Journal of Ocean Engineering and Marine Energy
https://doi.org/10.1007/s40722-025-00420-x

RESEARCH ")

Check for
updates

Individual and conjunctive operation of tidal lagoons along the west
coast of the UK

Bin Guo'? . Reza Ahmadian’ - Roger A. Falconer’

Received: 11 May 2024 / Accepted: 14 July 2025
© The Author(s) 2025

Abstract

The conjunctive operation of multiple Tidal Range Schemes (TRSs) along a coastline, particularly where tidal phasing is
appreciable, may partially offset the power output intermittency when TRSs are considered in isolation. This study investigates
the individual and conjunctive operations of three prospective tidal range schemes: North Wales Tidal Lagoon (NWTL), West
Somerset Lagoon (WSL) and Swansea Bay Lagoon (SBL). Each lagoon was assessed individually and then conjunctively to
explore their potential interaction on the hydrodynamic impact and power output. Under individual operation, the tidal velocity
magnitude across the NWTL impoundment typically increased by 0.1-0.5 m/s, in contrast to the decreased maximum current
velocity observed within the WSL and SBL basins. The analysis of open boundary placement in lagoon modelling underscores
the importance of employing a sufficiently large model domain for accurate simulation of TRSs. In the conjunctive operation
of WSL and NWTL, as well as WSL and SBL, interactions between the lagoons were found to be minor. However, the duration
with no power generation for lagoons running independently was reduced from 2.5 to 3.75 h to less than 1.5 h, demonstrating
the feasibility of delivering near-continuous tidal power through the conjunctive operation of WSL and NWTL. This study
is the first to explore the hydrodynamic interactions of conjunctive tidal lagoon operations in the UK, demonstrating their
mutual impacts and the potential of coordinated operation to reduce intermittency.
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1 Introduction

Electricity generation from tidal range schemes (TRSs),
which utilises the energy from large tidal elevation differ-
ences, is highly predictable and abundant across much of
the western coast of the UK (Ahmadian et al. 2010; Neill
et al. 2018). However, TRSs have some inherent issues that
have hindered their development to date. The high upfront
construction costs, relatively long construction time and the
potential environmental impacts are key challenges relating
to the delivery of TRSs (Waters and Aggidis 2016; Hooper
and Austen 2013; Falconer et al. 2020; Kadiri et al. 2014;
Hanousek et al. 2023). Additionally, the power output from
TRSs is inherently intermittent, fluctuating with both the
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semi-diurnal tides that occur twice daily and the fortnightly
spring—neap cycle. This variability complicates grid man-
agement and amplifying challenges to deliver a stable power
supply (Mackie et al. 2020; Vazquez and Iglesias 2015; Tode-
schini 2017).

Efforts to establish a continuous power supply from TRSs
have been made but have often proved impractical as evi-
denced by attempts using linked-basin TRSs (Angeloudis
et al., 2020) and pumped storage systems (MacKay 2007).
However, if two or more TRSs are located such that a rea-
sonable interval exists in the tidal phase between the sites,
the operation of the schemes can be optimised by treating as
a coordinated system. Adopting this approach, a network of
combined TRSs can offer the flexibility to offset the variabil-
ity in power output from individual schemes, moving closer
to delivering base-load power (Neill et al. 2018). In addition,
at a single tidal energy-rich site, the operation of multi-TRSs
could be designed to extract the maximum energy from the
available tidal range. Therefore, the conjunctive operation
of multiple TRSs has been proposed as a more effective
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regional tidal energy deployment strategy compared to a sin-
gle scheme (Neill et al. 2018; Cornett et al. 2013). It is worth
noting that whilst Tidal Range Schemes (TRSs) encompass
both tidal lagoons and barrages, differing primarily in their
degree of water blockage, these two forms generally fol-
low the same operational procedures. Therefore, both can be
integrated into the same conjunctive operation system. This
paper, however, specifically examines tidal lagoon projects
due to their increasing relevance and attention in current
research.

However, combined hydrodynamic impacts may be
expected to arise from the conjunctive operation of multi-
ple TRSs, potentially affecting both the environment and
the performance of the individual lagoons in electricity
generation (Wilson et al. 2012a, b; Wolf et al. 2009; Cor-
nett and Cousineau 2011; Angeloudis and Falconer 2017).
Even minor changes in tidal range can lead to significant
cumulative effects on electricity output due to the non-
linear relationship between power generation and tidal range
(Angeloudis and Falconer 2017). These effects are particu-
larly relevant when TRSs are located within the same channel
or estuary. Therefore, it is essential to evaluate the potential
interactions between TRSs from multiple perspectives.

Angeloudis and Falconer (2017) modelled the joint oper-
ation of Swansea Bay Lagoon, Cardiff Lagoon and Newport
Lagoon, and assessed the combined hydropower and environ-
mental impacts. From this study, a cuamulative hydrodynamic
impact was predicted in the proximity of Swansea Bay
Lagoon and in the Severn Estuary, wherein changes in water
levels and tidal velocity were observed. Wolf et al. (2009)
simulated tidal barrages located in five major estuaries along
the west coast of the UK, including the Severn, Dee, Mersey,
Morecambe Bay and Solway estuaries. An insignificant far-
field impact was observed, except for a potential predicted
10% increase in the tidal range along the east coast of Ireland,
thereby increasing potential coastal flood risk. Cornett and
Cousineau (2011) modelled the joint operation of three off-
shore lagoons and three coastal lagoons in the Bay of Fundy,
Canada. Their findings showed that the combined opera-
tion of all six lagoons induced significant hydrodynamic
changes—specifically, an approximate 5.5 cm increase in the
high-water level of Boston tides, compared to only a 1.4 cm
increase caused by a single coastal lagoon.

Most of the existing TRSs have been considered in iso-
lation and operated individually, without considering the
conjunctive operation of the scheme with other TRSs, or
other renewable energy projects (Waters and Aggidis 2016;
Choetal.2012; Rtimi etal. 2021). Therefore, further research
is needed to explore the feasibility of this coordinated oper-
ational method, and to evaluate the potential interactions
between TRSs on electricity generation and the coastal envi-
ronment. This is particularly important because even minor
changes in tidal range can lead to significant cumulative
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effects on electricity generation, due to the non-linear rela-
tionship between power output and tidal range (Angeloudis
and Falconer 2017). Furthermore, the interactions and accu-
mulated impacts of tidal lagoons and barrages cannot be
simply added together to estimate their cumulative impacts.
This is because any hydrodynamic changes, especially water
level changes, could have a direct impact on the operation
of another lagoon and vice versa. For this purpose, the first
systematic study of the potential hydrodynamic interactions
between tidal lagoons is reported in this paper, by modelling
and analysing both their individual and conjunctive opera-
tions. Moreover, the impact of the open boundary location
on lagoon modelling was explored, emphasising the impor-
tance of using an appropriate hydrodynamic model as the
basis for accurate lagoon modelling impact predictions. The
results of this research can serve as a useful reference for the
study of tidal range systems in other regions.

2 Tidal lagoon cases

The power output and the environmental impact of three
lagoons proposed by three different companies are con-
sidered in this study, namely North Wales Tidal Lagoon
(NWTL), West Somerset Lagoon (WSL) and Swansea Bay
Lagoon (SBL). Each of them has its unique design features
and can also represent the state-of-the-art TRSs design, as
shown in Fig. 1. One conjunctive operation combination con-
sidered is the NWTL and the WSL, which exhibit a tidal
phase difference of more than four hours between the two
lagoon locations, thereby helping to partially offset the vari-
ability in power output from each lagoon (Neill et al. 2018;
Mackie et al. 2020). Another lagoon combination consid-
ered is WSL and SBL, both situated in the Bristol Channel,
where their proximity and tidal resonance characteristics may
influence hydrodynamic interactions (Ma and Adcock 2020).
Given the numerous lagoon proposals in this region, it would
be insightful to simulate multi-lagoon operations and explore
their collective impact (Waters and Aggidis 2016).

The tidal range along the North Wales coast exceeds 8 m
during mean spring tides (Angeloudis et al. 2015), one of the
highest in the UK, except for that in the Severn Estuary and
Bristol Channel. The marine topography in this area consists
of shallow waters adjacent to deeper waters, which is ideal for
the construction of TRSs with minimised construction costs,
making the North Wales Coast an attractive site for a tidal
lagoon construction. The early-stage planning area of the
lagoon was planned to span from Llandudno to Rhyl, with
a breakwater stretching over 30 km in length and a water
impoundment area of 150 km?, such shape of the NWTL
along the coastline was designed to protect vulnerable com-
munities from sea flooding (North Wales Tidal Energy Ltd
2020). Based on power prediction results from a 0D research
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Fig. 1 Locations and configurations of the tidal lagoons studied in this research, including the two lagoon combinations (Combinations I and II)
considered for conjunctive operation. (Background satellite imagery from Google Map)

study (Xue et al. 2020), 150 turbines with capacity of 3 GW
were predicted to give the optimum power output of NWTL,
sited in 10 blocks along the perimeter wall. Nine blocks of
sluice gates were also included, to contribute to maximising
the electricity generation and reducing water quality changes,
with a total sluicing area of 20,000 m?. The turbines and
sluice gates of the NWTL scheme were distributed primar-
ily based upon the regional bathymetric features, as seen in
Fig. 1(b), but also taking account of the expected reduced
environmental impacts likely at these locations.

West Somerset Lagoon and Swansea Bay Lagoon are
located in Bristol Channel with spring tidal range of 12.2 m
(Ma and Adcock 2020). The WSL proposal includes a
semi-circular impoundment with a length of 22 km, and
an enclosed area of approximately 80 km? as presented in
Fig. 1(c). More details about WSL are described in Mackie
et al. (2020) and Guo et al. (2021). Swansea Bay Lagoon
(Fig. 1(d)), the closest scheme to commercial viability, has
been extensively studied. Although this proposal was termi-
nated, it could still act as a benchmarking (Coi et al. 2019;
Angeloudis et al. 2018), and can be used for potential TRSs
interaction study.

3 Methods
3.1 Hydrodynamic modelling

The TELEMAC model suite was selected as the numerical
tool for this research study based on its wide range of marine
and coastal energy modelling applications, triangular mesh
and easily accessible open source code. The equations and
algorithms of TELEMAC can be found in many other pub-
lications (Hervouet 2007; Guo et al. 2021; Haverson et al.
2017). Based on the location of the TRSs in this research
study, two hydrodynamic models were developed and val-
idated: the Continental Shelf (CS) model and the Severn
Estuary and Bristol Channel (SEBC) model.

The Continental Shelf (CS) model was established to
include the NWTL and WSL in the same modelling domain,
covering the Irish Sea and most of the Celtic Sea, with its
open boundary extended to the Continental Shelf and where
the tides are effectively generated, as shown in Fig. 2(a).
The open boundary of the CS model extended from Ply-
mouth in southwest of England to the Isle of Mull, on the
west coast of Scotland, as shown in Fig. 2(a). Most of the
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Fig.2 a Domain of the Continental Shelf (CS) model; (b) Domain of
the Severn Estuary and Bristol Channel (SEBC) model, as well as its
corresponding geographical division

domains from the CS model utilised bathymetric data from
the EMODnet bathymetry portal, with 1/24 of an arcminute
resolution (approx. 75 m). Moreover, higher-resolution topo-
graphic data were utilised in areas of particular interest.
Topographic data for the Bristol Channel and Severn Estuary,
along with the region off the North Wales coast and across
Liverpool Bay, were obtained from EDINA Digimap, with a
finer resolution of 1 arcsecond (approx. 30 m).

The unstructured mesh of CS model was discretised with
134,291 nodes and 252,382 elements. The mesh resolution
varied from 9 km near the open boundary to a maximum
value of 35 km in the middle of the model domain; then
it was reduced to 700 m along the coastline. Moreover, in
the areas of interest, such as the Severn Estuary and Bristol
Channel, Colwyn Bay, and Liverpool Bay, a higher mesh res-
olution was provided varying from 50 to 300 m as shown in
Fig. 2(a). The seaward open boundary was driven by spatially
varying time histories of tidal elevations and depth-averaged
velocities from the TPXO7.2 database (Dushaw et al. 1997,
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Bourban et al. 2012). The CS model uses the classic k—¢ tur-
bulence model and a conjugate residual solver, which has
been proven to be suitable for modelling tidal flow around
obstructions in a macro-tidal estuary (Ji et al. 2020). The
Courant number limitation was set to 1, and the time step was
set to 10 s to ensure model accuracy and computational effi-
ciency. After repeated runs to calibrate the bottom roughness,
the Manning’s roughness coefficient of 0.025 was found to
produce the most accurate validation. Moreover, four days of
spin-up time was used in the CS modelling due to the size of
the model domain. River discharges from key sources were
included due to their potential impact on regional hydro-
dynamics: seven rivers in the Bristol Channel model (Taff,
Usk, Wye, Severn, Avon, Parrett and Tawe), and four rivers
in Colwyn Bay and Liverpool Bay (Dee, Mersey, Ribble
and Colwyn). These data, provided as daily averages, were
obtained from the UK National River Flow Archive.

The research study relating to the interaction between
SBL and WSL was more focussed on the Severn Estuary
and Bristol Channel. Thus, a hydrodynamic model covering
the Severn Estuary and Bristol Channel (SEBC) was devel-
oped, as seen in Figs. 2(b), which satisfied the requirements
of the research and enhanced the computational efficiency
for a wide range of model simulations. Most of the model
parameters were the same between the CS model and SEBC
model. However, different boundary conditions were applied
to the SEBC model. A time series of water levels was applied
to the open boundary of the SEBC model, which was previ-
ously evaluated as being a stable and accurate representation
of the open boundary conditions (Guo et al. 2020; 2021).

Hydrodynamic models covering the whole Bristol Chan-
nel have been used to simulate small TRSs in previous studies
(Angeloudis et al. 2016; Coz etal. 2019; Xia et al. 2010a, b).
However, it is reported that an open boundary within the con-
tinental shelf may amplify any perturbation associated with a
TRS by exciting a resonant mode (Adcock et al. 2015). Thus,
any model that simply held the same boundary condition
for pre- and post-TRS scenarios may demonstrate discrep-
ancies in the impacts on hydrodynamics of the region (Zhou
et al. 2014; Rainey 2009). For this purpose, this study was
extended to evaluate the impact of WSL on the hydrodynamic
characteristics in the Bristol Channel based on predictions
from the CS and SEBC models, which thereby includes inves-
tigating the effect of open boundary location on the impact
of the lagoon in operation (Sect. 4.5).

3.2 Tidal lagoon modelling

To simulate the TRS accurately, the conservative momentum
method was applied by including the external momentum
term in the TELEMAC system (Guo et al. 2021). The mesh
decomposition method was also applied to split the water
impoundment area from the sea external to the basin. The
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discharge and the calculated power through the turbines and
sluice gates were coupled with a ramp function to ensure a
smooth transition between the operation modes. It was con-
cluded from a previous study that the optimised generation
scheme with flexible start and end heads had noticeable ben-
efits in terms of electricity generation and minimising the
environmental impacts (Guo et al. 2021; Angeloudis et al.
2018). Thus, the optimised modes of operation achieved from
the 0D model for each scheme were implanted into the lagoon
operation modelling (Xue et al. 2020).

It was observed that the embankment of the NWTL and
WSL spans the tide propagation direction in the coastal zone,
with the turbine and sluice gate blocks distributed widely
along the embankment. As a result, a significant consider-
ation is that there is a non-negligible water level difference
along the two tidal lagoons, as shown in Fig. 12. This spatial
variation means that different turbine or sluice gate blocks
may experience differing water levels difference, particularly
where the turbines and sluice gates are located on two sides
of the embankment. Such variations can affect the accuracy
of simulations evaluating the operation efficiency of lagoons.
Therefore, a delicate operation was applied in the modelling
of WSL and NWTL, with each turbine and sluice gate block
being operated individually in the model. The operation stage
and the discharge for each turbine and sluice gate block were
therefore determined by the water level difference across the
hydraulic structure at each individual block. The details of
the operation scheme are illustrated in Fig. 13.

The operation schemes of the NWTL were illustrated
to demonstrate the functioning of tidal lagoons (Fig. 14
and Fig. 15). Two operational strategies were applied: opti-
mised two-way generation with and without pumping, both
incorporating a flexible generating head (Xue et al. 2020).
Figure 14 presents the variations in water levels upstream
and downstream of the impoundment, along with the corre-
sponding water discharge and power output, to evaluate the
performance of NWTL operations. Additionally, Fig. 15 dis-
plays representative instantaneous flow patterns and velocity
magnitudes during two-way operation.

4 Results
4.1 CS hydrodynamic model validation

The model predictions using the Continental Shelf (CS)
model were first validated against measured water level data
at 12 tide gauges in the Irish Sea and Bristol Channel as pre-
sented in Table 4 in the appendix. The validation period was
one month, ranging from 17/05/2012 00:00:00 to 16/06/2012
00:00:00. The coefficient of determination R? and the root
mean square error (RMSE) values obtained in comparing the
computed results and observation data are provided using the

following formulations:

n ._‘2
R2=1_Zi=1(x—’Y’) )

Z?:l(Yi _7)2

@

where Y; is the observed value, Y; is the average of the
observed values, X; is the predicted value. The model valida-
tion shows good correlation between the model predictions
and measured data, as demonstrated in Table 4 and Fig. 16.
The R? values for the water level comparisons at tidal gauge
sites in the Irish Sea are all higher than 0.96. The average
RMSE is 0.213 m, equivalent to approximately 3.2% of the
average spring tidal range (~ 6.61 m), indicating a high level
of accuracy in the tidal elevation simulation. The water lev-
els in the Irish Sea region, such as Portpatrick, Port Erin,
Liverpool, Llandudno and Holyhead, show close agreement
between the model results and measured data. The RMSE
values for the validation of water levels at Mumbles, Hinkley
and Ilfracombe are slightly higher, but still acceptable bear-
ing in mind the very high tidal ranges in the Bristol Channel.

Furthermore, the velocity magnitude and the direction pre-
dictions for the CS model were validated against ADCP data
measured in Swansea Bay during April 2012 (Guo et al.
2021). A representative comparison of velocity is shown in
Fig. 17, with an RMSE of 0.097 m/s and an R? value of
0.77, relative to an average observed velocity magnitude of
approximately 0.58 m/s. This indicates that the model also
performs well in simulating tidal currents.

4.2 Hydrodynamic impact of individual operation
of NWTL and WSL using the CS model

Two-way operation of NWTL will cause a significant reduc-
tion in the high-water level inside the impoundment, as shown
in Fig. 3(a)(c), which effectively reduces the flood risk along
much of the North Wales coast from storm flooding and the
long-term sea-level rise (Ahmadian et al. 2014). It is also
observed that the NWTL would slightly reduce the high-
water levels in Liverpool Bay, whilst slightly increasing the
levels in the northern part of Cardigan Bay, with both varia-
tions ranging from 5—10 cm.

The impact of the NWTL operation on the tidal current
speed is mainly concentrated in the near-field and within the
impoundment basin, as shown in Fig. 3(b)(d). It is noticeable
that the current speed increases significantly at the exit of the
turbines and sluice gates due to the pronounced wakes. The
strong wakes are found to be more noticeable around the
sluice gates due to the shallower bathymetry in this region
and the relatively large sluicing area.
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Fig. 3 Cumulative impact of North Wales Tidal Lagoon on maximum water levels (left column) and maximum velocity (right column). The lower
figures show a zoomed-in view of the North Wales coast region, as indicated by the dashed black line in (a) and (b)

The velocity in the landward areas inside NWTL also
increased by typically 0.1-0.6 m/s. This phenomenon is
inconsistent with previous research results from other TRS
studies, where the current speed usually decreased in most
regions away from the turbine and sluice gate wakes of the
TRS impoundment (Guo et al. 2021; Angeloudis et al. 2016).
The increased current speed in the impoundment waters of
NWTL was predicted to be caused by the split layout of
the turbines and sluice gates, which caused a convergence
of the water stream along the east—west direction inside the
lagoon basin. In addition, as highlighted in Fig. 3(b), the
operation of NWTL would introduce small velocity increases
and decreases on the northwest side of Anglesey, where
the deployment of tidal stream turbines attracts extensive
research interest due to the high tidal velocity in the region
(Haverson et al. 2017; Lewis et al. 2015; Serhadlioglu et al.
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2013). The observed pattern is likely due to local flow redis-
tribution resulting from the lagoon’s influence on tidal phase
and amplitude, which alters the velocity gradients in this
hydrodynamically sensitive area.

The hydrodynamic changes induced by WSL, including
high-water level and the maximum tidal velocity changes, are
shown Fig. 4(a)(c), showing that the impact of WSL oper-
ation on the high-water level extends to the mouth of the
Bristol Channel, with the maximum water level in the outer
Bristol Channel decreasing by 5—10 cm. The decrease in max-
imum water level becomes more noticeable in the landward
direction, with a 1020 cm reduction in the middle Bristol
Channel and a 20-30 cm drop distributed in the inner Bris-
tol Channel and the Severn Estuary. However, only minor
changes were found outside of the Bristol Channel, in the
Irish Sea and the Celtic Sea. Due to the relatively small scale
of the basin, higher-resolution modelling would be desirable
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to predict these water level reductions more precisely, and
particularly over the sensitive tidal wetlands in the Severn
Estuary.

An increase in the velocity magnitudes of typically
0.2-1.3 m/s is predicted to occur in the inner Bristol Channel,
whilst a slight decrease of 0.1-0.7 m/s occurred on both sides
of WSL. The maximum velocity changes were mainly con-
centrated in the proximity of the WSL, particularly within the
high-speed water jets through the turbines and sluice gates
(Guo et al. 2021).

4.3 Interactions between NWTL and WSL

NWTL and WSL were then implanted into the CS model
together and operated jointly to investigate their interaction
and the cumulative impact on the surrounding waters, with
the difference of maximum water level and velocity magni-
tude presented in Fig. 5.

By comparing the high-water level changes between
Fig. 3, Fig. 4 and Fig. 5, the predicted interaction on the
high-water levels between WSL and NWTL operating indi-
vidually and conjunctively can be analysed. The operation of
NWTL has a negligible impact on the high-water level near
the WSL and vice versa. This demonstrates that the interac-
tion between WSL and NWTL has a negligible impact on
the near-field water level predictions of the other TRS. How-
ever, some effects emerge from the joint operation of the
schemes. The increased water level in Cardigan Bay found
with the individual operation of the NWTL is mitigated under
the conjunctive operation of both lagoons, which might be a
result of far-field interaction between WSL and NWTL as the
2-3 cm decreased high water level in Cardigan Bay caused
by the WSL offset the increased water level result from the
NWTL. Furthermore, in the conjunctive operation scenario, a
larger area of showing a decrease of about 5-10 cm appeared

@ Springer



Journal of Ocean Engineering and Marine Energy

—~~
O
~——

r F =
(a )_— 7 AWLmax (m) N / AVmax (m/s)
- 05 - 15
8f 0.4 i wt Ao Wl s
§_ 0.3 2L 1.1
N 0.2 St 0.9
B Bangor 01 B 3%
- 0.05 i 0.5
B . } 10 = ﬂ 0.3
! Cardigan -0.05 i Cardigan 8'1
=i Bay -0.1 —_ O |
Egt Walesy.: | Egt ¥ | Wales - o3
> Q[ -0.3 > QL _0.5
Lo} e} J
i 0.4 o 0.7
B 05 i 0.9
- ' = y 1.1
i i 1.3
8 H%f\ - 1.5
o =d »
S St
=i S s
of ! o ~_ {/
L I-O: : f\M
:l 1 1 1 I J | 1 L | | | 1 1 ; L L T - - - L 1 - - . -
300000 400000 500000 400000 500000
(C)§ x (m) ( d x (m)
| Liverpool Bay
Ty ’ " = Y ' S Ty LR
o 7‘\ 1 i ,;Angleseryr +,
gl Dee Estuary o A
! North Wales - North Wales
70500 450000 - o000 : 360000 720000 ‘4?(0;()’2?‘ 760000 780000
(e '_KJJJL (f) 3 RN e
ol \?7 South Wales | iRl
“V(\L Cardif 4
E T b _g E _
B \J/_/\/—/“/‘N‘ A L ; 7
- ‘:4007'(71067 —— 50000 ( “ 500000 4%0000 760000 370000 ( )’ 4;000 750000

Fig.5 Cumulative impact of conjunctive operation of NWTL and WSL on maximum water levels (left column) and maximum velocity (right
column). The lower figures show a zoomed-in view of the interest region, as indicated by the dashed black line in (a) and (b)

@ Springer



Journal of Ocean Engineering and Marine Energy

Table 1 Water level changes for pre- and post-lagoon scenarios

LW of spring tide

HW of neap tide

LW of spring tide

HW of spring tide

Water level variation

—1-3cm
+ 0-2cm

+ 14 cm
—0-3cm

—1-7cm

+ 04 cm

+2-9cm

—1-5cm

WL change along the Bristol Channel with the presence of NWTL

WL change along the North Wales coast with the presence of WSL

Table 2 Electricity outputs of WSL and NWTL for individual and con-
junctive operation in one entire tidal cycle, considering both flexible
two-way generation with and without pumping function

TRS Condition Flexible Flexible
two-way two-way with
(GWh) pumping
(GWh)
NWTL Without WSL 195.04 222.68
With WSL 194.11 221.77
Difference —0.48% —0.41%
WSL Without 219.46 254.06
NWTL
With NWTL 222.97 257.77
Difference 1.6% 1.1%

Table 3 Electricity outputs of WSL and SBL for individual and con-
junctive operation in one entire tidal cycle, for flexible two-way
generation only

TRS Condition Flexible two-way (GWh)
WSL Without SBL 233.48

With SBL 231.84

Difference —0.76%
SBL Without WSL 23.74

With WSL 22.87

Difference —3.7%

in Liverpool Bay. Similar results were found for the max-
imum velocity changes by comparing Fig. 3(d), Fig. 4(d)
and Fig. 5(d)(f). Negligible interactions between NWTL and
WSL are observed for maximum tidal flows, with changes in
tidal currents being mainly confined within the near-field of
the individual lagoons.

The changes in water level in the Colwyn Bay area, where
the NWTL is located, for pre- and post-WSL scenarios, are
presented in Table 1 and Fig. 6(a). From these results, it is
observed that the operation of the WSL slightly reduces the
tidal range in the planned NWTL area by a few centime-
tres. Correspondingly, Table 1 and Fig. 6(b) show the water
level changes for the proposed WSL impoundment for pre-
and post-NWTL construction scenarios. The high-water level
was predicted to increase by up to about 9 cm during spring
tides, whilst the low water level decreased by a similar value,
resulting in an enlarged tidal range in the WSL impoundment
area.

Table 2 shows that the interactions between WSL and
NWTL had slightly opposing impacts on the electricity out-
put from each TRS. The operation of WSL decreased the
electricity output of NWTL by about 0.48% and 0.41% for
a flexible two-way generation without pumping and with
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pumping, respectively. This result is consistent with the water
level changes in the NWTL water impoundment area for pre-
and post-WSL conditions, as shown in Fig. 6(a) and Table 1
i.e. that the decrease in tidal range results in a slight decrease
in the electricity output. Likewise, the operation of NWTL
could increase the electricity output of WSL by about 1.6%
and 1.1% for the two operation schemes as a result of the
raised tidal range in the inner Bristol Channel.

The tidal phase difference between the inner Bristol Chan-
nel and the Colwyn Bay is typically about 4 h, making WSL
and NWTL a potentially effective multiple TRS system.
Figure 7 gives the predicted power output from WSL and
NWTL operating conjunctively. The duration with no power
output was reduced from 2.5 to 3.75 h to approximately 1.5 h
with two-way generation, and from 2.5 to 3 h to approxi-
mately 1.25 h with two-way generation including pumping.

4.4 Hydrodynamic impact of individual operated
SBL and WSL in the SEBC model

The comparison results for the individual and conjunctive
operation of WSL and SBL were also not expected to be
noticeably affected by the open boundary conditions. Thus,
the conjunctive operation of SBL and WSL was simulated
in the SEBC model, with the objective of focussing on the
hydrodynamic changes within the Severn Estuary and Bris-
tol Channel and with the simulations being undertaken with
much higher computational efficiency.

WSL and SBL were operated individually in the SEBC
model to predict their hydrodynamic impact on the max-
imum water levels and tidal currents, as shown in Fig. 8.
The predictions show the influence of SBL on the maximum
water level changes and these changes are generally con-
fined within the Swansea Bay (Fig. 8(a)). Some very small
water level oscillations were predicted outside of the SBL
basin area due to the small impoundment area and low water
storage volume, with a minor high water level decrease (less
than 5 cm) on the western side of SBL. Similar to the maxi-
mum water level change, the influence of SBL on the current
speeds was also generally limited within Swansea Bay. The
wake downstream of the turbines and sluice gates resulted in
a noticeable increase in the maximum velocity magnitude in
the region of wake influence, with the peak velocity exceed-
ing 1.5 m/s.

For the WSL modelling results obtained using the SEBC
model, the operation generally increased the low water levels
and decreased the high water levels in the Bristol Chan-
nel and Severn Estuary (Fig. 8(c)). The water level was
predicted to drop by 0.05—0.2 m in the middle and inner
Bristol Channel and by 0.2—0.3 m in the Severn Estuary.
Except for the noticeable increase in the near-field maximum
velocities in the turbine and sluice gate wakes, the maxi-
mum velocity in the inner Bristol Channel was predicted to

increase by 0.25—0.75 m/s, whilst the corresponding max-
imum velocity decreased inside the lagoon and across most
of the impounded water basin, particularly away from the
turbine and sluice gate wakes.

4.5 Effect of open boundary location on WSL
modelling

In comparing the impact of WSL on the high water lev-
els from the CS model (Fig. 4) and from the SEBC model
(Fig. 8(a)), it was found that higher decreases in the peak high
water level were predicted in the CS model. For example, a
20-30 cm high water level decrease was predicted in the inner
Bristol Channel and Severn Estuary in the CS model, whilst
only a small area in the SEBC model shows this variation.
The high-water level variation extends to the outer Bristol
Channel in the CS model, whilst it only reaches the central
Bristol Channel in the SEBC model.

From these model results, it is clear that the operation of
WSL has an influence on the open boundary conditions in the
SEBC model. Figure 9 indicates that the WSL will increase
the low-water level and decrease the high-water level by a few
centimetres at the SEBC open boundary. These minor water
level changes could make significant impact on electricity
output with significant impact on feasibility of the schemes
which highlight the importance of accurate representation
of boundary condition in modelling TRSs. The annual elec-
tricity generation of WSL using the SEBC model is 5.73
TWh/yr and 6.62 TWh/yr for the optimised flexible gener-
ation without and with pumping, respectively, which were
overpredicted by 6.0% and 5.6% compared with the predic-
tions from the CS model.

4.6 Hydrodynamic interactions between SBL
and WSL

The conjunctive operation modelling of WSL and SBL fol-
lows the previous individual TRS simulation settings for each
lagoon. To accurately assess the hydrodynamic impacts of the
two lagoons on the hydrodynamics in the region, the mesh
for the pre-lagoons and post-lagoon scenarios modelling was
refined to include the same spatial distribution in the region
away from the lagoons as presented in Fig. 10.

Figure 11 shows the high water levels and the maximum
velocity changes in the Bristol Channel with the joint opera-
tion of WSL and SBL. By comparing the predicted individual
operation for WSL (Fig. 8(c)) and SBL (Fig. 8(a)) with the
conjunctive operation results (Fig. 11), it can be concluded
that the maximum water level changes are similar between
the scenarios for conjunctive operation and the WSL indi-
vidual operation. However, there are slight differences in
the high-water level decrease region, e.g. the 0.2—0.3 m
high-water level decrease zone in the Severn Estuary, which
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extends slightly more seawards for the conjunctive operation
predictions. The impact of individual operation and conjunc-
tive operation of SBL and WSL on the maximum velocities
is illustrated in Fig. 8(b), Fig. 8(d), and Fig. 11(b). With
regard to the maximum velocity magnitude changes, negligi-
ble interactions are observed between WSL and SBL. These
results suggest that despite these lagoons being relatively
near to one another, each lagoon independently dominates
the velocity structure around the respective lagoon structure.
It is noted that the operation of SBL has negligible influ-
ence on WSL power generation (Table 3), whilst the existence
of WSL reduces the electricity output for SBL by about 3.7%.
The variations in power output concur with the hydrody-
namic variations that WSL reduces the tidal range slightly
in Swansea Bay by a few centimetres (Fig. 8(c)), but SBL

@ Springer

hardly influences the water level changes in far-field such as
the West Somerset coast.

5 Discussion

Whilst the impoundment area of NWTL is 47% larger than
WSL, the hydrodynamic impact from WSL travels further
due to the funnelling effect of the wedge-shaped the Bris-
tol Channel and the impacts of tidal resonance (Ma and
Adcock 2020). The combined power output from conjunc-
tive operation of WSL and NWTL shows great potential in

proving near-continuous tidal energy. However, it is impor-
tant to address the issue of the overlapping operation period
of WSL and NWTL as it leads to a sudden surge in power
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as modelled by the SEBC model

outputs. This aspect requires careful consideration, particu-
larly in terms of grid management and ensuring a stable and
reliable power supply.

Although the hydrodynamic impacts of WSL were gen-
erally consistent between the CS and SEBC models, the
predicted results showed that the impact of WSL on the
water levels extended to the outer Bristol Chanel in the CS
model, with over a 10 cm decrease in the tidal range along
the location of the open seaward boundary of the SEBC
model. This observation is consistent with previous research
findings where the effects of the open boundary location on
model predictions for a Severn Barrage showed that the area
where water levels were affected varied when an inappropri-
ate boundary location was selected (Zhou et al. 2014). The
comparison between Fig. 4 and Fig. 8 shows that although
there is a detectable difference in the maximum water lev-
els in the outer Bristol Channel between the two models, the
range and extent of the maximum water level changes are
similar in the Severn Estuary and the inner Bristol Channel.
Furthermore, this study focussed on exploring the potential
interaction between tidal lagoons, which is less influenced by
the open boundary location. Thus, in the opinion and expe-
rience of the authors, the SEBC model is sufficient for the
purposes of this study to model and assess the impact of WSL

and to predict the impact when considered in conjunctive
operation with SBL. However, for other TRS studies, such as
power prediction, then a more precise open boundary condi-
tion may be needed, either by preferably extending the model
domain to the Continental Shelf or alternatively theoretically
modifying the open boundary characteristics (Adcock et al.
2015).

There exist certain uncertainties with respect to the far-
field hydrodynamic impact of lagoon operations, which
fall within the bounds of model validation error. Examples
include the mitigated water level changes in Cardigan Bay
as the results of conjunctive operation of WSL and NWTL
(Fig. 3 and Fig. 5), the slight velocity changes observed in
Liverpool Bay between pre- and post-WSL operations (as
shown in Fig. 4), as well as the alterations in tidal range
noted in a different lagoon-proposed region (as presented
in Table 1 and Fig. 6). Although the same numerical set-
tings were applied throughout different modelling scenarios,
and the potential prediction deviation that could originate
from the mesh resolutions has been excluded by maintain-
ing the same mesh resolutions, the associated hydrodynamic
variations are relatively minor and fall within the limits of
model validation. For instance, this research shows that the
sea water level influence of WSL and NWTL in Cardigan
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Bay is only a few centimetres, but the validation results indi-
cate that the maximum water level deviation at the nearest
BODC gauge (Barmouth) can be of the order of decimetres.
Given the minor far-field hydrodynamic changes observed,
it is important to approach these results with extra care and
therefore further investigation is required.

The scope of this research reveals the minor interaction
between conjunctive operation of WSL and NWTL, as well
as WSL and SBL. The interactions between lagoons are
dependent on factors, such as lagoon scale, location, tidal
phase and others, therefore a general conclusion could not be
obtained. However, it is worth considering that the outcomes
of this research may be constrained by the specific modelling
scenarios employed. It is recommended to conduct further
studies on the conjunctive operation of tidal range schemes,
encompassing a diverse range of specific and generalised
scenarios.

6 Conclusions

This paper investigates the conjunctive and individual oper-
ations and potential interactions of three tidal lagoons.
Two hydrodynamic models, the Seven Estuary and Bris-
tol Channel (SEBC) model and the Continental Shelf (CS)

model, were developed using TELEMAC-2D to simulate
the individual and conjunctive operation of North Wales
Tidal Lagoon (NWTL), West Somerset Lagoon (WSL) and
Swansea Bay Lagoon (SBL).

The interaction study between lagoon conjunctive opera-
tions showed that the hydrodynamic impacts in the vicinity
of the schemes were dominated by the respective lagoons. In
the conjunctive operation of WSL and NWTL, slight super-
imposed effects were found in the far-field, i.e. Cardigan Bay,
where the maximum water level oscillations from individual
operations of each lagoon were mitigated. For the conjunc-
tive operation of WSL and SBL, it was predicted that the
0.2—0.3 m high water level decrease zone in the Severn
Estuary extended slightly more towards the seaward bound-
ary. However, the influence of the lagoon interactions was
generally found to be small on the power output predictions
for each lagoon individually.

It was predicted that the period of no power generation for
the individual operation of the WSL and NWTL was reduced
from 2.5 to 3.75 h to less than 1.5 h when the lagoons were
considered to operate conjunctively. This meant that when
operated conjunctively, the combined lagoons were able to
provide power for close to the full tidal cycle. This oppor-
tunity for generating almost continuous tidal power offsets
any disadvantage in terms of a reduction in power genera-
tion from the operation of a single TRS influenced by the
presence of another one nearby.

The effect of open boundary location on lagoon modelling
has been investigated by comparing the performance of WSL
in the CS and SEBC model. The hydrodynamic impact of
WSL is generally consistent between CS and SEBC models.
Howeyver, the oscillation of maximum water level results from
the operation of WSL extended to the outer Bristol Channel
in the CS model, suggesting the existence of the influence of
WSL operation on SEBC model open boundary.

Appendix

See Figs. 12, 13, 14, 15, 16, 17. See Table 4.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40722-025-00420-x.

@ Springer


https://doi.org/10.1007/s40722-025-00420-x

Journal of Ocean Engineering and Marine Energy

(a) Water level (m): 6.0 -5.5 -50 -4.5 -4.0 -35 -3.0 -25 2.0 -1.5 -1.0 -0.5 0.0 05 1.0 15 20 25 30 35 40 45 50 55 6.0

\ A

E
> o
=1
1S3
S
>
o
1 1 1
420000 440000 460000 480000
x (m)
(b)Water level (m): 5. .0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 05 1.0 1.5 20 25 3.0 35 4.0 45 50 55 6.0
E
>

L L L
460000 480000 50000C
x (m)
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Fig. 13 Flowchart illustrating the two-way operational mode, where High/Low water level, AHi = water level difference across the hydraulic
each turbine and sluice gate block is managed by an independent structure, H_start = desired head difference to initiate turbine operation
decision-making system. The upper panel shows the water level com- (m), H_end = minimum head difference for end of turbine operation
parison between the inside and outside of the lagoon impoundment, (m))

corresponding to the various stages of lagoon operation. (HW/LW =
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Fig. 15 Typical instantaneous flow patterns and velocity magnitude dur-
ing two-way operation of NWTL, and the flow direction is indicated
with black streamlines, for different operation stages: a flood gener-
ation at the high sea water level, b filling phase at the end of flood

@ Springer

Velocity (m/s): 000 025 050 0.75 1.00 125 150 1.75 2.00 2. 225 250 2.75 3.00

Velocity (m/s): 000 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 225 250 2.75 3.00

generation whilst the sea water level outside lagoon is still higher than
inside, ¢ ebb generation at the low sea water level, d emptying phase
at the end of ebb generation whilst the sea water level inside lagoon is
still higher than outside



Journal of Ocean Engineering and Marine Energy

3 Portpatrick g Port Erin
4 4
E? E
3 °
8 8
s
5 g
4 -4
Measured ——Modelled Measured ——Modelled
-6 -6
17/05 19/05 21/05 23/05 25/05 27/05 17/05 19/05 21/05 25/05 27105
Time(Days/2012) Time(Days/2012)
6 Liverpool g Llandudno
4 4 Ao noA
=32 — A 1 4
E E’ 1
¥ ] 1
g 5 |
2. g
e £2
-4 -4
Measured —Modelled Measured ——Modelled
-6 -6
17/05 19/05 21/05 25/05 27105 17/05 19/05 21/05 25/05 27/05
Time(Days/2012) Time(Days/2012)
s Holyhead § Barmouth
4 4
-2 =2
£ £
k] k]
g0 g0
8 8
S - S
=2 52
-4 -4
Measured ——Modelled Measured ——Modelled
) r
17/05 19/05 21/05 23/05 25/05 27105 17/05 19/05 21/05 25/05 27105
Time(Days/2012) Time(Days/2012)
R Fishguard . Mildford Haven
4 4
=02 D
£ £
K] K]
2 2
80 30
8 ]
S .. S
£# $-2
-4 -4
> Measured ——Modelled Measured —Modelled
6 F
17/05 19/05 21/05 25/05 27105 17/05 19/05 21105 3/05 25/05 27/05
Time(Days/2012) Time(Days/2012)
Mumbles Hinkley
6 8
4 © {
4
—~2 =
E E:2
] K]
go g0
] ‘ 5
2 S 1
& ) b
5% H
-4
4 . v
Measured ——Modelled © Measured ——Modelled
% -8
17/05 19/05 21/05 3/05 25/05 27105 17/05 19/05 21/05 25/05 27/05
Time(Days/2012) Time(Days/2012)
R Ilifracombe Sts Marys
6
4 4
=2 e
€ £’
k] k]
g0 3o
g 8
S . S
=2 g2
4 v 4
© Measured —Modelled Measured ——Modelled
- 6
17/05 19/05 21/05 23/05 25/05 27105 17/05 19/05 21/05 25/05 27/05
Time(Days/2012) Time(Days/2012)

Fig. 16 Water level data comparison between measured and predicted values at BODC tidal gauge sites

@ Springer



Journal of Ocean Engineering and Marine Energy

L1(51°33.29'N 3°59.30'W)

(a)s
6
4 ) | .
— § Y (‘ A
E2 ! AaARAANA
HHLANAA
Jo L { i
g8 §
S-2 1R! VV /
=2 | \¢ '} vVVvyy ‘Q
. v
6
—Model Prediction ADCP measured data
-8
17/August 19/August 21/August 23/August 25/August 27/August 29/August
Time(Days/2012)
L1(51°33.29'N 3°59.30'W]
(b) 12 ( :
——Model prediction ——ADCP measured data
1
Q 0.8
E
2 06
53
o
©
> 04
c
£
=
3 02

0
16/August

17/August 18/August 19/August
Date(davs)-2012
L1(51°33.29'N 3°59.30'W)
(C) 350
——Model prediction ——ADCP measured data
300
I
o
g 250
=)
c
S 200 |
©
L
QO 150
€
e
5 100 |
o
50
20/August 21/August 22/August

Date(days)-2012
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Table 4 Validation statistics of water level data obtained from BODC
gauges

Site R2 RMSE (m)
Portpatrick 0.971 0.174
Port Erin 0.968 0.249
Liverpool 0.985 0.281
Llandudno 0.987 0.233
Holyhead 0.987 0.158
Barmouth 0.964 0.216
Fishguard 0.970 0.177
Milford Haven 0.978 0.250
Mumbles 0.975 0.374
Hinkley 0.967 0.553
Ilfracombe 0.979 0.336
St Mary’s 0.984 0.171
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