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a b s t r a c t

The regular periodicity of astronomical tides allows their accurate prediction, and so it should be possible
to determine how best to optimise the future distribution of arrays of tidal energy devices for any shelf
sea region. By considering together the magnitude and phase of tidal currents over a shelf sea region,
maximum aggregated power generation, with minimal periods of low generation, can be deduced. Here,
we make use of the greedy algorithm to optimise future exploitation of the tidal stream resource over the
northwest European shelf seas, a region which contains a world-leading tidal energy resource. We also
apply a penalty function to the greedy algorithm, favouring the selection of future hypothetical sites
where power generation would be out-of-phase with previously developed sites. Our results demon-
strate that the Pentland Firth and Channel Islands would be optimal sites for parallel development for
relatively low numbers of arrays, with important contributions from the Irish Sea for larger scale
exploitation. Although there is minimal phase diversity between European tidal stream sites to deliver
firm power generation, it is possible that the vertical tide could contribute to such baseload through the
parallel development of lagoons or impoundments.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

In contrast to the stochastic nature of waves [1], the regular
periodicity of tides allows their prediction far into the future [2],
and this presents us with the opportunity to accurately quantify the
role of tidal energy in the future energy mix. Most tidal energy is
produced during periods of spring tides, and particularly at times of
peak flood or ebb tidal currents. Although we cannot address the
longer timescale variability problem of the spring/neap cycle, we
could optimise exploitation of the tidal stream resource by max-
imising the opportunities offered by prioritising sites which are
complementary in phase to one another over a semi-diurnal
timescale. In this way, tidal energy, particularly tidal streams,
could have a contribution towards supplying baseload to the elec-
tricity network [3]. Tidal streams can be exploited by a range of
technologies that include horizontal axis turbines [4], vertical axis
turbines [5], and hydrofoils [6].

Iyer et al. [7] demonstrated through an examination of the Atlas
of UKMarine Renewable Energy Resources that there is insufficient
diversity between UK tidal stream sites to deliver firm power
r Ltd. This is an open access article
generation. However, the conclusions of this study were based on a
limited number of sites, since first generation tidal stream tech-
nology was assumed, which requires mean spring peak current
speeds of 2.5 m/s, and water depths in the range 25e50 m. Further,
the Atlas of UK Marine Renewable Energy Resources does not span
international boundaries, and so the results are UK-centric. In the
present study, we re-visit the problem of tidal phasing with fewer
constraints on the resource, and by considering the entire NW
European shelf seas, looking towards future energy security in
terms of (a) future generations of tidal energy devices (which are
likely to operate in deeper waters and be associated with lower cut-
in and rated velocities), and (b) the possibility of a European
supergrid, which would enable geographically discrete regions to
aggregate their electricity generation into a unified electricity
network via subsea and overland cables [8,9]. Further, wemake use
of an optimisation technique that has been successfully applied to a
wide range of research topics, the greedy algorithm, [e.g. Ref. [10]],
to optimise the aggregation of power from diverse tidal stream sites
by maximising net power generation, while minimising periods
when instantaneous power generation is below a threshold, by
applying a penalty function.

After a description of the hydrography of the northwest Euro-
pean shelf seas, with particular emphasis on the tides (Section 2),
we describe the three-dimensional (3D) oceanographic model of
under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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the region used to apply the greedy algorithm with a penalty
function (Section 3). We consider a range of future tidal stream
extraction scenarios, from first-generation arrays that will likely be
developed over the next decade, through to extreme scenarios of
many thousands of devices distributed over a number of locations
throughout the NW European shelf seas (Section 4).

2. The northwest European shelf seas

The NW European shelf seas provide Europe with a world
leading resource for the development of a marine renewable en-
ergy industry, and are therefore host to a large number of com-
mercial projects and test centres, such as the EMEC (European
Marine Energy Centre) wave and tidal test centre in Orkney, and the
Marine Current Turbines/Siemens tidal array project in Anglesey
(Irish Sea). Although the wave resource is substantial, [e.g. Ref. [1]],
and there is scope for exploiting the potential energy contained in
the vertical tide, [e.g. Ref. [11]], the focus of the present work is on
the horizontal tide, i.e. tidal streams.

The NW European shelf seas, located on the northeastern
margin of the North Atlantic, are generally shallower than 200 m
(Fig. 1). The Celtic Sea, Malin Sea and northern North Sea are
exposed to Atlantic waters, with water depths in the range
100e200 m, with the exception of the deeper (600 m) Norwegian
Trench in the northeastern North Sea. The Celtic Sea borders the
Irish Sea to the north, a semi-enclosed water body containing a
Fig. 1. The northwest European shelf seas
north-south orientated channel of depth 250 m. To the east of the
Celtic Sea, the English Channel connects to the southern North Sea.

There are regions of the NW European shelf seas which contain
some of the largest tidal ranges in theworld, e.g. the Bristol Channel
and the Gulf of St. Malo. There are three M2 (principal lunar semi-
diurnal constituent) amphidromic points of near-zero tidal range in
the North Sea, a further one in the North Channel of the Irish Sea,
and two degenerate amphidromic points: one in the English
Channel, and the other in St. George's Channel [12] (Fig. 2a). Tidal
currents are generally high in the Irish Sea and English Channel,
and moderately high in the Celtic Sea and in the southern and
western North Sea [13,14]. Since friction gradually removes energy
from the tides at the bottom of the water column, the total atten-
uation in large seas, e.g. the North Sea, is pronounced [15,16]. In the
North Sea, the propagation of the tidal wave is cyclonic. The tidal
wave enters the North Sea by travelling southward along the east
coast of Scotland, where the tidal currents and elevations are much
greater than near Denmark and Norway, at the end of the tide's
transit.

Regions of high tidal currents throughout the NW European
shelf seas are concentrated in areas where there is a bathymetric
enhancement or topographic restriction (Fig. 2b), e.g. through
straits such as the Pentland Firth [17] and the Alderney Race [18], or
past headlands such as Portland Bill in the English Channel [19] and
the Skerries to the northwest of Anglesey [20]. However, the sea
space at such competitive high energy sites is limited, and it is likely
. Contours are bathymetry in metres.



Fig. 2. (a) Co-tidal chart of M2 elevation, and (b) amplitude and (c) phase of the M2 tidal currents over the NW European shelf seas.
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that concentrated exploitation of such sites could lead to feedbacks
between energy extraction and the resource [18]. Therefore, in the
present study, we additionally investigate the optimisation of lower
tidal stream sites in circumstances where the phase of such sites is
complementary to the phase of previously developed sites (Section
3.2).

3. Methods

3.1. ROMS model

ROMS (Regional Ocean Modelling System) is an advanced open-
source 3D model under active development by a large and diverse
research community, led by Rutgers University and the University
of California, Los Angeles [21]. ROMS is a free-surface hydrostatic
ocean circulation model based on finite-difference approximations
of the Reynolds-averaged NaviereStokes equations. It uses
stretched, terrain-following (sigma) coordinates in the vertical, and
orthogonal curvilinear coordinates in the horizontal. Awide variety
of turbulence submodels, advection schemes, and boundary con-
ditions are available in ROMS. ROMS can also be readily coupled to
atmospheric and wave models, and includes sediment dynamics
and morphodynamics [22]. ROMS has been used to examine a
range of oceanographic processes at a wide range of scales from
ocean basin [23] to archipelagos [24].

The study area extended from 14� W to 11� E, and from 42� N
to 62� N (Fig. 1). The ROMS model domain was discretised with a
horizontal curvilinear grid, with a longitudinal resolution of 1/24�

and variable latitudinal mesh size (1/32�~1/51�) to ensure an
approximately uniform cell aspect ratio. The model bathymetry
was based on the ETOPO (Earth Topography Digital Dataset)
(www.ngdc.noaa.gov/mgg/global) global bathymetric dataset,
Fig. 3. Example scheduling problem solved by the greedy algorith
which is available at a resolution of 1/60�. The vertical model grid
consisted of 11 layers distributed according to the ROMS
topographic-following coordinate system. The open boundaries of
the tidal model were forced by elevation (Chapman boundary
condition) and tidal velocities (Flather boundary condition),
generated using 10 tidal constituents obtained from TPXO7
(TOPEX/Poseidon) global tide data which has 1/4� � 1/
4�resolution (volkov.oce.orst.edu/tides/). These comprised the
principal lunar (M2) and solar (S2) semi-diurnal constituents, the
larger lunar elliptic (N2) and lunisolar (K2) semi-diurnal constit-
uents, the lunar (O1), solar (P1), lunisolar (K1) and larger lunar
elliptic (Q1) diurnal constituents, and the lunar fortnightly (Mf)
and monthly (Mm) constituents. This model of the northwest
European shelf seas has been extensively and successfully vali-
dated, and full details are provided in Ref. [25].

3.2. The greedy algorithm

A greedy algorithm is a very simple and efficient method for
solving optimisation problems. At each step, the greedy algorithm
seeks the local optimum,without regard for future consequences, in
an attempt to achieve the global optimum. As an example, consider
a case where we have nine jobs to schedule on a supercomputer,
with estimated run times of 3, 5, 6, 10, 11, 14, 15, 18, and 20 h. We
have three processors on which we can run these jobs, and the
nature of the greedy algorithm is such that it will attempt to run the
longest-running jobs first, on whatever processor is available
(Fig. 3). The time to completion is 18 þ 11 þ 6 ¼ 35 h for this case.
The greedy algorithm is a short-sighted optimisation solution, and
may not always find the global optimum, but its general success and
simplicity makes it very attractive for a wide range of applications
such as financial markets [26], and the layout of wind arrays [10].
m, with 9 jobs to schedule on 3 processors (P1, P2 and P3).

http://www.ngdc.noaa.gov/mgg/global
http://volkov.oce.orst.edu/tides/


Fig. 4. Schematic of power distribution and the concept of the minimum power
threshold value used to implement the penalty function.

1 For the M2 tidal constituent, 360� represents 12.42 h.
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To apply the greedy algorithm to our case study, we first need to
consider the average theoretical tidal power per unit area, over a
tidal cycle, which is given by

P ¼ 1
T

ZT

0

1
2
ru3dt (1)

where T is the period of tide, u is the current velocity, and r is the
density of sea water. It is worth mentioning that the practical tidal
power (Pa) is proportional to the theoretical power, the efficiency of
a tidal device (Cp), and its rotor area (i.e. Pa ¼ CpPA). Due to the
harmonic nature of tides, tidal current velocity can be represented
as a summation of tidal components, where semi-diurnal lunar
(M2) and solar (S2) constituents with periods of 12.42 h and
12.00 h, respectively, are the two principal components in our re-
gion of interest. Considering the most important component, M2,
the current velocity at site i will be ui ¼ Hi cosðsM2t � giÞ, where H
and g are the amplitude and phase, respectively, of the M2
component, and sM2 ¼ 2p=TM2

is the angular frequency. Referring
to Eq. (1), by replacing tidal velocities with harmonic functions, the
mean cumulative power generated over a tidal cycle by all previ-
ously developed sites during each step of the algorithm is

Pcum ¼ r

2TM2

Xn
i¼1

2
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u3i dt

3
75
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2TM2

Xn
i¼1

2
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i

ZTM2

0

�
cos

�
2p
TM2

t � gi

��3
dt

3
75 (2)

where n is the number of arrays placed, and Hi and gi are the
amplitude and phase, respectively, of the M2 tidal currents at site i.
If the objective functionwas to maximise the total tidal energy over
a tidal cycle, the greedy algorithm would seek to maximise Pcum,
which is an indicator of the theoretical total energy generated by all
sites. However, in addition to the magnitude of energy, its distri-
bution over time is another important criterion. To account for this
factor, the concept of a penalty function was implemented. In
addition to the cumulative power, the period during which the tidal
power is less than a threshold value is computed at each step of the
algorithm. The objective function is then penalised by this period of
low energy production. The selection of the threshold power, which
determines the length of this period, will depend on complex
economical factors, but can be simply chosen as a percentage of
average power in the first instance (i.e. Pt ¼ lPcum where 0< l<1;
see Fig. 4). For very small values of l, the function is not constrained,
whereas as l approaches 1 the function will be highly constrained
to this criterion. Consequently, the optimisation problem, which
takes into account the distribution as well as magnitude of tidal
energy, can be formulated as

maximise f ¼ Pcum
�
TM2

� TpðlÞ
�

(3)

where Tp is the period during which the power is less than
Pt ¼ lPcum.

The solution proceeds at each step by testing each available
option, and selecting the optionwhichmaximises mean aggregated
power, while minimising periods of low power generation.

A simple idealised case can be used to demonstrate how the
greedy algorithm with penalty function selects the optimal sites.
Considering four sites with peak current amplitudes and phases of
(3.2 m/s, 0), (2.5 m/s, p=3), (2.2 m/s, p=2) and (3.0 m/s, p) (Fig. 5a),
the objective is to select two sites based on the method described
above. As Fig. 5a shows, site (3.2 m/s, 0) has the maximum power,
and this power is in phase with site (3.0 m/s, p) e the site with the
second largest power (jsinðxÞj ¼ jsinðxþ pÞj). Therefore, the algo-
rithm firstly selects (3.2 m/s, 0), and if there is no distributional
constraint, would logically choose (3.0 m/s, p) as the second site to
maximise power. The red (in web version) line in Fig. 5b shows the
distribution of the power generated by combining these two sites.
In contrast, the combination of (3.2 m/s, 0) and (2.2 m/s, p=2),
which produces the minimum energy, leads to the best distribu-
tion. By selecting an appropriate value of l, one can weight the
distribution of the power versus the magnitude of power, or vice
versa. Referring to Fig. 5c, l ¼ 0 is equivalent to no constraint, and
recommends (3.2 m/s, 0)þ(3.0 m/s, p), i.e. the maximum power, as
the optimum solution. For values of l � 0:4, the power distribution
becomes the main criterion for the optimisation, and (3.2 m/s,
0)þ(2.2 m/s, p=2) is the optimum, despite a 30% reduction in the
amount of energy compared with the previous scenario. In the case
of choosing an intermediate value of l such as 0.2, both criteria have
similar weights in the optimisation process.

3.3. Model implementation

Since the phase relationship between the principal tidal con-
stituents, particularly the semi-diurnal constituents, will be
approximately constant at each site, we make use of only the
principal semi-diurnal lunar constituent (M2) in our analysis and
application of the greedy algorithm. The amplitude and phase of
the M2 tidal currents calculated from tidal analysis of the ROMS
model output are shown in Fig. 2b,c. Current amplitudes vary by
an order of magnitude over the NW European shelf seas, but
various high commodity regions of strong tidal flow stand out in
Fig. 2b, such as the Pentland Firth, Anglesey Skerries, and the
Alderney Race. In the phase plot (Fig. 2c), we can see that many of
the key tidal energy sites are approximately in-phase or 180� out-
of-phase1; for example, the high tidal stream sites at the Anglesey
Skerries and Alderney Race are within 20e30� (40e60 min) of
each other, and the Pentland Firth is around 130e160� out of
phase with the Skerries, i.e. within about an hour of being 180�

out-of-phase. It may therefore be useful for future energy devel-
opment to exploit a wider range of current speeds, increasing the
phase diversity between sites, and therefore providing more op-
portunities for firm power generation by tidal currents. For



Fig. 5. Implementation of the optimisation algorithm to select 2 sites from 4 available sites in an idealised case. In the legend, each site is described by its velocity amplitude and
phase, (up; g).
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example, a plot of the relationship between the phase and
amplitude of the tidal currents over the NW European shelf seas
(Fig. 6) shows that the highest tidal stream sites are around 180�

out-of-phase with one another, but there is less distinction in
phase when we consider lower tidal amplitudes. For example, for
a threshold M2 current amplitude of 2 m/s, peak generation oc-
curs somewhere over the shelf (in many instances at multiple
locations) for around 40% of the time, whereas for a threshold
current amplitude of 1.0 m/s, peak generation occurs at multiple
locations for >90% of the time. For this reason, we consider a
range of thresholds for M2 current amplitude in our application of
the greedy algorithm (1:5� 2:5 m=s).

We assume that future tidal stream sites will be developed in
arrays, rather than as geographically discrete individual devices,
and we assume that each array will comprise 10 devices. In all
simulations, we make the assumption that the first array will be
placed in the Pentland Firth. Although this may not necessarily be
the case in practice (for example, the Anglesey Skerries site could
become the first array in theworld), the Pentland Firth contains the
highest density of resource over the NW European shelf seas, and
will therefore be developed early in anymarine energy roadmap. In
addition, we did not find the algorithm to be sensitive to initial site
selection. We consider scenarios of 20, 50, 100, 200, 500 and 1000
arrays optimally placed by the greedy algorithm for the two
threshold M2 current amplitudes. We do not assign particular
timescales to such development, but is likely that the 20 array
scenario could be achieved within the next decade, and the 1000
array scenario possible by the end of this century.



Fig. 6. Relationship between phase and amplitude of the M2 tidal currents over the NW European shelf seas for (a) all water depths, and (b) water depths in the range 25<h<50 m.
Colour scale is area in km2.
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4. Results

We consider first the case where the minimum M2 current
amplitude is 2:0 m=s (Fig. 7). Along with the Pentland Firth, the
Fig. 7. Distribution of n arrays optimally placed by the Greedy Algorithm over the NW Europe
the range 25<h<50 m. l ¼ 0:1 for the penalty function, and the maximum density is 20 a
each grid cell, and a legend is provided in the top left panel.
Channel Islands (distinguished here as ‘Normandy’ and ‘Brittany’)
are key sites for development at low numbers of arrays (up to 20),
with further development at the Anglesey Skerries and the Faroe
Islands at 50 arrays (Fig. 8). Subsequent sites for development at the
an shelf seas in regions where the M2 major current axis � 2 m/s, and water depth is in
rrays per grid cell. The size of the filled circles scales to the number of arrays placed in



Fig. 8. Horizontal stacked bar chart showing optimised temporal evolution of tidal stream development over the NW European shelf seas for the case where the M2 current
amplitude is � 2 m/s. Each array is assumed to comprise of 10 devices, with an array capacity of around 20 MW.
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100 array scale include the North Channel, joined by Pembroke-
shire and Flamborough Head at 1000 arrays - there is also
considerable consolidation in the Pentland Firth and Normany at
this scale. When the minimum M2 current amplitude was reduced
to 1.5m/s, the optimal distributionwas identical to the 2.0m/s case,
indicating that there is sufficient sea space to accommodate the
array numbers simulated here and, since power is a function of
velocity cubed (Eq. (1)), optimisation is generally dominated by
amplitude rather than phase. Sensitivity to awider range of velocity
thresholds is provided in the next section.
Fig. 9. Sensitivity of greedy algorithm to threshold M2 current amplitude v
4.1. Sensitivity

As mentioned in the previous section, the results are not
affected by changing the threshold for M2 current amplitude in the
range 1.5e2.0 m/s. Here, we extend this sensitivity to include
thresholds in the range 1.5e2.5 m/s. We provide the results of this
sensitivity test only at the 1000 array scale (Fig. 9). This figure
demonstrates clearly that there is no difference in the optimal
distribution when the M2 current amplitude is in the range
1.5e2.0 m/s, but that there are a few differences when the
alues in the range 1:5� 2:5 m/s. These results are for n ¼ 1000 arrays.
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threshold is increased to 2.25e2.5 m/s. Of most significance,
increasing the threshold favours the development of the Pentland
Firth and the Faroe Islands, at the expense of the Channel Islands,
and regions such as the Irish Sea and North Sea. However, in gen-
eral, the overall distribution is broadly similar when theM2 current
amplitude is varied over the range 1.5e2.5 m/s.

We also examined the sensitivity of the results to the value of l
in the penalty function (Eq. (3)). We apply this sensitivity analysis
only to the case where the M2 current amplitude is � 2:0 m/s
(Fig. 10). Although there are differences between all of the sensi-
tivity cases, the largest differences occur when l � 0:2, i.e. where
there is a significant penalty when instantaneous power generation
reduces below 20e30% of the mean. Since these scenarios are
rather prohibitive, these cases indicate the policy that would evolve
if phase were not an important variable in site selection, and if only
the amplitude of currents were considered e a situation that is not
dissimilar to the current state of the marine renewable energy in-
dustry. In such a case, there is a major shift in emphasis from the
Pentland Firth to Normandy, with a relatively even resource
exploitation distributed between Anglesey, the North Channel,
Pentland Firth and the Faroe Islands. However, we note that there is
relatively little sensitivity in the long-term optimal distribution for
more modest values of l, e.g. in the range 0:05< l<0:10, particu-
larly for cases up to 500 arrays.

5. Discussion

Up to the scale of 100 arrays, the optimal distribution of tidal
stream sites over the NW European shelf seas was identical for the
cases where the threshold M2 current amplitude was in the range
1.0e2.0 m/s, with development concentrated on the Pentland Firth,
the Channel Islands (‘Normandy’ and ‘Brittany’), and Anglesey. For
larger exploitation (e.g. up to 1000 arrays), there is a higher
Fig. 10. Sensitivity of greedy algorithm optimisation to the value of l
concentration in the Irish Sea and Faroe Islands, with some devel-
opment at Flamborough Head in the North Sea.

In agreement with Iyer et al. [7], and extending the analysis to
the entire NWEuropean shelf seas, there is minimal phase diversity
across the high energy European tidal stream sites to deliver firm
power generation. This is primarily because the resource is
concentrated at a relatively low number of sites, e.g. the nine sites
identified in Fig. 10. However, if we consider the vertical tides
(through, for example, the development of lagoons and impound-
ments), we see that through careful consideration and site selec-
tion, vertical and horizontal tides could together provide a more
continuous source of electricity generation (Fig. 11). There aremany
strategies to generate electricity from the vertical tide, and such
discussion is beyond the remit of this study, but clearly there is
some scope for exploiting the phase relationship between the high
tidal range and strong tidal stream sites.

This is a relatively preliminary study, and there are many ways
in which such work could be improved. One way is to improve the
hydrodynamic model by increasing the horizontal resolution, and
by using more tidal constituents in the greedy algorithm. With
respect to the latter, the phase relationship between multiple
constituents such as M2 and S2 could be explored to see how best
the resource could be optimised over, for example, a spring-neap
cycle. In addition, considerable complexity could be introduced
into the optimisation algorithm, such as including additional pen-
alty functions to weight variables such as distance to shore, prox-
imity to grid connection, and distance to regions of high energy
demand. However, quantifying some of these weightings objec-
tively could be difficult, and would require detailed information on
local and national grid characteristics. Finally, we did not include
feedback between energy extraction and the resource in our cal-
culations. This would be very difficult to achieve, since at each step
of the greedy algorithm, many thousands of scenarios are tested
for cases where the minimum M2 current amplitude is 2.0 m/s.



Fig. 11. Relationship between phase and amplitude of the M2 tidal constituent over the NW European shelf seas for (a) horizontal and (b) vertical tides. Colour scale is area in km2.
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before selecting the next optimal site for development. The hy-
drodynamic model cannot possibly be run with additional energy
extraction terms for each of these cases. Rather, such feedbacks
would have to be parameterised as a post-process in the hydro-
dynamic model outputs, using methods similar to the parameter-
isation of wake effects in wind array optimisation problems, [e.g.
Ref. [27]]. Accounting for feedbacks between energy extraction and
the resource is clear scope for further work with large-scale opti-
misation problems.
6. Conclusions

This study has provided recommendations on how best to
optimise the European tidal stream resource over a range of future
scenarios. We generally find that over the next several decades, the
favourable phasing between the Pentland Firth, the Channel Islands
and Anglesey makes these the most strategic tidal stream sites to
develop in order to maximise mean power and minimise periods of
low power generation. At larger scales of exploitation, our opti-
misation indicates that such developments should be com-
plemented by sites in the Irish Sea and Faroe Islands. However,
regardless of the numerous ways in which the European tidal
stream resource can be optimised, it cannot on its own provide firm
power generation, and so it is important to consider the parallel
investment in schemes which generate electricity from the vertical
tides.
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