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a b s t r a c t

Influenced by both marine and river flows, estuaries can present a high potential for hydrokinetic energy
exploitation. In this study, the hydrokinetic energy production in the Douro estuary was evaluated
through hydrodynamic numerical modelling. The model analysed the tide and river flow, reproduced the
combined effects of these two factors on the main current velocity patterns, and identified the estuarine
locations with the highest potential for energy exploitation. Given the river’s high variability caused by
the precipitation patterns in the hydrographic basin area and the river’s torrential regime, several
discharge scenarios were explored, combining spring and neap tides, and high and low river flows. The
results revealed that the region with the highest potential is located in the upper part of the estuary,
where the highest-velocity currents were achieved for mid-ebb tide conditions and strong river flows. It
was also found that tides reinforce the hydrokinetic energy production during ebb tide, although they are
not strong enough to produce high values of hydrokinetic energy, being the river flow the main forcing.
This work demonstrates the relevance of choosing parametrized magnitudes that are not dependent on a
specific equipment, as well as the importance of a proper characterization of the estuarine hydrodynamic
patterns needed to optimize the hydrokinetic energy exploitation.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Estuarine regions are densely populated areas concentrating
several anthropogenic activities, such as human settlements, lei-
sure, tourism, fisheries and other marine industries. In the last
decades, the population, urbanization and economic assets have
experienced a rapid growth in these coastal areas, and a continuous
increase of population is expected for the near future [1e3]. Asso-
ciated with this increase in population, is also a rising worldwide
energy demand, which has led to a rise in the use of carbon-free
and renewable clean energy sources for electricity generation, to
cover the increasing energy deficit [4]. So, to support human ac-
tivities and marine industries, as well as to promote the protection
of the environment, new sustainable and efficient sources of energy
isabel.iglesias.fdz@gmail.com
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should be considered. In that sense, there has been an increasing
interest in the exploitation of marine and hydro-energies, because
oceans, rivers and estuaries represent a vast resource for renewable
energy generation [4e8]. One of the renewable clean energy
sources with high potential and reduced environmental impact is
hydrokinetic energy [9e11].

Hydrokinetic energy can be extracted from river streams, tidal
currents, ocean currents, man-made water canals, natural channels
or waves. The technologies developed to convert the hydrokinetic
energy into electricity are the marine current energy conversion
(MCEC) systems. MCEC systems, which present some potential for
this study, can further be classified as tidal in-stream energy con-
verters (TISEC), marine current turbines (MCT) and river energy
conversion systems (RCECS) [12,13].

This kind of energy production presents several advantages: the
predictability of the flows and, consequently, of the power pro-
duction [14]; a high load factor derived from the fluid properties
[15]; the possibility to extract energy with minimum environ-
mental impact and no land occupation [16]; and, the fact that these
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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systems are water-life friendly, with minimal visual impact, no
emissions and no noise [7,14]. The advantages of this energy source
are even more evident when estuarine regions are considered for
the installation of energy extraction devices adapted for depth-
limited regions. Estuaries can achieve significant power levels in
regions with relatively modest tidal range [16]. They are generally
located nearby power consumption points, such as cities, industries
or ports; this closeness allows the reduction of operational costs
when compared with offshore farms as well as facilitates the
installation and maintenance of the equipment. Furthermore, es-
tuaries are relatively protected environments, both in terms of
meteorology and ocean impacts, where extreme flow velocities
that could damage the equipment are generally infrequent [17,18].
However, the installation and the operation of MCEC systems can
have harmful effects on the estuarine natural environments, asso-
ciated with changes in circulation patterns and sediment transport
due to turbulent mixing and a reduction in velocity across the rotor
plane [4,9,13,19e22]. These effects should be analysed previously to
the installation of hydrokinetic energy extraction equipment.

Hydrokinetic energy can be obtained from different phenom-
ena, such as tidal and oceanic currents, baroclinic circulation or
barotropic flows from river discharges. In regions where several of
these driving agents occur, like estuaries, the hydrokinetic resource
exploitation should be analysed considering their combined effects
[23]. Estuarine hydrology can be complex, with ebb-flood asym-
metry and complex geomorphologies that can limit the maximum
extractable power [16]. Therefore, to analyse the hydrokinetic
production capacity of estuarine regions, hydrodynamic numerical
models have emerged as key tools, becoming increasingly relevant
as decision-making and support tools for an effective and inte-
grated marine and coastal management [24]. Numerical solutions
provide a deep understanding of the physical properties of complex
estuarine environments, properly depicting the estuarine hydro-
dynamic patterns [25], and a considerable effort has been made to
provide the most accurate numerical estimations for the complex
estuarine circulation [1].

In that sense, validated hydrodynamic numerical models, based
on real bathymetry, tide and river flow data, are essential tools to
quantify energy resources and to define the areas with the greatest
potential for the emplacement of new hydrokinetic energy farms,
Fig. 1. Douro estuar
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forecasting, with high confidence, flow dynamics and energy pro-
duction [14,26]. This is especially important in estuarine regions,
where the complex geometry of the basin (shallow waters com-
binedwith narrow sections) and limitations due towater depth and
estuarine traffic can impose strong restrictions to turbine installa-
tion and operation, even when considering the third generation of
Hydrokinetic Energy Converters (HECs), which are compact sys-
tems designed to operate in shallow water regions with relatively
low current velocities and reduced environmental impact
[17,18,23].

In this work, the hydrokinetic resource exploitation in the Douro
estuary was evaluated with the help of numerical modelling tools.
The implemented model and model scenarios were chosen aiming
to reproduce the variability of the combined effects of tide and river
flow on themain current velocity patterns, as well as to identify the
estuarine locations with the highest potential for energy exploita-
tion. Additionally, the relevance of choosing parametrized magni-
tudes that are not dependent on a specific equipment for
hydrokinetic resource characterization was demonstrated.
2. Study region

The Douro is the river with the largest basin of the Iberian
Peninsula. It flows into the Atlantic Ocean in an urban estuary
surrounded by two large cities, Porto and Vila Nova de Gaia (north-
west Iberian coast, cf. Fig. 1). It is a highly dynamic, funnel-shaped,
mesotidal and narrow estuary, with a high interannual river flow
variability. The river has the standard normal flow pattern for its
latitude, associated with the annual precipitation cycle [27],
featuring strong estuarine flows in winter and weaker flows in
summer. Its torrential regime produces recurrent severe floods and
strong currents that cause serious damage to the riverine pop-
ulations and problems to the fluvial navigation [28,29]. About
21 km upriver, the estuary is limited by the Crestuma-Lever dam,
used for hydroelectric production, where the freshwater discharge
can reach values over 13 000 m3/s [30]. Due to the power plant
operating regime, the freshwater discharge usually presents a cyclic
pulse pattern, having a strong effect on the flow velocity and on the
estuarine circulation. Along with the strong effect of freshwater
flows, tides are the next major hydrodynamic forcing in this
y configuration.
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estuary. Local tides have a semi-diurnal regime with a 12.4 h-long
period. M2 is the main constituent, followed by S2, N2 and K2. The
semi-diurnal frequency band dominates the tidal signal throughout
the estuary with a tidal forcing factor with a value of 0.09 [31,32].
Inside the estuary, tides are slightly progressive, with time delays of
12e17 min from the mouth to the upstream end of the estuary and
a slight amplification between 2 and 4% [31]. During river floods,
the freshwater masses are thoroughly flushed to the sea, inducing
quite strong currents that can reach velocities up to 8 m/s, and
preventing seawater intrusion, even in spring tide conditions. For
low river discharges, tidal currents become dominant, and the
ocean water enters the estuarine region with a salt-wedge config-
uration [33].

Circulation patterns in this estuary are also conditioned by its
irregular bathymetry and by the configuration of its margins (see
Fig. 2). Depths are generally between 0 and 10 m. Although, depths
up to 28 m can be found at narrower sections, outer bends, and
sediment extraction sites [29]. The estuary presents a sandspit,
made up of maritime and fluvial sediments, that partially obstructs
the entry of ocean water, acting as a natural barrier against storm
waves and protecting the estuarine margins and harbours.

Anthropogenic interventions in the estuarine region have
changed the estuarine hydrodynamics and erosion/accretion pat-
terns [34]. To stabilize the formerly dynamic inlet sandspit, the
northern breakwater of the estuary inlet was extended and a
seaward facing detached breakwater was built (cf. Fig. 1). Bastos
et al. [28] found that these structures interfered with local sedi-
mentary and hydrodynamic patterns, considerably increasing the
area and volume of the sandspit and silting up the contiguous
wetland (S~ao Paio Bay). The sandspit that used to be breached and
sometimes almost destroyed during river floods, seems now
virtually unbreakable during flood episodes, and harsher flood ef-
fects can be expected, in terms of economic losses and structural
damage [35]. However, this structure funnelled the estuary mouth,
and the stronger currents found there increased the potential for
hydrokinetic energy production.

Local clean and sustainable energy production is particularly
relevant due to the high population density and energy demand.
For the last years, the Porto district suffered a huge increase in
Fig. 2. (a) Computational domain (horizontal coordinates referred to Datum PT-TM06-ETRS8
elevation/current velocity stations are shown as red asterisks. (b) Detail of the estuarine m
referred to the Web version of this article.)

3

tourism (from 199.2 to 874.2 guests in tourist accommodation per
100 inhabitants between 2001 and 2017), accompanied by a growth
in the birth rate (from 8.2 to 9.2 births per 1000 inhabitants be-
tween 2009 and 2018). This led to a rise in electric energy con-
sumption (from 2445.3 to 5576.9 kW,h/inhabitant per year
between 2001 and 2017) [36], fostering the interest in new
environment-friendly, sustainable and efficient sources, taking
advantage of the tide and current conditions of this highly dynamic
estuarine region.

3. Materials and methods

3.1. Numerical model

The implemented model is the 2DH version of the
openTELEMAC-MASCARET, able to accurately represent estuarine
hydrodynamic patterns [24,35]. It solves the depth-averaged free
surface flow equations, taking into consideration several physical
processes, such as bed friction, turbulence, supercritical and
subcritical flows, and density effects related to horizontal temper-
ature and salinity gradients, making it suitable for this study. The
depth-averaged equations for mass and momentum conservation
are:
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where h is the free surface elevation above the mean sea level
(MSL), H ¼ dþ h is the total water depth (d is the depth below the
9) and bathymetry (in metres referred to the Hydrographic Zero). The numerical water
outh. (For interpretation of the references to colour in this figure legend, the reader is
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MSL), u ¼ ðu; vÞ is the vertically averaged velocity vector and u and v

are its components in the x- and y-directions, respectively,f is the
Coriolis parameter, g is the acceleration due to gravity, nT is the
eddy viscosity, Cf is the dimensionless bottom friction coefficient,
r0 and r0 are the reference and anomaly densities, such that r ¼ r0þ
r0 is the local pressure and h is the local depth referred to the hy-
drographic zero (HZ) which is defined as the level of the lowest
astronomical tide. The Portuguese HZ is 2 m below the MSL, so h ¼
d� 2 m [37]. Mass source terms and forcing terms due to atmo-
spheric pressure and wind friction were not considered herein but
are included in Telemac2D.

To compute the local pressure, an equation of state is necessary,
along with two conservation equations for the transport of two
tracers: salinity and temperature (for details, see Ref. [38]).

The Telemac2D module was used with a finite element method
solver for numerical discretization and integration, where the
continuity equation (1) is replaced by a wave equation [39]. Tele-
mac2D uses unstructured linear triangular meshes, which allow a
good resolution of the computational domain even for complex
geometries, with an improved hydrodynamic detail while at a
reduced computational cost.
3.2. Model set-up

A 2DH finite element mesh was generated which covers the
estuarine region from the Crestuma-Lever dam to the mouth of the
estuary, and the adjacent coastal area, including the Leix~oes
harbour, close to the northern boundary, to allow proper numerical
development of the tide and of the river flow (cf. Fig. 2). Several
databases were considered for the mesh construction. Bathymetry
and coastline were extracted from a 2009 bathymetric survey
provided by the Hydrographic Institute of the Portuguese Navy (IH)
and the sandspit elevation data was taken from a 2015 topo-
graphical survey [28]. Finally, the adjacent costal bathymetry was
obtained from the Bathymetric Model of Douro, provided also by
the IH, and from the GEBCO database [40]. To improve the transi-
tion between land and ocean/river areas, topographic data from
Portuguesemilitarymapswas used, and the different datasets were
interpolated using a kriging algorithm [41,42]. The computational
mesh had 60 757 triangular elements and 31 325 nodes, and its
resolution varied from 300 m at the ocean boundary to 35 m at the
S~ao Paio Bay. The sandspit was considered as a wet/dry zone and
the estuarine mouth breakwaters were included in the model
domain as solid walls. For details on the computational mesh and
modelling simulation procedures, as well as the results of the
validation simulations, refer to Iglesias et al. [35]. An eddy viscosity
of 1 m2/s and a Strickler friction coefficient Ks ¼ 30 m1/3/s and a
time step of 6 s were adopted. The relation between the dimen-
sionless friction coefficient and the Strickler coefficient is given by:

Cf ¼
1

Ks
2

2g
H1=3 (4)

A set of five cases were run, which are supposed to model an
Table 1
Modelling scenarios.

Scenario River flow Percentile of non-exceedance

(m3/s) (%)
S1 1566 95
S2 1214 90
S3 801 80
S4 298 50
S5 0 30

4

entire year-long hydrological cycle. These correspond to five river
flow scenarios, associated with key percentiles of non-exceedance.
The percentiles were calculated using hourly Douro river flow data
provided by Energias de Portugal (EDP) at the Crestuma-Lever dam
between 1998 and 2017 (see Table 1). The river discharge was
forced at the fluvial boundary with a constant value for each sce-
nario. At the oceanic boundary, the numerical model was forced
with a tide-level time series (cf. Fig. 3). Every scenario was run for a
computational time length of 21 days, encompassing a complete
spring-neap tidal cycle of 15.4 days, considered for the computation
of the different parameters, plus an initial period of 5.6 days to
allow the initial stabilization of the numerical model after a cold
start with a smoothing ramp of 9 h. The time series for the tide
elevationwas obtained using the TPXO.2 tidal model for an offshore
location within the model boundary [43], and does not include the
equinox nor the solstice periods. The temperature and salinity
values for the open boundaries were extracted from available in-
situ data and from previously published works and set to 35.8
PSU and 17 �C for the oceanic boundary and 0 PSU and 8 �C for the
river boundary [44e46].

3.3. Energy resource

The power density, pKE , i.e. the flow of the water kinetic energy
per unit time passing through a vertical unit area cross-section
perpendicular to the flow direction, is given by:

pKE ¼
1
2
r a U3 (5)

where r is the water density, U is the flow velocity and a, which is
usually set to 1, is the energy coefficient to accommodate for the
velocity variation along the water column [23,47].

However, not all of this power can be converted into electricity.
Water current turbines extract energy from the fluid by reducing
flow velocity, so there is a theoretical limit to the percentage of
kinetic energy that can be converted into harnessed energy when
open free-flow turbines are considered. This limit, known as the
Betz limit, is 59.3% for a single device [7]. To take into account the
fluid dynamic efficiency of the turbine, the power coefficient Cp is
introduced, to represent the ratio between the harnessed and the
available mechanical power. The effective power density, pE , is then
[14]:

pE ¼Cp pKE (6)

In practice, the actual performance of a turbine is less than the
Betz limit, and a value of Cp ¼ 0:40 was considered in this study
[5,48]. Other types of turbines can present higher Cp values
increasing the efficiency of the equipment. Venturi duct type tur-
bines can exhibit power coefficients close to 0.85 [49]. However,
this technology is still being developed and only small diameter
turbines have been tested.

Then, the available energy resource of a turbine, Ee, over a time
interval, T , can be obtained by integrating the effective power
Frequency of occurrence Simulation length Tide

(%) (days)
7.5 21 TPXO.2
7.5
20.0
25.0
40.0



Fig. 3. (a) Open boundary tidal surface elevation, above MSL, for all modelling scenarios, from Day 1 to Day 21, (b) detail of the neap-spring tidal cycle (NT, Day 9), and (c) detail of
the spring-tide tidal cycle (ST, Day 18).
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density over the swept area, A, of the turbine and over the time
interval [50]:

Ee ¼
ðT

0

A pEdt (7)

However, each energy conversion device works within a specific
range of velocities between a lower velocity threshold, the cut-in
velocity, Ui, and an upper velocity threshold, the cut-off velocity,
Uo [50]. Most energy conversion devices available on the market
exhibit cut-in velocities around 1m/s or above [12]. However, a few
energy conversion systems present lower cut-in velocities (e.g.
Ref. [51]). Devices with a lower cut-in velocity, around 0.7 m/s, are
more appropriate for the Douro estuary given its hydrodynamic
characteristics, and this is the value that is going to be considered in
this study. The cut-off velocity is meant to decrease the risk of a
device failure. Usually, cut-off velocities are in the order of 3.5 m/s
[52]. In the Douro estuary, current velocities of this magnitude are
achieved for winter conditions, for flow rates above 1300m3/s [33];
velocities up to 8 m/s can be reached for extreme floods [35].
However, such events are rare, for instance a flow rate of 17 000m3/
s has a return period of 1000 years [1]. The most frequent Douro
river flow rates vary between 100 m3/s and 1000 m3/s for the dry
and wet seasons, respectively.
3.4. Power parametrization

Energy production depends on the choice of the turbine and on
the choice of the device location. The available kinetic power is
given by the product of the power density by the swept area of the
turbine:

PKE ¼ pKE A (8)

Usually, a location is selected based on an analysis of the power
5

density, pKE , and/or of the available kinetic power, PKE . To make this
study independent of a chosen turbine, let us define a new
parameter, the maximum available kinetic power, as:

PKM ¼pKE h2 (9)

Such a parameter is site dependent and should be a better in-
dicator of the available energy potential. The selection of such
parametrized magnitudes that are not dependent on specific
equipment are more adequate to evaluate the potential for hydro-
kinetic resource production. In this study we parametrized using
the local depth, h, which turns the results dependent on the estu-
arine location. However, this makes that high values of maximum
available kinetic power and maximum available energy resource
can be produced in deeper regions despite low current velocities. In
this sense the obtained results should be carefully analysed.

Besides that, for each location, a parametric maximum available
energy resource, over a time interval T , can be computed as:

EKM ¼
ðT

0

PKM;Udt where
�
PKM;U ¼ PKM ; U � Ui
PKM;U ¼ 0 ; U <Ui

(10)

Finally, the extracted energy over a period T , Ee, can be
computed as

Ee ¼p

4

�
D
h

�2
ht�g Cp EKM (11)

where D is the turbine inlet diameter, and h is the
transmissionegenerator efficiency. In this way, the extracted en-
ergy is directly proportional to the maximum available energy
resource and the ratio between D and h, which usually presents a
maximum value of 0:85, is device-dependent and quite easy to
quantify once a machine is chosen.

To compute the kinetic power density and the maximum



Fig. 4. Maps of the estuarine depth, h, referred to the HZ, and of the current velocity, U, maps, extracted at the (a) mid-ebb of the highest spring tide for scenario S1, and (b) mid-
flood of the highest spring tide for scenario S5.
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Table 2
Characteristics of the numerical water elevation/current velocity gauges. Horizontal coordinates (X, Y) refer to Datum PT-TM06-ETRS89. Depths (h) refer to the HZ.

P1 P2 P3 P4 P5 P6 P7 P8

X (m) 154 435 157 357 159 036 161 048 163 187 166 302 167 629 170 133
Y (m) 464 259 464 441 463 485 463 424 462 003 459 610 456 323 455 978
h (m) 4.83 20.42 17.41 19.18 6.77 8.95 6.43 7.39
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available kinetic power associated with each scenario in Table 1, the
velocity fields for each run (S1 to S5) were extracted at two instants
during the tide-cycle: mid-flood andmid-ebb for a spring-tide tidal
cycle (ST) (cf. Fig. 3). At these instants, the tidal velocities are at
their maximum magnitude [14,50]. The energy coefficient, a, was
set to 1. As the model was not calibrated for the temperature and
salinity transport distributions, a pragmatic approach was taken for
computation of the kinetic power density, using the equation of
state of Millero et al. [53] to estimate the mass density at the nu-
merical gauges P1eP8.

For river flows above 700 m3/s, the entire estuary region is
flooded with fresh water [30]. Such discharges are more frequent
during winter when the mean river water temperature is approx-
imately 12 �C within the estuary. Therefore, for scenarios S1, S2 and
S3, a density of 999 kg/m3 was assumed. For river flows below
700 m3/s, the estuary is mostly filled by seawater. Such discharges
occur during summer when the water temperature in the estuary
region is about 18 �C. Thus, for simulations S4 and S5, a density of
1025 kg/m3 was assumed.

Maps of the maximum available kinetic power (see Fig. 4) were
analysed taking into consideration the location of the navigation
canal (cf. Fig. 1). This canal has a mean depth between 6 and 8 m,
with some deeper regions that usually do not exceed a 12 m depth.
Due to this low depth, to the restrictions imposed by the local au-
thorities, and to the frequent dredging operations, the installation
of a device for energy production inside the canal is not possible.
Therefore, a mask was applied to limit the analysis to the area
outside the navigation canal. Nine stations, P0 to P8, were selected
for analysis (Fig. 2 and Table 2).
4. Results and discussion

4.1. Velocity and maximum parametric power distribution

The analysis of the velocity, power density and maximum
available power fields (Figs. 4e6) seem to indicate the existence of
conditions for kinetic energy harvesting all over the estuary. These
conditions are presented during ebb and flood conditions, with
high river flow discharge for the upstream region or during both,
high and low river flow discharge, in the estuarine mouth (cf.
Table 3). For the scenarios with strong river flows (S1 and S2),
potential optimal conditions for device installation exist in the
estuarine mouth at point P1. The highest-velocity currents (�2.5 m/
s) and the highest power density (�3.5 kW/m2) for the entire
simulation were found at that location (see Figs. 4a and 5a).

The largest values of the maximum available power were found
in the narrowing upstream the estuarine mouth (station P2,
�230 kW), around stations P3 (�230 kW) and P4 (�300 kW), and
downstream of the Crestuma-Lever dam between stations P6 and
P8 (�100 kW) (Fig. 6a). These maxima, are not associated either
with high current velocity or with high power density values, are
related with the bathymetric conditions at those locations, which
present larger depths (see Fig. 2 and Table 2). On the other hand, for
low river flow scenarios (S4 and S5), the potentially optimal region
for device installation seems to be located at the estuary mouth.
Other regions with potential for energy extraction were identified
7

between the mouth and the P4 station (see Fig. 4d), corresponding
to the deepest zones of the entire estuary (see Fig. 2 and Table 3).
However, and despite the high available power values obtained
(�30 kW), current velocities in these regions are below 0.7 m/s, not
reaching the cut-in velocity value assumed in this study (cf. Fig. 4b),
and, therefore, no energy can be extracted. So, the estuarine zone
that presents some potential for energy extraction for low river
flow scenarios is the estuarine mouth, at stations P0 and P1. There,
strong velocity currents of around 1.4 m/s for mid-flood conditions
of a spring tide can be found, due to the narrow estuarine cross-
section and to the sandspit-breakwater configuration which in-
crease the flow velocity (cf. Fig. 4b).

Thus, when the tide state and the cut-in velocity of 0.7 m/s are
considered (cf. Table 3), only two regions seem suitable for the
installation of energy production devices: one at the estuarine
mouth and another close to station P8. Stations P0, P1 and P8 in
Fig. 2 were thus selected to represent their potential for energy
extraction of the parametric power and the maximum available
energy resource. The time evolution of the available power for the
five river flow scenarios at the selected points is illustrated in Fig. 7.

At station P8, the time evolution pattern is very similar for the
three scenarios S1, S2 and S3 (cf. Fig. 7a), when high available ki-
netic power values are registered close to the Crestuma-Lever dam.
However, the power magnitude is different for each scenario. These
differences are associated with the river flow conditions, with a
higher power magnitude for a higher river discharge in scenario S1.
The tide affects the maximum available power amplitude, even for
locations near the upstream limit of the estuary and for a river flow
larger than 1500 m3/s. Maximum values of this parameter are ob-
tained for scenario S1 during spring tide conditions. Scenario S2
presents lower power density values than scenario S1. It must be
noticed that, during the slack tides of high spring tides, the power
density presents very low values associated with low current ve-
locities. For scenario S3 low available power values are more
frequent than for scenario S2.

As expected, the results for scenarios S4 and S5, at station P0,
located at the estuary mouth between the breakwaters (cf. Fig. 2),
show a strong dependence on the tide (see Fig. 7b). Scenario S5
presents higher values than S4, revealing that the main forcing for
energy production at this location is the tide because a decrease of
the production was observed with an increase of the river flow.
During and close slack tides time instant, as well as during neap
tides, the available power presents low values associated with low
current velocity conditions for both scenarios. Notice that
maximum values were obtained during mid-flood time instants,
however, and that, contrary to what was expected, the available
power is very small during mid-ebb time instants. This can be
explained by the fact station P0 is located close to the north-
western berm of the detached breakwater, which partially masks
the tide effects during ebb conditions. Available power and
maximum available energy resource were also calculated at station
P1, located at the estuarine mouth as well (cf. Fig. 2), and with some
potential for energy extraction (Figs. 5 and 6). This point is located
at the northern side of the navigation canal close to the northern
breakwater of the estuary inlet. Results (cf. Fig. 7c) revealed that for
scenario S4 the effect of the river flow increases the current velocity



Fig. 5. Power density, pKE , maps extracted at the (a) mid-ebb of the highest spring tide for scenario S1, and (b) mid-flood of the highest spring tide for scenario S5. The maps are
masked with the navigation canal.
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Fig. 6. Parametric maximum power, PKM , maps extracted at the (a) mid-ebb of the highest spring tide for scenario S1, and (b) mid-flood of the highest spring tide for scenario S5.
The maps are masked with the navigation canal.
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Table 3
Instantaneous maximum power, PKM , at mid-flood and mid-ebb of the spring-tide
(ST) with and without cut-in velocity.

PKM (kW)

S1-p95 S2-p90 S3-p80 S4-p50 S5-p30

P0 Mid-flood No cut-in 0.02 0.01 1.45 10.35 17.75
Cut-in 0.00 0.00 0.00 10.35 17.75

Mid-ebb No cut-in 5.89 3.19 1.36 0.77 0.59
Cut-in 5.89 0.00 0.00 0.00 0.00

P1 Mid-flood No cut-in 0.41 0.00 1.29 8.49 13.16
Cut-in 0.00 0.00 0.00 8.49 13.16

Mid-ebb No cut-in 27.70 20.40 13.46 7.33 4.87
Cut-in 27.70 20.40 13.46 7.33 4.87

P2 Mid-flood No cut-in 2.19 0.16 0.05 0.61 1.19
Cut-in 0.00 0.00 0.00 0.00 0.00

Mid-ebb No cut-in 24.90 17.19 10.34 4.81 2.77
Cut-in 0.00 0.00 0.00 0.00 0.00

P3 Mid-flood No cut-in 12.56 1.58 0.06 2.20 4.86
Cut-in 0.00 0.00 0.00 0.00 0.00

Mid-ebb No cut-in 78.10 54.18 32.61 14.55 7.91
Cut-in 78.10 54.18 0.00 0.00 0.00

P4 Mid-flood No cut-in 6.68 0.85 0.00 0.79 2.10
Cut-in 0.00 0.00 0.00 0.00 0.00

Mid-ebb No cut-in 42.38 27.70 15.15 5.94 2.89
Cut-in 0.00 0.00 0.00 0.00 0.00

P5 Mid-flood No cut-in 3.02 0.57 0.00 0.04 0.21
Cut-in 0.00 0.00 0.00 0.00 0.00

Mid-ebb No cut-in 7.02 4.64 2.47 0.81 0.31
Cut-in 0.00 0.00 0.00 0.00 0.00

P6 Mid-flood No cut-in 25.26 10.86 0.98 0.01 0.74
Cut-in 25.26 0.00 0.00 0.00 0.00

Mid-ebb No cut-in 28.33 16.82 7.56 1.57 0.30
Cut-in 28.33 16.82 0.00 0.00 0.00

P7 Mid-flood No cut-in 15.62 8.34 1.91 0.02 0.03
Cut-in 15.62 8.34 0.00 0.00 0.00

Mid-ebb No cut-in 12.95 7.50 2.98 0.36 0.01
Cut-in 12.95 7.50 0.00 0.00 0.00

P8 Mid-flood No cut-in 60.57 50.08 26.68 0.61 0.00
Cut-in 60.57 50.08 26.68 0.00 0.00

Mid-ebb No cut-in 24.04 18.13 7.98 0.52 0.00
Cut-in 24.04 18.13 0.00 0.00 0.00
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during ebb tide, and, contrary to scenario S5 which achieves the
highest available power duringmid-flood conditions, in scenario S4
the highest available power is achieved during mid-ebb conditions.
4.2. Hydrodynamic patterns influence on energy production

The previous section demonstrates the importance of properly
selecting the estuarine locations for hydrokinetic energy extraction,
based on the estuarine hydrodynamic configuration. However, it
must be kept in mind that the maximum current velocity values do
not necessarily occur during mid-flood and mid-ebb time instants.
When the dam is discharging fresh water into the estuary, one
expects the maximum current velocity to occur during ebb condi-
tions, when tide and river align their flow directions. However, this
effect depends directly on the river flow strength, on the tides and
on the relation between these two drivers, and thus the hydrody-
namic patterns of the estuary region under study should be care-
fully identified. To achieve this objective, an analysis considering
the entire tidal cycle was applied to stations P1 to P8, covering the
full extension of the estuary.

Water elevations recorded for stations P1 to P8 show a small
delay in the propagation of the tide along the estuary for all of the
simulated scenarios (cf. Fig. 8 and Table 4). For a null river discharge
(scenario S5), the high tide lag is about 10 min and the tides suffer a
slight amplification between 1% and 4%, in agreement with the
results of Pinto and da Silva [31]. However, during the low tide of a
spring tide, a higher delay of about 110 min was found. This delay,
10
associated with an asymmetry of the tidal curve, could be produced
by bathymetric constraints and also by the non-linearity caused by
energy dissipation associated with friction [24]. This asymmetry,
although registered for all simulated scenarios/river discharges (cf.
Fig. 8), induces a larger tidal lag in low tide conditions (cf. Table 4)
and is more noticeable for stronger river discharges.

The river flow rates imposed in scenarios S1, S2, S3 and S4 are
not strong enough to prevent the tide from entering the estuarine
region, and the tidal pattern is visible in the recorded water
elevation in all stations (cf. Fig. 8). However, these river flow rates
are strong enough to produce a decrease in the tidal amplitude
within the estuarine region, most noticeable in the upriver stations
(P7 and P8).

When the current velocity patterns were analysed, in the
absence of river flow (scenario S5, Fig. 9e), higher velocities were
observed at the most downstream station (P1), decreasing upriver.
The highest current velocity for this scenario was 1.11 m/s, with
maxima obtained at mid-flood and secondary maxima at mid-ebb.
When the river flow is considered, themaximumvalues obtained at
mid-flood diminished because the river flow partially blocks the
entrance of the tide. Then the maximum current velocities are
obtained at mid-ebb when the effect of the river flow increases the
current velocity (cf. Fig. 9aed). The maximum velocity value,
1.49 m/s, was recorded for scenario S1 at station P1, close to the
estuarine mouth. However, for the same scenario, large velocities
were also obtained for station P8 (1.32 m/s), due to the strong river
discharge. When the river flow is strong enough to increase the
velocity at P8 (scenarios S1, S2, and S3, see Fig. 9aec), the current
velocity at this station only displays a small variation associated
with the tide.

4.3. Energy production

The analysis of water elevation and current velocity patterns
demonstrated a strong variability in the hydrodynamic behaviour
of the Douro estuarine region that could affect the hydrokinetic
energy production and thus the available energy resource. This
available energy resource is dependent on the local depth, which
will define the optimal turbine swept area for each specific location,
and also the cut-in and cut-off velocities, which will constrain the
operation of the installed device.

When the available energy resource is calculated for a full neap-
spring tidal cycle (cf. Table 5), stations P2, P4 and P5, which dis-
played some potential for hydrokinetic energy extraction, revealed
to have a very low to zero available energy resource. Besides that,
stations P3, P6, P7 and P8, were only relevant for scenarios S1 and
S2, with station P8 also presenting some potential for scenario S3.
On the other hand, at station P1, the hydrokinetic energy could be
successfully extracted during all of the performed scenarios,
though with lower values. The annual available energy production
at each station (see Table 6) can be estimated by taking into
consideration the frequency of occurrence associated with each
scenario (cf. Table 1). Thus:

EKM yearji ¼
N
T

X5
j¼1

fj EKMji;j (12)

where i stands for the station index, N is the number of days in one
year, T is the neap-spring tide time length, fj is the frequency of
occurrence associated with scenario Sj, and EKMji;j is the available
energy resource during the neap-spring tidal cycle for scenario Sj at
station Pi.

The results presented in Table 6 show that the location with the
highest potential for energy extraction is at station P8, with an



Fig. 7. Time evolution of the available power, PKM . (a) at P8 for scenarios S1, S2 and S3, (b) at P0 for scenarios S4 and S5, (c) at P1 for scenarios S4 and S5. No cut-in velocity was
considered.
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estimated maximum annual available energy production of about
68 MW h. Nevertheless, it should be noticed that for this estima-
tion, the entire depth was considered, and ideally, equipment
should not exceed 85% of the depth at a particular location.
Considering a turbine with Cp ¼ 0:40 and a diameter D ¼ 0:85 h,
the annual available energy production for each selected station is
presented in Table 7.

It should also be noticed that not all mechanic energy can be
converted into electrical energy. This conversion depends on the
efficiency of the transmission between the turbine and the gener-
ator and on the efficiency of the generator. Considering a global
efficiency of 0.7 [49], the expected value for the produced energy is
presented in Table 8. Knowing that the mean annual energy con-
sumption per capita in Portugal in 2017 was 1200 kW h [36], this
energy resource can complement but never fully replace other
energy sources.

For those estuarine locations more influenced by the tide, as
station P1, the annual available energy resource (3.4 MW h) can be
compared with previous studies where the tide is the dominant
factor for hydrokinetic exploitation. Alvarez et al. [17] obtained
available energy resource values of 2.4 MW h at the Ria of Ribadeo
(Galicia, Spain), and Pacheco et al. [26] and Fouz et al. [23] esti-
mated an annual available energy resource of 5.7 MW h in the Faro
channel (Ria Formosa, Portugal) and 2.26 MW h at the Minho es-
tuary. Carballo et al. [14] obtained a maximum pKE of 5 kW/m2

associatedwith the tidal stream energy resource in the inner part of
the Ria of Muros y Noya (Galicia, Spain) and Ramos and Iglesias [50]
forecasted annual Ee values of 30.6 MW h for the Ria de Arosa
(Galicia, Spain).

Tidal currents can be extremely efficient in certain locations,
11
even if no river flow is present. In this sense, the Galician and
Portuguese Rias seem to be excellent locations for hydrokinetic
energy resources exploitation because the tidal resource is ampli-
fied due to the geometry of the Rias. This is not the case of the
Douro river estuary. In this estuarine region, high flow scenarios are
the ones that produce more hydrokinetic energy, whereas tides are
not strong enough to be considered for energy extraction. A turbine
farm could be considered to increase the installed power and en-
ergy production, but too many turbines can choke the flow and
reduce the available power [16]. Besides, and despite the compar-
atively low impact of this renewal energy production on ecosys-
tems when compared to other energy sources, the installation of a
hydrokinetic farm in the Douro estuary must be carefully analysed
in terms of possible impacts on fauna and flora, as well as on
navigation and human safety.
5. Conclusions

In estuarine regions, hydrokinetic energy can be obtained from a
mixture of several forcings, being the most important the currents
produced by tides and river flows. In order to define the areas with
the greatest potential for the emplacement of new hydrokinetic
energy farms, numerical models are required to properly analyse
the combined influence of these drivers, simulating the hydrody-
namic patterns, and quantifying the local kinetic power.

In this study, a shallow-water numerical model of estuarine
hydrodynamics for the Douro estuary, previously calibrated and
validated [35], was applied to examine the potential for exploita-
tion of the estuarine hydrokinetic resource. Several scenarios were
considered to represent the combined effects of the tides and river



Fig. 8. Time series for the water elevation at stations P1eP8 for scenarios: (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.

Table 4
Tide surface elevation lag between stations P1 and P8.

Scenario Lag (min)

Spring tide Neap tide

High tide Low tide High tide Low tide

S1 40 110 70 90
S2 30 100 60 80
S3 30 110 40 70
S4 0 80 20 50
S5 10 60 10 10
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flow on hydrokinetic energy production.
This work demonstrates the importance of adequately selecting

the estuarine locations for hydrokinetic energy extraction, based on
the estuarine hydrodynamic configuration, as well as the utility of
using parametric magnitudes not dependent on the characteristics
of a specific equipment.

For the Douro estuary, the analysis of thewater surface elevation
and of the current velocity fields demonstrated a strong variability
in the hydrodynamic behaviour that could affect the hydrokinetic
energy production. The most promising region to install a hydro-
kinetic turbine is the upper part of the estuary, near the Crestuma-
Lever dam, where the highest current velocities and the highest
12
available kinetic power were found. At this location, the maximum
current velocity is achieved for mid-ebb tide conditions and strong
river flows (�1500 m3/s). Since even the largest river discharge
imposed as a boundary condition was not strong enough to block
the entrance of the tide into the estuarine region, it can be
concluded that both drivers act together, always reinforcing the
hydrokinetic energy production, during ebb tide. However, it is also
shown that the tides in this estuary are not strong enough to induce
a large hydrokinetic power on their own, and thus the main forcing
for hydrokinetic energy production in this estuary is the river
discharge.

In summary, the results obtained revealed that the Douro es-
tuary presents some potential for the exploitation of hydrokinetic
energy resources due to the currents produced by the river flow.
However, the harvested energy will never be able to completely
replace other energy resources. Future studies for this estuarine
region must include more detailed numerical modelling experi-
ments to assess the effect of hydrokinetic energy turbine or a tur-
bine farm on the river flow, namely on the velocity fields and
sedimentation processes, which may have some effects on the
environment and on human activities (navigation, fishing, tourism,
etc.). The security aspects of a turbine placement should also be
carefully addressed. Since hydrokinetic turbines are still being
further developed and their capacity is improving, a large array of
devices and systems shall be considered to find the most adequate



Fig. 9. Evolution of the current velocity at stations P1eP8 for scenarios: (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.

Table 5
Maximum available energy resource, EKM , produced during a neap-spring tide cycle (15.4 days) for scenarios S1eS5 at stations P1eP8 considering a cut-in velocity Ui ¼ 0:7m/s.

EKM P1 P2 P3 P4 P5 P6 P7 P8

(kW$h) (kW$h) (kW$h) (kW$h) (kW$h) (kW$h) (kW$h) (kW$h)

S1-p95 3596 0 7756 0 36 8901 5016 15 173
S2-p90 2054 0 1464 0 0 3240 1861 11 031
S3-p80 883 0 0 0 0 0 0 4888
S4-p50 421 0 0 0 0 0 0 0
S5-p30 524 0 0 0 0 0 0 0

Table 6
Total available energy, EKM year , during a year at stations P1eP8 considering a cut-in
velocity Ui ¼ 0:7 m/s.

EKM year P1 P2 P3 P4 P5 P6 P7 P8

(kW h) 21 159 0 15 987 0 62 21 051 11 924 68 028

Table 7
Total available energy, EKM year , during a year at stations P1eP8 considering a cut-in
velocity Ui ¼ 0:7 m/s, a power coefficient Cp ¼ 0:4, and a circular turbine with D ¼
0:85 h.

EKM year P1 P2 P3 P4 P5 P6 P7 P8

(kW$h) 4803 0 3629 0 14 4778 2707 15 441

Table 8
Total available energy, EKM year , during a year at stations P1eP8 considering a cut-in
velocity Ui ¼ 0:7 m/s, a power coefficient Cp ¼ 0:4, a circular turbine with
D ¼ 0:85 h and an efficiency of 0.7.

EKM year P1 P2 P3 P4 P5 P6 P7 P8

(kW$h) 3362 0 2540 0 10 3345 1895 10 809
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technology, in terms of configuration, size and energy production,
for this estuarine region. The difference between the hydrokinetic
power in nature and the total power that a device can harvest is
large enough to expect that improved systems and optimum
configuration could have the potential to help cover the increasing
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energy needs of this region using renewable clean-energy sources.
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Notation

A Swept area of the turbine
Cf Dimensionless bottom friction coefficient
Cp Power coefficient
D Diameter of the turbine
d Depth below the MSL
Ee Available energy resource
EKM Maximum available energy resource
EKMji;j Available energy resource for scenario Sj at station Pi
f Coriolis parameter
fj Frequency of occurrence associated with scenario Sj
g Acceleration due to gravity
H Total water depth
h Depth referred to the HZ
Ks Strickler friction coefficient
N Number of days in one year
p Local pressure
pE Effective power density
pKE Power density
PKM Maximum available power
T Time interval
U Flow velocity
Ui Cut-in velocity
Uo Cut-off velocity
u Vertically averaged velocity component in the x

direction
14
v Vertically averaged velocity component in the y
direction

a Energy coefficient
h Free surface elevation above the MSL
ht�g Transmissionegenerator efficiency
r Water density
r0 Anomaly density
r0 Reference density
nT Eddy viscosity
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