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Abstract

One of the key aspects of Tidal Range Schemes globally is identifying the most appropriate site and the optimised
design and operation of the scheme, to maximise societal needs and the benefits from electricity generation. Variations
in the design parameters of Tidal Range Schemes for electricity generation could therefore lead to a very large number
of design and operation scenarios. In this study, a novel Genetic Algorithm model was developed to deliver the
complete design of the most optimised Tidal Range Schemes for electricity generation, including the number of
turbines, sluicing areas and the maximum amount of electricity that could be generated, through identifying the most
optimised operation scheme for a particular site. The Genetic Algorithm model has been used to design a new Tidal
Range Scheme proposed for development in the Bristol Channel, UK, with a potential to generate about 7.16 TWh/yr.
The design of the scheme was also investigated using a traditional grid search approach for a range of scenarios,
together with the model being used to investigate the performance of the complete design of the scheme, evaluated
through a comparison of the most optimised design in terms of electricity generation. This comparison has shown that
the Genetic Algorithm model was capable of achieving largely the same outcomes and reducing the computational
time by approximately 95% to that based on using traditional Grid Search methods.

Keywords: Tidal Energy; Tidal Lagoons; Tidal Barrages; Genetic Algorithms; Operational Optimisation; Tidal
Dynamics

1. Introduction

Reducing Green House Gas (GHGSs) emissions in order to slow down and potentially control the impact of climate
change has been one the biggest public concerns and one of the greatest challenges for governments and researchers
world-wide in recent years [1, 2]. Various types of renewable energy options have been implemented world-wide,
such as wind, solar and hydropower, to contribute to the global energy mix [3]. Moreover, there are other less exploited
sources of renewable energy which are now also being developed [3, 4]. One of these less developed sources is tidal
energy, which is estimated to have the potential to provide a significant amount of energy in various parts of the world
[5]. For example, one of the main types of methods of producing tidal energy consists of tidal range schemes (TRSs),
with the potential to provide up to 20% of the UK’s current electricity demand [6]. These schemes (including barrages
and lagoons) are designed to create an artificial head difference across an impoundment wall along an estuary or
coastline, with energy being generated from this head difference by converting the potential energy to kinetic energy,
and then delivering mechanical and electrical energy through turbines.

In the early stages of the design process, the predicted energy generated by such a proposed scheme, and its
optimisation, is carried out using simplified 0-D models. This is due to the significantly reduced computational cost
of using such models in comparison with conventional 2-D and 3-D hydro-environmental models. These 0-D models
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considerably simplify the complex tidal hydrodynamic processes by considering mass conservation only [7, 8]. The
details of 0-D modelling are provided in section 4.4. 0-D modelling was first used for designing the operation of TRSs
by Prandle [9]. He used a fixed operation scheme, which meant that the scheme always operated under the same
starting and ending head differences, regardless of the variability of the tidal characteristics [10], such as amplitude,
throughout the spring-neap cycle [11] and the year [12, 13]. More recently, it has been shown that a flexible operation
of TRSs could increase the annual energy output from such schemes, including barrages and lagoons, which means
that the operational head could be varied during spring and neap tides and during flood and ebb tides [14-16]. Widely
available 0-D models use different optimisation approaches, including the gradient-based method [7, 17] and the grid
search method [16], with both methods being developed to optimise the operation of TRSs. It has been shown that the
flexible operation of TRSs, which use different starting and ending heads at each operation phase, could increase the
annual electricity generated by typically 10% [16]. However, one of the key challenges in the operational design of
TRSs is the various design variables of the scheme, including: basin size, number of turbines and sluice gate area and
the operation schedule. Therefore, the optimal design of a scheme requires a large number of simulations to be
undertaken, due to the multi-parameter nature of such schemes for optimisation. This simplified approach provides a
higher level of uncertainty in the early stages of design, which can be refined further as the design progresses using
either 2-D or 3-D hydrodynamic modelling tools. Optimisation of the entire scheme with some degree of confidence
is particularly crucial in the early stages of operational design, due to the significant influence of these multi-variables
on maximising the annual electricity generated and therefore the feasibility of any proposed scheme [18]. Hence, a
more advanced optimisation algorithm with high computational efficiency, and which provides more certainty of the
operational outputs of a scheme through a cost-benefit analysis, is needed to facilitate the development and operational
design of TRSs, particularly in terms of maximising energy generation to meet demand.

Evolutionary Algorithms (EAs) have been developed to solve a wide range of optimisation problems in power
systems [19, 20], with Genetic Algorithms (GASs) constituting one of the metaheuristic EAs frequently used to
combine variables to analyse optimisation problems, and providing a high level of satisfactory results [21], especially
when compared with the brute force algorithms including the grid search method [22]. EAs have been used in the
optimisation of tidal energy generated from TRSs, and have already been used to provide design details in terms of
the number of turbines and sluice gates to use for such schemes [18, 23, 24]. Leite Neto et al. discussed the maximum
energy gains obtained with dispatchable turbines by using GAs for optimisation [24]. They investigated the potential
of using GAs to optimise the operation of such schemes [24]. More recently, GAs have been refined to determine
operational optimisation with the findings being possible for the implementation of GAs in the optimal design of
TRSs for higher efficiency [17], particularly in comparison with other alternative algorithms [18]. Furthermore,
Kontoleontos and Weissenberger [23] highlighted the scope for using EAs in optimising multiple variables, including
operational modes, speed of turbines etc., to maximise energy generation. However, so far as the authors are aware
no studies have been published to-date using GAs, or similar EAs, in simultaneously designing and optimising TRSs,
where different numbers and combinations of turbines and sluice gates have been considered, as well as consideration
being given to flexible operation linked to the tidal characteristics and pumping at high and low water to increase
energy generation. The focus of this study is therefore to investigate and address these additional considerations to
optimise tidal energy to meet demand.

The aims of this paper are therefore to: (a) develop a GA model to carry out the complete design of a TRS and its
application to a large Tidal Lagoon proposed to be built in the UK, namely the West Somerset Lagoon (WSL), (b)
illustrate the GA model performance for multi-variable optimisation and compare the results with a more elaborate
and time-consuming grid search approach, and (c) validate the applicability of the optimum schemes driven by the
GA model, using a 0-D model, and by simulating the optimum schemes using a more sophisticated 2-D unstructured
grid model, namely the Depth Integrated Velocities And Solute Transport (DIVAST 2-DU) model.

2. Tidal Range Schemes



A Tidal Range Scheme can be designed under various operation modes, including generating electricity during
flood-only, ebb-only or 2-way generation. One of the most efficient tidal range operation schemes, which has been
adopted in many TRSs [11, 25, 26], is 2-way generation, where electricity is generated during both flood and ebb tides
and provides a longer period of generation through the tidal cycle.

A full operating process includes three main stages, as follows: (i) holding phase: this mode starts when the water
level inside the impoundment is almost the same as the water level on the seaward side of the structure. Both the
turbines and sluices are kept closed during this phase, thereby keeping the basin water level unchanged until a
sufficient head difference for efficient electricity generation is achieved across the structure; (ii) generation phase:
this mode commences when the head difference across the structure reaches a pre-set value, i.e., Hg, for ebb tides or
Hg; for flood tides, as shown in Figure 1. During this phase, the turbines are operating and generating electricity, while
the sluice gates are kept closed; (iii) sluicing phase: when the head difference across the structure drops below a
specific predetermined value or ending head, i.e., H.. for ebb tides or H,¢ for flood tides, then the sluicing phase
starts. During this phase, both the turbines and sluices are open, thereby allowing more water to flow into, or out of,
the impoundment to generate a larger head difference during the next generating phase. The next holding phase starts
by closing the sluice gates and turbines, when the water levels on both sides of the structure are almost the same.
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Fig. 1. Schematic representation of the operation (excluding pumping) for two-way tidal energy generation.
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Pumping can be added as part of the operation to increase the energy generated by increasing the operating head
[27]. Pumping starts, by reverse operation of the turbines, following the sluicing phase and increases or decreases the
water levels in the impoundment to a predefined pumping height, namely Hp,. for ebb tides or Hy¢ for flood tides.

3. West Somerset Lagoon

The Bristol Channel and Severn Estuary are located in the South West of the UK and separate Wales from England.
In addition to having very large tidal ranges, i.e., the second largest tidal range world-wide, the basin is also close to
urban areas of high energy demand. Therefore this coastal basin has been considered for the development of a number
of TRSs, particularly with the Severn Barrage being considered in some detail since the 1930s [28, 29]. A more recent
scheme has been proposed in the form of a 14 km diameter lagoon, namely the West Somerset Lagoon (WSL), which
is located in the Bristol Channel close to Minehead, with the scheme being promoted by Tidal Engineering and
Environmental Services Ltd. (TEES) [30]. WSL includes an impoundment wall, approximately 22 km in length, from
Culver CIliff in Minehead to Blue Ben Point at West Quantox Head. The basin impounds approximately 80 km? of
coastal waters [30], as shown in Figure 2. The life of the project is expected to be at least 120 years and, according to
the developers, the scheme will also act as a sea defence and combat coastal erosion and future flooding, in addition
to generating tidal renewable energy [30]. The scheme could also complement other proposed schemes around the
UK, with the different times of high tide around the UK coast providing complementary and predictable tidal energy
contributions to the grid. There are significant differences in tidal phases and ranges at the sites suitable for TRSs



around the UK. TRS operators can exploit these difference and predictability of the tides and operate multiple TRSs
in harmony to provide the electricity network with different ancillary services, baseload or storage [31, 59].
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Fig.2. Map of the Bristol Channel, the black line shows the location of the West Somerset Lagoon along the south west coast of England from
Google Map [30]. The validation points of Hinkley and Ilfracombe in the 2-D model were marked as red dots.

4. The GA model

4.1. Genetic Algorithm

Genetic Algorithms (GAs) are evolutionary search algorithms that are used to solve optimisation challenges by
iterations. The nature of GAs is to simulate the process of natural selection [32] by continuously evolving and
improving the population [33]. In GAs, each individual represents a solution with a string of the encoded parameters
of the computational model, which are called genes or chromosomes [34], while a population of individuals shapes a
generation. GA models begin with a randomly generated population of individuals (known as ‘children’ in the current
generation). These individuals then go through three sequential events or processes to generate the next generation.
The key processes applied are mutation, recombination and selection, which are considered with the probabilities of
Pm, Prand Ps [20, 35], respectively.

In the process of mutation, the new attributes can be created at any place in the genes. In the recombination process,
any two parts of randomly selected genes can be crossed over and generate two new genes. There are a variety of
mutation and recombination methods used in GA approaches. It has been shown that implementing a Sequence
Mutation Method (SMM) and a Ring Recombination Method (RRM) [18, 36] can lead to better optimisation results
with higher efficiency, in comparison to other methods [20, 37]. The mutation will restart from the first gene in the
next generation when the end of the gene sequence of an individual is reached during the mutation. This process is
repeated as the evolution continues. The ‘Ring” in RMM denotes that chromosomes of individuals are considered in
a ring form [18, 38, 39] and a random section of the chromosomes are selected, which is not limited to the length of
the chromosome. All individuals are evaluated using a fitness function before the next generation is produced.
Individuals with higher fitness values have more chance of surviving and being promoted to the next generation as a
community of ‘Parents’. This process is iterated until the stopping criterion is reached [40], as introduced in section
4.4,

4.2. Introduction to the GA model

The GA model was set-up mimicking the process of GAs to optimise the operation of a TRS. For the process of
mutation, the new scheme would be created from the schemes which survived from the previous generation by
randomly mutating the values of various parameters in the schemes and then, in the process of recombination, the



selected schemes would be genetically recombined. This was followed by the energy generated from all schemes
being calculated over the selected typical tidal cycle. Based on the principle of ‘survival of the fittest’, the schemes
with a greater level of energy generation survived, while the ‘weaker’ schemes were abandoned, ensuring the same
number of schemes at the end of every generation. The children schemes would be considered as the parent schemes
in the next generation. Finally, if the program was terminated, the schemes with maximum energy generated would
be regarded as the most optimised and the best results for that GA model run.

In this GA model, two termination criteria were defined to stop the model running to infinity, namely ‘Another
iteration’ and ‘Target’, as shown in Figure 3. The former was used to limit the generation increase and the latter was
regarded as the ideal energy generation scheme.
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Fig.3. Flow-chart of the GA model used for Tidal Range Scheme optimisation [18].



In this study, every operational scheme included decision variables. The constants represented the number of
turbines, i.e., NumTB, and sluice area capacity, i.e., STPC. The vectors represented the operation water heads for
n successive half-tides, including starting, ending and pumping heads for flood and ebb tides, represented by [Hs,n],
[He,n] and [Hp,n], respectively. The number of vectors was reduced to two and the pumping head was omitted if
pumping was not included in the model.

The GA model was developed based on the Sequential Mutation Method (SMM) and Ring Recombination Method
(RRM). In each generation using SMM only one half-tide was selected from all of the half-tides and mutation was
applied to all of the parameters for this half-tide. The selections of half-tides in SMM were in a sequential order, which
progressed one step further in the next generation. After running the model for n generations, in the (n + 1)
generation then mutation started from the 1% generation and this procedure then continued. The mutated parameter
followed a normal distribution, with an assumed variance of 0.1. This representation was based on the nature of
evolutionary processes and ensured that the genes from the children with mutated genes kept a certain relationship
with the genes from their parents. In RRM, two schemes were selected for recombination, and then the starting point
(i or j) and length (L) for recombination were generated randomly. The new children, i.e., schemes, were then
generated by exchanging information from the parents, as shown in Figure 4. It should be noted that there was no
limit to the magnitudes of L, considering the circular presentation of the data [20, 36, 38].
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Fig.4. Ring Recombination Methods (RRM) illustration: (a) before RRM; and (b) after RRM.

4.3. Initial schemes generation and parameter setting

An individual with genes in the GA was replaced by the operation scenarios during every half-tide, as well as the
values of NumTB and STPC. The range of starting heads (Hs) was assumed to be between 2.0 m and 8.0 m and the
range of ending heads (H.) was between 0.5 m and 4.5 m, ensuring a comprehensive search space for the operation
heads. The range of pump heads (H,) varied from 0 m to 4.0 m. To avoid the need for flood mitigation and
modifications to the caissons, the water level after pumping was limited by the Highest Astronomical Tide (HAT) and
the Lowest Astronomical Tide (LAT), which were recorded as being 5.98 m and -5.68 m, respectively. The number
of turbines (NumTB) varied from 75 to 175 and the sluice capacity (STPC) varied from 0 to 8 m2MW-!, ensuring a
relatively reasonable and cost-effective scheme. It should be noted that in the GA model the operation heads could be
variables for each half-tide if flexible schemes were adopted or could be kept constant for non-flexible schemes, which
affected the number of variables being optimised. However, the NumTB and STPC values were considered to be
constant for each scheme, with the reason being that the number of turbines and sluicing area could not be changed
once the project had been constructed.

More attention was paid to the convergence of the results in this study, rather than focusing on the control
parameters in the GA model, and therefore P,,, P. and P were set to be 0.5, 0.5 and 1, respectively. Moreover, the



terminal criterion of ‘Target’ was infinity and ‘ Another iteration” was 5000, allowing a sufficient number of iterations
to achieve convergence and, in the meantime, guarantee an affordable run time on a High-Performance Computer
(HPC). It was decided to allow 1000 initial solutions to be generated randomly, to ensure diversity of the population
[35].

4.4, Fitness function

The 0-D model was set up using a backward-difference numerical formulation, based on solving the continuity (or
mass conservation) equation. The water levels outside the impoundment Z{fg,l at the (i+1)™ time step were calculated
using the upstream and downstream water levels at the previous time step, as follows:

i+1 _ i Q(H)+Qin
lel-'r—’ = lelp + TAt (@8]

where Q;y, is the inflow/outflow to the impoundment through sources/sinks, rather than through the TRS, e.g., a river
or outflows (m?s); A(t) is the wetted plan surface area of the impoundment (m?) at time t and Q(H) is the discharge
through the turbines and sluices (m®/s) [10]. The discharge through a turbine and the corresponding energy generated
were calculated based on the head difference across the turbine using a double regulated hill chart [41] and the flow
through a sluice gate (Q) was obtained using an orifice equation, as follows [42, 43]:

Q = CaAsy/2gH @)

where Cq is the discharge coefficient which was assumed to be 1 in this study [44]; g is gravitational acceleration
(m/s?); A is the sluice gate area (m?) and H = Z},;, - 7, (m).

The power used for pumping, namely Py,,,, was calculated based on the values reported for the pumping
efficiency when the bulb turbines were used as pumps [27] giving:

l)input =Mp X Ppotential (3)
l)potential = gH X pQ(H) (4)

where 1, is the pump efficiency; Py, denotes the consumed power used during the pumping phase (MW); Ppotential
represents the potential power output (MW) in pumping, which was calculated based on gH and the fluid mass flow
rate (m3s?), i.e., given as pgQ(H).

The total installed capacity of the scheme is equal to the number of turbines (NumTB), multiplied by the Installed
Capacity of each turbine (IC) [2, 45]. Turbines with a diameter of 7.2 m and an Installed Capacity of 20 MW were
used in this study. The sluice area (As) was optimised, based on the Sluice To Power (STPC) function, which expresses
the ratio of the sluice area to the total installed capacity of the scheme, as given by:

Ag = NumTB x IC x STPC (5)

STPC was used for optimisation of the sluicing area in order to make various scenarios of one scheme with different
installed capacities or different schemes more comparable. The water levels series of tides at the downstream cross-
section of WSL was generated from the validated DIVAST-2DU model without any structures, and then used in the
0-D model as the input tidal water levels. The DIVAST-2DU model is discussed in section 5.1,



Optimisation of a TRS for a year is computationally expensive and an approach often used to save computational
time during optimisation is to use a typical spring-neap tidal cycle [7, 16] and extrapolate the generation over a year,
to calculate the annual energy generated. The typical spring-neap cycle needs to be close to an average cycle over the
year, otherwise the extrapolated predicted energy generated will be either an over or underestimation of the real value,
thereby being problematic for developers. In order to find a typical annual mean spring-neap cycle, energy generation
for all tidal cycles over the target year, 2012 in this study, was first calculated and a cycle with the closest generation
to the average spring-neap cycle generation was selected as the typical spring-neap cycle. To identify the typical cycle,
the initial number of turbines and sluice gate areas were required. These preliminary values were selected using other
TRS proposals as an example and were optimised through this study. A combination of turbine numbers (increasing
from 75 to 125 with 25 increments) and sluice gates (STPC of 0, 2, and 4 m2MW-) were used, with non-flexible
operating heads over the target year. The operation heads used were based on a comparison of the area with similar
projects and are shown in Figure 5. As shown, the most efficient scheme had a starting head of 3.5 m and an ending

head of 2.0 m, resulting in a peak output of 4.946 TWh/yr when 100 turbines were used, with a sluice capacity (STPC)
of 4 m*MW1,

STPC=0 (m2/MW)
STPC=2 (m2/MW)

Energy (TWh/Yr)
L[n\

STPC=4 (m2/MW)

75 100 125
Turhine Number

Fig.5. Energy generated with preliminary design parameters for non-flexible operation schemes, in which STPC represents the sluice capacity.

The tides in the target year were separated into 24 spring-neap tidal cycles. The average energy generated for all
the cycles was approximately 200.8 GWh. The energy generated over various tidal cycles is shown in Figure 6. It can
be seen that the 16" cycle, where the energy generated was 201.3 GWh, was the nearest to the average and hence this
spring-neap typical cycle was selected as the baseline scenario in this study. This cycle extends from 5389.70 h to

5737.70 h from the start of the year. The extrapolation coefficient based on the ratio of the length of the year to the
tidal cycle was 24.6.
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Fig.6. Energy generated per cycle from the 0-D model.

5. DIVAST 2D Model Details

5.1. 2-D modelling

Multi-dimensional models are routinely used to provide hydrodynamic simulations which can contribute valuable
insight into the resource assessment of marine renewable energy schemes and device [46]. An in-house numerical
model, namely DIVAST-2DU, has been widely used in modelling tidal renewable energy schemes and device and
has also been used in this study [47, 48]. The governing equations in the DIVAST 2-DU model are the depth-integrated
3-D Reynolds Averaged Navier-Stokes (RANS) equations for impressible, unsteady turbulent flows. The 2-D model
is built using a triangular unstructured mesh and with the primitive variable fields being water elevations (from Eq. 6)
and velocities in the x and y directions (from Egs. 7 and 8), respectively [49, 50].
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where & denotes the water elevation above (positive) UK ordnance datum (m); h represents the water depth below
datum (m), with total water depth H being the sum of & and h; qy, q, are the discharges per unit width in the x, y
directions, respectively (m?s?); u and v are the velocity components in the x, y directions, respectively (m s?); B is
the dimensionless momentum correction factor for a non-uniform vertical velocity profile; f represents the Coriolis
parameter, which is caused by earth’s rotation (rad s™); g is the gravitational acceleration(m s2); 14, and T, denote
the components of the surface wind stress in the x, y directions respectively (N m2); t,;, and Typ are bed shear
stresses in the x, y directions, respectively; and ¢ is the depth-averaged eddy viscosity (m? s2).

A domain decomposition technique was used to represent WSL in the DIVAST 2-DU model [51, 52]. This meant
that the computational domain was divided into two sub-domains, one covering the area impounded by the lagoon
and the other covering the rest of the domain outside of the lagoon [42, 52]. The sub-domains did not overlap, but
were linked dynamically by the discharges flowing through the turbines and sluice gates [53]. The model was refined
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in this study to operate flexibly, i.e., operating under different operation heads, in order to replicate exactly the same
operational scheduling delivered by the GA model [20]. A smooth operation of WSL was guaranteed by coupling the
operation of the turbines and sluice gates with a sinusoidal ramp function for opening and closing the device [51]. As
this type of optimisation was carried out at an early stage in the feasibility and design of the scheme, the positioning
of the sluice gates and turbines had not yet been finalised in the design and therefore they may subsequently be
included in the deeper part of the impoundment wall, as shown in Figure 7. This positioning is expected to have a
minimal impact on the predicted energy generated at the early stage of the feasibility design and which is the main
purpose of this study. It should be noted that the same hill-chart in the GA model was used in this DIVAST 2-DU
model, ensuring consistency in the discharge and energy output from the turbines used in both models. More details
of the numerical solutions of the governing equations and implementation of TRSs in the model can be found in [11,
52].

Fig.7. Sketch of grid refinement and deployment of turbines and sluice gates (Brown line is the wall boundary in the mesh, with the Orange line
showing the turbines and the Red line showing the sluice gates).

5.2. 2-D Model set up

In this study, the DIVAST 2-DU model was set up to cover the Severn Estuary and Bristol Channel, encompassing
an area of 5,805 km?, thereby minimising any impact that the open boundary conditions might have on electricity
generation by the lagoon, as shown in Figure 2. The bathymetry data were acquired from EDINA Digimap [54] and
depths were interpolated at the centre of grid cells. The model domain was divided into 72,760 nodes and 143,203
unstructured triangular cells. The minimum grid size was approximately 50 m, in the vicinity of the scheme, thereby
giving more accurate simulation of the hydrodynamics in the region of particular interest. For the baseline scenario
with 100 turbines, two sub-domains were set-up inside and outside of the lagoon wall, and with lengths of
approximately 1,200 m for the sluice gates and 1,800 m for the turbines, with a dividing structure wall of 200 m, as
shown in Figure 7. The design of the turbines was taken from that used for the turbines outlined in the design of
Swansea Bay Lagoon [18], with the length of each turbine encasement being 18 m. The tidal elevations for the seaward
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boundary conditions were obtained from the National Oceanographic Centre [14]. The model, excluding the lagoon,
has been widely calibrated and validated against observed data at different sites [16, 55]. It should be noted that the
model has been validated for grid independency and the predicted results were not found accurate compared to the
field data for this grid resolution [16]. A Manning’s n roughness coefficient of 0.02 s/m*® was used across the entire
domain, with this value giving good agreement when calibrated against the field data. Water levels are always the
most critical parameter for the operation of TRSs in terms of energy generation. Therefore comparisons of the model
predictions and observed water levels during an average Spring-Neap tidal cycle in the vicinity of the WSL scheme
are shown in Figure 8(a) and (b) for 4 spring tides at Hinkley and Ilfracombe, respectively, as shown in Figure 2, with
more validation results being given in [16]. The Root Mean Squared Error (RMSE) for the tidal levels predicted by
the model and observed values at Hinkley and Ilfracombe were 0.07 and 0.08 during the typical Spring-Neap tidal
cycle, respectively. The Highest Water level (HW) was overestimated by about 0.3 m at Hinkley during spring tides,
which meant that the input water level in the 0-D model may be overestimated with an overestimated energy prediction
of less than 10% [16]. This level of error is consistent with other studies [47, 52, 56] and is considered to be acceptable
for such studies [57].

It can also be seen that the differences between the model predictions and observed water levels at Hinkley Point
gauge were greater at low water. Part of this difference, which is also observed at the llfracombe site, is thought to be
due to discrepancies at the boundary. This is thought to be identified through differences in the local bathymetry near
to the gauge site. This is further confirmed by achieving good comparison between the model predictions and the
ADCP results as reported in [16]. These small discrepancies, which are typically 0.4 m of Lowest Water (LW) at
Hinkley Point gauge, need to be studied further, however, they do not significantly affect the main objectives of this
study.
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Fig.8. Typical comparison of observed and predicted water levels at: (a) Hinkley and (b) Ilfracombe.

6. Optimisation of West Somerset Lagoon Operation

6.1. Optimisation using the Grid Search (GS)model

The grid search model covered the entire solution domain and examined each possible scenario in order to find the
optimum solution. As for the GA model, every operational scheme was encoded with two constant values in the GS
model, namely NumTB and STPC, and two vectors, namely [Hs,n] and [He,n], representing the operation water heads
for n successive tides. In considering the range of feasible operation heads of TRSs [16], the range of starting heads
varied from 2.0 m to 8.0 m, in 0.1 m increments, and ending heads covering a range from 0.5 m to 4.5 m, also in
increments of 0.1 m . NumTB was varied from 75 to 175, in increments of 5, and STPC varied from 4 to 8 m> MW,
with an increment of 1, making sure that it can reflect the trend of electricity generation with an affordable
computational cost.

The maximum energy generated with different NumTB and STPC values over the representative period using the
GS model, with non-flexible operation schemes, is shown in Figure 9. The maximum energy over the simulation
period was achieved using 140 turbines, a sluice gate capacity of 8, a starting head of 5.5 m and an ending head of 2
m. An improvement of more than 25% of the energy generated was achieved for this case, in comparison with the
baseline scenario shown in Figure 5 with NumTB and STPC values of 100 and 4 m*MW, respectively. It can be seen
that with the turbine numbers increasing, the energy predicted first increases and then decreases moderately, with the
peak value occurring when the number of turbines was between 140 and 150. The energy generated also generally
increased with an increase in the sluice gate capacity. However, it is noteworthy that the energy generated rose slightly
when the number of turbines exceeded approximately 125. TEES advised that this is unlikely to make the scenarios
with more than 125 turbines less cost-effective because of the increasing capital cost with only a diminishing increase
in energy. Since there are different ways in which the impoundment wall could be built, along with the turbine and
sluice gate housings, and also that the turbines are not standard and are commercially sensitive, the cost was not
considered in this paper. Also, around 5% of extra energy could be obtained using triple regulated turbines, but losses
will inevitably arise due to turbines and sluice gates being out of operation for maintenance and energy losses in

13



connection to the grid. Hence, the most efficient scenario with the predicted maximum energy generated is shown in
Table 1, with 125 turbines being utilised and a capacity factor of about 29%.
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Fig.9. Energy generated for a range of turbines numbers and sluice capacities, for non-flexible schedules.

Table 1

Comparison of non-flexible optimisation scenarios.

STPC Sluice Capacity

(M?>MW1)  NumTB  Area(m?) Hend Hs  Energy (GWh)* Increase(%) Factor (%)
Baseline 4 100 8000 2 35 201.3 - 28.92
GS 8 125 20000 2.5 4.9 253.4 25.87 29.12
GA 8 125 20000 2.5 5.0 252.6 25.50 29.04

* The extrapolation coefficient of 24.6 should be used to convert the energy from the average Spring-Neap cycle to annual generation.

As the best approach to optimise the operation of TRSs using the GS method was found to be obtained by
simulating Every Half-tide and Next (EHN) [16], then this approach was adopted hereinafter for all studies. Figure
10 shows two idealised tides which were decomposed into their smallest operational units, namely half-tides, to
demonstrate the EHN approach. The energy was calculated for each two successive half-tides, such as half-tide A and
B. The starting and ending heads for half-tide A, which produced the maximum energy generated during the period
of half-tides A and B, were chosen as the optimum scenario for the half-tide A. This enabled the generation during
the next tide to be considered, based on the water level inside the impoundment at the end of each operation cycle,
and with this being the starting water level for the next operation period. This maximised the energy output over one
operation period, irrespective of the next period potentially reducing the energy generated over the next period.
Therefore, the next half tide was considered in selecting the optimal generation for each operation period. Similarly,
the optimum operation period for all other half-tides were considered for the next two half tides, namely half tides B
and C, in isolation and with the starting head within the impoundment being derived from the optimum generation for
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half tide A. This process was then continued throughout the duration with regard to the operation of the scheme, as
shown in the Figure 11.

The flexible head operation was implemented with the fitness function over 59 half tides, which corresponded to
the situation of 60 starting heads and 40 ending heads between each tide and the next half tide, 50 turbine numbers
and 5 sluice gate capacity numbers, and with a time step of 1 minute. The optimisation of this flexible operation
schedule using the GS method required approximately 430 hours of simulation time for the representative period, as
shown in Table 2. This simulation time would be much longer when pumping is considered and the simulation covers
more than a representative tidal cycle. This re-emphasises the significance of needing to reduce the model run time
and improving the efficiency in the design of TRSs and hence the need to adopt more advanced algorithms, such as
the GA for multiple variable optimisation

| Half-tide A | Half-tide B I Half-tide D

+A

Time

Operation
Scheme

Hsl, Hel Hs2, He2 Hs3,He3 Hs4,He4

Design
Scheme NumTB and STPC
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Optimised Step
1 T—
2 T—
3 —

Fig.10. Schematic illustration of EHN (Every Half-tide and Next) optimisation methodology [16].

15



Seperate tides to n half tides

Initialisation (i, NumTB, STPC)

v

NUMTB&STPC are in Output optimised results (NumTB,

- the defined range? No—» STPC and all Hst, Hend)
Yes
NumTB=NumTB+Delta(NumTB) o
STPC=STPC+Delta(STPC) Initialise () =nd
A [
y<
Yes Is the tidal cycle i out

of simulation period?

No

Calculate Elect. in two successive
tides i and i+1 covering all preset
values of Hst & Hend

v

Record the optimal Hst and Hend for
the tide i when the maximum elect for
two successive tides reached.

Y

i=i+1

Fig.11. Flow-chart of the Grid Search model.

6.2. Optimisation using the GA model

If the non-flexible operation scheme is adopted in the GA model, then the most optimised scenario was obtained
with an energy production of 252.6 GWh when Hg was 5.0 m and H, was 2.5 m and with the number of turbines
being 125 and the sluice gate capacity being 8, which equates to a sluicing area of 20,000 m? excluding the area of the
turbine passage. The optimisation of multiple variables, including turbine numbers and sluice gates, with a non-
flexible operation schedule yields an increase of more than 25% of energy generation, compared to the baseline
scenario which applied NumTB of 100 and STPC of 4 m*MW with a H; value of 3.5 m and H, of 2.0 m, as outlined
in Section 4.4. The estimated energy generated could be further improved by approximately 10% if flexible operation
was adopted, which is in line with the findings by Xue et al. [16] and Angeloudis et al. [7]. The addition of pumping
results in a further net energy vyield of up to 291.1 GWh, with a capacity factor of approximately 33.46%,
corresponding to a further improvement of electricity generation of about 10% compared to the scenarios without
pumping. This net energy yield was calculated after deducting the energy used for pumping in determining the
pumping efficiency [16]. The capability to pump is desirable for TRSs as it also provides flexibility and storage
capability and reduces the hydro-environmental impacts. Therefore, it is essential that the pumping performance of
TESs is studied further in the future. These scenario results and improvements in the energy generated are presented
in Table 2. As can be seen in Table 2, the optimisation through the GA model produced very similar quantities of
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energy for both the non-flexible and flexible operation schemes [16]. However, the simulation time for the GA model
was approximately 95% less simulation time in comparison with the GS method for flexible operation. This significant
reduction in the simulation time is particularly important in the early stages of design, where a large number of
scenarios for different sizes and turbine/sluice gate combinations would be considered and expected to facilitate the
development of TRSs by providing stakeholders with a more efficient tool to consider a wide range of scenarios. It
should be noted that the cost of the GA model in Table 2 can be influenced by a variety of factors [22], such as the
iteration time (5000 in this study), initial operation solutions (1000 in this study) as well as the performance of the
HPC facilities, which is worthy of further consideration in future studies to acquire a higher efficiency of optimisation
using this GA model.

Table 2 Comparison of optimisation scenarios.

i Energy (GWhr) Change to baseline (%) D(;ﬁéraerr]‘gezbgt‘?gzgn S&Tﬁ‘g?ﬁg”
0-D model 2-D model 0-D model | 2-D model
baseline ! 201.3 183.5 - - -8.84 4
GS | non-flexible 2 253.4 226.3 25.87 23.33 -10.69 225
B'J’mping flexible 271.7 245.4 34.96 33.74 -0.67 430
GA | non-flexible 2 252.6 225.9 25.50 23.14 -10.56 22
flexible 270.0 244.0 34.15 33.00 -9.63 24
pumping | GA | flexible 291.1 266.5 44.64 45.28 -8.45 31

! Details of baseline scenario denotes the scheme with operation heads of 3.5m Hst and 2m Hend When using 100 turbines and a sluicing area of
8000 m?, as shown in Table 1.

2 Non-flexible operation schemes are represented using constant operation heads throughout the simulation period.

The detailed operation heads, water levels inside and outside of the impoundment and energy output during 5 neap
tides, without and with pumping, are illustrated in Figures 12 and 13, respectively. These graphs highlight the
variability in the energy output for the various operational heads, and with different half tides demonstrating the
importance of considering variable heads, despite the higher computational time. It should be noted that, as expected,
the energy output during neap tides is still lower than that for spring tides, even with the flexible operation schemes.
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Fig.13. Predictions from the GA model of operation heads, water levels inside and outside of the lagoon and energy output with pumping for 5
neap tides, with the notation as for Figure 12.

6.3. Validating the operation schemes

The validity of the operational scheduling derived from the GA model was confirmed using the 2D model. This
was undertaken mainly to ensure that the simplifications used in the 0-D fitness function were not leading to unrealistic
operations. Figures 14 and 15 show the complex velocity fields for the ebb and flood tides, during sluicing and
generating modes and for the baseline scenario, respectively. During the sluicing mode, with the turbines and sluice
gates opening, the velocity was generally less than 2.0 m/s downstream of the sluice gates and 1.0 m/s downstream of
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the turbines. During the generating mode, as the water flowed through the turbines and with all the sluice gates closed,
the velocity in the vicinity of the turbines could reach magnitudes of up to 2.5 m/s. In the later stages of design, it is
therefore important to investigate the positioning of the turbines and sluice gates in more detail to establish their
hydro-environmental impact on tides, water quality, sediment transport, ecology and fish migration, as well as safety
for navigation and recreational activity. The deployment of WSL and other sources of uncertainties, including
positioning of the turbines and sluice gates, storm surges and their impact on energy generation [58], as well as the
hydro-environmental impacts of the scheme all require further investigation.

waterlevel(m): -4 -3 -2 -1 0 1 2 3 4 5 6 waterlevel(m): -4 -3 -2 1 0 1 2 3 4 5 6

@) (b)

Fig.14. Water level and current streamlines in the 2-D model for: (a) ebb and (b) flood sluicing modes, respectively.

water level(m): -4 -3 -2 1 0 1 2 3 4 5 6

o
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Fig.15. Water level and current streamlines in the 2-D model for: (a) ebb and (b) flood generating modes, respectively.
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Since this study has mainly focused on the optimisation of various turbine and sluice gate operations, rather than
investigating the hydro-environmental performance of a tidal range energy generation scheme, no extra momentum

19



source terms have been included across the impoundment wall to improve on the accuracy of the wake characteristics.
The momentum source across the impoundment wall is expected to have little impact on the predicted energy
generation as shown by Coz et al [13], but it would affect the wake characteristics and the local hydro-environmental
features. The 2-D model predictions were firstly carried out for a variety of scenarios, as summarised in Table 2. The
corresponding results revealed good agreement between the regression results for the water levels upstream and
downstream, energy output, and the discharge through the turbines and sluices gates when the predicted results from
the 0-D and 2-D models were compared. The total energy generated during a typical tidal cycle, as predicted by the
0-D model, was approximately 10% different in value to that predicted using the 2-D model, as shown in Table 2.
These values are consistent with the values reported in the literature [16, 59] and need to be taken into account in the
feasibility stage. Typical comparisons for the 0-D and 2-D model predictions are illustrated in Figure 16. Table 2
shows the energy generation under flexible operation for the optimised number of turbines and sluice gates, leading
to an increase of approximately 25% and 10% compared with the baseline scenario and optimised for the non-flexible
head scenario, respectively. This validates the feasibility of the operational schemes produced using the GA model
and hence confirms the performance of the GA model in first designing TRSs by optimising the number of turbines
and sluice gates and the operation schedule.
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Fig.16. 2-D and 0-D model comparisons between: (a) water level and energy output during 5 neap tides; (b) discharge through the sluice gates
and turbines during 5 neap tides (with flow into the lagoon shown as +ve); and (c) energy generated throughout a typical spring-neap cycle, in
which the ‘Zup’ and ‘ZIw’ represent the upstream and downstream water levels, respectively, Energy denotes the energy generated, and
‘QTB’ and ‘QSL’ denote the discharge through the turbines and sluice gates, respectively.

7. Conclusions

The paper focuses on the development of a Genetic Algorithm model which can be used in the early stages of the
design of any Tidal Range Schemes around the world to establish the optimal operating characteristics of the scheme
for energy generation. The Genetic Algorithm model includes multiple variables related to the scheme, including
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turbines numbers, sluicing areas and the operation schedule of the scheme, with the aim being to generate the
maximum energy from the scheme. The model has been used to study the optimal design of a recently proposed Tidal
Range Scheme (TRS) in the Bristol Channel, in the south west of the UK, called West Somerset Lagoon. The
optimised scheme obtained using the Genetic Algorithm model provided a similar optimised scheme, in terms of the
number of turbines, sluice area and total energy generated, as the widely used and more elaborate Grid Search model
[16]. The developed Genetic Algorithm model reported herein reduced the computational time by approximately 95%
in comparison with the Grid Search model.

The Genetic Algorithm model considered 1,000 different scheme configurations, generated randomly at the start
and then evolved through mutation, recombination and selection, using specific probability parameters, and with the
ideal outcome obtained or the maximum number of generations reached. A generalised 0-D model has been used as
the fitness function, with the Sequential Mutation Method and the Ring Recombination Method being used for
mutation and recombination.

The optimum initial design for the West Somerset Lagoon scheme was found to be 125 turbines, each of 7.2 min
diameter, and with a sluice area of 20,000 m2. The optimised scheme, including a flexible operation design, using the
Genetic Algorithm model, showed an increase of 25% and 10% in energy generation compared to the baseline scenario
and the scenario with a fixed head operation. The performance of the model was validated by setting up a more
sophisticated 2-D hydro-environmental model to simulate the operation of the scheme, based on the optimised Genetic
Algorithm model design. Hence, the optimised energy generation reached 7.16 TWh/yr from the 0-D results and 6.56
Twh/yr from the 2-D model with the use of pumping. It was found that the differences between the Genetic Algorithm
model and the 2-D model predictions were consistent with differences reported in the literature between 0-D and 2-D
models, for impoundments of comparable size and shape. These findings confirm the performance and effectiveness
of the Genetic Algorithm model in the preliminary design and feasibility of such tidal range schemes for the
maximisation of electricity generation. However, one of the limitations of this Genetic Algorithm model is that it did
not consider the effects of the hydrodynamics in the model, which could be improved through further case study
applications worldwide. It is also worthy of further development of the Genetic Algorithm model for more goals,
including: revenue optimisation, instead of only maximising the electricity generation, as undertaken in this study.

The Genetic Algorithm model reported herein has been shown to be significantly faster computationally than the
Grid Search model for certain scenarios in applying the model to a tidal range energy generation scheme, namely the
West Somerset Lagoon. However, although the model has been shown to be more efficient for this particular case
study, the computational efficiency characteristics of the Genetic Algorithm model are generic and the same
computational efficiencies would be expected for any tidal range energy generation study undertaken for any site
world-wide.
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