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Abstract: The main aim of this paper was to classify and to analyze the expeditious resource
assessment procedure to help energy planners and system designers dealing with tides and tidal
currents. Depending on the geographical features of the site to be evaluated, this paper reported
the easiest methods to adopt for later working plans, crucial for preliminary considerations but
to be supported by in situ measurements and by a more complex and detailed modelling. While
tide trends are predictable by using Laplace equations and Fourier series, tidal currents velocities
prediction is not easy, requiring suitable methods or hydraulic applications. Natural and artificial
sites were analyzed and the best method for each type of them was presented. The latter together
highlighting the minimum set of required information was discussed and provided as a toolkit for
assessing tides and tidal current energy potential.

Keywords: marine renewable energy; tides; tidal current; tidal velocity; barrages; channels; bathymetry;
flow rate; site analysis; coastal resources

1. Introduction

Decarbonization strategies are directly promoting renewable energy sources (RES)
exploitation to replace the current fossil fuel supply [1]. RES potential assessment becomes
the first step of analysis and its data accuracy plays a primary role in go/no go investment
decision making [2]. Several methods are available for solar and wind energy, while for
marine resources, few tools or atlases [3] are available for preliminary studies.

Marine energy forms are multiple, including (i) mechanical ones such as tides, currents,
and waves, (ii) chemical ones such as salinity gradients, or (iii) thermal ones such as
constant heat sinks.

Among them, tidal energy can be considered predictable over a long time scale since
it comes from the conversion of gravitational forces [4]. Its intermittency affects the design
of the harvester, but not its reliability since accurate predictions are linked to its nature.
However, its main drawback is the distribution over large surfaces entailing large efforts to
exploit it. Furthermore, the electricity generated by tidal energy conversion is not steady
and is not able to fill in the consumption peak of an energy system.

Tidal energy can be exploited in two main ways: (i) harvesting its height range in
natural bays and estuaries or in artificial barrages; and (ii) extracting the kinetic energy
from the tidal currents across natural and artificial channels [5].

Regarding case (i), the size of the barrage is determined by the bay or estuary to build
an artificial basin of water whereby, in so doing, its level increases and decreases with a
different period compared with the open sea. Therefore, the hydrostatic head occurs. The
energy harvesters located along the barrage extract power from the in- and out- water
flows. This can be compared to a low head hydro dam [6]. The calculation, indeed, follows
similarly with dedicated systems of equations.
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Referring to case (ii), the tidal stream enters in a bay or a channel located between
a mainland and offshore island. The most important parameter for the assessment is
the maximum average power, usually assumed as the average kinetic energy flux in an
undisturbed state across the most constricted channel’s cross section where the strongest
currents are present. Furthermore, the installation of energy harvesters plays a crucial role
since their presence affects the flow. This is the reason why it is fundamental to determine
the optimal threshold between amount of power to produce and the number of turbines to
install. It is possible, as discussed in [7].

In order to start an installation or tidal system, the site must first be selected. A
distinction between natural and artificial sites must obviously be made. The artificial sites
are concerned with the construction of dams that allow vast amounts of energy to be stored
but require major civil works. Instead, natural sites are synonymous with small lagoons,
estuarine canals, straits, etc.

Incredible costs are needed for artificial sites, which are put towards other uses, such
as environmental conservation, water storage, and viability, and not just to produce energy.
The classic realization is a tidal barrage that, due to tidal forces, is a structure similar to a
dam used to absorb energy from water moving in bidirectional way (inbound or outbound)
through bays or rivers. A tidal barrage permits water to flood into a bay or river in the
course of high tide, rather than damming water on one side like a traditional dam, and
discharges the water during low tide. That is achieved at crucial times of the tidal cycle
by calculating the tidal stream and regulating opening and closure of the sluice gates. In
order to absorb the energy as water flows in and out, turbines are located at these sluices.
The barrage technology of tidal energy exploitation requires the construction of a barrage
across a bay or river where tidal currents flow. Turbines mounted in the barrage generate
electricity while water flows in and out of the enclosed estuary basin, bay, or river. These
systems are comparable to a hydro dam generating pressure energy due to the difference
in height (head). The turbines are able to generate power when the water level outside the
basin or lagoon varies relative to the water level within. Several kind of turbines could be
used depending on the head and flow available, in some cases even reversible pumps or
pumps as turbines [8].

Embankments, caissons, pumps, sluices, and ship locks are the essential elements of a
barrage. These elements are located in very large concrete blocks.

Barrage systems depend on the high cost of civil infrastructure associated with the
placement of a dam across estuarine systems. Because of the detrimental consequences
associated with altering a big ecosystem where many varieties of species live, people have
resisted barrages [9].

Tidal currents are more attractive for minor costs than less invasive applications [10],
allowing installations in channels between an offshore island and the mainland or in a
strait at the entrance to the bay. In this case, prior to making the decision, many parameters
have to be considered or evaluated [11].

With the aim is to provide available power over a valuable period of time, the current
velocity characterization in terms of spatio-temporal variance is needed for the siting
activities: the optimum range is indicated as 1.5–3.5 m/s [12].

For designing the structural loading and power capability of the system, these pa-
rameters are inevitable. The geology of the seabed affects the construction of a kinetic
energy system significantly. Recent sediment dynamics research has postulated a threshold
value for initial particle movement [13–15]. However, bottom friction relies on various
settings and forcings, including the structure of bed-sediments and sea bottom morphol-
ogy [16] and the effect of hydro-dynamic processes, such as wave interaction and current
bottom-boundary layers [17].

This is vital for determining whether the sediments removed will impact turbine
components such as blades and structural parts under critical conditions. In addition, shore
and bed-boundary layer effects and roughness have not always been taken into account,
though tide trend is often the object of the theoretical output of energy.
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All these parameters should be taken into account in the complete feasibility analysis
of the production plant layout [18], starting from the tide oscillations, which are well-
known for each site as the sum of the harmonic components, up to the geomorphology of
the site, determining the flow velocity losses and thus the energy generated, and also the
availability of the installation. A shore must be able to bear heavy concrete structures to
decrease erosion due to sedimented currents, or simply to be defined as low roughness for
retaining structures such as gravity-based structures (GBS).

In order to properly deploy the machine in a location, many details are required at
this point. In particular:

• Geomorphology of the section for the optimum velocity range and bathymetry for
position definition;

• The real flow field in terms of velocity intensity and frequency for each velocity over a
date span;

• Planned energy output over the course of a year in order to test the installation strategy
(i.e., one large or many smaller machines, depending on the previous data acquired);

• Seabed or shore, for the final design choices to mount the mooring fixtures;
• Limitations and availability of sites to be assessed for the host country’s environmental

and economic effects.

Finally, once the above parameters have been established, the machine’s location and
design can be considered to be almost ready in terms of feasibility.

The review articles available in the literature deal with the status of research [19] or
regional outlook, such as the Ireland case [20], but a comprehensive and critical analysis of
expeditious assessment methods is not available, despite the recent availability of marine
databases [21].

Finally, the novelty of this paper is to provide readers an overview of the methods
and analyses present in the literature for assessing the tides oscillations and, particularly,
the tidal current velocities, by including, according to the sites conformation, 1D, 2D, and
3D approaches.

The main objective of this study was to help energy planners and system designers in
resource assessment procedures for tides and tidal currents.

2. Material and Method—Tides Genesis: Prediction Models

Tidal energy is generated directly from the gravitational and centrifugal forces between
the earth, the sun, and the moon [22]. Because of the gravitational force of the moon, the
sun, and the earth and the centrifugal one produced by the mutual rotation of the earth
and moon [23], a tide results in an oscillation of the ocean’s surface.

The moon exercises a gravitational force twice as big as that of the sun because it is
closer to the earth. Every 24 h, 50 min, and 28 s, the tidal phenomenon occurs twice [24].
A bulge of water is formed by the gravitational force of the moon, which is stronger on
the side of the earth nearest the moon. The rotation of the earth-moon system, creating a
centrifugal force, creates another water bulge furthest from the moon on the side of the
earth, shown in Figure 1.

The water around the landmass is at high tide when a landmass matches up with this
earth-moon system. In addition, the water around it is at low tide while the landmass is at
90◦ to the earth-moon system (see Figure 2). Every landmass is therefore subjected to two
high tides and two low tides during each cycle of the earth’s rotation [25].

The timing of these tides changes at every point on the planet as the moon rotates
around the earth, and the same apex of high or low tide occurs at the same point roughly
50 min later per day [26]. Every 29.5 days, known as the lunar cycle, the moon orbits the
earth. Between spring tides and neap tides, tides vary in size.

When the sun and moon are aligned with the earth, spring tides occur, whether
moving on the same side of the earth or on opposite sides, resulting in extremely high
spring tides. If the sun and moon are at 90◦ to each other, neap tides occur, resulting in low
neap tides (see Figure 3).
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In particular land conformations like harbors, estuaries, and bays, the level oscilla-
tion of the ocean water also produces a horizontal movement of the water which causes
tidal currents. In general, a current can flow from the oceans into the harbors, bays, and
estuaries as the range of tides increase; this is called a “flood current”.

A current can flow into the oceans as the tides fall; this is called an “ebb current”. When
the tide stops to act, no horizontal motion is observed; this is referred to as “slack water”.
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To presume a correlation between the times of high/low tides and the times of maxi-
mum and minimum tidal currents, a ‘rule of thumb’ is adopted by many technical users of
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the sector. This rule implies that the flood and ebb current will occur between the high and
low tides, while the periods of slack water will happen at the same time as the high and low
tides. However, for most places, this rule does not apply. It is not a clear relation between
the times of high/low tide and the times of slack water or maximum current. Three “base
case” requirements exist. A “standing wave” form of current is the first. The cycles of slack
water would be exactly the same as the high and low tides in a standing wave, with the
highest flood and ebb current occurring halfway between the high and low tides.

The second is the presence of a “progressive wave”. The maximum flood and ebb
would arise at the times of the high and low tides in a progressive wave, with the slack
water between the times of high and low tides. The two abovementioned occurrences are
illustrated in Figure 4.
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A “hydraulic current” is the third case. In a hydraulic current, the current is formed
at two locations joined by a waterway by the difference in height of the tides. When the
difference between the two heights is the highest, the current is at its full flood or ebb.
When the height of the tide at the two places is about the same, slack water occurs.

At a small number of sites, hydraulic currents exist. Some instances would be:

• New York’s East Channel, which ties Long Island Sound to New York Harbor;
• Any Intra Coastal Water Way parts (ICWW);
• The Canal of Chesapeake and Delaware, linking Chesapeake Bay and Delaware Bay;
• Between barrier islands that create various tidal conditions on opposite sides of

the island.

Most generally, progressive currents characterize the oceanic entry of several bays
and harbors. At the head of larger bays and harbors (see example in Figure 5), stationary
wave conditions are most typical. Somewhere, most areas of the coast will fall in between a
progressive and standing wave current.

The exact relationship between high and low tide times and maximum current or
slack water is unique to each location and a general “rule of thumb” cannot be applied.

As the tidal currents are caused by the same forces that cause the tides, it is possible to
predict the currents in a very similar way to the tides.

Using the same techniques used to analyze tides, observational data on the currents at
a site can be evaluated and the results of such a study can be used to produce forecasts of
tidal currents. However, tide predictions and tidal current predictions are performed sepa-
rately because the relationship between tides and tidal currents is unique to each region.

• The times and heights of the tides are given by tide forecasts.
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• The dates and speeds of maximum current and times of slack water are given by tidal
current predictions.

It is up to the users to ensure that the right form of forecasts are used for their operations.
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Tidal Analysis and Prediction-Tidal Constituents

Tides are completely predictable, as the number of harmonic elements can be foreseen.
Approximately 62 constituents [27] are of sufficient size to be considered for potential
use in the prediction of marine tides, although far fewer can often predict tides with
useful precision.

Generally, seven different harmonic components cause about 83% of the variation in
tides. These components originate from the influence of the moon or sun and the relative
periods occur once or twice per day. For example, the so-called ‘M2’ component is typically
the dominant tidal wave caused by the moon, twice daily. The periods of tidal components
are constant across locations, but the relative strengths (amplitudes) vary considerably.

These major tidal constituents, determined by geographic coordinates [28] and which
allow for prediction of the water level by harmonic analysis, are listed in Table 1 together
with their period and related strength.

Table 1. Main tidal constituents with relative strength.

Symbol Name Period (hrs) Strength (M2 = 1.0)

M2 Principal lunar 12.42 1.0000
S2 Principal solar 12.00 0.4652
N2 Larger lunar elliptic 12.66 0.1915
K2 Luni-solar declinational 11.97 0.0402
K1 Luni-solar declinational 23.93 0.1852
O1 Larger lunar declinational 25.82 0.4151
P1 Larger solar declinational 24.07 0.1932
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Then, in addition to the mean sea level Hm, it is possible to reconstruct the tide height
pattern as follows by considering n constituents and the corresponding frequencies ωi and
phases ϕi.

h(t) = Hm + ∑n
1 Hisin(ωit + φi) (1)

The tidal components can be produced using the global inverse solution TOPEX/
Poseidon TPXO developed by Oregon State University [29]. The TPXO is a collection of
global ocean tide models that best match the Laplace Tidal Equations and altimetry data in
the least-square sense.

For eight primaries (i.e., M2, S2, N2, K2, K1, O1, P1, and Q1), two long periods (i.e., Mf,
Mm) and three non-linear harmonic constituents (i.e., M4, MS4, MN4), on a 1440 × 721, 1/4
degree resolution complete global grid, the model considered tides as complex amplitudes
of earth-relative sea-surface elevation.

If a power plant installation is considered in a natural site where tidal currents generate,
like a channel, a river, an estuary, a fjord, or a strait, where more consistent tidal currents
arise and flow parallel to the coast, it is necessary to know the tidal current velocities trend
in order to assess the feasibility of the installation. Therefore, measurement surveys are
essential. Velocity and tidal level data can be measured using an Acoustic Doppler Current
Profiler (ADCP) sensor and with a built-in pressure sensor.

However, since these surveys are both expensive and time-consuming, and because
of the various areas with potential suitability for tidal energy extraction, preliminary
estimations require simpler, more generalized methods. A simple model would need only
publicly accessible data, such as changes in sea level elevation (see Equation (1)).

3. Tides Applications and Tidal Currents Genesis: Prediction Models

In this section, both tides and tidal currents are analyzed in order to detect possible
applications and assess the energy annual yield. We start from the case of a basin with
barrage, which directly exploits the potential energy linked to the tides, and try to find
valid correlations regarding the tidal currents, which generate from the tides themselves.

3.1. Basin with Barrage

Tidal barrages take advantage of the potential energy contained in the tides. Electricity
is produced just like a hydroelectric dam with the exception that tidal currents flow in both
directions, as opposed to only one direction for a dam [30].

From the tide coming in (flood tide) and out (ebb tide), a head difference is created; if
the head difference is of a sufficient size, sluice gates are opened and water flows through
the barrage turbines. Below, the two operating modes are explained in more detail.

• Ebb generation (Figure 6a)

Through the sluices, the basin is filled until high tide flows. Then, when the tide
reaches maximum height, sluice gates are closed. At this point there could be “extra-
pumping” to further increase the level. To obtain an adequate head across the dam, the
turbine gates are held closed until the sea level starts to fall. Hence, when the tide reaches
minimum height, see Figure 6a, the gates are opened so that while head is sufficiently high,
the turbines work. This phase lasts until the difference in height (the head) is greater than
zero. The sluices are then kept opened, turbines are disconnected, and the basin is again
filled. With the tides, the cycle repeats. Generation of ebb (also known as generation of
outflow) takes its name because generation takes place as the tide reverts tidal direction.

• Flood generation (Figure 6b)

In this case, the achievement of the energy production happens in the opposite way.
The basin is filled by using the turbines working during tide flood and when the height
is maximum (see Figure 6b). This is normally much less powerful than ebb generation,
since the volume of the basin charged during flood is lower than the volume obtained
when ebb generation operates. In fact, this last is filled first during flood generation and
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even with extra water from inland rivers and extra streams connected to it via the land.
Therefore, the available level difference between the basin side and the sea side of the
barrage, essential for the turbine power produced, decreases faster than in ebb generation.
Instead of enhancing it as in ebb generation, rivers flowing into the basin can further reduce
the energy capacity. This is not, of course, a concern with the “lagoon” model without the
inflow of rivers.
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A first simple model to evaluate the energy production through turbines inserted in
the dam is based on the emptying/filling of the reservoir surrounded by the dam itself.

Therefore, it is possible to express the level of the sea as:

h1(t) = h(t) + a sin ωt (2)

where: h(t) is the mean sea level, h1(t) is the sea level outside the basin, h2(t) inside the basin
By introducing a suitable discharge coefficient Cd, velocity through a turbine is:

V = Cd

√
2g|h1(t)− h2(t)| (3)

The flow rate through the turbine(s), having blades area Aturbine, is instead:

Q = VAturbine (4)

While the differential dh, referred to a Basin area Barea, changes according to:

dh =
Q

Barea(h)
dt (5)

The basin area is expected to change with h in this situation. Typically, through two
experimentally determinable coefficients k1 and k2, linear laws will take this shift into
consideration as follows:

Barea = k1h(t) + k2 (6)

So, the level h2 can be found by following the next equation:

h2new = h2old ± dh (7)

Ultimately, the power provided by the turbine becomes:

P = ηturbηtrηgenρgAturbCd

√
2g|h1(t)− h2(t)|3 (8)

It is assumed that a transmission efficiency ηtr of 67% and a turbine ηturb and generator
unit ηgen global efficiency of 60%–90% are typical values for small hydro power plants.
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The turbine’s efficiency ηturb varies, as the flow rate and head are not constant. A turbine
is usually designed to keep the efficiency constant for different flow rates for a given
operating band. The efficiency will drop rapidly, however, if it exceeds a certain condition.
Kaplan turbine efficiencies start to decline at 50% of the nominal flow in traditional hydro
power. In the next figure (Figure 7), this occurrence is highlighted.
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This impact is even greater in a tidal barrage, as the maximum head is only reached for
a limited period of time and cross-flows through the turbine tunnel are required when the
system reaches a very low head (less than 10% of the maximum value). The efficiency of the
turbine and generator is therefore assumed to be 90% for peak power and 70% for annual
average power output. There is no consideration of additional losses due to transformation,
gear boxes, or downtime.

3.2. Model for Predicting Tidal Current Velocities

Tidal currents are generated from tides whenever the difference in height of the sea
level is converted in flow through a wide or narrow channel, in a strait or a gorge. They
flow parallel to the coast like a river and revert their direction generally twice per day.
Bringing essentially kinetic energy, they can be exploited by wind turbine-like machines.
Here, these machines were not analyzed, because they were not the focus of this paper.
More interesting is the way to assess the trend of these currents. In this section, some
models for simple evaluations are proposed, and energy resources are evaluated for both
artificial sites (barrages) and natural sites (channels).

Enclosed Bay with Channel

Continuity means that the change in volume within the bay must be equal to the flow
into the bay when considering an enclosed area, such as a fjord. The flow into the bay is
the flow through the canal linking the bay to the open ocean and other inputs, such as
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discharge from the river. If one disregards the freshwater input, the continuity equation
can be written as [31]:

Abay
dhi
dt

= Q (9)

where Abay is the region of the enclosed bay, which is expected not to shift with the h level
in this case; hi is the water level within the bay; and Q is the channel flow. The cumulative
drop across the channel in water level is equivalent to ho-hi, where ho is the level of water
on the outer side of the bay in the ocean. This total water-level drop can be divided into
two parts: one related to the channel friction (∆hf) and one related to the flow acceleration
towards the constriction (∆hb).

Using the Manning number, n, the frictional resistance can be calculated according to:

∆h f =
n2L
R4/3

(
Q
Ac

)2
(10)

where L is the channel’s length; R is the hydraulic radius; and Ac is the channel’s cross-
sectional area [31]. It is possible to write the variable ∆hb as:

∆hb =
Q2

2gA2
c

(11)

The friction and acceleration concept is assumed to be negligible in the simplest case,
and Equation (9) is used to model the channel velocity.

Only continuity is applied to measure the velocity of the channel. In addition, assum-
ing that during the tidal cycle the cross-sectional area will not change significantly, the
flow will depend on the channel velocity such that Q = Ac · u. Through this, a relationship
between the velocity and the tidal level can be achieved. Denoting the approximate velocity
with u, the equation becomes:

u =
Abay

Ac

dhi
dt

=
Abay

Ac

dho

dt
(12)

If the tidal water level with an angular frequency of ω has a sinusoidal difference,

h(t) = Hmax sin(ωt) (13)

The velocity is, then, u

u =
Abay

Ac
ω sin

(
ωt− π

2

)
=

Abay

Ac
ω sin

[
ω

(
t− T

4

)]
(14)

The velocity would then have a phase shift of T/4, being T the period of the tides
equal to 12 h and t the time in hours.

Equation (14) can be further extended to estimate the maximum velocity in the channel.
Writing the sinusoidal variation of the velocity with u(t) = umaxsin(ωt), the integration of
Equation (12) over half a tidal period gives the maximum velocity:

umax = 1.4 · 10−4
(

s−1
)Abay

Ac
Hmax (15)

by considering that ω = 2π/T. i.e., 6.28/(12 × 3600) = 1.4 × 10−4.
Case study: Skarpsundet tidal channel (Norway) [31].
In the following, an example of how it is possible to estimate the tidal current velocity

in a channel is reported together with ADPC measurements. The area is in the Norway
fjords, and particularly the case of the Skarpsundet tidal channel is analyzed. The following
figures (Figure 8a,b) report the map of the site with the channel and the connected bay
highlighted. Table 2 reports useful data for applying the methodology.
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of the Skarpsundet channel and measurements station [31].

Table 2. Values for the Skarpsundet channel.

Variable Description Value

ρ Density 1025 kg/m3

L Length of Skarpsundet 1500 m
Ac Cross-sectional area 13,500 m2

W Average width of channel 700 m
Hc Average depth of Skarpsundet 15 m

Abay Fjord Area 3.8 × 107 m2

3.3. ADCP Measurements

A 600 kHz ADCP Workhorse Sentinel was used for measuring velocity and tidal level.
The built-in pressure sensor of the ADCP instead was utilized for measuring the water level.
By means of a downward-looking ADCP, one transect measurement and one different
survey were performed. Figure 8b shows the locations of the measurements: transect
measurements are marked as black lines. By using a low-frequency sampling rate, long-
time measurements were performed over 43 days. The ADCP measured velocities (#1—see
Figure 8b) were compared to the simulated ones obtained from TELEMAC-2D software
(Figure 9). The velocity reliefs in direction North-South agreed with the simulations
(Figure 9). Figure 10 illustrates the tidal velocity variations across the channel.
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3.4. Maximum Velocity and Tidal Range

At this point, it is necessary to test the goodness of the methodology by verifying if
the maximum velocities of the tidal range considered are according to Equation (15). On
purpose, only the long-time ADCP velocity series were used by obtaining the tidal range—
the difference from the maximum and minimum height or tide level—from the Norwegian
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Hydrographic Service (NHS). The velocities were depth averaged and smoothed over one
hour, and then their maximum values, during flood and ebb, were extracted from the time
series. Figure 11 highlights the results of this analysis.
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Figure 10. Cross-sectional measurements during incoming tide with the depth line along the transect highlighted [31].

The correlation plot shows that the velocity variation was stronger for the outgoing
tide compared with the incoming.

umax,in = 0.11 + 0.16 · H (16)

umax,out = 0.03 + 0.30 · H (17)

Equations (16) and (17) are written for interpolating data measured, shown in Figure 11
together with dashed lines representing error band of ±0.05 m/s and 0.1 m/s, taking into
account that H is the peak to peak difference height equal to 2Hmax (see Equation (13)). It
can be seen that the slope in the equation was different between the flood and the ebb tide,
with a higher slope value for the ebb tide. The maximum velocity occurred, on average,
3 h and 35 min after high tide and 3 h 32 min after low tide.
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Using Equation (15) and taking into account the parameters reported in Table 2, umax
became 0.4 m/s if the considered tidal range H is 200 cm. This value agrees strongly with
the measured cross-sectional average velocity during flood tide (0.42 m/s—see Figure 11a),
and weakly with the measured cross-sectional average velocity during ebb tide (0.63 m/s—see
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Figure 11b). However, measurements at a diverse location, more centered in the channel,
could yield different results.

Channels

Figure 12 illustrates the stream through a variable cross-section channel. It is assumed
that the current velocity u(x, t) is a function of time t and location x along the channel, but
independent of the cross-channel position. The dynamic equation that governs the flow is

∂u
∂t

+ u
∂u
∂x

+ g
∂h
∂x

= −F (18)
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Where the pressure gradient to drive the flow is given by the slope of the surface
elevation h, and where F(x, t) represents an opposing force associated with natural friction
and possibly turbine presence. To be independent of the cross-channel location of the
frictional force associated with the turbines, the turbines must be deployed in a uniform
fence across the flow, so that all the water flows through the turbines itself. If the channel
is small compared with the wavelength of the tide, which usually reaches hundreds of
kilometers, even in shallow water, the continuity law ensures that the flux A · u along the
channel is independent of x (we neglected small changes in A associated with the rise and
fall of the tide) and can be written as Q(t).

The use of this in Equation (18) and the integration along the channel means

c
dQ
dt
− gh0(t) = −

∫ L

0
Fdx− 1

2
ue|ue| (19)

where c is

c =
L∫

0

1
A(x)

dx (20)

The difference in sea level between the two basins is ho(t), meaning that this difference
is unaffected by the flow through the channel and also unaffected by F shifts as turbines
are installed.

3.5. The Easiest Case for Tidal Currents Velocity Estimation

The natural friction and head loss associated with separation at the exit could likely to
be relevant. It is assumed, however, that these effects are minimal, above all if the channel
is long and wide, so that the natural regime has a balance between the difference in sea
level and acceleration. Considering a sinusoidal tide:

h0(t) = acos(ωt) (21)
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where the amplitude is a and the frequency is ω. This forcing will, of course, at each end of
the channel be the distinction of sinusoidal tides rather than reflecting forcing from only
one end. By integrating Equation (18), the corresponding volume flux is

Q = Q0sin(ωt) (22)

Q0 =
ga
ωc

(23)

Taking into account the drag associated with the presence of turbines, expressed as

L∫
0

Fdx = λQ (24)

Equation (19) becomes:

c
dQ
dt
− ga cos ωt = −λQ (25)

In this case

Q = Re
[(

ga
λ− icω

)
e−iωt

]
(26)

3.5.1. 3D and 2D Methods—Navier–Stokes Equations

When the site’s geometry is complex, for example when headlands and islets are
present, the approaches described previously fail. Where the coast is indented and head-
lands and islets are present, this is the case for complex geometries. Therefore, depending
on the characteristics of the seabed, more robust methods need to provide 2D or 3D ap-
proaches. The baroclinic Navier-Stokes equations were obtained by reducing the vertical
momentum equation to the hydrostatic pressure assumption by applying the Boussinesq
assumptions. The fluid was often believed in the simulation to be incompressible. The
equations for continuity and momentum are given below [32]:

∂h
∂t

+
∂[(d + h)U]

∂x
+

∂[(d + h)V]

∂y
+

∂[(d + h)W]

∂z
= Q (27)

∂U
∂t + U ∂U

∂x + V ∂U
∂y − f V

= −g ∂h
∂x −

g
ρo

h∫
−d

∂ρ′

∂x dz + τsx−τbx
ρo(d+h) + vh

(
∂2U
∂x2 + ∂2U

∂y2

)
+ vv

(
∂2U
∂z2

) (28)

∂V
∂t + U ∂V

∂x + V ∂V
∂y − f U

= −g ∂h
∂y −

g
ρo

h∫
−d

∂ρ′

∂y dz +
τsy−τby
ρo(d+h) + vh

(
∂2V
∂x2 + ∂2V

∂y2

)
+ vv

(
∂2V
∂z2

) (29)

∂p
∂z

= −ρg (30)

∂[(d+h)c]
∂t + ∂[(d+h)Uc]

∂x + ∂[(d+h)Vc]
∂y + ∂[(d+h)Wc]

∂z

= Dh

(
∂2c
∂x2 +

∂2c
∂y2

)
+ Dv

(
∂2c
∂z2

)
− λd(d + h)c + R

(31)

Taking into account shallow waters, the above equations reduce as:

∂h
∂t

+
∂[(d + h)U]

∂x
+

∂[(d + h)V]

∂y
= Q (32)
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∂U
∂t

+ U
∂U
∂x

+ V
∂U
∂y
− f V = −g

∂h
∂x
− g

ρo

h∫
−d

∂ρ′

∂x
dz +

τsx−τbx
ρo(d + h)

+ vh∇2U (33)

∂V
∂t

+ U
∂V
∂x

+ V
∂V
∂y
− f U = −g

∂h
∂y
− g

ρo

h∫
−d

∂ρ′

∂y
dz +

τsy−τby

ρo(d + h)
+ vh∇2V (34)

∂[(d + h)c]
∂t

+
∂[(d + h)Uc]

∂x
+

∂[(d + h)Vc]
∂y

= Dh∇2c− λd(d + h)c + R (35)

where:
d: depth of local water relative to a reference plane;
h: level of water;
U: vertically integrated velocity components towards the east;
V: vertically integrated velocity components towards the north;
Q: mass sources intensity per unit area;
f : parameter Coriolis;
Vh: viscosity of kinematic horizontal eddy;
ρo: density of reference;
ρ′: the density of the anomaly;
τsx: x-wind tension components acting on the surface of the sea;
τsy: y-wind pressure components acting on the surface of the sea;
τbx: shear pressure at the bottom of x-components;
τby: shear pressure at the bottom of the y-components;
c: salinity (transported substance) or temperature;
Cd: seabed friction;
Dh: lateral diffusivity of the eddy;
λd: method of first order decay;
R: is the term for the source per unit area.
A flexible finite-element-based coastal ocean model, THETIS, could be used to solve

the shallow water equations on an unstructured triangular mesh [33]. THETIS is built using
the Firedrake framework [34], which automates the generation of low-level application
code from high-level descriptions of the finite element discretization specified. Other open
source software is available: DELFT3D [35], TELEMAC [36], POM [37], and MIKE 21 [38].
However, detailed knowledge of the bathymetry or 3D conformation of the seabed is
required for providing optimal solutions.

Case study: Pentland Firth and Orkney Waters—North Scotland—tidal currents predictions
The above methods were applied in the area of Pentland Firth and Orkney Waters. The

Pentland Firth (PF), placed between the mainland Scotland and Orkney Islands, constitutes
36% of the total tidal energy in the United Kingdom and records the highest tidal currents in
the world [39] with current speeds exceeding 5 m/s in some cases. Particularly, TELEMAC
3D was used for predicting the speed.

TELEMAC 3D solves the Navier Stokes Equations (27)–(35) by using the Finite Element
Method, considering advection-diffusion equations of intrinsic quantities like salinity,
temperature, and concentration by requiring three main pieces of information: the geometry
(model mesh), the boundary condition of the domain, and the simulations configuration.

The Acoustic Doppler Current Profiler (ADCP) was used for validating the model
results; the data are very useful for 3D hydrodynamics modelling, as they provide data on
current velocities through the water column. The locations of the measurement devices are
illustrated in Figure 13.

Figure 14 reports the comparison between the tidal current velocities predicted by
the software TELEMAC in the location of Figure 13 (highlighted by the red circle) and the
ADPC measurements (black lines) related to the period between 16 September 2001 and
20 September 2001. The software output was obtained by changing the friction coefficient
of the seabed from 0.005 to 0.086 (green, red, and blue lines).
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3.5.2. Influence of the Coastal Boundary Layer and Deepness of the Seabed on the Tidal
Current Velocities

In some cases, when the flow is unaffected by macro vortex areas or recirculation,
tidal velocities can be expressed by appropriate coefficients [41,42], depending somehow
on the harmonic constituents, so that it is possible to use a harmonic series for foreseeing
their trend, as it follows:

V(t) = Am + ∑
i

Ai sin(ωit + ϕi) (36)

The previous formulation, which is related to a specific position, is not easy to model
and it requires measurements support. In addition, these velocities occur at the sea surface;
a correction to the peak value Vo is needed if the depth influence is considered [12,43]:

V(z) = Vo

(
zo−z
βzo

) 1
α

(37)

In the above equation, V(z) is the velocity at the depth z, and Vo is the velocity at the
depth (zo) of reference; z = 0 refers to the seabed position.

In proximity of the mainland, it is well known that the coastal boundary layer affects
the values of the tidal current velocities. This dependence is very hard to find. A simple
parabolic law estimating the reduction of these velocities (Vb) at a distance h from the coast
inner the boundary layer can be applied:

Vb = −Vo

(
h

hlim

)2
+ 2Vo

h
hlim

(38)

However, the previous equation is exploitable only if the thickness of the boundary
layer hlim is found [44].

4. Conclusions

This paper attempted to provide valid support and a set of tools for quickly estimating
the trend of the tides and of the tidal currents. This knowledge is fundamental for assessing
the feasibility of a marine plant able to harness this source of renewable energy. It is
important to understand that the tides offer a certain amount of gravitational energy, while
the tidal currents essentially carry kinetic energy. The tides are generated from the mutual
gravitational influence of the sun, the moon, and the Earth, and are characterized by a
periodic rise and fall of the sea level.

The tidal currents originate from these differences in height, whenever the land
conformation allows water flow in a channel, in a strait, or in a throat. The difference in the
sea level between the ends of a channel, induced by tidal oscillations, will determine the
variation in the flow rate through the channel. The predictability of the distribution of water
velocity density and energy supply for tidal applications, combined with the cross-sectional
area and depth, makes it possible to determine the possible output of energy.

A significant amount of information is easily accessible on the web and it is possible to
reconstruct the tides trend by means of harmonic Fourier series, whose main constituents
depend on the geographic coordinates.

The simplest way to exploit the tides is the building of a barrage for accumulating
water masses at high level to feed hydraulic turbines. However, the placement of a barrage,
for example in an estuary, has a considerable influence on the water and the environment
within the created basin. Many governments have been hesitant in recent times to give
permission for tidal barrages. In fact, a lot of issues affecting and changing the environment
equilibrium arise, as reported below.

• Turbidity: As a result of smaller amounts of water being transferred between the
basin and the sea, turbidity (the quantity of matter suspended in the water) decreases.
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This allows light from the sun to further reach the water, enhancing phytoplankton
conditions. The modifications spread the food chain, causing the environment to
change in general.

• Salinity: The average salinity within the basin decreases as a result of less water
exchange with the sea, also affecting the ecosystem. “Tidal Lagoons” do not suffer
from this problem.

• Sediment movements: Estuaries also have high volumes of sediments, from the rivers
to the sea, that move through them. Sediment deposition within the barrage may
result from the introduction of a barrage into an estuary, affecting the environment
and also the activity of the barrage.

However, many places around the world offer marine energy resources in form of
tidal currents. Tidal currents generate from tides and they are characterized by water
flows bringing large amounts of kinetic energy to apply directly on marine turbines. The
installations exploiting tidal currents are less problematic and the environmental issues are
more manageable. Unfortunately, differently from tides, is very hard to foresee the trend of
tidal currents, that being the essential aspect for assessing the feasibility of the power plant.

In this paper, many cases were faced by contemplating more approaches, from the
easiest to the most complex. The objective was to provide some formulas predicting the
trend of the tidal currents for rapid assessment of energy production. In some cases, simple
configurations, like channels or channels connected whit a bay, can be approached with
simple formulas, derived from the trend of the tides.

In the other cases, when the land conformation is very complex, 2D or 3D ap-
proaches are needed. Supporting these computations available online software like
TOPEX/Poseidon TPXO, or TELEMAC or THETIS, or POM, are able to predict the trend
of the tidal current. However, it is necessary to provide accurate information about the
bathymetry of the site.
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