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In a tidal stream project the selection of the most appropriate device is of major importance. The aim of
this work is to investigate the difference between two tidal farms, one with floating TSTs (Tidal Stream
Turbines), the other with bottom-fixed TSTs, in terms of annual performance and its monthly variability.
This investigation is carried out considering real operational conditions in a case study: Ria de Ortigueira
(NW Spain), a drowned river valleys which is one of the most promising sites for tidal stream energy
exploitation in the Iberian Peninsula. A 3D, high-resolution, numerical model is applied to simulate the
hydrodynamics of the ria during an entire year with either the floating or bottom-fixed TSTs, and, on
these grounds, determine the most representative performance parameters. Significant differences
emerge in the performance of both plants; these are due to a great extent to the vertical variation in the
flow velocity, which is relevant at many sites of interest for tidal stream energy exploitation such as Ria
de Ortigueira. Finally, relevant variations were identified in the intra-annual performance which must be
borne in mind in dimensioning the plant.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the late 90's social pressure emerged claiming for a new,
sustainable energy production and utilisation model [1]. This,
together with a number of policies aimed at curbing greenhouse
gas emissions and the realisation that the current energy model,
with fossil fuels at its core, is necessarily limited in time, has
resulted in companies and governments around the world being
currently working intensively on the development and efficient
utilisation of new and renewable energy sources [2].

Tidal stream energy is one of the most attractive and promising
renewable energy sources owing to its advantages relative to other
renewables: no land occupation, a high load factor (water density is
~800 times higher than air density), flow predictability and
consequently power production predictability, inexistence of
extreme flows (which might otherwise damage the conversion
devices), etc. are some of the advantages of tidal stream energy
exploitation [3e6]. However, due to the relatively recent interest in
this type of energy (in comparison with other renewables such as
wind or solar energy), only a few TECs (Tidal Energy Converters)
have achieved at this point a commercial or pre-commercial stage
þ34 982285926.
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[7,8]. The conversion principle varies between the different TECs
developed or in a development stage. Generally speaking, there
exist two types of TECs, based on either the reciprocating or
rotating principle. The latter, also known as TSTs (Tidal Stream
Turbines), is the most popular. TSTs can be: (i) floating beneath the
surface and anchored to the bottom by means of chains or cables
(floating TSTs), or (ii) rigidly attached to the bottom by means of a
structure (bottom-fixed TSTs) [9,10]. As a result of their different
configuration, despite them being installed at the same coastal site,
their performance may differ due to the varying hydrodynamic
conditions throughout the water column (each type of TST is
located at a different position within the water column). However,
the implications for the power performance of opting for either
floating or bottom-fixed devices have not been investigated as far
as the authors are aware.

The aim of this study is to examine the differences in the power
performance in real conditions of operation of two tidal stream
plants, composed by either floating or bottom-fixed TSTs, proposed
in a previous work [11], where their impacts on the estuarine hy-
drodynamics were analysed. For this purpose, a 3D high-resolution
numerical model is implemented in the Ria de Ortigueira, a
drowned river valleys which is a promising site for tidal stream
energy exploitation located in Galicia (NW Spain) (Fig. 1). On the
basis of the numerical results a detailed intra-annual power per-
formance assessment of floating and bottom-fixed tidal plants have
om tidal currents in an estuary: A comparative study of floating and
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Fig. 1. Situation of Ria de Ortigueira in the Iberian Peninsula (left-hand side plots) and detailed view of the ria (right-hand side plot).
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been conducted so as to investigate the importance of selecting the
type of TST that performs best considering the specific hydrody-
namic conditions of the area of interest.
2. Methodology

2.1. Three-dimensional hydrodynamics model

The 3D hydrodynamics model Delft3D-FLOW was used to
compute the flow conditions in Ria de Ortigueira in the presence of
a tidal stream farm. This model has beenwidely used to investigate
coastal hydrodynamics in semi-enclosed water bodies [5,12e19].
Given that the Galician Rias usually present a stratified flow pattern
(e.g. [20e22], to properly analyse the ria's hydrodynamics, and as a
result to conduct reliable energy computations, in this work a 3D
model was implemented.

Delft3D-FLOW is a finite-difference code that solves the three-
dimensional NaviereStokes equations for incompressible free sur-
face flow coupled to the transport equation [23]. In this manner
baroclinic effects, which can be of great importance in the case of
rias or estuaries [24], can be taken into account. The model equa-
tions are as follows:
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Equation (1) represents the conservation of mass under the
assumption of incompressibility; Equation (2) represents the con-
servation of momentum in the x- and y-directions; Equation (3)
expresses the conservation of momentum in the vertical direction
which under the shallow-water assumption simplifies to the hy-
drostatic pressure distribution; finally, Equation (4) is the transport
equation, which is solved in the present study for both salinity and
temperature. In these equations, x, y and z represent the east, north
and vertical directions, respectively and u, v and w the velocity
components in the aforementioned directions; z is the free surface
elevation above the datum; Q represents the intensity of mass
sources per unit area; f is the Coriolis parameter; g is the gravita-
tional acceleration, yh and yv are the horizontal and vertical eddy
viscosity coefficients respectively, and r and r0 are the density and
the reference density of sea water, respectively. Finally, in the
transport equation, c stands for salinity or temperature; Dh and Dv

are the horizontal and vertical eddy diffusivity coefficients,
respectively; ld represents the first order decay process; and Rs is
the source term.
2.2. TSTs modelling

The flow conditions within a ria change as a result of the
operation of the TSTs and the energy that they extract from the
flow. If the flow at the locations of the TSTs and, consequently, their
yield are to be accurately determined, it is therefore necessary to
take them into account in the model. The operation of a turbine can
be simulated by considering its effect on the flow, i.e., by adding a
retarding force with the same magnitude as that exerted by the
om tidal currents in an estuary: A comparative study of floating and
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Table 1
Main technical specifications of the Evopod turbine [D, rotor
diameter; Vci, cut-in velocity; Vr, rated velocity; Vco, cut-off
velocity; Pr, rated power; A, swept area; CpNO, power coef-
ficient in normal operation; CpSC, power coefficient in stall
control].

D (m) 5
Vci (ms1) 0.7
Vr (ms1) 2.2
Vco (ms1) 3.1
A (m2) 19.6
Pr (kW) 40
CpNO 0.35
CpSC 0.2
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flow on the turbine but opposite direction. The common procedure
for modelling this force is as a momentum sink [18,21,25e27]. On
this basis, in this study the retarding force was introduced into the
model by adding the following sink terms to the right-hand side of
the momentum equations (Equation (2)) in the x- and y-directions:

Mx ¼ �1
2
CTA
V

Uu

My ¼ �1
2
CTA
V

Uv

9>>=
>>;; (5)

where Mx and My represent the momentum of the external forces
per unit volume, Vc, in the x- and y-directions, respectively; U is the
component of the effective flow velocity perpendicular to the tur-
bine; At is the cross-sectional area of the turbine rotor; and CT is the
thrust coefficient (an aerodynamic coefficient given by the lift and
drag coefficients) which is related to the power coefficient, Cp
[28].The floating and bottom-fixed TSTs are modelled by intro-
ducing the retarding force in the vertical layers of the model cor-
responding to the water depth at which they operate.
2.3. Performance analysis

The analysis of the performance of a tidal stream farm can be
based on three characteristic parameters describing the operation
of the individual TSTs in the farm [29]: electrical energy output,
capacity factor and availability factor. The electrical energy output
of the i-th TST of a tidal farm over the period from t ¼ 0 to t ¼ t1 is
given by

Eie ¼
Zt1
0

PeðtÞ dt; (6)

where Pe(t) is the electrical power output of the TST, which can be
expressed as [30]

PeðtÞ ¼ 1
2
CpðvÞrAt ½UðtÞ�3; (7)

where Cp(v) is the power coefficient, defined as the ratio between
the power available from the flow and the electrical power output.
Its value varies with the flow velocity in a manner that is specific of
each TST.
Fig. 2. Area occupied by the proposed tidal stream plants (lef
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Therefore, the electrical energy output of the entire tidal farm is

Ee ¼
Xn
i¼1

Eie; (8)

where n is the number of TSTs of the farm.
The availability factor (Af) is the ratio between the time during

which the TST is actually generating power (Tg) e TSTs have a
minimum (cut-in) and a maximum (cut-off) flow velocity, below
and above which they do not generate electricity e and the total
duration of the period considered (Ta):

Af ¼
Tg
Ta

: (9)

The capacity factor (Cf) represents the ratio between the elec-
trical energy output over a period of interest (Ee) and the electrical
energy output the TST would have produced over the same period
had it operated at rated power (PrTa):

Cf ¼
Ee
TaPr

: (10)

The information contained in the capacity factor can be
expressed in terms of an annual cycle by means of the equivalent
full-load hours:

FLH ¼ Eae
Pr

; (11)
t-hand side plot) and their layout (right-hand side plot).
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Fig. 3. Three-dimensional representation of the bathymetry of Ria de Ortigueira.

Table 3
Value of Manning's coefficient function of water depth.

H n

�2:5 � H< � 2:0 0.042
�2:0 � H< � 1:5 0.038
�1:5 � H<1:0 0.034
�1:0 � H< � 0:5 0.030
�0:5 � H<0:0 0.027
0:0 � H<0:5 0.024
0:5 � H<1:0 0.022
1:0 � H<3:0 0.020
3 � H<10 0.018
10<H 0.015
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where Eae is the annual electric energy output. The equivalent full-
load hours represent the number of hours a turbine would have to
operate at its rated power to produce the same amount of energy
that it actually produced over a year.

To determine these parameters it is necessary, first, to define the
location and characteristics of the tidal stream farm and, second, to
implement a numerical model of the hydrodynamics in the area
that taking into account the energy extracted by the farm. The
implementation of the numerical model enables to obtain the
perturbed flow velocities, which in turn are necessary for the
computation of the aforementioned parameters.
3. Application to Ria de Ortigueira

3.1. Study site and proposed tidal plants

The rugged coastline of NW Spain is characterised by the rias, a
specific type of primary estuary developed in high relief coasts
drowned by the rise of sea level during Holocene [31e33], regarded
as promising sites for tidal stream energy exploitation. These rias
can be roughly divided into Rias Altas, or Higher Rias, Rias Centrales
or Central Rias, and Rias Baixas or Lower Rías [14,34]. Owing to its
complex geomorphology characteristics and its high tidal range,
the Ria de Ortigueira (Fig. 1), one of the Rias Altas, is amongst the
most promising sites for tidal stream energy exploitation in the
Iberian Pensinsula [15,35].

Ria de Ortigueira is delimited by Cape Ortegal and Pt. Estaca de
Bares (Fig. 1). With an approximate area of 85 km and a length
Table 2
Main tidal constituents in the Ria de Ortigueira.

Constituent Amplitude (cm) Phase (�)

M2 122.79 90.15
S2 42.91 121.08
N2 25.98 70.39
K2 12.03 118.76
K1 7.35 73.49
O1 6.22 324.62
P1 2.22 65.15
Q1 2.11 271.31
M4 1.45 334.80
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along its main axis of approx. 18 km, it is, by far, the largest of the
Rias Altas. The tidal flow is strongest at two constrictions in its
inner part where the highest current velocities occur. One of them
is located to the East, between the main lobe of the ria and the
Ladrido Inlet, and the other is located to the West, in the channel
between Pt. Posti~na and Pt. Cabalar. By applying the TSE (Tidal
Stream Exploitability) index to this ria [15] the optimum site for the
installation of a tidal stream farm was selected as follows. Ac-
cording to the TSE index values obtained, the former (eastern)
constriction has a TSE of 0 owing to its insufficient water depth, and
therefore it is considered inappropriate for tidal stream energy
exploitation. By contrast, the TSE index value of the latter (western)
constriction exceeds 5 e the largest value over the entire ria.
Therefore, this area combines a substantial resource with an
appropriate depth, implying that it is an appropriate site for an
array of TSTs in Ria de Ortigueira (Fig. 2).

Two tidal stream farms were considered in this study, both
composed of 30 turbines distributed in three lines roughly
perpendicular to the main flow direction. The TST selected for the
plants was an Evopod turbine [36] in view of its appropriateness for
shallowwaters areas (Table 1). The surface occupied in plan view by
each farm is about 1500 m2, corresponding to a sweep area of
approx. 600 m2. Both arrays proposed are located at the same site
and present the same layout (Fig. 2) but differ in their vertical
configuration. The first plant (P1) is composed of floating TSTs [36]
occupying roughly the upper 65 per cent of the water column; the
second plant (P2) is composed by TSTs with exactly the same me-
chanical characteristics, but fixed to the bottom, occupying
approximately the lower 65 per cent of the water column.
3.2. Model implementation

The numerical model previously described in Sections 2.1 and
2.2 was implemented in Ria de Ortigueira. For this purpose a Car-
tesian, varying-size numerical grid, with a total of 57361 cells was
created covering the whole ria and extending up to the 150 m
isobath. The grid size was finer (50� 50 m) in the inner and middle
ria than in the outer ria and on the shelf, where it decreased in the
y-direction up to values of 50 � 150 m at the northern outer
boundary. As regards the vertical grid discretisation, a s-coordinate
Table 4
Correlation coefficient between computed andmeasured time series of sea level (Rz)
and flow velocity magnitude and direction (RM and RD respectively).

Water level Current velocity

Surface layer Middle layer Bottom layer

Rz 0.9895 RM 0.8965 0.8619 0.8439
RD 0.8509 0.8375 0.8215

om tidal currents in an estuary: A comparative study of floating and
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Fig. 4. Comparison between computed (�) and measured (▫) water levels in the ADCP location during the validation period.
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system [37] with twelve layers was used. The layer thickness (% of
water column) from surface to bottom was, as a percentage of the
water column: 2, 3, 5, 10, 15, 15, 15, 15, 10, 5, 3 and 2. The resolution
of the grid is higher near the seabed and surface in order to better
resolve boundary layers flow. To close the turbulence the k-εmodel
[38] was adopted. Finally, the bathymetry (Fig. 3) was obtained
from nautical charts 408 and 4083 from the Hydrographic Institute
of the Spanish Navy (Instituto Hidrografico de la Marina) and
interpolated onto the computational grid.

With regard to the boundary conditions, Dirichlet conditions
were imposed along the open boundary by prescribing the sea
surface level based on the main tidal harmonics (Table 2) together
with daily thermohaline conditions. At the land margins the forc-
ings were null flow through the boundary and zero shear stress
(free slip). On the other hand, the shear stress at the seabed, tb3D,
induced by a turbulent flow is related to the current velocity above
the bed:

t!b3D ¼ r0g u
!

bj u!bj
C2
3D

; (12)
Fig. 5. Comparison between computed (�) and measured (▫) current speed for the surfa
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where u!b is the magnitude of the horizontal velocity in the lowest
layer (immediately above the bed) and C3D is the 3D Ch�ezy coeffi-
cient, given by

C3D ¼ C2D þ
ffiffiffi
g

p
k

ln
�
Dzb
2H

�
; (13)

with k the von Karman constant (k¼ 0.41), Dzb the vertical distance
from the seabed to the nearest computational grid point,H the total
water depth and C2D the 2D Ch�ezy coefficient, which can be
determined based on Manning's coefficient, n, as follows:

C2D ¼
ffiffiffiffi
H6

p

n
: (14)

Manning's coefficient is assumed to be depth-dependent ac-
cording to previous studies [13,39e41]; the value considered for
each water depth range is shown in Table 3.

Finally, at the free surface the wind shear-stress, ts, is defined as

t!s ¼ raCdU
2
10 (15)
ce, mid-depth and bottom layers in the ADCP location during the validation period.
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Fig. 6. Power curve of the Evopod turbine [V, flow velocity; PO, electrical power output].

M. S�anchez et al. / Energy xxx (2014) 1e106
where ra is the density of the air, U10 the wind speed at 10 m above
the sea surface and Cd the wind drag coefficient, calculated
following [42] and [43].

The tidal stream plant was implemented in the model by using
the momentum sink approach as described in Section 2.2. In the
case of P1 and P2, the retarding force affects the 7 upper or lower
layers of the model, respectively. In both cases the value of CT
considered is 0.8, which corresponds to a value of the power co-
efficient, Cp, of 0.35 [28].
3.3. Model validation

The numerical model was validated by comparing the numerical
results with field data of water level and current velocity. For this
purpose, an ADCP (Acoustic Doppler Current Profiler) Sontek Argo-
naut XR and two CTD (Conductivity Temperature a Depth) sensors
SeabirdMicrocat 37were deployed in Ria de Ortigueira (Fig.1) over a
19-day period. During the validation period, the numerical model
was forced with the main tidal harmonics (Table 2) and daily con-
ditionsof salinityand temperature at theopenboundaries,winddata
every thirty minutes, and daily fluvial discharge data.

The correlation coefficients between measured and computed
time series of water level and current velocity direction and
Table 5
Annual parametric analyse of the different lines of the array.

Floating TSTs (P1) Bottom-fixed TSTs (P2)

Ee (MWh) Line 1 1.161 � 103 0.684 � 103

Line 2 0.673 � 103 0.426 � 103

Line 3 0.591 � 103 0.389 � 103

Array 2.425 � 103 1.498 � 103

Af Line 1 0.63 0.53
Line 2 0.53 0.41
Line 3 0.50 0.39

Array 0.63 0.53

Cf Line 1 0.33 0.19
Line 2 0.19 0.12
Line 3 0.17 0.11

Array 0.23 0.14

FLH Line 1 2902 1710
Line 2 1682 1065
Line 3 1479 971

Array 2021 1249
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magnitude were computed (Table 4). It can be observed that the
resulting correlation coefficients are close to the unit for both vari-
ables. The excellent agreement between measured and computed
water level can be observed in Fig. 4 over 9-day time series repre-
sentation. In the same way the excellent agreement between time
series of numerical andmeasured velocities can be observed in Fig. 5
at three points of thewater column: surface,mid-depth and bottom.
4. Power performance analysis

Two long-term numerical simulations covering an entire year
(Case 1 and Case 2, each of them considering a different tidal farm)
were performed. In Case 1, the array introduced in the model is
composed of floating TSTs (Plant P1), and in Case 2, of bottom-fixed
TSTs (Plant P2). Next, on the basis of the numerical simulations and
the characteristics of the turbine selected (Table 1 & Fig. 6), the
power performance throughout the entire year of the two tidal
farms proposed was computed according to the parameters pre-
viously defined (Section 2.3).

The forcing factors considered were the main tidal harmonics
(Table 2), monthly averaged salinity and temperature conditions
along the open boundary and monthly averaged river discharge.
The velocity considered for electrical power generation is the ve-
locity at rotor height, as in the case of wind generators, which varies
depending on the case study (1 or 2) as a result of the different
water depth at which the rotor is located.

The differences in the power performance of the two plants
analysed are significant (Table 5). The annual energyproductionof P1
is 2.425�103MWh,whereas the production of P2 is around40% less.
These differences are even larger in the case of the first row of TSTs
(hereafter referred to as Line 1), whose energy production is almost
double in the case of floating TSTs (P1) relative to bottom-fixed units
(P2). These results prove that in a coastal area with significant dif-
ferences in the flow speed throughout thewater column, such as the
study area, significant differences can arise between the power per-
formance of plants composed of floating or bottom-fixed TSTs.

As a regard the operation time, the values of the availability
factor (Af) show that P1 and P2 operate during 63% and 48% of the
time, respectively. This would have implications if an energy stor-
age system was required e it would have to be substantially larger
for P2 given its lower operation time. Regarding the capacity factor
(Cf), the differences are even higher, roughly 64% (0.23 and 0.64 for
P1 and P2, respectively), indicating an important advantage of P1,
for a higher capacity factor is associated with a better production to
capital investment ratio. These important differences are directly
om tidal currents in an estuary: A comparative study of floating and
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Fig. 7. Monthly electrical energy output [Ee] of floating and bottom-fixed tidal plants.

Fig. 8. Monthly availability factor [Af] of floating and bottom-fixed tidal plants.
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transferred to the equivalent FLH (full-load hours): P1 has over
2000 FLH, and P2 only about 1250 FLH. Although a detailed study of
the installation costs would be necessary for an exhaustive analysis
of the profitability of the proposed plant, the low FLH of P2 does not
contribute to its economic viability.

On the basis of the numerical simulations and the characteristics
of the turbine selected, the monthly power performance parame-
ters defined in section 2.3 were determined for P1 and P2
(Figs. 7e9). The intra-annual power performance presents a sig-
nificant variability, which should be analysed to ascertain the op-
timum tidal farm configuration. In the case of the energy
Fig. 9. Monthly capacity factor [Cf] of flo
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production (Fig. 7), the month with highest Ee is August
(227.74 MWh and 143.44 MWh for P1 and P2, respectively); on the
other hand, November presents the lowest Ee (185.52 MWh for P1
and 112.76 for P2, about 20% lower than that of August).

An important aspect that should be noted is that, far fromwhat
might be expected, it is not in the months with the largest tides,
and therefore the strongest velocity peaks, that the energy pro-
duction is largeste or, more generally, that the farm performance is
best. The explanation lies in that in the months with highest tides
(March and September) there exist important differences between
tidal cycles (with peak velocities ranging from 2.2 mse1 to
ating and bottom-fixed tidal plants.

om tidal currents in an estuary: A comparative study of floating and
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Fig. 10. Comparison between flow velocities throughout two spring-neap cycles during March and June.
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0.5 mse1) whereas in other months, e.g., July or August, the tidal
cycles are more homogenous (with peak velocities ranging from
1.5 mse1 to 1 mse1). This can be clearly observed in Fig. 10, in
which the flow velocity for P1 at themid-depth layer is represented
throughout a complete spring-neap cycle in March and July for P1
at mid-depth layer.

The significant differences in the annual power performance
parameters between both plants is also reflected in important
differences in the monthly power performance parameters
(Figs. 7e9); the general trends of the performance of the two plants
is, however, rather similar throughout the whole year. In the case of
the power production, and in the case of capacity factor, the most
important differences between both plants occur in December,
when the production of P1 is 40% higher, whereas the smallest
differences occur in July and August, about 37%.

Finally, as regards the availability factor (Fig. 8), the monthly
differences between both plants are less important than in the case
of electrical energy output (Fig. 7) and capacity factor (Fig. 9). For P1
and P2 they are in the ranges 0.5e0.6 and 0.4e0.5, respectively. The
months with highest and lowest operation time are May and
March, respectively. This also helps to explain the fact that the
energy production during these months is similar, in spite of the
fact that the peak velocities are higher in March.
5. Conclusions

In this work a comparison of the intra-annual performance of
floating and bottom-fixed TSTs was performed through a case study
in Ria de Ortigueira, and its implications for tidal stream energy
exploitation were addressed for the first time. For this purpose, a
3D numerical model was implemented and applied to simulate the
hydrodynamics of this estuary during a complete year, taken into
account the energy extracted from the flow by the tidal farms. Two
options were considered for the latter, consisting of floating or
bottom-fixed TSTs, referred to as plants P1 and P2, respectively. The
tidal plants were modelled by introducing a momentum sink term
in the vertical layers of the model corresponding to the area
occupied by the rotors of the turbines. The computed velocity series
were then used to conduct a thorough power performance analysis
based on three performance parameters allowing the characteri-
sation of the operation of the plants: electric energy output,
availability factor and capacity factor.

Remarkable differences in the power performance of both
plants were found. Plant P1 presents higher values of the perfor-
mance parameters considered; in particular, the annual electrical
energy output is almost twice that of P2, and its capacity factors
around 64% higher, showing that floating devices offer a better
production to capital investment ratio. Regarding the availability
factor, the differences are less important (15%); however, the power
output of P1 is smoother, and this is an advantage that should not
Please cite this article in press as: S�anchez M, et al., Energy production fr
bottom-fixed turbines, Energy (2014), http://dx.doi.org/10.1016/j.energy.2
be disregarded e not least if an energy storage system is to be
installed. In addition, it emerged from the intra-annual analysis
that the aforementioned parameters also present a significant
monthly variability. Their intra-annual general trend is similar for
both plants, i.e., the annual differences are roughly maintained
throughout the whole year. A finding of special interest is that,
contrary to what might be expected, the months with largest peak
flow velocities are not those with the highest values of the power
performance parameters, including energy output.

In sum, the power performance of floating and bottom fixed
TSTs at the same location can differ greatly depending on the
characteristics of the hydrodynamic conditions of the coastal area
inwhich they operate. This can be exacerbated in the case of coastal
bodies with significant differences in the current velocities
throughout the water column, as is the case of the study area (Ria
de Ortigueira). As a result of the higher velocities near the surface,
floating TSTs provide a much better performance than bottom-
fixed devices. Finally, a significant intra-annual variability in the
power performance was observed, which leads to the conclusion
that the energy output and performance of a tidal stream farm
must be analysed based on simulations covering a complete year,
rather than by extrapolating the results obtained for one spring-
neap cycle, as it is done following the common procedure.

Beyond the interest of these results for the coastal area herein
studied, the procedure presented in this work could be used to
analyse the annual power performance of different tidal stream
plants elsewhere. Furthermore, in addition to the performance,
which is of undoubtedly importance in the decision-making
regarding the installation of a tidal stream plant, other factors
such as the impact on the hydrodynamics or the long term coastal
morphology should be considered before selecting the optimum
farm configuration. These aspects will be dealt with as a continu-
ation of this line of research.
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Nomenclature
Roman
At cross-sectional area of turbine rotor [m2]
Af availability factor
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c salinity or temperature (transported substance)
CT thrust coefficient
Cf capacity factor
Cp power coefficient
CpNO power coefficient in normal operation (Evopod turbine)
CpSC power coefficient in stall control (Evopod turbine)
C2D 2D-Ch�ezy coefficient
C3D 3D-Ch�ezy coefficient
Cd wind drag coefficient
d local water depth [m]
D rotor diameter (Evopod turbine)
Dh horizontal eddy diffusivity [m2 s�1]
Dv vertical eddy diffusivity [m2 s�1]
Ee electrical energy output [W h]
Eae annual electrical energy output [W h]
f Coriolis parameter
FLH equivalent full load hours
Fx x component of the flow retarding force per unit volume

[N]
Fy y component of the flow retarding force per unit volume

[N]
g gravitational acceleration [m s�2]
H total water depth [m]
Mx x component of the momentum generated by an external

force [N m]
My y component of the momentum generated by an external

force [N m]
n Manning coefficient
Pe electrical power output [W]
Pr rated electrical power output [W]
Q intensity of mass sources per unit area [m2 s�1]
Rs source term per unit area
Rz correlation coefficient between computed and measured

time series of sea level
RM correlation coefficient between computed and measured

time series of flow velocity magnitude
RD correlation coefficient between computed and measured

time series of flow direction
Ta reference period of time [h]
Tg period of time with the tidal plant operating [h]
u eastward component of the flow velocity [m s�1]
U component of the effective flow velocity perpendicular to

the turbine [m s�1]

U10
��!

wind velocity at 10m height above the sea surface [m s�1]
ub
�! horizontal velocity in the bottom layer [m s�1]
Vc volume of control [m3]
Vci cut-in velocity (Evopod turbine) [m s�1]
Vco cut-off velocity (Evopod turbine) [m s�1]
Vr rated velocity (Evopod turbine) [m s�1]
v northward component of the flow velocity [m s�1]
w vertical component of the flow velocity [m s�1]
x east direction
y north direction
z vertical direction
Greek
Dh maximum tidal range [m]
Dzb vertical distance from the seabed to the computational

grid [m]
k von Karman constant
z water level [m]
ld first-order decay process
r0 water reference density [kg m�3]
r seawater density [kg m�3]
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ra air density [kg m�3]
ts
! wind stress on the sea surface [N m�2]
tb3D
��! shear stress at the bottom [N m�2]
yh horizontal eddy viscosity [m2 s�1]
yv vertical eddy viscosity [m2 s�1]
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