates that sedimentation is more
likely to occur in these regions inside WSL. This is a common problem for most tidal structures and

needs to be carefully considered in any future design studies [19, 61, 68, 69].
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Fig. 17. Difference between the pre- and post-lagoon (a) maximum and (b) average bed shear stresses in the region around
WSL.

The changes in the tidal velocities and the bed shear stresses are likely to have an impact on the
morphological characteristics and the benthic environment, particularly in the region both within and
around WSL.. Previous field investigations have shown that the bed material in the region of WSL is
primarily gravel, while much of the inner Bristol Channel tends to be more sand and bedrock [15, 70].
The decrease in the velocity field and bed shear stress distribution within and around WSL is therefore
likely to lead to an accumulation of suspended sediments through deposition, which could, in turn,
increase the risk of sedimentation. Moreover, sediment accumulation could threaten the survival of
some benthic species [71, 72].
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5 Conclusion

A high-resolution depth-averaged hydrodynamic model, namely TELEMAC-2D, has been used to
model a proposed new tidal range energy generating lagoon, to be built in the Bristol Channel, namely
the West Somerset Lagoon (WSL). WSL will have a maximum capacity of 2.5 GW, which would make
this scheme one of the largest proposed lagoons to be built in the UK. The preliminary hydrodynamic
and hydro-environmental impacts of the operation of WSL, and the impacts of different optimised
operational strategies for the scheme, were investigated in this paper. The TELEMAC-2D model was
refined to incorporate the hydraulic structures, namely turbines and sluice gates, using a fully
conservative momentum formulation which included additional source terms, and with each component
being operated independently. As a result of these refinements, the fully conservative scheme performed
with encouraging results and showed less than 1% difference with the maximum annual energy
generation predicted using an optimisation model.

The WSL was found to have various impacts on the hydrodynamics within the Bristol Channel and
Severn Estuary including, in particular, increasing the amplitude of the M2, N2, S2 tidal constituents
while increasing the phase on the western side of the lagoon and decreasing it to the east. Furthermore,
the operation of WSL would generally increase the low-water levels and decrease the high-water levels
in the Bristol Channel and Severn Estuary. The reduction in the high water levels would decrease coastal
flood risk, and the increase in the low water levels would slightly benefit port access to shipping and
recreational yachting in the shallow waters of the Severn Estuary. However, changes to the tidal range
would also result in some loss in the area of the low intertidal mudflats, towards the head of the estuary,
which might affect the biodiversity and feeding grounds for birds unless topographic raising were to be
undertaken. These findings need further investigation in the future to enable the impacts to be
determined more precisely, and particularly identifying the key sites of any changes within the estuary.

Except for the noticeable increase in the near-field maximum velocities in the turbine and sluice
gate wakes, the maximum velocity in the inner Bristol Channel was predicted to increase by 0.25 to
0.75 m/s, while the corresponding maximum velocity decreased inside the lagoon, and across most of
the plan-surface area away from the turbine and sluice gate wakes. The bed shear stress is related to the
square of the velocity and therefore showed similar patterns of change as the velocity variations. The
maximum bed shear stresses were predicted to increase by up to 20 Pa in the wake of the turbines and
to decrease by 0.5-2.0 Pa across most of the lagoon. The renewal time was then predicted to assess the
general flushing characteristics in the region. The conservative momentum formulation model, with the
additional source term, indicated an decrease in the renewal time of 17% compared with the renewal
time for a mass balance only model. This suggests that the higher velocities of the turbine and sluice
gate wakes would benefit pollution transportation inside the lagoon, which would be meaningful in
future design of TRSs of similar shapes and where there are potential pollution risks. These results

indicated that the operation of the lagoon would decrease the renewal time from 22.4 days to 8.10 days
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for the pre-lagoon and post-lagoon cases respectively, and with the source term included. This
demonstrates that WSL could improve the renewal time and flushing characteristics in the water
impoundment area by 64% overall.

In summary, the study reported herein has shown that the West Somerset Lagoon offers a potentially
attractive scheme for generating a significant level of tidal renewable energy, in an estuarine basin with
a particularly large tidal range, and with the scheme having some positive and negative impacts on the
flooding and environmental characteristics of the basin, but these are relatively small compared to the
impacts of previous schemes studied in this basin. However, further research is required to provide
more accurate information on the operational design of the scheme. This includes 3D modelling of the
scheme, in order to more accurately understand the hydro-environmental and ecological impacts of the

scheme.
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