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Abstract: The worldwide river and tidal hydrokinetic power potential is considerable. Harnessing
such potential could allow the generation of a significant amount of sustainable electricity for local
uses. To the present, most studies on hydrokinetic power have focused on large-scale commercial tech-
nology development, large tidal farms planning, and high-intensity resources assessment. Reduced
attention was oriented towards investigating possibilities for small to medium-size hydrokinetic
plants. However, given the characteristics of rivers and estuaries, in most cases, relevant hydroki-
netic power exploitation possibilities exist regardless of the dimensions of the region considered.
The planning of small to medium-size hydrokinetic plants for various aspects differs from larger
developments. In the present work, a method for assessing the hydrokinetic resource is proposed and
applied to the case study of the Douro waterway, which is characterized by moderate flow speeds and
limited water depths. A high-resolution shallow-water numerical model is set up using ocean and
river inflow boundary conditions. The flow velocities are estimated for the neap-spring period for
different freshwater discharges. The spots presenting the highest annual hydrokinetic power average
were identified, maximum flow speeds of about 1 m/s were found, and an annual mean power of
0.4 kW/m2 was estimated, indicating that prospects for hydrokinetic energy harvesting exist.

Keywords: tidal power; high-resolution numerical model; sites selection method; in-stream energy;
Douro River tidal resource

1. Introduction

Estuaries, fiords, and other similar coastal areas often have a considerable hydrokinetic
energy potential, which can be harnessed for feeding the increasing energy demand of
coastal communities. At these locations, the flow of water can mainly be driven by the
tide phenomenon and, therefore, the water velocity pattern is highly cyclical and pre-
dictable, making the hydrokinetic resource a valuable source of energy [1]. Previous work
mainly focused on the assessment of tidal power resources in large domains or straits
(for example [2,3]). In contrast, for various aspects, the analysis of the hydrokinetic energy
potential in smaller waterways may be different. For instance, at these locations, we have
significant freshwater discharges, limited water depths, and complex morphology. Given
these characteristics, an ad-hoc methodology is required to include these in the analysis to
accurately assess the annual hydrokinetic energy potential.

Despite the high cost of existing in-stream tidal power, as well as in the case of other
marine renewable energy technologies, several governmental supporting mechanisms and
new marine planning policies are progressively becoming available, which aid the devel-
opment of marine renewable energy plants [4]. Therefore, from one side, first prospects
for commercial plants development exist, on the other side, new approaches and technical
assessments are required to realistically evaluate the viability of new potential hydrokinetic
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plants case by case. In this context, a holistic methodology is needed for evaluating the
energy resource, and for systematically considering the major constraints for selecting the
most suitable spots within a study region.

A considerable number of known locations having low to high hydrokinetic power
potential are in Europe. Medium to high potential locations for tidal power plants devel-
opment are situated in the United Kingdom [5], France [3], at the Strait of Gibraltar [6],
and the Strait of Messina [7,8]. Furthermore, it is expected that several more hotspots
having lower and unknown potential exist throughout the continent. As illustrated in
Figure 1—which is adapted and extended based on information from [9]—for lower and
unknown hydrokinetic potential sites, limited information exists. Therefore, there is a
need for accurate investigation of the hydrokinetic resource for discovering new power
production opportunities at the mentioned places. As initially mentioned, for assessing
the hydrokinetic annual energy resource accurately, not only the tidal phenomenon needs
to be considered, but also a series of key factors, for instance the freshwater flow or local
effects, need to be incorporated within a numerical study, which can be used to assess
the resource. Due to the complexity in setting up numerical models and the difficulties
in data acquisition for each of the potential regions, it would be rather difficult to have
a precise quantification of the available resource considering large geographical regions.
Additionally, the variability of the hydrokinetic flow must somehow be assessed for well
predicting the net annual harvestable hydrokinetic power [10]. Each area needs to be
studied individually and a robust methodology for facilitating the analysis is required. By
applying existing standards, a good tidal characterization can be obtained, although, for
regions where other effects apart from the tidal flow exist, all stages of procedures should be
applied for obtaining consistent results [11,12]. In the case of small to medium-size projects,
such an option might not be suitable for a preliminary investigation of the exploitable
energy resource.
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Apart from the hydrokinetic energy resource available, it is crucial to investigate
several further aspects that may limit the usage of the area of interest [13]. For example,
some major constraints can be: (i) installation depth range [14]; (ii) navigational channels
and navigational routes [15]; (iii) natural reserve limitations [16]; and (iv) large distance
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to the grid connection or energy consumers [17]. While most of the available literature
focused on studying the resources in macro-areas, limited studies focused on analysing the
hydrokinetic resource in small regions, while taking into account decision-making factors.

Given the aforementioned arguments, the present paper proposes a methodology for
analysing the tidal and fluvial hydrokinetic resources for power production in combined
estuarine and river regions. Such methodology, compared to typical ones, is tailored for the
assessment of limited size waterways having considerable freshwater discharges, shallow
waters, and complex morphology. The main objectives of the present work are: (i) to
define a methodology for conducting an accurate evaluation of the tidal and river in-stream
energy resources in shared estuarine-river areas; (ii) the assessment of the tidal stream
and river in-stream energy resources considering the general resource distribution and a
high-resolution analysis; (iii) to identify the areas with the highest interest for hydrokinetic
energy exploitation and their available resource. Therefore, initially, a methodology is
defined (Section 2.1) and then demonstrated for the case study of the Douro waterway
(Section 2.2) located in the north of Portugal. Successively, the numerical model developed
is explained (Section 2.3), the case study implementation is validated (Section 2.4) and
analysis scenarios are described (Section 2.5). Later, the results related to the current speed
and kinetic power per cross-sectional area are illustrated (Section 3.1). Successively, the
most suitable sites for in-stream turbine deployment are proposed (Sections 3.2 and 3.3)
and, finally, concluding remarks are provided (Section 4).

2. Materials and Methods
2.1. Methodology

Tidal and river in-stream energy is typical of coastal regions, where relevant tidal
height variations combine with the morphological conditions to produce reasonably fast
currents. Consequently, the kinetic energy stored in the water flow can be used for electricity
generation, utilizing in-stream Tidal Energy Devices (TEDs), which are installed at the
location. In comparison with other forms of renewable energy, the main advantages of tidal
and river in-stream energy are: (i) renewable nature and high predictability of the resource;
(ii) high load factors associated with tidal currents; and (iii) non-existence of extreme flows
that could endanger the long-term survivability of submerged TEDs (i.e., tidal streams
velocities rarely exceed 6 m/s).

The kinetic energy of the water flow across a vertical cross-section of a body of water
(perpendicularly to the flow direction) per unit time, or in other terms, the power available
from the kinetic energy (PKE) of the water flowing through the section, is given by:

PKE =
1
2

αρV3 A (1)

where ρ is the water density, V is the magnitude of the water current speed (averaged over
the cross-section), A is the surface area of the cross-section (area of action of the rotor), and
α is the energy coefficient, defined as:

α =
1

V3 A

∫
A

v3dA (2)

where v is the magnitude of the current at a generic point of the cross-section. The energy
coefficient considers the velocity variations over the water column, being usually set
as α ≈ 1.

For assessing the hydrokinetic power potential of a region of interest, the procedure
indicated in Figure 2 (first phase) can be applied. The major steps of the method are:
(i) collection of relevant information, (ii) numerical modelling, (iii) numerical validation,
and (iv) case study resource assessment. Successively, a second phase can be implemented
that focuses on technology selection and detailed economic assessments. For conciseness,
the present paper covers only the first phase.
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Figure 2. Hydrokinetic power assessment procedure.

A first step towards the goal of investigating the tidal and river in-stream resource
is to characterize the water flow throughout the investigated location. For such a scope,
two different approaches can be followed: (i) extensive current measurement campaigns
and (ii) numerical modelling techniques. The first one consists of gathering velocity
measurements at a number of locations during a period long enough to characterize the
hydrokinetic energy and its variability induced by the tide (e.g., the spring-neap tidal
cycle) and river discharges. The second option involves the implementation of numerical
models to simulate the complex hydrodynamics of the estuary. In this case, the numerical
models must be calibrated and validated against field measurements so that, after the
validation, they can predict the hydrodynamics of the estuary in both space and time with
accuracy [18].

In more detail, a high-resolution shallow-water numerical model (e.g., Delft3D-FLOW
or MIKE HYDRO river) that simulates the hydrodynamics of the estuary needs to be
implemented and validated. Then, to analyse the distribution of the hydrokinetic energy
resource, different types of scenarios can be analysed. In this context, there are specific
aspects that must be considered for an accurate analysis. In the case of the tidal stream
energy resource, a complete mean spring-neap tidal cycle (≈14.75 days) [19] is usually
regarded as the period of interest as it shows the most important variability of the tidal
currents [20]. However, in the case of the river in-stream resource, an intra-annual analysis
of fluvial-induced currents is also mandatory [21]. Given the freshwater discharge regime
in the Douro Estuary, the spatial and temporal distribution of the available energy resource
can be significantly varying from one time of year to another. Therefore, the intra-annual
variability on the river in-stream resource must be analysed by means of a full description
of the hydrological regime of the Douro Estuary based on specific periods showing its
intra-annual variability. Under this consideration, a preliminary analysis is developed
through four characteristic case studies which correspond to a baseline scenario covering
a complete mean spring-neap tidal cycle, during which the different seasonal riverine
discharges (i.e., spring, summer, autumn, and winter) are considered. The information
obtained through these case studies will bring insight into the general patterns of the
magnitude and distribution of the hydrokinetic energy resource, along with the influence of
the river discharges on the total available resource. Once the general characteristics of the
hydrokinetic energy resource are determined, the numerical model is run for a complete
year considering mean monthly river discharges in order to compute accurately the total
resource available along with other parameters of interest [15].
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Finally, the so-called Tidal Stream Exploitability (TSE) index [14], adapted to the
characteristics of the estuary, can be applied. Such an index includes a penalty function
and parameters related to the flow velocity and water depth. Based on the TSE value, the
areas of interest for hydrokinetic energy exploitation are selected and retained for further
analysis through high-resolution techniques. To study the general resource distribution, in
the first place, an intra-annual analysis should be conducted. Various scenarios, showing
the intra-annual variability of riverine discharges under the tidal action, should be analysed
to determine the variability that they impose on the total hydrokinetic resource. This
information can be obtained by superimposing a complete mean spring-neap tidal cycle
(as a representative period of the fortnightly inequality of the tide) and the mean seasonal
discharges. In order to have a full description of the combined effects of both components
of the hydrokinetic resource (i.e., tides and fluvial discharges) and to obtain accurate mean
annual figures, an annual scenario is also simulated for a long period. To select the areas of
highest interest for energy exploitation, the TSE index adapted to the characteristics of the
estuary is then computed as described in [14]:

TSE =
ξ

2V3
0 h0

(
V3

f + V3
e

)
hm (3)

where ξ is the penalty function, V0 and h0 are the characteristic velocity and water depth,
Vf and Ve represent the depth-mean velocities at mid-flood and mid-ebb, and hm is the
mean water depth.

In consequence, the delimitation of the areas suitable for hydrokinetic energy exploita-
tion is carried out using the TSE index. Typical values of TSE indicating good tidal resources
are in the range 1 to 5 or above [14]. Within these areas, the most adequate locations are
selected for further analysis, and the available resource is analyzed in detail by considering
a complete-neap tidal cycle under mean river discharges.

2.2. Case Study Region Characteristics

To have a holistic understanding of the case study, it is important to outline the region
of interest also taking into consideration diverse features, such as physical, operational, and
climatic characteristics. For instance, the Douro River flows from its source in the peaks of
the Urbión mountain, in the Spanish province of Sória, at 2160 m of altitude, to the Atlantic
Ocean in Porto. It crosses the North of Portugal in Barca de Alva, stretching around 900 km
from its source to its mouth (Foz do Douro) located between the cities of Porto and Vila
Nova de Gaia (Figure 3).
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The River Douro is the second largest river in Portugal, spanning a total length of
208 km in Portugal and presenting a basin of 18,643 km2 with a vertical gap of 125 m, which
comprehends 5 navigation locks (from 13 to 35 m in height). The Port Authority of Douro,
Leixões and Viana do Castelo (APDL, SA) manages the inland waterway of the Douro River
(in Portugal). The waterway is open, all along its Portuguese extension, to recreational
boats (except sailboats with over 7.20 m of mast). In this context, the River Douro waterway
is an important touristic route in Portugal, having received over 1.2 million passengers
from cruise ships and recreational vessels in 2018. In 2018, cargo traffic reached 33,829 tons,
an increase of 7% from 2016. Based on annual figures of energy consumption alongside
Douro’s waterway (approx. 1 GWh/year and the consequent CO2 emissions of ca. 233 tons),
APDL has the opportunity to reduce its carbon footprint and improve its renewable energy
capacity by exploiting the resource associated with the streams caused by the combination
of the tides and river runoffs.

The hydrodynamic behaviour of the estuary is governed by the complex and non-
linear combination of different coastal processes (forcing factors), such as tides, waves, river
runoffs, wind, salinity, and temperature gradients. On the one hand, the river mouth area
presents highly energetic wave and tidal regimes. The wave regime presents an NW-W
predominant direction, inducing a drift current in the N-S direction that is reversed at
the estuary mouth. This situation is responsible for the presence of a sand spit, which is
associated to seasonal dynamics [22]. The tidal regime presents a semi-diurnal behaviour
with a period of 12.4 h. Additionally, the tidal range varies from 2 to 4 m. Spring tides
produce elevations of 2.8 m (in relation to the Mean Sea Level, MSL) at the mouth and
2.6 m (MSL) at the head of the estuary, with a 1 h lag between them. In consequence,
significant tidal prisms are present in the area, ranging from 10 × 106 m3 to 25 × 106 m3

for neap and spring tides, respectively [22]. On the other hand, freshwater runoffs are
governed by the Crestuma-Lever dam, which is located about 18 km upstream from the
river mouth. Precisely, mostly in the upper section of the estuary, the hydrodynamics
are mainly ruled by the freshwater discharges of the dam. In some cases, flow rates
exceed 13,000 m3/s. Furthermore, freshwater runoffs present a considerable inter-annual
variability [23], associated with the dry and rainy years. In consequence, rainy years may
result in torrential regimes, resulting in strong flow currents and flooding events. Therefore,
for strong flow rates (exceeding 800 m3/s), the riverine water is flushed to the sea and
seawater intrusion is prevented during flooding. For low river discharges (e.g., <300 m3/s),
the ocean water enters the estuarine region with a salt wedge configuration. As a result,
the freshwater residence time varies from 8 h to more than 2 weeks depending on the river
flow [22].

Concerning the bathymetric characteristics, the area of study presents an irregular
bathymetry with water depths up to 28 m, however, water depths are generally in the
range of 0 and 10 m (Figure 4).

2.3. Numerical Modelling Implementation

As it has been previously defined, the first step towards the assessment of the hy-
drokinetic in-stream energy resource is a full description of the hydrodynamics of the area
of interest. With this aim, for demonstration, a Delft3D-FLOW high-resolution shallow-
water numerical model was defined and subsequently validated within the Douro Estuary.
This numerical model can be implemented either as a 3D model or in its 2DH form (ver-
tically averaged), being the last option selected for this work, as in the case of several
other hydrokinetic resource assessments [18,20,21,24]. A number of implementations of
Delft3D-FLOW were conducted to determine: (i) the general resource distribution and
(ii) a high-resolution analysis of the areas of interest. Delft3D-FLOW is a finite difference
code that solves the Navier-Stokes equations (under the shallow-water and Boussinesq
assumptions) along with the transport equation, thereby allowing the computation of both
the barotropic and baroclinic circulation [25]. The computation of baroclinic circulation,
which considers the flow driven by horizontal density gradients, can be of paramount
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importance in the case of semi-enclosed water bodies (e.g., estuarine areas), where riverine
and ocean water mix occurs. The model equations in their 2DH form are:
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Equation (4) expresses the conservation of mass under the assumption of incompress-
ibility (Boussinesq assumption); Equation (5) represents the conservation of the momentum
along x- and y- directions; and finally, Equation (6) is the transport equation, which is solved
for both temperature and salinity. In these equations, d and ζ stand for the water depth
and water level (both relative to a reference plane); U and V are the vertically integrated
eastward and northward components of the velocity; ρ′ and ρ0 express the anomaly density
and reference density of the seawater; f is the Coriolis parameter; Q stands for the intensity
of mass sources; υh expresses the horizontal eddy viscosity; τbx and τby are the shear stress
components at the sea bottom; τsx and τsy are the wind stress components acting on the
sea surface; c stands for the temperature or salinity constituents; Dh is the horizontal eddy
diffusivity; R is for the source term per unit area; and finally, λd represents the decay
processes of the first-order.

Regarding the spatial discretisation, the model used the so-called Arakawa-C grid, a
staggered grid by which the water levels ζ are computed at the central points of the grid
faces, whereas the flow velocity components (U and V) are defined at the central points of
the grid faces, to which they are perpendicular [26]. Moreover, the horizontal advection
terms in Equations (4) and (5) are dishwater discretised by using the Cyclic method [27].
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Finally, temporal discretisation was carried out by Delft3D-FLOW through a semi-implicit
ADI (Alternating Direction Implicit) algorithm with two-time levels per iteration [28].

Several forcing factors should be used as input to the numerical model. On the
one hand, for the water level variation along the ocean boundary, a Dirichlet boundary
condition was imposed (i.e., the sea level was prescribed as a function of time). By such
approach, the major tidal harmonics (A0, M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4,
MS4, and MN4) obtained from the database TPXO 7.2—a global model of ocean tides
that solves the Laplace equations using data from tide gauges and the TOPEX/Poseidon
Satellite [29,30]—were used. A full list of the adopted harmonics for the study region is
provided in Appendix A. The number of harmonic constituents chosen ensured that more
than 99% of the tide amplitude was accounted for. A spatially varying method was used,
in which the tidal harmonics were extracted for each open boundary of the model. In
the case of estuarine areas, a part of the tidal force’s other driving agents are responsible
for inducing hydrokinetic currents and they must be accurately analysed [21]: (i) fluvial
discharges and (ii) thermohaline conditions. Data of freshwater discharges was obtained
from the flow rates measured at the Crestuma-Lever dam, which consisted of hourly flow
rates from the year 1990 to 2018. Later, Table 2 presents the main statistical characteristics
of the flow data, summarising the mean seasonal figures of fluvial discharges (in terms of
flow rate and water temperature) for the area of study. For the thermohaline conditions, a
constant salinity and temperature distribution was prescribed along the ocean boundaries.
According to previous studies on the region [31,32], salinity was set to 35.8 ppt, whereas
temperature was set to 18 ◦C. Finally, additional forcing factors were also considered during
the implementation of the model: (i) the Coriolis factor, with a value of 9.56 × 10−4 s−1,
was adopted by using the mean latitude value of 41.10◦ N of the study area; and (ii) for the
bottom roughness, the Manning formulation was adopted by using a Manning roughness
coefficient (n) of 0.039 sm0.33.

For the case study region, the numerical model grid covered the stretch of the estuary
from the Crestuma-Lever barrage to Foz do Douro (estuary mouth) and extended towards
the adjacent continental shelf roughly up to the 40 m isobath, enough to ensure that possible
numerical disturbances at the boundaries did not affect the model results in the area of
interest. The developed grid was composed of varying-size cells, with the grid size set as
follows: in the inner and middle estuary, a grid resolution of 50× 50 m was adopted, which
linearly decreased from the outer estuary up to 200× 50 m at the ocean boundary of the grid.
The model was run with a time step of 30 s, which according to the Courant–Friedrichs–
Levy criterion (the so-called CFL condition), was sufficient to ensure numerical stability
considering the resolution adopted for the finite-difference mesh [20]. The bathymetric
data was obtained from the Bathymetric model of Douro, IH Portugal. In addition, the
bathymetry of the Port of Leixões was supplemented by the detailed bathymetric dataset
provided by the port authority–APDL. Finally, both datasets were interpolated onto the
computational domain of the model with the aid of the Delft3D-QUICKIN toolbox.

The initial conditions for the hydrodynamic numerical model were based on the
so-called cold start, i.e., zero free surface elevation and water velocity throughout the
computational domain [33]. Regarding the transport model, the initial thermohaline
conditions (i.e., salinity and temperature) were prescribed at the oceanic open boundaries
by means of field measurements. Moreover, in order to ensure that the cold start could not
affect the numerical results, the model was run through a spin-up period [34,35] of 15 days
(model time) before the period of interest of the numerical simulations during which the
results were analysed.

For the boundary conditions, a Dirichlet boundary condition was imposed along the
oceanic boundaries by means of the main tidal constituents of the astronomical tide and the
thermohaline conditions. Since the length of these boundaries is two orders of magnitude
smaller than the length of the tidal wave, the phase of the tidal constituents was assumed
to be constant along the oceanic boundary [33]. At the land-water transition, null flow
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through the boundary and the free slip condition (i.e., zero shear stress) was imposed. On
the contrary, at the sea bottom boundary, the seabed shear stress was computed from:

τbx = 1
C2

2D
ρ0gU

√
U2 + V2

τby = 1
C2

2D
ρ0gV

√
U2 + V2 (7)

where C2D represents the Chézy coefficient, highly dependent on the bottom roughness and
water depth. This dependency can be expressed by means of the Manning coefficient: n:

C2D =
6
√

d + ζ

n
(8)

In this work, given that the average water depth in Douro Estuary (≈16 m) is well
above 10 m, a constant value of 0.015 was adopted for the Manning coefficient [36].

The surface stress due to the wind action is given by:

→
τ s = ρaCD

∣∣∣∣→U10

∣∣∣∣→U10 (9)

where ρa represents the air density, U10 stands for the wind velocity vector at 10 m height
above the sea surface, and CD is the dimensionless wind drag coefficient, which is usually
modelled by the following expressions [37,38]:

CD = 1.1× 10−3 for U10< 6 ms−1

CD = (0.50 + 0.071U10)× 10−3 for U10 ≥ 6 ms−1

}
(10)

2.4. Model Validation, Calibration and Analysis

To ensure that the model accuracy is sufficient to realistically solve the hydrodynamic
conditions of the region of study, the model was validated against field data of water
level variation and flow velocities. The validation period covered from 19 September to
5 October 1994, during which a hydro-morphological campaign was carried out in the
Douro Estuary [23,39]. Tidal elevations, currents, among other variables, were sampled
at several points, which were distributed horizontally among the region and vertically at
three different depth heights. Water level variations were recorded at three stations placed
in Cais da Estiva (WL1 in Figure 5), Port of Leixões (WL2 in Figure 5), and Cantareira
(WL3 in Figure 5). Table 1 shows the exact location of each station.

Table 1. Location of the validation points (coordinate system: PT-TM06/ETRS89).

Station X-Coordinate (m) Y-Coordinate (m)

WL1 −40327.66 163549.96
WL2 −48118.66 168627.78
WL3 −44801.62 164280.92

For the calibration of the model, different values of υHback and DHback (5, 10, 25 and
20 m2/s) were used. The performance of the different calibration values can be assessed
against water level variations (WL1, WL2, and WL3). As an example, Figure 6 shows the
calibration results with their respective statistical parameters (Correlation Coefficient, R2

and Root Mean Square Error, RMSE).
As can be observed in Figure 6, the best validation results were obtained for the

values of 10 m2/s for both υHback and DHback. Therefore, those values were retained for
implementation in the model. For the same validation tests, time-series (for a period of
4 days) of the water level are illustrated in Figure 7. Major differences (up to about 0.3 m)
between measured and numerical values were observed at low and high tides at Station
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WL1. Such differences may be due to local effects at Station WL1, which are not fully
captured by the numerical model.
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2.5. Scenarios Analysed

For a preliminary analysis of the hydrokinetic energy resource distribution resulting
from the combined action of the tide and river discharges, a complete mean spring-neap
tidal cycle (≈14.75 days) should be analysed. During this period, seasonal river discharges
(Table 2) are input into the model by setting four scenarios (S1–S4) (Table 3).

Table 2. Fluvial discharges of the Douro Estuary (from Crestuma-Lever to Foz do Douro).

Season Mean Season Discharges (m3/s)

Spring 284.13
Summer 185.48
Autumn 764.3
Winter 833.1
Mean 512.26
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Table 3. Definition of scenarios.

Time Period River Discharges Objective ID

Complete mean spring-neap tidal cycle

Winter *

General resource distribution analysis

S1
Spring * S2

Summer * S3
Autumn * S4

Annual scenario Monthly mean Mean power density, energy production and
performance S5

Tidal cycle (spring tide) Mean TSE index S6
Complete mean spring-neap tidal cycle Mean High-resolution analysis S7

* Corresponding fluvial discharges are reported in Table 2.

In order to study the combined effects of both energy resources over a long time and
to determine with accuracy the total energy resource available, a complete year should be
also simulated, during which the numerical model is forced with mean river discharges
(S5). Then, the spatial distribution of the TSE index is determined by considering a tidal
cycle during spring tides under mean river discharges (S6). Finally, in the light of the
results obtained, the temporal distribution of the resource available is analysed at the
locations selected by considering a complete-neap tidal cycle under mean river discharges
(S7). Table 3 summarizes the definition of the different cases studies simulated in this work.
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3. Results and Discussion
3.1. General Resource Distribution

In this section, the general distribution of the combined tidal and river in-stream
energy resource along the Douro Estuary is analysed in detail. The results obtained from
S1 to S4 (Table 3), which show the flow velocity magnitude throughout the Douro Estuary
at mid-ebb and mid-flood of a mean spring tide, are presented in Figures 8–12.

As can be observed in Figure 8, for S1 (i.e., using winter river discharges of 833.10 m3/s
during a mean spring tide), significantly stronger currents occurred at mid-ebb. This
characteristic occurred since the driving forces of the flow (river discharges and tide) were
applied in the same direction. In this case, flow velocities that easily exceeded 1.25 m/s
at the mouth of the estuary were observed. Furthermore, in the inner part of the estuary
where the effect of the river discharge is predominant, multiple locations presented flow
velocities in the order of 1 m/s. Conversely, at mid-flood, the flow velocities at the estuary
mouth were significantly lower, since the direction of the flow driven by the tide opposed
the flow driven by the river discharges. In the inner estuary, the behaviour is similar to the
mid-ebb scenario.

Figure 9 shows the results obtained for S2 (i.e., using river discharges relative to the
spring season of 284.13 m3/s during a mean spring tide). Similar to S1, stronger currents
occurred at mid-ebb, in which values up to 1.25 m/s were observed at the mouth of
the estuary. In comparison with S1, the significantly lower river discharge resulted in
weaker currents in the inner estuary, with most of the points presenting flow velocities
well under 0.5 m/s. It is worth noting that at mid-flood flow, the effects of the lower river
discharge (in comparison with S1) resulted in velocities in the order of 0.5 m/s at the mouth
of the estuary since the opposing force caused by the river discharges was significantly
lower. Based on these results, a velocity asymmetry was apparent with significant greater
velocities during the ebb, or ebb dominance, which in part may be determined by the river
discharges. More specifically, despite the tidal range of the area (ca. 3 m), the general
circulation behaviour appeared to be dominated by the river runoffs.
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For S3 (Figure 10) and S4 (Figure 11), the flow presented a similar behaviour to S2 and
S1, respectively.

Once the seasonal hydrodynamic pattern of the estuary is analysed, the mean annual
velocity and power density in the estuary can be determined (Figures 12 and 13, respec-
tively). For this purpose, the hydrodynamics of the estuary were computed for a complete
year, in which river discharges were input into the model on a monthly basis (Figure 12).
Then, for each point, the flow velocity was averaged taking into consideration every time
step of the simulation.

Figure 12 shows the mean annual velocity in the estuary. As expected, three different
areas of interest can be highlighted. On the one hand, in the inner estuary, the flow velocities
were between 0.5 and 0.8 m/s, which were highly influenced by the river discharges. On
the other hand, at the mouth of the estuary, two areas stand out with mean flow velocities
in the order of 0.75 m/s.
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Figure 13 shows the mean annual power density of the estuary. As can be observed,
three areas, with two of them located in the inner estuary and the other one at the river
mouth, could potentially be exploited, since they present mean annual power densities that
close to 0.4 kW/m2. However, for depth-limited regions such as the Douro Estuary, the
available water depth plays a major role in the selection of potential tidal sites. To account
for these potential limitations, the spatial distribution of the TSE index was computed for
the estuary according to Equation (3). For the present study, the TSE index was computed
throughout the estuary for S6 by considering the mean annual values of fluvial discharges
(Figure 12). Furthermore, according to the characteristics of the Douro Estuary, the values
for the characteristic velocity (V0) and water depth (h0) were set to 0.5 m/s and 6 m,
respectively. These values were adopted based on figures provided by Fertahi [40] and
taking into consideration available water depths. However, it has to be pointed out that the
mentioned values may vary based on other specific TEDs considered [20]. For the scope of
this study, generic TEDs, that satisfy the adopted V0 and h0, were consequently assumed.

As can be observed in Figure 14, the TSE index limited the number of potential tidal
sites, being these are mainly limited to the inner estuary, in which the TSE index values
reached up to 2.8. In consequence, the areas with the highest potential were analysed in
detail by assessing the time-series distribution of the flow velocity and power density, using
for this purpose a complete-neap tidal cycle under mean river discharges.
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3.2. Selection of Sites

Four areas (A to D) throughout the Douro Estuary were identified as of potential
interest for tidal and river in-stream energy exploitation based on the results of the Tidal
Stream Exploitability (TSE) index [14]. Table 4 summarizes the main characteristics of the
areas identified through the site selection procedure. Indicative locations of these areas are
illustrated in Figure 15.

Table 4. Main characteristics of hydrokinetic selected sites.

Area Indicative Total
Surface (m2)

Feasible Surface
(m2)

Seabed
Classification

Mean Water
Depth (m) Maximum TSE

A 21000 7404 Gravel 7 2.2
B 8000 5163 Gravel 6.7 2.3
C 18000 2011 Gravel 8.1 2.1
D 22000 4797 Gravel 6.2 2.8
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The initial stage of the site selection only considers the energy availability along with
the water depth. Therefore, to conduct an integrated site selection, additional environmen-
tal and socioeconomic aspects should be analysed also considering the different marine uses
within the Douro Estuary. For instance, the size of the navigation channel was considered so
far in this work (Figure 16). Further details should be covered in the later SWOT analysis.
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From the superimposition of the selected areas, based on the TSE index, and the
restricted area of the navigation channel, the resulting sites of interest for the hydrokinetic
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energy exploitation, i.e., those that do not fall within the navigation channel, are presented
in Figure 16. As it can be observed, all the areas identified are partially (or almost completely,
as in the case of Area C) located within the restricted area of the navigation channel.
Thus, given the information made available, it can be established that only a limited
surface (feasible surface) would satisfy the requirements for integrated hydrokinetic energy
exploitation (Table 4), determined by the available resource and factors related to other
marine uses.

3.3. High-Resolution Analysis of Areas of Interest

The most representative locations of the previously selected areas need to be analysed
in detail. Therefore, the flow velocity at the locations corresponding with the maximum
value of the TSE index, within the areas of interest (Table 4), is analysed in terms of eastward
and northward components and flow magnitude.

Detailed results for Areas A to C are provided in Appendix B. For illustration, in
Figure 17 the time series for Area D are shown, where higher flow velocities occurred.
At this location, flow velocities reached values up to 0.92 m/s, making Area D the most
energetic one.
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As also confirmed by Figure 18—where the power density for all locations is provided—the
results confirm that Area D is the most convenient location for the exploitation of the tidal
and hydrokinetic resource. Additionally, it highlights the effects of cubic dependence of
the power density with the tidal flow, since variations of 0.2 m/s in peak flow velocities
translated into differences of almost 200 Wm2 of available power density. As indicated in
Figure 18, the mean power density for Area D was ca. 66 Wm−2 higher than in Areas A
and B and ca. 39 Wm−2 higher than in Area C.
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4. Conclusions

A method for assessing the hydrokinetic resource potential of combined estuarine
and river areas was defined and later applied to the specific Douro waterway case study
for demonstration.

Following the proposed method, a high-resolution characterization of the tidal and
river in-stream energy in the Douro, extending from Crestuma-Lever dam to Foz do Douro,
was carried out. For this purpose, different scenarios were simulated by implementing a
shallow-water numerical model, which was validated against field data available at several
locations. Once the model was validated, the general description of the magnitude and
distribution of the resource was depicted, and the influence of the river discharges on the
total available energy was determined. It is shown that, for the case study region, the
river runoffs are the main forcing factor and are responsible for a significant part of the
total hydrokinetic energy resource. In addition, the intra-annual variations in the total
available resource resulting from the variations of the river discharge throughout the year
are quite significant.

The largest current magnitudes are found in the inner estuary, Area D (X = −38,200 m,
Y = 163,600 m, PT-TM06/ETRS89), with maximum velocities during the ebb tide of ca.
1 m/s. In addition, other areas in the inner estuary with values exceeding 0.8 m/s exist.
To have an accurate estimation of the total resource available, the power density was
computed by simulating a complete year considering the intra-annual variations of the
river discharges. The areas with the largest values of the power density roughly correspond
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to the locations with peak flow velocities, with maximum figures of mean power density
attained in the surroundings of Area D ca. 0.4 kW/m2.

The selection of the best areas of interest for hydrokinetic energy exploitation was
conducted based on an adaptation of the TSE index to the characteristics of the estuary
and river under study. Again, the highest values of TSE ≈ 2.8 were found at Area D,
with considerable variations amongst the remaining areas. However, the spatial variation
of the TSE index leads to a better understanding of the distribution and availability of
the hydrokinetic energy resource and based on it, the selection of specific areas could be
conducted. More specifically, the areas with TSE index figures above specific thresholds
were delimited and characterised.

In total, four areas (A, B, C and D) were identified and analysed to determine their
suitability for hydrokinetic energy exploitation (high-resolution analysis). This analysis was
conducted at specific locations corresponding to those providing the mean and maximum
values of velocities and TSE within each specific area, over a complete mean spring-neap
tidal cycle and considering mean river discharges. It is observed that the characteristics of
the resource do not differ largely amongst all areas identified, except for Area D. It was
found that areas A, B, and C, have a reduced tidal and hydrokinetic resource since flow
velocities are limited. On the other hand, Area D presents a larger resource.

Nevertheless, a successive research phase must be carried out to confirm the technical
and economic viability for the exploitation of all identified areas. Such a phase will compre-
hend a detailed analysis where further local restrictions, such as one represented by the
navigational channel initially considered, should be furthermore analysed (e.g., constraints
due to mooring points or berths). In addition, future work should focus on the selection or
development of appropriate hydrokinetic in-stream technology for ensuring economically
viable and sustainable projects. Technologies and future plants should be investigated,
also taking into account potential environmental impacts, such as the ones on ecosystems
and estuarine life. Solutions for mitigating all environmental impacts must be investigated
and identified.

Overall, the method proposed showed to be effective for characterizing the hydroki-
netic resource of the case study region and for selecting the most suitable places for
hydrokinetic power generation. The approach was tailored for the mentioned case study
region, and it may be almost directly applied to similar geographical areas. However, for
another area of study presenting substantial diverse characteristics, it may be necessary to
adapt or extend the proposed method so that specific additional major factors are taken
into consideration. Despite this, further work should be oriented towards investigating
methods for selecting the most suitable hydrokinetic in-stream technologies and for accu-
rately assessing the economic viability of the possible development of small to medium-size
hydrokinetic plants.
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Appendix A

Table A1 provides details of the tidal harmonics used in the study (A0, M2, S2, N2, K2,
K1, O1, P1, Q1, MF, MM, M4, MS4, MN4) obtained from the TPXO 7.2 database.

Table A1. Major harmonic constituents at the open boundaries of the model.

North Boundary West Boundary South Boundary
Amplitude (m) Phase (◦) Amplitude (m) Phase (◦) Amplitude (m) Phase (◦)

A0 1.800 1.800 1.800
M2 1.067 73.48 1.066 73.51 1.065 73.08
S2 0.372 103.3 0.371 103.2 0.372 102.8
N2 0.225 55.40 0.225 55.40 0.225 55.10
K2 0.099 99.70 0.099 99.64 0.099 99.20
K1 0.073 64.76 0.073 64.71 0.073 64.26
O1 0.059 319.9 0.059 319.9 0.059 319.7
P1 0.021 56.05 0.021 56.02 0.021 55.74
Q1 0.019 265.4 0.019 265.3 0.019 265.1
MF 0.004 183.2 0.004 183.3 0.004 183.2
MM 0.002 189.8 0.003 189.8 0.002 189.8
M4 0.007 217.2 0.007 216.8 0.007 215.4

MS4 0.003 322.9 0.003 321.9 0.003 319.8
MN4 0.001 122.8 0.002 123.3 0.001 123.0

Appendix B

The results for the specific Area A are provided in Figure A1. Flow velocities range
from 0.2 to 0.78 m/s, during a complete spring-neap tidal cycle.
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Similarly, Figure A2 shows the flow velocity for a specific location of Area B, where
the TSE reaches it maximum value. In this case, tidal velocities ranged from 0.2 to 0.76 m/s
during the period of study.
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The results obtained for Area C are shown in Figure A3. In this case, tidal velocities
ranged from 0.2 to 0.83 m/s during the period of study.
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