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Abstract. The present work aims to study the feasibility of
deploying a farm of sea current turbines for electricity generation
in Portugal. An approach to the tides, which are they, how they
are formed, its prediction, is held. It is also conducted a study
about the energy of sea currents and it is presented some
technology about ocean currents too. A model of tidal height and
velocity of the currents it is also developed. The energy produced
by a hypothetical park, built in Sines (Portugal), is calculated and
afterwards, an economical assessment is performed for two
possible scenarios and a sensitivity analysis of NVP (Net Present
Value) and LCOE (Levelized Cost of Energy) is figured. The
conclusions about the feasibility of the projects are also
presented. Despite being desired due to its predictability, this
energy source is not yet economically viable as it is in an initial
state of development. To push investment in this technology a
feed-in tariff of, at least €200/MWh, should be considered.
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1. Introduction

Regarding to renewable energy sources in Portugal, there
is an enormous potential to explore, not only to reduce
carbon emissions but also to diminish the import of fossil
fuels. In 2013 in Portugal, 58% of the electricity produced
came from renewable sources, only 37% came from fossil
fuels and 5% was imported. The renewable energies with
bigger impact were hydro power - 26% of production from
a renewable source and wind power with 23%, despite the
increasing evolution of solar energy [1].

With the growing demand for renewable energy, resources
coming from the sea become an emerging form of energy

source. The oceans are the largest of all natural resources,

thus its potential energy can contribute to the growing

Only a fraction of the global ocean energy resource can
be found in economically viable places to explore with
the available technology. However, this can significantly
contribute to the European Energy supply, and the marine
renewable energy sector is currently the focus of much
industrial and academic research worldwide. Among the
extracted energy resources of the oceans, waves and
ocean currents are emerging as the most promising option
of mass power generation. Portugal has a great potential
for harvesting energy from ocean currents, it has a large
coastal area. Nevertheless, in Portugal a single central to
capture energy from waves on the island of Pico in the
Azores.

The electrical power from ocean currents is a fairly
predictable source. This source offers a vast and reliable
source of energy [2].

2. Tidal Energy

For the conversion of energy from sea currents, turbines
which convert the kinetic energy of the fluid in which
they are immersed, into mechanical energy, are used.
These turbines are then coupled to a generator to produce
electrical energy. This type of exploitation corresponds
essentially to exploit the kinetic energy associated with
the flow of water moved by sea currents. The technique
follows the same basic principles of operation of wind
turbines with the difference that they use water to be
moved and that the density of water passing through the
turbine is about 800 times higher than air. Some aspects
must be taken into account: it requires a minimum
current velocity; restricted to areas with strong currents,
usually in shallow depths; robust structure that requires
littte maintenance. These turbines reach their maximum
efficiency when they are situated in an area with swift

needs of energy. In the oceans as the main sources ofcurrents with natural flows between rocky points,
energy we have waves, sea currents and ocean thermalheadlands, between islands, entry bays, rivers or other
energy. The energy is stored in the oceans, in part as heatrock masses. When they feel the funnel effect (recesses

energy, partly as kinetic energy (waves and currents) and
also in chemical and biological products.
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with gradual narrowing) or resonance (when there is an
indentation on the coast that reflects the current in the
background and its mouth).
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Fi. 1. SeaGen device moving and myainteanbg]
A. What are tides

Tides are developed by the movement of sea water due to
changes in the attraction between the Moon and the Sun on
the Earth's rotation forces. There are also ocean currents
caused by the Coriolis force due to the rotation of the
Earth acting on the waters of the oceans forces. Currents
can also be generated by density differences resulting from
variations in the level of salinity and temperature in
different sea areas. The rise and fall of the tides
accompanied by a horizontal movement of water called the
sea [3] currents. The Moon is the main influencer of the
formation of tides because the moon is 389.1 times closer
than the sun. Mathematically the tide is a sum of sinusoids
(constituent waves) whose frequency is known and
depends solely on astronomical factors.

B. Technologies

Like other renewable energies, also for the energy of sea
currents, it is possible to find a wide variety of power
converters. The various types are available:

Horizontal axis turbine;
Vertical axis turbine;
Oscillating Hydrofoll;
Venturi effect devices;
Helical Screw;

Tidal Kite;

Tidal dams.

In addition to the various types of power converters there
are also several fixation options, as shown in Fig.2.

Support structure concepts
Fig. 2. Types of fixation for power converters [4]
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Turbines are mounted on a support structure that is a key
of tidal currents devices being a requirement to keep
them operating on a severe marine environment. The
choice depends mainly on the basis of geographical
conditions such as water depth, sea bottom conditions,
rivers and the type of turbine to be installed. Moreover, it
is an importan@spect of the viability and profitability of
the devices [4].

C. Characteristics of installation

Generic features that should be taken to account when
instaling a parking turbine marine currents are
mentioned below:

Maximum diameter: a reasonable diameter to
consider depends on the state of the art. It is
believed that the diameter is limited to 20-25 m
to a horizontal axis turbine;

Upper Clearance: Must be considered a superior
clearance for the capture area of the rotor. The
minimum distance of 5 m from the top is usually
recommended to allow recreational activities
(small boats, swimming, etc.), and to minimize
the effects of turbulence and wave on the turbine
as well as damage from floating materials;
Bottom Clearance: It is recommended that a
bottom clearance of 25% of water depth or 5 m,
whichever is greater, should be considered a
minimum to allow materials that are potentially
moved along the seabed by currents not impair
the turbine and to minimize the turbulence and
the deformation of the bottom boundary layer;
Spacing: The lateral spacing between the
devices (the wheelbase) should be two half rotor
diameter (2,5xd), the spacing should be
downstream (10xd) and times. The devices must
be positioned in an alternating arrangement
downstream [5].

D. Methodology conversion

The sea current systems employ the kinetic energy of the
moving water to power turbines the same way as wind
turbines use air movement. Thus the power available
from the water flow is given by equation (1):

P % pAV3 (1)
Wherep is the water density, A is the cross sectional area
of the rotor, and V is the velocity of the stream. This
cubic relationship between speed and power is justified
as the same power curves of wind turbines, and as wind
power, there are practical limits to the amount of energy
that can be extracted from tidal currents, so the energy
generation is very sensitive to the stream speed. Some of
these limits relate to the design of tidal currents devices.
The kinetic energy of the stream that can be converted
into mechanical energy in a usable form is limited by the
performance of the device, as shown in the following
equation (2):
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PT = EPCPAVS (2)

WhereCp is the power coefficient, its value for a turb
flow of incompressible fluid is limited to a theoreti
maximum of Betz Limit. The Betz limit is a theoreti
upper limit on the power output of a turbine whose bl:
sweep an area. Which is expressedaamaximum powe
coefficient rotorCp = 16/27, whichis 59% [8].

D.1. Methodology

To calculate the height of the tidenecessary to develog
harmonic analysis. It is nameaaf harmonic analysis tF
mathematical process by which the tide observed

given site is separated into simple harmonic compon
Its purpose is to determine the amplittH (in m) andg

the phase (degrees) of the different harmonic compo
of the tide, from the recorded number otide
measurementd he phase of a harmonic tidal constituer
delayed with respect to the tide called equilibrium.
practice, the tide heighib(t) will be calculated as th
parameters of the following harmonic forn that best fit
time series:

h(t) = Ay + X} fiH; cos[w;t + (v, + u); — g,]
(3)

whereh(t) is the height of water at tim, is the period of
g;constituentf; is the factor node (that reduces the ave

amplitude H; per year of forecast)]; is the average
amplitude, the valuesi represent the angular velocities

the constituent wavesgm is your initial argument, th

argument is that the tide of laace for the initial time

series data and (Ais the average level of the port. T

importance of applying the harmonic formula due tc

universality that is suitable for any type of tidal |

For the calculation of stream velocityis known that th
tidal cycle can be approximated by a double sinusoid,;
a period of 12.4 h representing the diurnal tide ebb
flow of the cycle and the other with a period of 353 h¢
representing the period of bi spring tides. The follow
equation provides a asonable model for predicting t
speed V of a tidal stream:

V= [KO + K cos (ZT—T)] cos (ZT—T:) 3)
Where K, and K are constants derived from the peal
average ratio between the spring and the spring av
peak and the average peak current d&ads usually 353
hours and Tide is the length of the spriT, is the period
of semi-diurnal tides and is 12.4 heu Oher factors,
which could cause a significant influence on the spee
the tidal stream, like ripples on the surface, the resi
force, navy global ocean circulation, changes in del
and variation in water velocity as a function of the dept
flow in a open channel, have to be considered and ne
be reflected in the prediction equations for the spee
tidal currents.

As in the case of wind turbines, marine turbine efficie
varies with the speed of the water flow. A batch outle
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the tubine as a function of the flow velocity consists
three regions:

I Zero to cutin spee:

I. Cut+in speed to rated spe
Il. Greater than rated spe

Region I Velodity
7 below cut-in speed /
+ Electric Power =0
| (nabine stationary) /

I - R IE=
P

w— == Flow Power
= Turbine Power

Region IT: Velocity

above cut-in spes .
Power Du?sn}' i .E;c;cm?o:wtﬁoy Se:‘;n III: Velocity above rated
&Wm%) i Power x System 7 el e am
41 {Efficiency

i

Current Velocity (m/s)

Fig. 3. Typical output power versus flow of the turbine si

[7]

In region |, atspeeds below the eed of driving, the
turbine canot rotate and therefore does not gene
energy. In region lll, when the current speed exceed
rated speed of the turbine, the power will be cons
usually the rated power of the turbine, regais of the
streamspeed. The rated output power is maintainec
either applying a braking force to the rotor axis or
changing the pitch angle of the turbine bl¢, to produce
less torque. There is noul-out rate for a tidal flow
turbine, since even thenost extreme storm currer
produced by creating the highest tides are not r
larger than the current maximum monthly spring. Un
wind turbines, which must be designed to cope with
peak wind speed, which is several times higher thai
typical geed of wind maximum monthly [

D.3. Economic Evaluation

The NPV (Net Present Value) aims to assess
feasibility of aninvestmer by calculating the present
value of all its cash flowsThe cash flow in each year
represents the net revenue expecteget in the future.
Like any investment, you only get return in the future

it is necessary to update the value of each cash flov
compare them with the value of the investment. In
the value of the investment is less than the present
of cash flows, the NPV is positive which means that
project has a positive yield.

CF
NPV = 3, @

NPV - Net Present Value

n - Lifetime;

t - Year of the cash flow;
CF; - Cash flow for the yedr
i — Discount rate.

The LCOE (levelized Cost Of Energy) is the sum
capital and operating and maintenance costs durin
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life spamdivided by generation of electricity during t
lifetime. The LCOE is an economic assessment of the
of the power generation system, including all the ¢
over its lifetime: initial investment, operations &
maintenance, cost of fuel, cost of capitHowever, it is ¢
complex indicator to determine as it depends on n
factors. Some of them rely heavily on the central loca
the capacity and costs of O&M factor, while the discc
rate is dependent on the investor's decision. The follo
equaton shows how the LCOE was calcula

Total updated costs I+Com+k,
LCOE = d = ~a (5)
total updated energy Egxkq
1 1
K= imar ©
| - Investment

Com — Operation and maintenance costs
k, - is the annuity factor which reflects the sum of
series that defines the update

3. Casestudy

A. Local

It was considered the implementation of a marine er
park in Sines, with three turbines of 1.2 MW each, wi
total of 3.6 MW.From the one year hourly tidal data,
example of a 48 hours of tidal height in Sines is depi
in Fig. 4.

4
E AN AN NN
2NN NG TN
= 0

0 4 8 12 16 20 24 28 32 26 40 44 48
Time [h]

Fig. 4. Curve of the height of the tidesSines48 h period

B. Approximate velocity curve

Two sinusoidal curves weralculated, as tlre are spring
tides which have high amplitudesnd neap tides wit
smaller onesTo perform this calculatic the following
sinusoidal function was used

C=A, cos(ZlT1T (t—a) @)
The value ofd, is related to the averadgeight of tides in
Sines in 2013, ie fof; function(9) this value correspont
to the average for the neap tides dodthe C, function
(10) it is the average value for gmitides. ForC,;
function, which corresponds to the neap tides, it -
considered for the value df, = 0.8 for the perioP=12.45
hours anda = 4.8 hours. For(C, function, which
corresponds to the spring tide, it was considered fo
value of A,= 2, for the period PEO8 ando = -45. It is
known that the period of the wave is not always the s
since both the sun and the moon will influence the tide
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that the periods change, and different times were us
as to equation (9) to (10).

C, = 0,8cos 245 4,8))
(8)
C,=2 cos(— (t+45)) 9)

708

To achieveat the approximate curve the mean valus
the height, to which is added one of two option:

calculated: if theZ, is greater than 1, multiplies tiC, by
C,, otherwise ifC, is smaller that-1 is multiply (€,) by
C, otherwiseC,, ie:

CZ > 1, then CZ X Cl
Cz < _1, then —C1 X CZ
-1<C, <£1,thenC,

h(t) =h + (10)

where:
h (t) -approximate curve heights tides.
h - Average real heights.

- Corresponding to neap tidcurve.

- Curve corresponding to spring tid

Thus it was possible to approximate the real data by
function h(t) as shown iRig. 5.

OFRr NWRG®

Height [m]

L] 50 100 150 200 250 300 350 400 450
Time [h] ——h ——hit})

Fig. 5. Height versus time for Sines and the tidal wavef
approximated

As there are no data speeds of marine currents in Po
it was necessarjo calculat them by extrapolating the
data from other places where both tidal and currents
was available. Data frorthe USA o both annual tide
heights and stream curreffite the same site was fou at
the NOAA (National Oceanic and Atmosphe
Administration [10]. Br instance, he variation of the
speed and height of sea currents in Tampa Flois
represented in Fig. &s an examp. The stream velocity
is zero when the height is a maximum or a minimum
when it is not in the maximum points is the abso
value of the difference in heights multiplied a

mEItipIicative factor.
. -\7* / i { { g

il

Fig. 6.Varying the speed and height of sea currents in Tz
Florida

gt

To find the velocities of ocean currents to the tide
Sines wetook into account the relationship between t
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heights and velocities of America, of which data from 1
different seasons, all with the same kind of tide of Port
were analyzed. To determine the relationship betwee
heights and speeds it was fided a function tha
determines at each instant the current value from
height of the tide in order to find this relationship
considers it a multiplicative factor. To t, it was
minimized the sum of the difference of the actual sj
value minughe calculated squared value with a chang
the multiplicative factor, as can be see Equation (12).
This solution of the multiplicative factor was perforn
for the four different station-lorida, Cape Henry, Ne'
London and Thimble Shoal), the sttuin chosen was th
one that gave lower multiplicative value, because t
values are approximate values amg choosin a larger
value currentsvill be larger and the error will be grea

min Y (V;(t) — V,())?

s.a
fm=>1
fm<7
(11)
V,(t) = {0. if was maximum or minimum
" (he = hess) X fm
Where:

V;(t) — Speedralue of the current in real tint

V. (t) - Function ofthe approximate speed of the cur
fm — Multiplicative factor

h; — Height of the tide in real time t

h¢., — Height of the tide in real time+t 1.

Thus the approximate curve of current velocities is g

W

é; N\ Ny

£ \ N AN

' 9 VLA

i ¥4 E R | o

>0 T )
by 0.5 Time [h] Vit

Fig. 7.Approximate curve for velocities of curre

3.3. Expected annual energy production

An estimation of the annuatnergy jroduced with 3
horizontal axis turbines was conductadth the hourly
expected values of the stream currents in Sines an
turbines’ output power given by ipower curve in Fig.!
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Fig. 8 Power curve SeaGen 1,2 \

mis velocity

With the power curve was found tendency line
polynomial 3* order for the flood and el. Knowing that
the flood and ebb they last each one about 6 hthe
power for each hour was calculate by Equation

Ifu<0,8,thenP =0

If 0,8 <u < 2,52and flood, then

P =-266,29u® + 1732,8u® — 2718,7u + 1323,4

{If 0,8 <u<232and ebb,then

P = 3,2645u® + 447,96u® — 659,58u + 259,76

If u = 2,52 and flood or u > 2,32 and ebb,
thenP =P,

(13)

Thus, Anually Energy Produced is calculatec

E, =Y P, - Number of Turbines (24)
Where:

E, — AnnualEnergy Produce

P, — Power per hour.

3.4. Profitability

Cash flows werealculated annually, taking into accol
duration of the projectonsidered the life of the turbis
25 years.

Casel: Considering that this energy has no energy f
support, Thus revenues are calculated multipl
expected energy produced by maiprices.

Case 2: Considered a ferdtariff of 200€/MWh.

80,00

= 60,00

40,00

Energy [GW

20,00

0

o012 3 4 5 6 7 8 9 1011 12
Month i
=—li—Portuguese average price

Fig. 9. Average market Price Bbrtugal in the year of 2013

With a 10% discount ratéable | surmarizes the main
economic indicators.

Table |.Results Summa

Case 2
4.79

Case 1l
-12.95

Results
NPV [M€]

RE&PQJ, Vol.1, No.13, April 2015



Payback [years] - 13 provide a major opportunity to the production of
LCOE [€/MWh] 197.8 197.8 renewable energy. There is a huge potential in generating
IRR [%)] - 135 electric energy from technologies of extraction of energy
from sea currents. The energy of these currents has great
potential in the future of energy sources in many world
3.5. Project Sensibility countries. Th_is energy source h_as several attractive
features as its predictability. This work allows the
There are a lot of uncertainties in this assessment so a conclusion that there is a great room for the development
sensitivity analysis is fundamental to find the critical [N the area of energy from sea currents. To diminish costs
variables and to construct different possible scenarios. The @nd guarantee the economical viability of this energy it is

considered variables for sensitivity analysis were: Current Of great importance the development of related
speed, load factor, market price and feed-in tariffs, technologies anq s_tudlles about this matter. It is possible
equipment live time, discount rate and total investment. to conclude that it is vital to have data on sea currents so

Tables Il and 1l summarize the results. that case studies can be properly analyzed. It is also
shown that height and velocity of sea currents have great
Table Il. Summary sensitivities for casel influence in the energy production. In the casel, the NPV
is highly negative, then the project is not feasible, this is
_ NVP due to the still high cost of the technology. In this first
Analysis _59% e +5% phase it is necessary to give incentives for the
M€] % IME] | [ME€] % deployment of this technology that could be, like other
Current speed | -13.70 | 5.69 1223 569 renewable energies, the feed-in tariffs and in this case,
Load factor 13.09 1.08 1281 1.08 the feed-in tariff should exceed €200/MWh.
Market price | -13.09 | 1.08 1280 1.16 If this technology matures as wind power did and
Life time 1320/ 1.9 -12.95 1280 1.3 becomes competitive to sell on the spot electricity market
Discount rate | -12.60 | 2.6 1320 22 then, the predictability of this source of power, is clearly
Investment 121 6.6 12.8 6.6 an advantage when compared with other renewable like
wind or waves.
Table llll. Summary sensitivities for case2
Acknowledgement
. NVP
Analysis . .
-5% Base +5% A thank the Center for technical data of the Hydrographic
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