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Il presente lavoro € nato da una sollecitazioneQldl.L.U.S. Progetto Sviluppo 76
(P.S. 76) ad approfondire la possibilita di produgnergia elettrica negli estuari a marea
dalla Guinea-Bissau, paese in cui l'associazioneahaato negli anni scorsi alcuni
progetti di cooperazione appoggiandosi all'assdciaz locale “Amigos da Guiné-
Bissau”.

Le precedenti esperienze positive di collaboraziooe la facolta di Architettura nel
campo del turismo e con il Dipartimento di Ingegaetel’ Ambiente, delle Costruzioni

e del Territorio su un progetto riguardante la podne di energia dall’'olio di palma
hanno spinto 'O.N.L.U.S. ad appoggiarsi nuovaraeeall’'Universita di Genova, in
guanto il settore delle cosiddette energie rinndvatanto attuale quanto ancora
inesplorato, ben si prestava ad uno studio nellitorh una tesi di laurea.

D’altra parte, I'opportunita di mettere in gioconestre competenze tecniche acquisite
nel corso degli studi nel campo della cooperazalfeesviluppo é stata da parte nostra
colta con entusiasmo in seguito a un cammino dictt@ personale, che ci ha portato a
maturare la profonda convinzione che solo I'incorgruna reciproca relazione tra la
“frenetica” cultura occidentale e quella “lenta’riehna possano salvare l'una dal
declino in affannata corsa a un successo vuotditargm I'altra da problemi ben piu
concreti, quali la fame, la mancanza di acquadiffasione di malattie.

Inoltre esplorare ed approfondire il tema delle rgige rinnovabili, affascinante e
discusso, e stato subito individuato come la pdgaibdi acquisire competenze
fondamentali da utilizzare nella nostra futura véti consapevoli che le energie
rinnovabili saranno sempre piu necessarie, anchdéinal di superare la marcata
dipendenza del settore energetico dai combustissili.

Introdotte dunque le motivazioni che hanno datgine a questa tesi, passiamo ora a
descriverne i contenuti.

Le due parti in cui la tesi &€ suddivisa ben rispéawo le fasi del lavoro: la prima infatti
riassume il processo di apprendimento e acquisgzairconoscenze tecniche sul vasto
campo dell’energia in ambienti a marea, la secdhdstra invece varie proposte di
applicazioni realizzabili in Guinea-Bissau.

Il primo passo é stato quello di approfondire elianare il fenomeno della marea
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astronomica, la sua modellazione e le sue carstitdre.

Successivamente si € reso necessario studiareersdimetodi che consentono di
produrre energia elettrica dalle maree. Il piu cmiugto e longevo consiste nella
costruzione di una diga che sbarri una baia o tuags, in modo da creare un bacino
dove il livello oscilli con una legge diversa daetia del mare; si genera dunque un
salto. Le turbine, installate lungo la diga, pragluz energia quando il bacino si riempie
0 si svuota.

Inoltre, il crescente interesse per le energieawabili e per installazioni con basso
impatto ambientale e visivo hanno portato a svitluppecnologie in grado di sfruttare
direttamente il carico cinetico della corrente. Sksio a questo proposito diversi
prototipi di turbine, sia ad asse verticale chezazwmtale, che non richiedono la
costruzione di opere civili, ma solo una struttdiasostegno, che pud essere fissa 0
galleggiante.

Terminata questa panoramica sulle tecnologie esistesu quelle in fase di studio si e
passati ad analizzare la realta particolare dalliaéa-Bissau. Questo paese, situato sulla
costa occidentale dell’ Africa, & caratterizzato W& vasta rete di estuari e canali
secondari che si introducono nel continente peticaa di Km; in essi I'escursione di
marea (che gia sulle coste assume i massimi \v@#tle zona) si amplifica propagandosi
verso monte, raggiungendo all'interno del prinogpdRio Geba valori di 6.8 m.
Nonostante questa enorme risorsa di energia iepa@® dei 10 piu poveri del pianeta, é
privo di una rete elettrica (fatta eccezione perdpitale, dove perd non funziona da piu
di 10 anni).

Con queste premesse € evidente la necessita darstudiverse modalita che sfruttino
I'enorme risorsa delle maree per la produzionendrgia elettrica.

Usufruendo di un modello numerico e di una serigalibri misurati e stato simulato il
comportamento idraulico dei suddetti estuari; imtipalare, si sono analizzati il Rio
Geba, la cui lunghezza, prossima a quella di risemafa si che le velocita siano piu
elevate che negli altri canali, e il Rio Mansod]|esaui sponde e situato il villaggio di
Fanhé (dove I'associazione P.S. 76 ha avviato alieirprogetti citati).

Si sono dunque valutate le ampiezze di marea eltxia di flusso e di riflusso, con

particolare attenzione ad alcune sezioni ritenitterperessanti.
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Noto I'andamento nel tempo del livello é stato jinis individuare alcuni siti strategici

per la realizzazione di una centrale a marea “dga’ce calcolarne, con un semplice

modello numerico, la potenza installata. In pattice:

vicino al villaggio di Fanhé, dove I'escursione neednnua raggiunge i 4.4 m ed
& presente un bacino di circa 2900%) énstata studiata una piccola centrale da 34
KW; in seguito a diverse simulazioni si e inoltmedividuato il sistema di
regolazione piu efficiente (che permette di ottenker massima energia in un
ciclo di marea) e si e valutata la curva caratiiedslella turbina da installare;

nei pressi della capitale Bissau (escursione meéd&8 m, area del bacino di
1.12 Knf e lunghezza dello sbarramento di 150 m) si & zzeth una centrale da
940 KW e si e valutata la produzione di energiaaasi di massima e minima
escursione;

a proposito del tratto piu a monte del Rio Gebaeddescursione raggiunge il
valore massimo di 6.8 m, sono state fatte le peoresiderazioni sulla possibilita
di sbarrare l'intero Rio con una diga lunga 2 Kraletopera porterebbe la
potenza installata ad un valore di 50 MW, energjia potrebbe di gran lunga

soddisfare il fabbisogno dell’intero paese.

Sulla base delle conoscenze acquisite sulle valoddlla corrente mareale, si e

analizzata la possibilita di produrre energia gtettcon la semplice installazione di una

0 piu turbine free-flow’. Tra le varie tecnologie proposte, si € sceltaadottare una

turbina Darrieus di diametro 3 m, in quanto taletptipo € uno dei pochi gia in

commercio ed é in grado di sfruttare basse velocitalisi si é rivolta in particolare ai

seguenti siti:

lungo il Rio Geba ciascuna turbina consentirebbprtaluzione di 0.67 KW in

corrispondenza della capitale Bissau (mediando suciglo di marea e

considerando la massima escursione) e di 0.71 Kidcalita Porto Gole, subito
a monte di un restringimento naturale;

lungo il Rio Mansoa le velocita non raggiungonooviatlevati (la produzione di

potenza raggiungerebbe un valore di 0.37 KW nesgirdi Fanhé), rendendo

l'installazione di una turbina free-flow inadeguata
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* nei pressi di Bubaque, in un restringimento natudgterminato da due isole
adiacenti, che compongono I'Arquipelago Dos Bijagmo stati misurati in sito
valori di velocita piuttosto elevati; in questo ada potenza prodotta con una
sola turbina raggiungerebbe 1.26 KW e potrebberesskuttata dai piccoli
alberghi della zona.

A proposito di questo tipo di installazioni, la @atenza prodotta potrebbe a prima vista
sembrare di poco interesse, € necessario consdaranzitutto che tale energia € pulita
e priva di alcun costo ambientale; in secondo luégta sottolineare la possibilita di
installare piu turbine (fino a costruire una verarepria “schiera”), date la larghezza e la
profondita elevata delle sezioni considerate.

Infine, si mette in risalto la necessita di effatil un’accurata campagna di misure sul
campo, vista la possibilita di riscontrare in cuosan particolari restringimenti, valori di

velocita superiori a quelli ottenuti con simulazionmeriche.

La parte conclusiva della tesi e infine volta alB#isi di un’idea innovativa che consenta
produzione di energia elettrica in misura maggidre nel caso precedente, ma con lo
stesso ridotto impatto ambientale. Si e infatti eitada numericamente I'idraulica di una
bocca che connetta un estuario soggetto a marea &guna o ad un’area inondabile,
caratteristica degli ambienti a marea.

In tal caso, prendendo in esame una bocca profomda larga 4 m (reperibile in loco o
da realizzare artificialmente) connessa a un badinsuperficie pari a 0,15 Kmcon
l'installazione di una sola turbina Gorlov (1 m diametro e 2.5 m in altezza) si
produrrebbero mediamente 4 KW con un’escursione@im e addirittura 8.4 KW con

un’escursione massima di 2.5 m.

La tesi si conclude con alcune considerazioni saossibile immagazzinamento
dell’energia prodotta e sulla sua distribuzion@ra particolare realta come quella di un

paese in via di sviluppo, e con una breve anadiscdsti delle diverse applicazioni.

E’ da mettere in luce, infine, la possibilita dicadere ai fondi dell’'Unione Europea, la

guale, con specifici programmi economici, finangiagetti di cooperazione nei paesi in
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via di sviluppo. Auspichiamo dunque che questo Havoossa costituire la premessa
necessaria per l'acquisizione di finanziamenti clo@sentano la realizzazione delle

opere descritte.
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There is increasing consensus in both the sciendifid political communities that

significant reductions in greenhouse gas emissamasecessary to limit the magnitude
and extent of climate change.

Global and continental temperature change
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Comparison of observed continental (and global)lessoghanges in surface temperature with results
simulated by climate models using either naturalboth natural and anthropogenic forcings. Decadal
averages of observations are shown for the perR@612005 (black line) plotted against the centréhef
decade and relative to the corresponding averagetfe period 1901-1950. Lines are dashed where
spatial coverage is less than 50%. Blue shaded dahdw the 5-95% range for 19 simulations from 5
climate models using only the natural forcings doesolar activity and volcanoes. Red shaded bands
show the 5-95% range for 58 simulations from 1#atie models using both natural and anthropogenic
forcings(© Intergovernmental Panel on Climate Change, 2007)
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The majority of greenhouse gas (GHG) emissions cfsora the use of fossil fuels to

power a growing world economy.
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(@) Global annual emissions of anthropogenic GHG@smf 1970 to 2004. (b) Share of different
anthropogenic GHGs in total emissions in 2004 imie of CO2-eq. (c) Share of different sectors talto

anthropogenic GHG emissions in 2004 in terms of @32@© Intergovernmental Panel on Climate
Change, 2007).

Industrialized countries are responsible for thejonitgt of current and historic
emissions, but many developing countries are saamifly increasing their share as their
economies expand. This is especially true in somth® large emerging economies,
such as China and India, that have undergone ltighoenic growth.
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Changes in GHGs from ice core and modern data
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Atmospheric concentrations of CO2 over the lasDQ0,years (large panels) and since 1750 (inset
panels). Measurements are shown from ice coresh@gmwith different colours for different studiesyd
atmospheric samples (red lines). The correspondaaijpactive forcings relative to 1750 are shown on
the right hand axes of the large panegsitergovernmental Panel on Climate Change, 2007).

With the ratification of the Kyoto Protocol, a firstep has been taken to reduce the
emissions up to 2012, although all emission scesandicate that these reductions will
not be sufficient to reduce the threat of climdtarmge significantly.

The Kyoto Protocol was intentionally designed aspracess with progressively
increasing reduction requirements and participatlmpn all countries. How these
intentions will be met is the main focus of negdias for the post-2012 period.

A primary role in this worldwide process will b@ubtless played by the renewable
energy field.

The expression “renewable energy” covers a numlbesoarces and technologies at
different stages of development.

By their nature, renewable energy sources are giynearbon-free or carbon neutral.
Many renewable energy technologies have matured thee last decade and moved
from being a passion for the dedicated few to aomagonomic sector attracting large
industrial companies and financial institutions.

Renewable energy technologies such as wind powksalar photovoltaic devices have
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achieved noticeable cost reductions over the l|astades, which are expected to
continue in the medium term as large global congsmeinter new energy markets for

hydro, wind, solar and biomass technologies.

IEA Energy Statistics Statistics on the Web: httpzfwww lea.org/statist/index.htm
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Evolution of Total Production of Energy from 1971 to 2004
World

12 000

10 000

8000

6 000 1

Mitoe

4000

2 000

1971 1974 1977 1680 1983 1986 1989 1992 1995 1998 2001 2004

B Coal HQIl EGas ONuclear EMHydro EComb. renew. & waste B Geothermal/solariwind I

@ OECDVIEA 2008 For more detalled data, please consult our on-line data service at hitp:/data.iea.org.

Historical development in primary energy producti@ominance and increasing importance of fossil
fuels in the last decad®(International Energy Agency, 2006).

Renewable energy can even potentially play an itaporole in stabilizing greenhouse
gas emissions and mitigating climate change. Tarsdoroad public and policy support
to promote renewable energy development, it isrgsdeo include not only the climatic
aspects, but also other broader economic, envirotaheand social benefits in any
analysis. Therefore it is not possible to link ttpebal scenario analysis directly to

requirements for specific policies at a nationakle
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Some general forecasts can be attempted:
* global energy demand will continue to grow and ipexted to increase
approximately 50%-60% by 2030 unless major consienmvaand efficiency

programmes are undertaken;
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World primary energy deman®(International Energy Agency 2005).

» with current price expectations and reserve prigest the domination of fossil
based technologies will not dramatically changethe next decades unless
renewable energy technologies become more costetame;

» the atmospheric greenhouse gases concentratidsOebs0 ppm (required by the
Kyoto Protocol) can only be reached through magduction of long term
emission obtained by either a larger renewable ggngyenetration, or if
significant efforts to increase carbon storage segliestrations are made;

* renewable energy costs are expected to declinkefurh the coming decades.
This will make most renewable energy technologiest competitive by the
middle of the century.

As regards cost analysis, it is important to notitat the pricing structures of energy

markets mostly do not reflect the full costs of guroing energy to society, and make

10



Introduction

renewable energy less competitive than conventi@mergy choices. Conventional
energy supplies are highly subsidized in many awes)tboth directly and indirectly.

In fact, the full costs of producing energy fromnegentional fuels are not normally
factored into energy pricing, including externaltosuch as human health impacts,
environmental damage, and the global impacts ofatk changes.

In conclusion it is important to consider the specontribution that renewable energy
can make in developing countries to both adaptadimh mitigation responses. In some
cases, renewable energy offers a viable opportdoitgeveloping countries to address
energy poverty, mitigate climate change, and degveleaner, non-fossil based energy
systems.

The bulk of rural populations, particularly in déyging countries, rely on agricultural
activities for their livelihoods. Climate change éxpected to exacerbate current
problems related to increased variability in tenapgres and precipitation, and enhanced
extreme events. Decentralized renewable energympttan contribute to addressing
current climate-related problems, affording poomaoaunities important breakthroughs,
both in terms of climate change adaptation andnmme@enerating activities. This is
especially relevant in food processing and stosageities that require energy inputs.
Similarly, small-scale hydro and wind generators oeduce greenhouse gas emissions
from diesel generators as well as creating powegutap water for irrigation and other
agricultural activities. Both agriculture and watae vulnerable resource sectors, yet
they are intimately related to rural livelihoods.

It is clear that if renewable energy is to be aoser climate adaptation option, there is a
strong need to move from clustered, marginal appbos and pilot projects to
widespread dissemination, especially within theaain continent where climate change

might have disproportionate impacts.

11
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Types of .

Renowables Application Mitigative Benefits Adaptive Benefits Ancillary Benefits
Efficient use of Electricity Reduced use of charcoal Reducing the likelihoods Creation of jobs and livelihood
biomass:Shells, generation and woodfuel and less of deforestation through opportunities
peanuts, bagasse pressure on natural continued used of Reduced drudgery therefore

Heat resources woodfuel and charcoal better quality of quality of

live

Reduction of time spent on fuel
collection

Reduction of incidents related
to indoor air pollution
and respiratory infections
prevalent with biomass

Wind pumps

Crop processing

Decreased dependence
on biomass

Greater resilience to
climate related stresses

Increased access to energy and
energy consumption

Irrigation through reduced Greater prospects for income
Avoidance of CO2 vulnerability to water generation
Water pumping | emissions scarcity Improved quality of life
Reduced risks of vector borne
More adaptation choices diseases
i. e. through irrigated Improved water supply that
agriculture and not is beneficial for agricultural
relying solely on rainfed productivity and livestock
agriculture rearing
Improved food security
Reduced out migratory fluxes
Improved performance and
attendance level of school
children particularly girls
Biogas plants Production Reduced use of biomass Adapting to soil erosion, Environmental sustainability;
of sludge for aridity and environmental better prospects of
fertilisers degradation agricultural productivity
there more chances to
generate income
Solar Home WaterHeating Reduced consumption of Improved quality of life
Systems woodfuel, kerosene and Reduced health risks
Cooking dry cell batteries
Reduced pressure on the
environment and natural
resources
Solar panels, PVs Lighting Improved local air quality | Build resilience and coping | Improved access to water
strategies of communities Reduced drudgery for women
Water pumping | Reduction of CO2 and especially during drought responsible for water
reduced dependency on periods collection
Water kerosene, woodfuel and Reduced risks of infected

desalination

dry cell batteries

Thus reduced vulnerability
to water shortages

water therefore improved
sanitation and health

Micro hydro Lighting Reduction of GHG Improved health (indoor
air pollution and other
Access to Protection of land cover respiratory illnesses ) as
information kerosene lamps are not no

technology etc

longer used
Greater school attendance with
electrification at school
Access to internet facilities with
electrification

An attempt to illustrate how different small-sced@ewable energy technologies can contribute th bot
climate change adaptation and mitigatidg® (nited Nations Environment Programme, 2006).
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1. Tides

1.1 Introduction

The tide is the regular rising and falling of theean's surface caused by changes in
gravitational forces acting on the Earth. The prynehanging gravitational field is
associated with the Moon while the secondary figlassociated with the Sun.
The repeated cycle of sea level changes in thewollg stages:

» for several hours the water rises or advanceshgaah (flood phase);

» the water reaches its highest level and stopsgit tide; tidal currents cease

(slack water or slack tide);
» the sea level falls or recedes over several halns phase);

» the level stops falling at low tide (slack or turg).

14
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Tidal Day
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Fig. 1.1 - The repeated cycle of sea level duédal phenomenon.

Tides may be semidiurnal (two high tides and two tales each day), or diurnal (one
tidal cycle per day). In most locations, tides aemnidiurnal. Because of the diurnal
contribution, there is a difference in height (thely inequality) between the two high
tides on a given day; these are differentiatedhasigher high water and the lower high
water in tide tables. Similarly, the two low tideach day are referred to as the higher
low water and the lower low water. The daily indgyachanges with time and it is
generally small when the Moon is over the equator.

Tides vary on timescales ranging from hours to §/es0 to make accurate records tide
gauges measure the water level over time at fixatloss, which are screened from
variations caused by waves shorter than minutgeiind. These data are compared to

the reference (or datum) level, usually the meaneeel.
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1.2 Tidal range variation: springsand neaps

The semidiurnal tidal range (the difference in heigetween high and low tides over
about a half day) varies in a two-week or fortnigltycle. Around new and full moon
when the Sun, Moon and Earth form a line (syzygy, tidal forces due to the Sun
reinforce those of the Moon. The tidal range istheaximum: this is called thepring
tide, or justsprings When the Moon is at first quarter or third quartdde Sun and
Moon are separated by 90° when viewed from thehEartd the forces due to the Sun
partially cancel those of the Moon. At these pointshe lunar cycle, the tidal range is
minimum: this is called theeap tide or neaps Spring tides result in high waters that
are higher than average, low waters that are loknaar average, slack water time that is
shorter than average and tidal currents that ewager than average. Neaps result in less

extreme tidal conditions. There is about a sevenimtarval between springs and neaps.

Spring Tides
§ gl 2 E
= = =
LR :
Neap Tides

Third Cuarter ‘

High Tide

Low Tide

High Tida

First Quarter ‘

Fig. 1.2- Reciprocal positions of Moon, Sun and Earth duspgng and neap tides.

The changing distance of the Moon from the Eartio @ffects tide heights. When the

Moon is at perigee the range is increased and wherat apogee the range is reduced.
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1.Tides

Every 7% lunations, perigee coincides with eitherea or full moon causing perigean
tides with the largest tidal range. If also a stdrappens to be moving onshore at this

time, the consequences (in the form of flooding)risan be especially severe.

i el

<Y Perigee
(X

Fig. 1.3- Simple draw of moon at perigee.

1.3 Tidal amplitude

The theoretical amplitude of oceanic tides duéh®Moon is about 54 cm at the highest
point, which corresponds to the amplitude that \@dag reached if the ocean possessed
a uniform depth, there were no landmasses, and&anth were not rotating. The Sun
similarly causes tides, of which the theoreticapétmde is about 25 cm (46% of that of
the Moon) with a cycle time of 12 hours. At spride the two effects add to each other
reaching a theoretical amplitude of 79 cm. Thel tataplitude changes as a result of the
varying Earth-Sun and Earth-Moon distances. Thisesa a variation at neap tide: the
theoretical level is reduced to 29 cm. Since th@teof the Earth about the Sun, and the
Moon about the Earth, are elliptical, the tide atoges in the tidal force and theoretical
amplitude is of about +18% for the Moon and +5% fiee Sun. If both the Sun and
Moon were at their closest positions and alignedeat moon, the theoretical amplitude
would reach 93 cm.

Real amplitudes differ considerably from the théoet ones, because of the variations

17



1.Tides

in ocean depth and of the presence of continents.

1.4 Tidal constituents

The various frequencies of astronomical forcingalhtontribute to tidal variations are
called constituents. In most locations, the largeststituent is the principal lunar
semidiurnal (M). Its period is about 12 hours and 27 minutesciiyxalf a tidal lunar
day, the average time separating one lunar zenaitm fthe next, and thus the time
required for the Earth to rotate once relativehe Moon.

Constituents other than Varise from factors such as the gravitational rice of the
Sun, the tilt of the Earth's rotation axis, thelimetion of the lunar orbit and the
ellipticity of the orbits of the Moon about the Harand the Earth about the Sun.
Variations with periods of less than half a day ea#éed harmonic constituents. Long

period constituents have periods of days, monthgears.

1.5 Tidal phase

Because the BItidal constituent dominates in most locations, steege or phase of a
tide, denoted by the time in hours after high tidea useful concept. High tide is
reached simultaneously along tbatidal lines(lines of constant tidal phase) extending
from the coast out into the ocean, and cotidalslifend hence tidal phases) advance
along the coast. If one thinks of the ocean asalair basin enclosed by a coastline, the
cotidal lines point radially inward and must eveaily meet at a common point, the
amphidromic point An amphidromic point is at once cotidal with highd low tides,
which is satisfied by zero tidal motion. The raxeeption occurs when the tide circles
around an island, as it does around New Zealand.

Moreover tidal motion generally lessens moving arayn the continental coasts, so
that crossing the cotidal lines are contours ofstam amplitude which decrease to zero
at the amphidromic point. For a 12 hour semidiutitgd the amphidromic point behaves
roughly like a clock face, with the hour hand pwigtin the direction of the high tide
cotidal line, which is directly opposite the lovdéi cotidal line. High tide rotates about

once every 12 hours in the direction of rising datilines, and away from ebbing cotidal
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1.Tides

lines. The difference of cotidal phase from thegghaf a reference tide is the epoch.

GOTS92 NASA/GSFC

30'N

R Ray
Spacs Gedesy Boanch

Q o 20 30 40 30 &0 70 B0 90 100 110 120 130 om

Fig. 1.4- The M tidal constituent.

Amplitude is indicated by colours; the white lirz@e cotidal differing by 1 hr. The curved arcs anolthe

amphidromic points show the direction of the tidesch indicating a synchronized 6 hour period. (Y.
Accad, C. L. Pekeris, 1978)

The shape of the shoreline and the ocean floorgeh#ime propagation behaviour of the
tides, so there is no simple, general rule for otedy the time of high tide from the
position of the Moon in the sky. Coastal charasters such as underwater topography
and coastline shape mean that individual locatioeracteristics need to be taken into
consideration when forecasting tides.
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1.Tides

1.6 Tidal physics
1.6.1 Background

Isaac Newton laid the foundations for the matherahtexplanation of tides in the
Philosophiae Naturalis Principia Mathematica (168711740, the Académie Royale des
Sciences in Paris offered a prize for the bestrétaal essay on tides. Daniel Bernoulli,
Antoine Cavalleri, Leonhard Euler, and Colin Maclaushared the prize. Maclaurin
used Newton'’s theory to show that a smooth sphmrered by a sufficiently deep ocean
under the tidal force of a single deforming bodyispheroid with major axis directed
toward the deforming body. Maclaurin was also thst fto write about the Earth's
rotational effects on motion. Euler realized thHa¢ thorizontal component of the tidal
force (rather than the vertical) drives the tida. 1744 D'Alembert studied tidal
equations for the atmosphere which did not inclingeeffect of rotation.

The first major theoretical formulation for watedds was proposed by Pierre-Simon
Laplace, who formulated a system of partial difféi@ equations relating the horizontal
flow to the surface height of the ocean. The Laplédal equations are still in use today.
William Thomson rewrote Laplace's equations in twh vorticity which allowed for
solutions describing tidally driven coastally treppwaves, which are known as Kelvin

waves.

1.6.2 Tidal forces

Tidal forces can be analyzed from the point of viiva reference frame that translates
with the centre of mass of the Earth. Considertitte due to the Moon (the Sun is
similar). At first observe that the Earth and Maotate around a common orbital centre
of mass with a 27.3 day period, as determined lgyr ttelative masses. The orbital

centre of mass is 3/4 of the way from the Eartbrdre to its surface.
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Fig. 1.5- Earth-moon centre of mass and period of rotatioay® Postgraduate School. Monterey,
California).

The second observation is that the Earth's cemdlipgotion is the averaged response of
the entire Earth to the Moon's gravity and it ia&ly the correct motion to balance the
Moon's gravity only at the centre of the Earth; buéry part of the Earth moves along
with the centre of mass and all parts have the san&ipetal motion, since the Earth is
rigid. On the other hand each point of the Eartipeeiences the Moon's radially

decreasing gravity differently; the near parts lué Earth are more strongly attracted
than is compensated by inertia and experience ada¢tforce toward the Moon; the far

parts have more inertia than is necessary foreédeaed attraction, and thus feel a net

force away from the Moon.
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Fig. 1.6- Tide-producing force as vector addition of cenfgéiliforce and gravitational force due to moon
(Naval Postgraduate School. Monterey, California).

The actual tidal acceleration on a particle is oabout a ten millionth of gravity
acceleration, thus the radial component does raxtgd Earth’s gravity significantly. On
the contrary, even though the horizontal comporanthe tidal forces has similar
magnitude, it is able to drive a tidal acceleratdrthe water particles, as it is balanced

by shear stresses, that are small because ofghebean’s depth.

1.6.3 Laplacetidal equation

The depth of the oceans is much smaller than tleizontal extent; thus, the response
to tidal forcing can be modelled using the Lapladal equations, which incorporate the
following features:
» the vertical (or radial) velocity is negligible, c&athere is no vertical shear: it's a
sheet flow;
» the forcing is only horizontal (tangential);
» the Coriolis effect appears as a fictitious latévating proportional to velocity;

» the rate of change of the surface elevation is gamal to the negative
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divergence of velocity multiplied by the depth.
The last feature implies that, as the horizontédaity stretches or compresses the ocean
as a sheet, the volume thins or thickens, respgtifhe boundary conditions dictate
no flow across the coastline, and free slip atibigom. The Coriolis effect steers waves
to the right in the northern hemisphere and tdeftan the southern hemisphere leading
to waves being coastally trapped. Finally, a detsim term can be added which is an

analogue of viscosity.

1.7 Tidal observations and predictions
1.7.1 Background

The first known sea-level record of an entire sprimeap cycle was made in 1831 on the
Navy Dock in the Thames Estuary, and many largdspbad automatic tide gages
stations by 1850.

William Whewell first mapped co-tidal lines endimgth a nearly global chart in 1836.
In order to make these maps consistent, he hypadtethe existence of amphidromes
where co-tidal lines meet in the mid-ocean. Thesiatp of no tide were confirmed in
1840 by field measurements of Captain Hewett obthiinom careful soundings in the
North Sea.

1.7.2 Timing

In most places there is a delay between the pledighs Moon and the effect on the tide.
Springs and neaps in the North Sea, for exampdetway days behind the new/full Moon
and first/third quarter. This is called the agehsf tide.

The exact time and height of the tide at a pamicidoastal point is also greatly
influenced by the local bathymetry. Southamptorthim United Kingdom has a double
high tide caused by the interaction between thérdiht tidal harmonics within the

region. This is contrary to the popular belief tha flow of water around the Isle of
Wight creates two high waters. The Isle of Wightingportant, however, as it is

responsible for the 'Young Flood Stand', which dbss the pause of the incoming tide
about three hours after low water.
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Because the oscillation modes of the Mediterran8aa and the Baltic Sea do not
coincide with any significant astronomical forcipgriod the largest tides are close to
their narrow connections with the Atlantic OceamtrEmely small tides also occur for
the same reason in the Gulf of Mexico and Sea padaOn the southern coast of
Australia, because the coast is extremely straghaitly due to the tiny quantities of

runoff flowing from rivers), tidal ranges are edyamall.

1.8 Tidal analysis

When compared with a periodically varying functidhe standard approach is to
employ Fourier series. However, for the analysididé elevation, the Fourier Series
approach is best made more elaborate. While therdhe remains true and the tidal
elevation could be analyzed in terms of a singbgjdency and its harmonics, a large
number of significant terms would be required. Acmwbetter decomposition for this
case involves a basis set having more than oneafnedtal frequency: specifically, the
periods of one revolution of the earth, and ondatabthe moon about the earth are
incommensurable (for simplicity in phrasing, thisalission is entirely geocentric, but is
informed by the heliocentric model). So, to reprédmth influences via one frequency
would require many harmonics. That is, the sumvad sinusoids, one at the sun's
frequency and the second at the moon's frequeaquires those two terms only, while
their representation as a Fourier Series having fondamental frequency and its
(integer) multiples would require many terms. kdes then, although the process is still
termed Harmonic Analysis, it does not limit itselfharmonics of a single frequency. In
other words, the harmonics are multiples of mamdamental frequencies, not just of
the one fundamental frequency of the common Fosgges approach.

The study of tide elevation by Harmonic Analysisswuaitiated by Laplace, Lord Kelvin
and George Darwin, it was then rigorously extenbgd\.T. Doodson who introduced
the Doodson Number notation to organise the husd@dterms that result. This
approach has been the international standard @we, sand the complications arise as

follows: so far, the tide raising and falling el&ea h [m] is given by:

h(t) =acost + p)
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where:

* ais the amplitude [m];

* wis the angular frequency (usually given in degpeshour);

* tdenotes time;

* pisthe phase offset (in degrees) with regard écatstronomical state at time

t=0.

There is a term for the moon and a second terrthosun. Accordingly, the value af
is itself varying with time, slightly, about someeaage figure. Hence, replacing it by

a(t), it turns out that another sinusoid gives an Beweapproximation:
a(t) = a,[1+a, cosg,t + p,)]

which is to say an average valagwith a sinusoidal variation about it of magnituae
with frequencyw, and phase,. Thus the simple term is now a compound term, the

product of two cosine terms:
h(t) = a,[1+a, cost,t + p,)]cost + p)

Now, given that

cos@+b)+cos@-h)

cos@)cosp) = 5

the following relationship is found:

2 2

h(t) = a, cosgt + p) + 2

It is clear that a compound term involving the pradof two cosine terms each with
their own frequency is the same as three simplaedsrms that are to be added, at the
original frequency and also at the sum and diffeeenf the two frequencies of the
product term.

Consider further that the tidal force on a locatil@pends also on whether the moon (or
the sun) is above or below the plane of the equatadt that these attributes have their

own periods also incommensurable with a day andatim and it is clear that many
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combinations result. With a careful choice of thasib astronomical frequencies, the
Doodson Number annotates the particular additionksdifferences of them to form the
frequency of each simple cosine term.

Remember also that the astronomical tides do nodude the effect of weather.

Moreover, changes of local conditions (sandbankenwant, dredging harbour mouths)

can affect the timing and magnitude of the actiaia!. t

1.9 Tidal currents

The flow pattern due to tidal influence is morefidiflt to analyse. Moreover, data is
more difficult to collect. A tidal height is a singpnumber, and applies to a wide region
simultaneously (often as far as the eye can seg) flow has both a magnitude and a
direction, it can vary substantially over just @dhdistance due to local bathymetry and
it also varies with depth. A flow proceeding upuaved channel is the same flow, even
though its direction varies continuously along thannel. Even the obvious expectation
that the flood and ebb flows will be in oppositeediions is not met, as the direction of a
flow is determined by the shape of the channa @aming from, not the shape where it
will shortly be. Likewise, eddies can form in onieedtion but not in the other.
Nevertheless, the analysis proceeds on the sange Bas given location in the simple
case, the great majority of the flood flow will beone direction, and the ebb flow in
another (not necessarily opposite) direction. Ttakevelocities along the flood direction
as positive, and along the ebb direction as negiatimd proceed as if these were tide
height figures. In more complex situations, thevfiwill not be dominated by the main
ebb and flood directions, with the flow directiondamagnitude tracing out an ellipse
over a tidal cycle (on a polar plot) instead ofrglahe two lines of ebb and flood
direction. In this case, the analysis might procatahg two pairs of directions, the
primary flow directions and the secondary direcsi@t right angles. Alternatively, the
tidal flows can be treated as complex numbersaeb galue has both a magnitude and a
direction.

As with tide height predictions, tide flow predmtis based only on astronomical factors
do not take account of weather conditions, which campletely change the situation.

The tidal flow through Cook Strait between the tmain islands of New Zealand is
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particularly interesting, as on each side of thraitsthe tide is almost exactly out of
phase so that high tide on one side meets lowandéhe other. Strong currents result,
with almost zero tidal height change in the cewfir¢he strait. Yet, although the tidal
surge should flow in one direction for six hourgdan the reverse direction for the
following six hours, a particular surge might la&sght or ten hours with the reverse
surge enfeebled. In especially boisterous weatheditions, the reverse surge might be
entirely overcome so that the flow remains in thene direction through three surge

periods and longer.
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2. Tidal power

2.1 Introduction

Electrification of all aspects of modern civilizai has led to the development of various
converters for transforming energy from natural powsources into electricity.
However, the power plants that use fossil and ruclaiels create huge new
environmental pollution problems, along with thetféhat these resources are quickly
becoming depleted. Thus, clean renewable energge®dor generating electric power
are attracting much attention around the world.

Energy from ocean and tidal currents is one of libst available renewable energy
sources. In contrast to other clean sources, ssighiral, solar, geothermal etc., tides can
be predicted for centuries into the future; thusvgo outputs can be accurately
calculated far in advance, allowing for easy indigin with existing electricity grids.
However, this energy, like that from wind and splardistributed over large areas that
makes it more difficult to economically harness.rbtwver tidal power systems do not

generate electricity at a steady rate and thusecgssarily at times of peak demand.

2.2 Two ways of generating electricity from tides

There are basically two ways of generating eleitgricom marine and tidal currents: by
building a tidal barrage across an estuary or a ibaligh tide range areas, or by
extracting energy from free flowing water.

In the first case tidal barrage harnesses theggnera similar way as run-of-river hydro
power plants and was the first ocean energy teolgyoto be used in a large scale
project.

The barrage traps a water level inside a basis; ldads to a decrease of tidal range
inside the basin or lagoon, implying a reduceddf@anof water between the basin and
the sea. The reduced transfer of water accounthéoenergy produced by the scheme.
The second ocean energy technology is capturingetteggy in free flowing water,
meaning much less civil engineering work and lessrenmental impact at the site. A
great deal of attention was drawn to marine andl tidirrents as a possible source of

energy during the oil crisis in the 1970s, butiallall the abundant resources of tidal
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energy have remained untapped. However, recentajeuents in power electronics, in
the offshore industry and in wind power technold@ve brought tidal energy much
closer to an introduction on the electricity mark&t present, there are a number of

promising and more or less innovative conceptdfarine Current Energy Converters.

2.3 Barragetidal power
2.3.1 Introduction

A barrage is built across an estuary or a bay ekperiences an adequate tidal range.
The purpose is to create a basin where water Iaisés and falls with a time law
different from that of the open sea, in order teate a hydrostatic head. The turbines
placed along the barrage generate power as wates th and out the bay. The system is
then similar to a low head hydro dam.

The construction of a barrage requires a very ldail engineering project. It will have
environmental and ecological impacts, not only migiconstruction, but will change the
affected area forever. Just what these impactsbwils very hard to measure as they are
site specific, and each barrage is different.

Tide coming in

Turbine & generator
Sea

Tide going out

Turbine & generator
Sea Estuary

Fig. 2.1- Simple draw of the operating condition of a two-s/aarrage tidal power plant (Andy Darvill,
Broadoak Community School).
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Ebb generationalso known as outflow generation, it takes its ndo®eause generation
occurs as the tide ebbs. The basin is filled thinotlng sluices until high tide. Then the
sluice gates are closed. At this stage there mgubw®ing to raise the level further. The
turbine gates are kept closed until the sea lealtd fo create sufficient head across the
barrage, and then are opened so that the turbemsraie until the head is again low.
Then the sluices are opened, turbines disconnextddthe basin is filled again. The

cycle repeats itself.

Flood generationthe basin is filled through the turbines, which gete at tide flood.
This is generally less efficient than ebb genemtimecause the volume contained in the
upper half of the basin (which is where ebb gefmmabperates) is greater than the
volume of the lower half; so the difference in Isvbetween the basin side and the sea
side of the barrage, and therefore the availabterpial energy, is less than it would

otherwise be.

Pumping:the turbines in the barrage can be used to pump @sdter into the basin at
periods of low demand. This usually coincides veitleap electricity prices, generally at
night when demand is low. The company thereforestibg electricity to pump the extra
water in, and generates power at times of high denvehen prices are high so as to
make a profit. This has been used in Hydro Powed, ia that context is known as

pumped storage.

Two way power generatiorelectrical power is generated from both the ebb ted
flood tides. Ebb generation starts at a basin I¢hat is less then that of a single
generation (towards the end of the generating ¢cyloéesluice gates are opened to allow
flow from the basin to the sea and hence drop theemlevel in the basin). This is
necessary to achieve a sufficient difference inewaeight during the flood generation
phase. At low tide, the sea and basin levels beaxual and the gates are closed. Once
the sea has risen to the optimum height, generbggims by operating the turbine in the

opposite direction.
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Two-basin schemesnother form of energy barrage configurationhat tof the dual
basin type. With two basins, one is filled at higie and the other is emptied at low tide.
Turbines are placed between the basins. Two-badienses offer advantages over
normal schemes because generation time can betetljwgh high flexibility and it is
also possible to generate almost continuously. dmmal estuarine configuration,
however, two-basin schemes are very expensivertstieet due to the cost of the extra
length of barrage. There are some favourable gpbgra settings, however, which are

well suited to this type of scheme.

2.3.2 Single-basin two way installation

All the above schemes were the subject of seveualies and all of them present
advantages and disadvantages. A single-basin twoinvgtallation corresponds best to
the natural development of the tide and then l¢gadhe maximum exploitation of the
site potential tidal energy; moreover it requires least degree of regulation.

These are the reasons why this scheme is mosbkuitaa developing country and is

analysed in the present thesis.

2.3.3 Energy calculation

The capacity of tidal power plants (TPP) should b®texpressed as a function of head
and discharge (which can be calculated after tgelation method has been fixed), but
as a function of the basin surface $][and the tidal range R [m].

Assuming arbitrarily that there is no surface geatli the work L [J] performed by the
tide during the flood-ebb cycle is the product bé tweight of the water raised and
lowered by the tide and the height to which thetreeof gravity of this mass is lifted:

L=pgRS§

wherepis the water densityo( = 1000 kg/m) andg is the acceleration due to gravity (
=9.81 m/$).
The work performed each day by the tide is equéltaultiplied by 3.87 (3.87 being the
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number of tidal oscillation per day).

Dividing by the number of seconds per day, the ayerpower potential of the tide P

[W] is:
P=09 {Bj
2

Finally, following Bernshtein , Gibrat and Mosor({i965), the yearly energy reserve E
[KWhlyear] is:

E=197SR?

Alternatively, after the regulation method has bebosen or in the case of free flow
tidal generation, the energy can be calculatednbggrating the power output over a
timet:

E= jf P(r)dr

2.3.4 Power output and basin regulation

The power output P [W] at any instant is given lbg following formula:

P(t) = pgQ(t)AH (t)
where Q [ni/s] is thedischargeflowing through the turbines amH is thehead[m]. In
low head sites, where pipes are not too ldxigs just the difference between upstream
and downstream level.
While the tide forces the sea level to vary aceuydp a sinusoidal law, the level in the
basin oscillates as a function of the basin filliog emptying conditions. These
conditions depend on the number and diameter bfrtes (determining the filling rate),
on the duration of basin and sea level equalizaiwhon the instants of turbine starting
and stopping which are determined by the initial &inal heads.
If it is specified that the basin is shut off aginiwater and low water, the regulation will
be calledsynchronousIn this case, water always flows through the iheb in the

direction of the tidal wave, and the free surfdexation in the basin is in phase with the
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tide.

If a phase shift occurs between TPP operation ed(such as filling the basin during
ebb) the regulation will be callemsynchronousBecause the rate of sea level variation
gradually decreases when approaching high or lotenvéhe replenishment time (the
time necessary for the accumulation of the requivedd in the basin) will be longer
with synchronous regulation than if the basin igtstff at some other instant at which
the rate of level variation is larger. In order kengthen the operating interval
asynchronous regulation is thus required.

Basin regulation does not need to be based onfiaténsequence of different tides, but
it can be based on a single average tidal rangetarh the optimum conditions have to

be determined, with subsequent refinement for ex¢reanges.

2.3.5 Technologies
2.3.5.1 Introduction

There are different types of turbines that can sedufor energy production in a tidal
barrage system:

» waterwheels which were used since the invention of the tidall until the
industrial revolution, are suitable for use in &eleping country because of their
simple construction and working conditions;

» Kaplanturbines, widely used in low head power produgtion

» Bulbturbines, which are usually installed in barradaltplants.

Moreover, if further tidal schemes will be proposadditional types of turbines will be

tested and implemented.

2.3.5.2 Waterwhesdl turbines

The first turbine used was the basitdershot waterwheellhis is probably the oldest
type of waterwheel dating back over two thousanargelt is mounted vertically on a
horizontal axle and it has flat boards locatedatiylaround a rim. It is turned by water

flowing under the wheel and striking the boards.
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Fig. 2.2- Simple draw of an undershot waterwheel (Peter Cdrdéll. Tidal Energy, 2003).

The second type of turbine used wasoaershot waterwheelThe overshot wheel is
much more efficient than the undershot wheel. Agtiis turbine is mounted vertically
on a horizontal axle, but the overshot wheel hakétis mounted around the rim. Water
from above flows into the buckets causing one sidihe wheel to be heavier. Gravity

then acts on the heavier side causing the wheato

=

Fig. 2.3- Simple draw of an overshot waterwheel (Peter Cktrél. Tidal Energy, 2003).

The third type of turbine used washeeast-shot waterwheeThis type of wheel was

developed in the late middle ages and combineptéeous two waterwheels. It has
buckets on a rim that face the opposite directibthe buckets on the overshot wheel.
Water then fills the buckets at the middle of tHeeel. Again, gravity acting upon the

water in the buckets causes the wheel to turn.
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Fig. 2.4- Simple draw of a breast-shot waterwheel (Peter Cktral. Tidal Energy, 2003).

2.3.5.3 Kaplan turbines

The Kaplan turbine is a propeller-type water tuebthat has adjustable blades. It was
developed in 1913 by the Austrian professor Vilkkaplan.
The Kaplan turbine was an evolution of the Frartaibine. Its invention allowed

efficient power production in low head applicatidhst was not possible with Francis

turbines.
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Fig. 2.5 - Range of OSSBERGER Kaplan turbine (BER&ER, © www-werbeagentur-wie.de)
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Kaplan turbines are now widely used throughout wweld in high-flow, low-head
power production. The Kaplan turbine is an inwdaivfreaction turbine, which means
that the working fluid changes pressure as it mdakesugh the turbine and gives up its
energy. The design combines radial and axial featur

isualization: Martin Roth, ETH Zurich
Sulzar Hydro Lid., Zurich
st ethzch/SViturbo

Rocky Reach with gap / Fri, 15.4.94

Fig. 2.6- Kaplan turbine (Martin Roth, ETH Zurich).

The inlet is a scroll-shaped tube that wraps arotinedturbine wicket gate. Water is
directed tangentially, through the wicket gate, apitals on to a propeller shaped
runner, causing it to spin. The outlet is a spécitiaped draft tube that helps decelerate
the water and recover kinetic energy.

The turbine does not need to be at the lowest mdimtater flow, as long as the draft
tube remains full of water. A higher turbine locatj however, increases the suction that
is imparted on the turbine blades by the draft tdlee resulting pressure drop may lead
to cavitation

Variable geometry of the wicket gate and turbinedek allow efficient operation for a
range of flow conditions. Kaplan turbine efficieesiare typically over 90%, but may be
lower in very low head applications.

Large Kaplan turbines are very expensive to desiganufacture and install, but operate
for decades. Inexpensive micro turbines are matwkaa for individual power
production with as little as 0.6 m of head.
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2.3.5.4VLH turbines

To make their equipment more competitive, hydratdibine constructors have always
endeavoured to optimize their product by increagpegormances, in particular by a
permanent research oriented towards the decreabe ofinner diameters. This has led
to water intake and outlet structures of sizes ghahtheir economical implementation
is impossible when the head is too low.

Fig. 2.7- VLH turbine (VLH turbines, MJ2 Technologies S.A.R.L

The basic idea of the VLH concept goes againsttédrnidency by aiming at decreasing,
as much as possible, intake and outlet structuyeimdreasing the size of the turbine
runner diameter and by integrating therein a sgbpsrting structure which ensures all
the functions of a conventional facility.
The VLH incorporates the following functions:
» standardized Kaplan turbine with 8 blades adjustalscording to the level and
to the flow rate;
» self-supporting structure enabling complete factagsembly and very fast
mounting or dismounting;
» slow direct-drive variable-speed permanent-magaeerator;
» device for stopping and cutting off the flow by silog of the blades on
themselves with no power from the system. VLH ilsti@ns do not require
fixed wheel gates to stop the unit;

» distributor used as a protection grid;
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» embarked rotating trash rake cleaner;

» electronic speed variator;

* integrated electronic control equipments managhgyttirbo generator unit and
the power electronics equipments;

» withdrawal device enabling taking the unit out bé twater for maintenance or

for withdrawal in case of a flood.

Fig. 2.8- Simple draw of a VLH turbine (VLH turbines, MJ2 fieglogies S.A.R.L.).

Runner diameters in mm Runner diameters in mm
Diamétres de rous en mm Diamétres de rous en mm
3550 4000 4500 5000 5600 3550 4000 4500 5000 5600
14 10,4 13,2 16,8 20,7 25,9 1,4 114 145 184 227 284
1,5 10,8 137 17,3 214 269 15 127 161 204 251 315
el 18 111 142 17,9 221 27.7] el e 140 177 224 277 347]
=] 1.7 115 146 18,5 228 28 6 el 17 153 184 245 303 380|
v ool 18 18 15,0 19,0 235 28,4 al 18 167 211 268 330 414
é E 19 12,1 154 19,5 241 302 E % 19 181 229 290 358 449
c =] 20 12,5 158 20,0 247 31,0 c s| 20 195 248 313 387 485
o 2| 21 12,8 16,2 205 253 = 2| 21 210 268 337 418
§ ol 22 13,1 166 21,0 258 § Sl 22 225 285 362 445
g 2| 23 13,4 17,0 215 26,5 § | 23 241 305 385 477
= 3| 24 137 17,3 218 = 3| 24 256 325 412
.I:'., 25 13,8 177 224 i:“ 25 273 346 438
26 142 18,0 238 26 289 367 464
2,7 145 18,4 233 2,7 306 388 452
2.8 147 18,7 2.8 323 410

Fig. 2.9- VLH turbine working condition; from these tables e estimate their efficiency.= 79%
(VLH turbines, MJ2 Technologies S.A.R.L.).

2.3.5.5 Bulb turbines

The bulb turbine is a reaction turbine of Kaplapetyvhich is used for the lowest heads.
It is characterised by having the essential turl@omponents as well as the generator
inside a bulb, from which the name is developedndin difference from the Kaplan

turbine is that the water flows with a mixed axiathal direction into the guide vane
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cascade and not through a scroll casing. The griade spindles are inclined (normally
60°) in relation to the turbine shaft. Contrarydther turbine types this results in a
conical guide vane cascade. The bulb turbine rumeimilar to the Kaplan turbine
runner, and it may also have different numbers lafiéds depending on the head and
water flow. Bulb turbines are specially indicatent fidal power plants of the barrage
type because of their two way working condition.
The bulb turbine consists of the following main qmnents:

» stay cone;

* runner chamber;

« draft tube cone;

* generator hatch;

» stay shield;

* rotating parts;

* turbine bearing;

* shaft seal box;

* guide vane mechanism.

Fig. 2.10- Bulb turbine Hitachi, Ltd. 1994, 2005).

The water flows axially towards the unit in the terof the water conduit and passes the
generator, the mairtag/s, the guide vanes, runner and draft tube alorace channel.
The general principles for condition control are $ame as for the Francis turbines.
Further discussion on bulb turbines is thereforeneated only to a few specific details:

» the runner should be inspected both from abovebatolv. Particular attention
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should be given to possible cavitation erosion serdtches on the blades as well
as leaks around the blade flange against the hub;

» the narrow gap between runner and the runner chasfimaild be checked to
verify if foreign objects may have passed througl gap and scratched the
chamber;

» for guide vane mechanism with individual vane sergtors on bulb turbines it
should be checked that the vanes have an identica¢ment;

» for bulb turbines at standstill it should be chetkieat the water does not flow
out of the box along the shaft into the turbinerimeg

» generally for bulb turbines special attention sdobé paid to changes in the

sound when the unit is in operation.

Among the large main parts of the bulb turbinesitonly the runner which normally
needs to be dismantled. The runner chamber is aghily horizontal into two halves.
By removing the upper half access to the runnebtained.

The guide vanes cannot be dismantled without extensork. Repairs of these and the
guide surfaces should be performed at the plandriBg and seal box can easily be
dismantled. By applying the overhaul seal the dmat may be removed without
draining the water canal. Then necessary stairdlaocs around the guide vane and the
runner chamber may be erected.

The stay shields are adapted against bulb and water conduit contour. The shields
are mounted as soon as the generator bulb andopkrasse completed.

Finally the generator hatch dome plate and coweiretalled.

Some further variants of bulb turbine exist.

Rim turbine:it is similar to the bulb turbine except for thengrator, which is mounted
on the periphery of the turbine runner. A seal nhesiprovided to prevent water from
entering the generator. This seal is critical te Hatisfactory operation of the units.
Performance characteristics are similar to thosbulid turbines. Wicket gates can be
installed to regulate the flow and both fixed amjuatable pitch blades are available.

The rim turbine provides the most compact poweradagout of any type of unit in this
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head range. However, the limited number of manufacs that design and build this

type of turbine may result in uncompetitive bids.

Generator

Fig. 2.11- Simple sketch of a rim turbine (Peter Clark etfatial Energy, 2003).

Pit turbines are comparable to bulb turbines in that all met@ncomponents are
located upstream of the runner. The draft tubetbarefore be designed to obtain the
best hydraulic performance. A further advantagehit the fitting of a gearwheel
between the turbine and the generator providegpdssibility of selecting a generator
with a higher speed. The size of the generatobeareduced by a considerable amount.
The pit turbine can be regulated with the help loé wicket gates as well as the
adjustable blades of the runner, and shows a sipéidormance for reduced discharges
as in the case of the bulb unit.

2.3.6 Economics

The capital required to start the construction dlaarage has been the main stumbling
block to barrage tidal power deployment. In fadt, réepresents a non attractive
proposition to an investor due to long paybackqui This problem could be solved by
government funding or large organisations gettmglved with tidal power. In terms of
long term costs, once the construction of the lgaria complete, there are very small
maintenance and running costs and the turbines ¥y replacing once around every
30 years. The life of the plant is indefinite and its entire life it will receive free fuel
from the tide.

The economics of a tidal barrage is very complitaiége major factors in determining

the cost effectiveness of such a plant are its @emgth and height of the barrage
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required) and the difference in height between lagt low tides. These factors can be
expressed in th@&ibrat ratio of a site. This is the ratio of length of barrdgemeters) to
the annual energy production (in KWh). The smalkethe site Gibrat ratio, the more

desirable is the site.

2.3.7 Social implications

Building a tidal barrage can have many social cqueaeces on the surrounding area.
During the construction of the barrage, the amadrntaffic and people in the area will
increase dramatically and will last for a numbey®@ars. This will also bring revenue to
the area from the tourism and hospitality indugitigt will accommodate all the different
types of visitors that the barrage will bring; tiugl give a boost to the local economy.
The barrage can be used as a road or rail linkyigirg a time saving method for
crossing the bay or estuary. There is also theilgbgsof incorporating wind turbines
into the barrage to generate extra power. The garmgould affect shipping and
navigation and provision would have to be maddlawaships to pass through.

The bay would become available for recreation; wla¢ers would be calmer not
immediately after the barrage but further in tovgatde land; this would be another

tourist attraction and become a feature of the.area

2.3.8 Environmental aspects

Perhaps the largest disadvantages of tidal barrageshe environmental and
ecological impacts on the local area. This is \@ffycult to predict, each site is different
and few projects are available for comparison. ¢hange in water level and possible
flooding would affect the vegetation around thestphaving an impact on the aquatic
and shoreline ecosystems. The quality of the watére basin or estuary would also be
affected, the sediment levels would change, afigcthe turbidity of the water and
therefore affecting the animals that live in it atgpend upon it such as fish and birds.
Fish would undoubtedly be affected unless proviswas made for them to pass through
the barrage without being killed by turbines. Alese changes would affect the types of
birds that are in the area, as they will migrateotber areas with more favourable

42



conditions for them.
These effects are not all bad, and may allow diffeispecies of plant and creature to
flourish in an area where they are not normallynthuBut these issues are very delicate,

and need to be independently assessed for thénageastion.
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2.3.9 Prospective sitesfor tidal energy projects

The choice of an attractive site for a barragel tmawer plant has been studied by

several authors; the following table shows somghese sites.

Country Location M ean tidal Basin Installed Yearly energy Annual plant
range surface capacity reserve load factor®
[m] [km2] [MW] [TWhlyear] [%]
Argentina San José 5.8 778 5040 9.4 21
Golfo Nuevo 3.7 2376 6 570 16.8 29
Rio Deseado 3.6 73 180 0.45 28
Santa Cruz 7.5 222 2420 6.1 29
Rio Gallegos 7.5 177 1900 4.8 29
Australia Secure Bay 7 140 1480 29 22
Walcott Inlet 7 260 2800 5.4 22
Canada Cobequid 12.4 240 5338 14 30
Cumberland 10.9 90 1400 3.4 28
Shepody 10 115 1800 4.8 30
India Gulf of Kutch 5 170 900 1.6 22
Gulf of 7 1970 7 000 15
Khambat 24
Korea Garolim 4.7 100 400 0.836 24
Mexico Rio Colorado 6.5 - - 5.4 -
UK Severn 7 520 8 640 17 23
Mersey 6.5 61 700 1.4 23
Duddon 5.6 20 100 0.212 22
Wyre 6 5.8 64 0.131 24
Conwy 5.2 55 33 0.06 21
USA Knik Arm 7.5 - 2900 7.4 29
Turnagain Arm 7.5 - 6 500 16.6 29
Russian Mezen 6.7 2 640 15 000 45 34
Fed. Tugur 6.8 1080 7 800 16.2 24
Penzhinsk 11.4 20 530 87 400 190 25

Fig. 2.12- Prospective sites for tidal energy projects (CRandya 2006).

! The load factor is the ratio between the annuataye power output and the installed capacity.
Following L.B. Bernshtein (1965) tidal power plantay reach a maximum of 34%.
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2.3.10 A case study: La Rance power plant

Rance estuary offered a privileged site for thggmtoof a barrage tidal power plant.
Firstly, because the tidal amplitude is one ofhiighest in the world (up to 13.5 meters
during equinoctial tides); secondly, because theaeg offers a reservoir of 22 Km
capable of impounding 180 million*hof sea water. At peak periods, 18,008s1ilow
through the estuary, a flow that is ten times latgan that of the Rhone River.

To harness such power, the estuary had to be lidokea structure 750 metres long and
13 metres high. Twenty-five years of studies amdysiars of construction works were
needed to erect the Rance tidal power plant. Si8é¢&, this facility, the only full-scale
power station of this type in the world, gener&@8 million kWh every year, enough to
provide energy to 250,000 households.

Bulb setsThe tide-driven mills of the past came into acioly when the sea withdrew,
in other words twice a day. However, for the sakeast effectiveness, the turbines of
the Rance tidal power plant operates both whenbtsn is filled and when it is
emptied, at high tide and low tide.

To do so, Electricité de France developed a new tffurbine, the bulb sets (described
in § 2.3.5.5), capable of operating in both direes. The 24 bulb sets in the Rance
facility have impressive technical credentials: m8tres in diameter, 470 tonnes in
weight and a unit capacity of 10 MW.
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Fig. 2.13- Bulb turbine installed in La Rance power plant.

To increase the power plant operating time furtkies, bulb sets were designed for use
as pumps. Thus, when the sea has almost reacheestreoir level, the filling phase is
accelerated by pumping. This supplement servesce@ase the volume of water in the
reservoir and thus, during the next flow, the tnési will be activated earlier and for a
longer time. This pumping-turbining system makepassible to step up or anticipate
generation depending on the electricity requiresehthe network.

The project.The construction of the Rance tidal power plant wégted in 1960. The
project involved building a dam 330 metres longwhich the turbines were to be
housed, a lock to allow the passage of small caafckfill dam 165 metres long and a
mobile weir with 6 gates to rapidly balance theelevfor the emptying and filling of the
reservoir.

The first work sites got under way in 1961. For fa&e of convenience and safety, it
was decided to erect the structure while ensuhag the construction site was dry. This
means having to build two temporary dams, one ensta side and the other on the
estuary side, in order to protect the structurenfreater. The work was to last two years.

In July 1963, the Rance was cut off from the ocead the land dried for the whole
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duration of the construction of the dam which wasréquire another three years of
work. Finally, between August 1966 and the end387], the 24 bulb sets of the power
plant were connected to the 225 kV transmissiowowt

The ecosystenBeing concerned about preserving the Rance ecosy&kectricite de
France operates the tidal power facility so asirtot lits impact on the environment.
Regardless of the constraints of the power netwibr&ways endeavours to adjust the
high and low tidal level of the reservoir accordinghe movement of the tides so as not
to disturb the biological balance of the aquaticiemment.

Research carried out in 1995 by a research labgratb the National Museum of
Natural History showed that the Rance estuary hdshaand varied aquatic, namely
benthic life. Furthermore, although the constructd the dam modified the currents in
the estuary and, consequently, the geographicaiison of the sediments, the studies
available on the sedimentary balance seem to poiat natural evolution. To further
enhance its contribution to environmental protettielectricite de France takes part as a
user in the Operation Committee of elected reptesers and users of the Rance
(C.O.E.U.R.) entrusted with defining and financipigjects to preserve the estuary. In
1995, the partners decided to devote three miliench francs to support studies and
experimentation prior to signing the next Rance bagtract which will concern the
quality of water, navigation, banks and marine faohthe estuary. Electricité de France
contributed 600,000 French francs to this endeavour

Social implication.Over and above its energy production role, thel tmaver plant
contributes to the economic, social and touristetitgument of the region. The power
plant has a permanent staff of 58 persons and ®0jotes were created on the site for
the rehabilitation work site which got under wayl®96 on the occasion of the thirtieth
anniversary. In addition, as is the case for amustrial facility, Electricite de France
pays 14 million French francs in local taxes ewsgr to the neighbouring communes,
the department and the Brittany region.

Above all, use was made of the crest of the datvutll a road with two double lanes
bringing Saint-Malo and Dinard to within 15 km adal other instead of 45 km as was
the case before. Nearly 26,000 motorists use tasl every day. The erection of the

dam also favoured the rapid development of re@ealiactivities. The Rance estuary
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has become a sheltered reservoir covering an &r22 kit which attracts water sports
enthusiasts all year round.

Every year, the tidal power plant receives betw&@® 000 and 400,000 visitors keen on
discovering this facility, the only one of its kind the world. This success puts the

Rance power plant in the forefront of French indaktourist sites.

Fig. 2.14- A view of the Rance barrage (RSS, 2006).

Conclusionsin November 1996, the tidal power plant celebrat®thirtieth anniversary
of operation. The unique forerunner project thattetl in the 1950's has turned out to be
a technical, industrial and economic success.

For 30 years, the 24 turbines of the Rance fadilaye shown outstanding reliability.
The power plant has operated without major incislemtbreakdowns for 160,000 hours
and generated 16 billion kWh at the price of 18dntitnes per kWh, a highly
competitive price and one that is lower than Eleité& de France's average generation
costs.

To enable the tidal power plant to operate as foelthe next thirty years, Electricité de
France has decided to carry out a general and miiegeoverhaul of all the equipment
of the facility. This refurbishment programme vk spread out over a ten-year period

at the rate of three bulb sets per year.

48



2.4 Tidal stream power
2.4.1 Introduction

Useful energy can be generated from marine currasisg completely submerged
turbines consisting of rotor blades and generaltrey are called Water Current
Turbines, that are defined as systems that corwahto kinetic energy from flowing
waters into electricity, mechanical power, or otftems of energy, such as hydrogen.
This approach offers many additional advantages:

» it does not require the construction of a dam: keitcis considered much less
costly and more environmentally-friendly; moreowerther cost-reductions are
realized from not having to dredge a catchment;area

» vertical-axis tidal generators may be stacked aitkefl together in series to span
a passage of water such as a fiord and they offarsportation corridor
(bridge), essentially providing two infrastructwervices for the price of one;

» vertical-axis tidal generators may be joined togetim series to create a ‘tidal
fence’ capable of generating electricity on a saaenparable to the largest
existing fossil fuel based, hydroelectric and naclkenergy generation facilities;

» tidal current energy, though intermittent, is potalble (at least its astronomical
part) with exceptional accuracy many years in adgamn other words, power
suppliers will easily be able to schedule the iraégn of tidal energy with
backup sources well in advance of requirements.sThmong the emerging
renewable energy field, tidal energy representsughmmore reliable energy
source than wind, solar and wave, which are natiptable;

» present tidal current, or tidal stream technologies capable of exploiting and
generating renewable energy in many marine enviemsthat exist worldwide.

Unfortunately, there are also some disadvantagdsliantations in generating power
from marine currents: in fact this technology isiatermittent source due to the cyclic
nature of the tide. A conventional design, in angde of operation, would produce
power for 6 to 12 hours in every 24 and will nobguce power at other times. As the
tidal cycle is based on the period of rotationted Moon (24.8 hours) and the demand

for electricity is based on the period of rotatiohthe earth (24 hours), the energy
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production cycle will not be in phase with the dewhaycle. This causes problems for
the electric power transmission network, as capawith short starting and stopping
times (such as hydropower or gas fired power pjanii have to be available to

alternate power production with the tidal poweresobe.

2.4.2 Energy calculation

Water turbines work on the same principle as wurbihes: they use the kinetic energy
of a moving fluid and transfer it into useful rotetal and then electrical energy. The
current speed is typically lower than wind speeaalyéver, owing to the higher density
of water water turbines are smaller than their woodnterparts for the same installed
capacity.

o
Size Comparison__
1MW wind tu

compa
1MW tida (-}

Fig. 2.15- Size comparison of a 1 MW wind and tidal turbiméafine Current Turbines Ltd.).

The energy [W] per second intercepted by a devideontal area A[m? ] in a current
of undisturbed speed U [m/s] is given by:

P(t) = %p/\)u t)°

wherep is the water density [kg/f.
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The power that can be converted to a useable meahdorm is limited for a device in

an open water flow to:
1
P =5 PAU O

wheren is the power coefficient (efficiency). The valukrpfor a turbine in a flow of
incompressible fluid is limited to a maximum thearal value around 35% (Gorlov et
al. 2001).The value ofy for a real device is generally a function of théa between the
speed of the turbine tip and the flow speed, wiscbommonly known as thigp speed

ratio.
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Fig. 2.16- Representative relationship between the tip spatd (1 ) and the power coefficieng §
(Bryden et al.1997).

The actual shape of this curve is dependent uperbkade shape and the number of
blades. Just what should be deemed as "indepem#sign variables" in a system
specification is subject to investigation but, myacase, it should include the shape of
this curve. If a manufacturer could offer a ranféuobines, each with a differemt A

curve, then the selection would be within the desspecification. Most suggested
designs for tidal turbines operate at a constatdtiomal speed. This allows for a

relationship between the flow speed and the powgyut to be determined.
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Fig. 2.17- Power output curve assuming a 10-s rotational pgbased upon the A curve (Bryden et

al.1997).

As for wind turbines, tidal stream machines arelliko have a cut-in stream velocity,

giving rise to a period of enforced idleness atlslavater. The chosen velocity will

depend on site conditions and turbine design. Winbines also have a cut-out speed to

avoid damage in storms, but for tidal streams shisuld not be necessary due to the

predictable nature of the flow regime. Shut-dowmcedures would of course be

provided, but would only be executed in emergendtes some locations, loads caused

by wave action under stormy conditions might beeseenough to trigger shut-down.
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Fig. 2.18- Turbine output relative to available power (Clareal. 2004).
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The power produced by the turbine depends upopoiger coefficientif) and on the
control algorithms selected. The above figure shtivesvariation of the power output
with time, for arbitrarily chosen cut-in and ratetseam velocities. In the run-up to rated
power, the output is determined by the valuenpfwhich in turn depends on the
operating conditions: whether the rotor rotatea &ked or variable speed, and whether
the blade pitch angle may be adjusted.

The situation presented here is of course a sira@lgxample. In reality, the assumption
of a sinusoidal variation of velocity may be ina@te. Also, a series of half-cycles may
exhibit changes in the value of peak velocity du¢he directional properties of the site,
and due to the longer spring/neap tidal cycle. &teons in tidal range (and hence stream
velocity) between spring and neap tides are vergkemhin some locations and almost
negligible in others. This will have an impact ugbe choice of control algorithms, and
reinforces the earlier suggestion that tidal tuebsystems should be designed such to

suit the peculiarities of their particular site.

2.4.3 Technologies

2.4.3.1 Introduction

Practically all hydraulic turbines that are presensed for hydropower generation have
been developed for installation in water dams acsieams. This conventional design
is the most economical and energy efficient forerihydropower plants because it
provides maximum water heads and it forces alivtheer to flow through the turbines
under maximum hydraulic pressure.

However, dams damage the environment and intewfeghefish migration.

Also, they cannot be used for power systems extigaenergy from such huge potential
sources as ocean currents or low grade rivers., Treyg hydraulic turbines are needed
that can operate efficiently in free flow withowrds.

For decades scientists and engineers have unsfidbessed to utilize conventional
turbines for free and low-head hydro. The hydratdiines which prove very efficient
under high heads become so expensive in application low and ultra low-head

hydroelectric stations that only very modest depmients of this kind are found in
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practice.

The principal difference between exploiting higratieor free flow turbines is that the
latter need large flow openings to capture as mwater masses as possible with low
velocities and pressure. Conventional turbines,camtrast, are designed for high
pressure and relatively small water ducts wheréhallwater has no chance to escape the
turbine installed in the dam body. According to 8ernoulli theorem, the density of
potential energy of the flow is proportional to theessure, while the density of kinetic
energy is proportional to the square of velocitypn@ntional water turbines utilize
mostly the potential component at the expensee@kihetic one. In order to do so, they
need so-called “high solidity” where turbine bksl cover most of the inside flow
passage, resisting water flow and building up thetew head. This causes the fluid
velocity to fall and the kinetic component of Beulibequation to become negligibly
small compared to the potential component. Thithés reason why the higher water
heads correspond to higher efficiency of hydratdibines, an efficiency that reaches
nearly 90 percent in some cases. However, thetisitus completely reversed for free
water flows. In this case, the kinetic part dom@satand conventional turbines perform
poorly, becoming very expensive.

Efficiency, %
a
< Propeller turbines I Cross-flow turbines -44
Gorlov (Helical) Turbine 35%
Source; Shiono, Suzuki, Kiho,
P i | “The Characteristics of Darrieuss
Source:  “Marine Current Turbines g -
IT Powes LTD, PLE/TIDAL, 1557 Tm'hl{x inl_ﬂlch.da.I Power"”
Source: Peter G, G England Elsevier Science LTD, 1998
Source: “THE Tyson Turbine” g&"mgzm“& Darrieus Turbine 23.5%
Horwood Bagshaw Australia LTD . IT-Power,Ltd Marine Turbine

1995 20%
Garman Turbine 15-13%

Source: “The Gorloy Turbine”,
Allied Signal Acrospace,
= Report on independent testing
T Pyt e et it vt e at Michigan University, Dec, 1957
] 1

Note: Some specific exploitation problems for Propeller and Darrieus turbines
1. Propeller turbines with fixed blades cannot be used directly in reversible tidal

flow as well as at shallow water sites

2. Darrieus turbines develop strong pulsation. They are not self- starting in most
cases

Fig. 2.19 Comparative performance of various turbines in fneder currents (Gorlov et al.2001).
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Two types of turbines have been so far proposed:

* horizontal axis turbines (axial flow turbine):

TR R

Fig. 2.20- Artist's impression of MCT Seagen pile-mounted tetar tidal turbine (Marine Current
Turbines Ltd).

Fig. 2.21- UEK Twin Turbines prepared for demonstration (Undater Electric Kite).
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Fig. 2.23- Lunar Energy RTT Turbine. One of the different textbgy options available for tidal in-
stream energy conversion (TISEC).
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Fig. 2.24- A gravity base anchors the Open-Centre Turbiné¢oskeabed (OpenHydro).

» vertical axis turbines (cross flow turbine):

b CROSS ]
SECTION J-. h generator

I gear box

» TOP VIEW

rotor
= shaft
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| water ﬂm':r/ f/ | water ﬂn'.-:'{,,
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blades | support
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Fig. 2.25 Davis Hydro vertical-axis turbine (Bluaé&rgy International).

Fig. 2.26- Solid Works image of the tidal rotor (Institute tBnergy Systems, university of Edimburgh).
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In the exploration of the possibilities to extrastergy from the sea, no technology
should be neglected. So, even though the vertigaltarbine is not commonly used for
the extraction of wind energy, it is worth beingaexned in the case of energy
extraction from water as the exploitation conditi@and the structural forces applied to

the turbine are different in the two different @8unedia.

2.4.3.2 Darrieusturbine: device description and technical issues

Darrieus turbine is a vertical axis turbine. It Isigeeamlined blades turning around an
axis perpendicular to the flow.

The blades are parallel to the axis. They canxealfwith regards to the axis or they can
be articulated and slightly oscillate in order toow always the same line toward the
relative flow. They can be straight or curved tonish the effect of the centrifugal
force and to remove the need for links betweenatkis and the blades. In Darrieus
patent, the possibility to use structures to dtheeflow on the turbine is also claimed.
Darrieus turbine type converts kinetic energy @f flow into mechanical energy. It uses
the hydrodynamic lift on the blades to make théods go faster than the flow around

the turbine.

Fig. 2.27- Darrieus wind turbine.
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The advantages of Darrieus type vertical axis hebiare:

» it uses the fluid stream whatever the flow directis;

* in some other vertical axis turbine types, larggvacareas are needed. Darrieus

turbine does not need large blade area to work;
» gearbox and generator can be at one end of the Roiisexample, for vertical
axis wind turbine, these elements can be laid ergtbund.

Introduction of this technology for water turbinbas been slower than for wind.
Alternative Hydro Solutions Ltd. has taken theseoapts and modified them to be more
suitable for smaller rivers and tidal currents. émber of design simplifications have
been incorporated over the previous designs whamtaining the turbine efficiency.
Blades The turbine blades are custom 6063T5 aluminiunmusidns with a solid cross-
section in order to provide the required streng@tie 6063T5 aluminium offers excellent
resistance to corrosion and a smooth surface fidiek profile of arms is typically the
same as that of blades in order to reduce thadniat losses. This is not true for the
larger turbines as the size of blades increasds tvé turbine diameter, however, the
arms can be made of a smaller airfoil. The matimghie hub is performed with a
patentable mechanism, which incorporates a secamdlé extrusion to the arms male.
On larger turbines this remains constant, as the stays constant between the two
diameters of turbines. The shaft is made of stasmlgteel and is supported by two
standard stainless steel pillow block bearings. ffame supporting the two bearings is
a standard channel section or flat plate, which rmaymodified to accommodate a
variety of mounting mechanisms. The power is tramefl through a flexible coupling to
a motor and gearbox combination which allows théomto run at a higher rpm thereby

increasing its efficiency and reducing the torduettiations.
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Fig. 2.28- Darrieus turbine rotor and blades (Alternative Hpd®olutions Ltd).

Rotor diameterThis turbine is available in 4 diameters preserlyl.25m diameter as
well as a 1.5 m diameter and a 2.5m diameter asasehe largest the 3.0m diameter.

All are available in various depths.

Mark 2 Model

Fig. 2.29- Darrieus turbine (Alternative Hydro Solutions Ltd).
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Rated power: the power output related to waterdgpeshown in the graph below.

Efficiency Curves

2000 / /

Z

0 02 04 06 08 1 12 14 16 18 2
meters per second

watls

— 60mdia @ 2.5m hgt —— 1.25mdia @ 1.25m hgt

— 30mdia @ 2.5m hgt —— 2.5mdia @2.5m hgt
1.5mydia @1.25m hgt = 1.25m dia @ 0.8m hgt

—— 1.5mdia @ 0.8m hgt 2.5mdia @ 0.5m hgt

— 1.5mdia @ 0.5m hgt = 1.25m dia & 0.5m hgt

Fig. 2.30- Efficiency curves in relation to turbine dimensi@ternative Hydro Solutions Ltd).

Foundation - mooring: With the Darrieus turbine tiaer levels remain effectively the
same and the lack of civil structures required mtke an environmentally friendly
device. Typically these units have been mountedh gontoon, barge, or small boat,
however, for smaller streams other methodologiey be more cost effective. These

could include a built-in support beam extendingeitfully or partially over the river.

Fig. 2.31- Mounting schemes for Darrieus turbine (Alternatihedro Solutions Ltd).
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Operation and maintenancthe amount of debris flowing down the river isah factor
in siting a turbine. If there is a constant flow lifavy debris some protection for the
turbine will be required. A "trash rack” to defletie heavier pieces would provide a
safer operating environment.

Efficiency: 17% considering also the losses incurred in the trassion of the power to
the generator and in the generator itself.

Environmental impactinterference with fish should not be viewed gsrablem when
using a Darrieus turbine. The motion of the bladgstend to deter any fish from going
near the turbine and typically the small width loé turbine compared to the large width
of the river will allow plenty of area for the fisb migrate without passing through the
turbine. Should a fish stray and go through théitg the low speed of rotation, the
blunt leading edge, the openness of the turbing tla@ lack of any walls or ducting for

the fish to be trapped against would prevent amyatge from being done.

2.4.3.3 Gorlov helical turbine (GHT): device description and technical issues

In 1996, Alexander Gorlov discovered a way to mpdihd drastically improve the
Darrieus design.

The Gorlov turbine is squirrel cage shaped Darriewlsine with twisted airfoil-shaped
blades. Darrieus turbine gives oscillating torqeeduse of the blade accelerations in the
higher-pressure zones.

The idea of Gorlov is to have a turbine whose Idadlvays presented an optimally
positioned portion in order to decrease the irr@agahd vibratory behaviour of Darrieus
turbine: if Gorlov turbine blades are twisted enouthpere is always a blade portion in

the upstream part of the turbine.
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Double-Helix Turhine Triple-Helix Turbine
{for underwater installation) (generator :c:v: w?t

Fig. 2.32- Double and triple helical turbine (Lucid energy heologies).

The GHT is a cross-flow turbine that provides atiea thus that can rotate at twice the
speed of the water flow. It is self-starting anah groduce power from a water current
flow as slow as about 1.5 m/s with power increasmgroportion to the water velocity
cubed.

Due to his axial symmetry, the GHT always rotateshie same direction , even when
tidal currents reverse direction. The standard m&#T (1 m in diameter, 2.5 m in
length) can be installed either vertically or ontally to the water current flow, in

waters as shallow as 1.2 m in depth.

Fig. 2.33- Triple-helix GHT. Diameter: 1m; Length (height)5&h. Total weight including steel shaft is
about 90 kg (Lucid energy technologies).
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It was designed for maximum flexibility, is adaptlior being used in multiple GHT
arrays, either in side-by-side arrangements, dn witiitiple GHTs on the same shaft or
boat. This permits the expansion of an initialilfgcas demand grows without a

tremendous amount of additional expense, using@utaoapproach.

Flmitiic

T i Etars sl

whanen 1l wale

Fig. 2.34- Artist’s rendition of the floating power plant wittelical turbines (Lucud energy technologies).

The main difference between the GHT and most itht turbines is its utilization of
lift-based propulsion instead of drag-based prapnlsThe indicator of the type of
propulsion is the tip-speed ratio of the bladep-gpeed ratio refers to how many times
faster the tip of a blade is moving relative to peed of the current. The GHT has an
average tip-speed ratio of 2, meaning in a 5 mfeentithe blades are moving at 10 m/s
into the current. Traditional fan-shaped turbinpsrating under a drag-based principle
can have tip-speed ratios higher than 7. The spktitd blades relative to the currents in
which they are moving can vary along its length aad have adverse effects on the
operation of the turbine.

Blades 3, made of aluminium air-foil-shaped extrusiothwi40 mm chords.

Rotor diameter and heighthere are three standard sizes, with diamet&no2.5 m, 2 x

S5mor3x7.5m.
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Rated powerthe power output related to water speed is shovthea table below.

Current Velocity Power output by GHT size (KW)
Meters/Second | Feet/Second | Knots |1x2.5(m)| 2x5(m) (3 x7.5(m)

1.5 49 29 1.48 5.92 13.32

2 6.6 3.9 3.50 14.00 31.50

25 8.2 4.9 7.84 27.36 61.56

3 9.8 5.8 11.81 47.24 6.29

3.5 11.5 6.8 18.76 75.04 168.84

4 13.1 7.8 28.00 112.00 252.00

45 14.8 8.7 39.87 159.48 358.83

Fig. 2.35- Power output related to turbine dimension (Luaigkgy technologies).

Cut in speed0.5 m/s. Due to concerns relating to efficien€gergy conversion GCK

does not currently recommend water velocities belldwm/s.
Foundation-mooring:ithe flexibility of the GTH design allows for susggon from a

floating structure, such as a barge or from a figedcture attached to the shore or to the

ocean bottom.

Fig. 2.36- Twin Triple-helix GHT in the Uldolmok Strait (Lucghergy technologies).

Operation and maintenancservice life of at least 20 yrs. In the abseniceatastrophic
events the only maintenance would be the re-apmitaf the marine coating, every 2
years and the replacement of the bearings on the €idft and generator refurbishing,
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every 5 years.

Efficency during the 1990s, many tests were made on Gorldmtess of very different
sizes.

Some tests took place in laboratories (Hydro-Pnéism&ower Laboratory at
Northeastern University, USA, Hydrodynamic Laborgt@f Michigan University),
others in natural sites (Cape Cod Canal near Bpsi&@A, Uldolmok Strait, Korean
Peninsula). Some tests show that the turbine effay is 35 percent.

Environmental impact:GHTs harness energy without interrupting the edesysin
which they are placed. Because the GHT producdsanmful products by fish, birds,
mammals, and plants are not exposed to the typesxiaf waste typically produced by

other energy producing systems.

2.4.3.4 Kobold turbine: device description and technical issues

The system, which is called Kobold, is a hydraukctical axis turbine; the rotation axis
of the rotor is perpendicular to the direction loé tflow hitting it. It is able to convert
kinetic energy available in the tidal currentsieérs and seas into mechanical rotational
energy which in turn is converted into electricalyer. The turbine has been designed to
achieve the highest possible level of productiviciehcy compatible with the need to
safeguard the environment as well as to keep amigin and (above all) maintenance
costs as low as possible.
The Kobold turbine:
» rotates independently of the direction of the autrre
* has high torques that permit spontaneous stariieg ender intense conditions
without the need of an ignition device.
Turbine manufactureThe construction of the turbine included the addgnof the
following parts using the items specified below:
» blades principal material steel (Austenitic Stainlessettused in the aircraft
industry. Austenitic grades have excellent cornosiesistance, good formability
and can be welded), glass fibre, carbon fibre asihrand a small amount of

electricity from a low voltage network;
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» arms which serve as blade supports, made using ifrassdibre and resin plus
electricity;

» transmission shaftsteel and electricity;

» gearbox steel;

» synchronous generatosteel, iron magnet and copper;

» floating buoy supporting sea platform which contains the tuzbin

f

gunt? .. ty,
"."_.- L) = m .'.":

N —

Fig. 2.37- Kobold turbine with floating buoy ( © Turbo Squ008).

Blades: after wind-tunnel tests performed on wind-tunnebdels and numerical
simulations, a study on a real prototype was starfBome analyses and practical
considerations on the size of the prototype, led thoice of a 3 blade turbine with a
diameter of 6 meters. The blade height and chorce wbosen to be 5 m and 4 m
respectively. Each blade had to be supported by &awas and these had to be
streamlined using another ad hoc designed airfoil.

Power outputthe power output related to water speed is shownernable below.
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Fig. 2.38- Power output related to water velocities obtainedm numerical simulations (Coiro et al).

Cut in speed1.2 m/s
Foundation-mooringthe turbine must be securely anchored to the sdarberder to
function effectively. Therefore, the system inclsdiee following components:
* mooring blocksthey are concrete made supports laid on the sdadhold the
turbine in place, ensuring that it is not draggeeyby sea currents;
» chains the turbine is attached to the blocks on thelshby means of sturdy

steel chains.

The sizes of the entire assembly are 10 m in deam2t5 m in height and draws 1.5 m.
Operation and maintenanc&laintenance is envisaged at five year intervals lite
blades and arms being treated with 8 litres of ran fauling product to avoid or slow
down the formation of algae.

The system is estimated to have a 20-25 year ubfefuit was hypothesised that, at the
end of this period, all recyclable components wdugdrecovered and put back into the
production cycle; this would enable the environménimpact arising from the
decommissioning of the turbine to be reduced ,andldvallow materials that would
otherwise be dumped to be re-used.

Efficiency The global efficiency has been measured to beinaro23% which is
comparable to figures valid for the well developgohd turbines: hence, these first

results can be considered excellent even becausgoing improvements in the
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mechanical transmission system are likely to teegiobal efficiency very soon.
Environmental impactThe Kobold turbine environmental impact has beealuated
particularly from the point of view of the compality with the sea, flora and fauna.
When the turbine is “working” it has virtually nmpact on marine resources, namely
flora and fauna. In fact, it has been claimed thatine fauna is in no way disturbed by

the turbine because it rotates so slowly.

2.4.5 A case study: the Enermar project

The purpose of the ENERMAR project is to demonstitiat the exploitation of the

renewable energy contained in the marine currdaytsneans of a Kobold turbine, is a
convenient method if compared with the exploitatddother renewable energy sources.
A pilot plant is moored in the Strait of Messin&se to the Sicilian shore, in front of a

village called Ganzirri, close to the lake of tlz@e name.
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Fig. 2.39- The Kobold turbine position in Messina Strait.

This plant will be useful to demonstrate on thddfithe characteristics of limited

environmental impact, and the performances of Hwhsystem and its components.
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In this site the expected current speed is 2 rhks,sea depth is 20 m and the plant is
moored 150 m offshore. The current is never #tdllperiod of inversion is equal to 6 hrs
and 12 minutes, the amplitude oscillation has ddylperiod.

The objectives of the Enermar system are theviatig:

» to test the first pilot plant in the world, consigt of a support floating structure
and a patented Kobold turbine, with the necessavicds to produce and
manage the electric energy. The whole system ha®s lesigned to have
characteristics of solidity and high efficiency;

» to optimize the whole system and its single compts)e

* to promote the industrial development of the ENERRIAroject and its
commercialisation, once the convenience of theatgilon of marine currents
compared with other sources of alternative enengyhave been demonstrated.

The ENERMAR plant is composed of the turbine pngiet the design of which has
been previously illustrated and an electrical getoer The turbine consists of a
transmission shaft, built with special steel, ahceé¢ couples of radial arms, each of

them holding a blade.

Fig. 2.40- Kobold turbine (left) and floating platform in Mésa Strait (right).

From the mechanical point of view, the Kobold tadihas been designed following
simple and effective principles, so as to needif®rwhole useful life very limited

maintenance requirements.
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The sizes of the main plant are:

* turbine diameter 6 m;

* blade span 5 m;

» chord 4 m;

* number of blades 3;

» Diameter of floating platform: 10 m, depth: 2.5 m;

o draft 1.5 m;

* Mooring’s anchoring blocks 4;

» blocks weight (concrete) 350 kN each;

* chain 70 mm;

» water depth 18.25 m.
The generator is brushless, three phases, synalspnb poles, 128 Kw, and is
connected to a control unit delivering energy te tletwork through a gearbox (ratio
90:1) to increase the rotational speed from theph8 of the turbine to the 1500 rpm of
the generator shaft (necessary to achieve thedraxyyuof 50 Hz).
The environmental impact of Kobold turbines hasnbeealuated particularly from the
point of view of the compatibility with the seagfé and fauna.
The environmental impact and compatibility studgyred out by the University of
Messina, has reached the conclusion that the emagatal impact is negligible.
Moreover, the ENERMAR units are compatible with ttatian rules for the installation
and removal of sea structures.
The first set of tests consisted of systematic datiection of the mechanical behaviour
of the turbine. Even with a low speed current (/3 is the cut-in speed), the rotor
started rotating very fast, without any externalvpo supply. The global efficiency of
the system has been measured as the ratio betheefettrical power produced and the
theoretical power available in the current relativethe intercepted area S, defined as
the product of the diameter and the blade heighB(Stf for a Kobold turbine). The
measured global efficiency was estimated around.23%
Furthermore, the system is equipped with an automdata acquisition system
(including current speed, torque, rpm, voltage,rent) which is also employed to
perform an automatic control of the loads of thibitne.
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Finally, a study has been made to estimate theggrthat can be produced in a year
from the site where the turbine is currently instl The result of this study points at a
value ranging about 22,000 KWh which can be ex#@daach year by a plant of this
type. Considering the currents available in thigaarthe total energy potentially
extracted might reach values as high as 538G Wlygzat
Moreover, a number of studies have been made tdifg®ther sites in Europe suitable
for producing electrical energy generated by macumgents. Together with the Institute
of Energy Conversion of the Chinese Academy of 18ms, studies regarding the
application of the ENERMAR system are currentlypnogress in the Strait of Jintang
(Zhoushan Archipelago), People's Republic of China.

Nowadays Kobold is going to be applied in Indoaesseawaters, Chinese ones and
Philippine ones.

The project for Indonesian coast is partially supgmb by UNIDO (United Nations
Industrial Development Organization) funds.
There are several aims linked with this projecthsas:

* helping developing countries — as Indonesia — toetgetricity energy in a clear
way, to improve its economy assuring more indepecel®n energy market, to
create new job-position and with new skills;

* helping to test the device in new locations, leamore and consequently get a
faster learning rate to decrease future cost dinelogy;

* helping a sustainable world’s growth;

» creating and stimulating interests for ocean ensegyors.
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Part 2. Exploiting tidal energy in Guinea-Bissau
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3. Guinea-Bissau: a developing country

3. Guinea-Bissau: a developing country

3.1 Introduction

Having provided a broad overview of the differéidal power technologies employed
worldwide, we now move to investigate the site wheur studies are centred: the
developing country Guinea-Bissau.

The present thesis was born from a request of theLQJ.S. “Progetto e sviluppo 76”
to analyze the possibility of producing electricftpm tidal power in Guinea Bissau,
where the association is realizing some projett®operation in collaboration with the
local association “Amigos da Guiné-Bissau”.

Previous experiences of collaboration between th€.I0U.S. and the University of
Genova, in particular a project concerning the potidn of power using palm oil and a
second project concerning tourism development, baen successful. Thus a new
teamwork started to investigate the actual and pioead field of tidal energy.

3.2TheO.N.L.U.S. Progetto Sviluppo 76

Progetto Sviluppo 76 is an association of voluntsgyviceborn on an initiative of
various friends who decided to put on hand thein @rganizational and entrepreneurial
competences in order to promote productive actwith some underdeveloped nations.
Its plans head aim at the development of indepanded sustainable productive
activities within the framework of market rules, so that thasembers of the local
community who take part and work on a project wi#icome the main actors in the
process of exploitation of the outcomes of thegubjThe association does not mean to
act in emergency contexts, field in which many o#sociations operate successfully.
Development is intended as an interaction betweéjests and individuals at the same
level:

* Those who come from the developed world bring tlmim technical, and

organizational expertise as well as, if necesdargncial participation;
» Those who live in the less developed natibriag their local acquaintances, the

ability to be operative and the availability of fhan resources”.
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3. Guinea-Bissau: a developing country

The activities are therefore set up and put intfectfin cooperation with those
individualswho prove to be able to pursue them after a jaart.s* Jointly” means that
development cannot be imported, but can only bestcocted through a mutual
exchange.

The association statute (which can be found onidle-site www.ps76.0rg) recognizes

the above mentioned formulation and regulates $se@ative life.

3.3 Country background

Located on the West African coast, Guinea-Bissaa $snall country, both in terms of
land area, with 36,120 Knfincluding 30 islands forming the Bijagos archgm®) and in
terms of population, with 1.472 million inhabitantsis one of the poorest countries in
the world with a per capita gross domestic prod@P) of USD 900 with more than
two-thirds of its population living below the poweithreshold and with under-utilised
resources, like fishing, mining, agriculture andrtem.

Other social indicators reflect a dismal picturgpefvasive poverty: a life expectancy of
47 years at birth; an under-five year mortalityeraf 103 per 1000 live births; a fertility
rate of about 5 children born/woman; and an adtdtdcy rate of 40%. (Central
Intelligence Agency).

The capital is Bissau, where about 40 % of the tgyopulation lives.
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Fig. 3.1 - Map of guinea-Bissau (Flash Appeal, 2006

Guinea-Bissau gained its independence from Portugal974 after a protracted
liberation war that brought tremendous damages he tountry’s economic
infrastructure. The civil war that took place in989and 1999 and a military coup in
September 2003 again disrupted economic activéigtyihg a substantial part of the
economic and social infrastructure in ruins ancenstfying the already widespread
poverty. Following the parliamentary elections inafgh 2004 and the presidential
elections in July 2005, the country is trying toaeer from the long period of instability

despite a still-fragile political situation.

76



3. Guinea-Bissau: a developing country

3.4 Economy

The economy is highly dominated by the agricultusattor in which cashew nut
represents over 85% of export earnings. Howevedq f&elf-sufficiency is not reached.
Moreover, the insufficiency of transport infrastwe limits substantially the
development of new sectors such as bauxite andophtes mining.
The country sectorial distribution is:

* primary industry (55.8% of GDP and 79% of the wogkipopulation): cashew

nut, rice, cotton seed, sorghum, cassava, woddngis
* manufacturing industry (11.7% of GDP): mainly afpod, energy;

» services sector (32.5% of GDP): mainly the trade.

3.5 Infrastructures

The road network covers 4,400 km, of which 453 kne asphalt coated. The
rehabilitation projects and the road network maiatee projects financed by the
European Union (EU) are currently being examindte main axis crosses the country
from West to East, to the city of Buruntuma, at blmeder with Guinea. A great part of
the territory is cut out by the numerous estuaaed the lack of bridges requires that

vehicles break bulks and use the fluvial ferries.
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3. Guinea-Bissau: a developing country

Fig. 3.2 - View of a road in Guinea-Bissau. Its mamhditions remark the difficulty in transport when
operating in developing country.

The construction of the San Vicente bridge on the Racheu is in progress, as
programmed by the EU, and will enable a faster eohon with Senegal. While the

country’s geographic position is in favour of sew aiver transport, infrastructures are
few and in a poor condition. The Bissau harbousiited up and its equipment and
maintenance facilities are obsolete. The five eggare navigable; the main estuary is
Rio Geba, navigable in deep water to Bissau (chafd0,000 tons). On the Bijagos

archipelago, the Bubaque harbour allows for steampeito 120,000 tons.

3.6 Power Sector

Guinea-Bissau has one of the lowest electrificataes in Africa, mostly because of
corruption and inefficiency. The country is complgt dependent on petroleum
products, despite its own high energy potentigdeemlly in hydroelectric power.
Electrification covers only 12% of the country, tlosvest level of the sub-region, and
electric service costs five times more than in §ahe

The Electricity and Water Company of Guinea BisgaAGB) is in charge of electricity
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supply and distribution in the capital. Peak demédelectricity is estimated to be
about 15 MW but the available units in EAGB have tapacity to produce 11.8 MW,
about 2/3 of total demand. Production depends ointereance of the units and steady
supplies of spare parts, and, lacking these, EAGBlay 1996 was able to produce a
mere 6.85 MW.

This rate of production not only reflects the ing#ncy of the system, but is also unable
to meet daily average demand for electricity. Thasequences are frequent black-outs
or load shedding, which can last from several hotrsmany days. Customer
dissatisfaction with the service only serves tocexbate already existing problems of
revenue collection, with the result that EAGB igreutly facing a severe cash flow
crisis.

The inefficiency of the power sector has disrupednomic activity to the point where
many businesses are forced to secure their ownrafarg capacity at high economic
cost.

Oil-derived products supply 95% of the country'snoeercial energy needs. Guinea-
Bissau's downstream oil industry is wholly dependam refined petroleum products
imported from neighbouring countries. There hasnbaetive exploration offshore
Guinea-Bissau since the late 1960's when Essoedirilix wells, but, after the
independence from Portugal, exploration has beequéntly affected by civil unrest.
Offshore exploration has been hampered by a boyrtispute with Senegal, which was
not resolved until 1993.

The inefficiency of the power sector has also hatiract negative impact on the water
sector: the irregularity of water supply in Bisgaun large part due to frequent power
cuts which disrupt pumping of water on a regulasiha

The supply to Guinea Bissau of electric power patedi by the power plants built on the
Gambia river (in Gambia) and Konkouré in Guinea &ow is under discussion.
Moreover, the studies for the Saltinho dam on theuBal river (power of 20 MW for an
average production of 150 GWh/year) are in progress

Guinea-Bissau has great potential resources famleyectric power development for the
domestic market and even for export. The poteptiatuction capacity of the Corubal

and Geba rivers alone exceeds the country's estihfiature need.
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3.7 The continental water cour ses

Guinea-Bissau is covered by a network formed bwifig and stagnating waterways.
Estuaries, rivers and their tributaries (the maogpartant, from north to south, being
Cacheu river, Mansoa, Geba, Corubal, Rio GrandBul®, Cumbijd, and Cacine river)
belong to the first group. The deep interpenetratibland and the sea, in a distance that
varies between 150 and 175 km, introduced salemairther inland, under the
influence of tides.

Some lakes and lagoons, including the Cufada lakech is the largest Limnologic
water reserve in the country, belong to the segvadp.
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Fig. 3.3 - River network of Guinea-Bissgixtract from the doctoral thesis of G. Pennober).

Of all the rivers of Guinea-Bissau, only Corubaleri has a significant hydroelectric
potential, with an average annual flow of nearlys 48/s. With a total basin area of
23,840 km, it is also the largest fresh water resource endbuntry. In fact, the rocky
thresholds of Cussilintra projtct the resource fimenetration of salt water.

Actually the exploitation of fresh water is limitéd a few pumping station employed for
irrigation.
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3.8 Theimportance of tides.

As we have shown in § 1.5, the tidal range dueht® grincipal lunar semidiurnal
constituent M on the coast of Guinea-Bissau is the highest alloagvest African coast;
moreover, the geographic characteristics of thentguand the presence of tidal
estuaries increase the tidal range to significahies.

The maximum registered tidal range is then 6.8@ marto Gole, placed on the bank of
Rio Geba.

The tidal station located along the coasts of thentry are shown in the image below.

o lha:Bolamal

o/llha das Galinhas

Puntatore 11°40'48.14" N 15°41°20.67° C

Fig. 3.4 - Satellite image of Guinea-Bissau witkdfied in red the tidal stations (©Google 2007).
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In the following table typical values of maximuamd minimum tide amplitude are

listed:
Max Amplitude [m] | Min Amplitude [m]
Rio Mansoa Caio 1.25 0.8
Rio Geba Bissau 2.5 1.25
Jabada 2.85 1.6
Porto Gole 3.4 1.9
Islands Bubaque 2 1.1

Fig. 3.5 - Values of maximum and minimum tide &ogé in Guinea-Bissau.

3.9 Conclusions

The needs for reconstruction, rehabilitation andstaction of infrastructures and
buildings are of paramount importance for this ¢ounHowever, the State has
insufficient resources for launching big sites rieepl for the development of Guinea
Bissau given the public finance status and its slebhe contribution of international
donors will be essential to support the reconstvocnd development of the country. In
this respect, the European Union has programmédnitite 9th European Development
Fund a financial support amounting to MEUR 82.8. ragards the World Bank, a
project portfolio of MEUR 66.7 is active, in whiadne refers to the rehabilitation of
basic urban infrastructures. The African Developiigenk and different bilateral aids
also give their support.

The large international companies have no localessmtatives in Guinea Bissau given
the political situation of the country in the pgstars. The political stability and the start-
up of new projects financed by the donors shoutthett international contractors to
Guinea-Bissau.
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4. Barragetidal power potential in Guinea-Bissau

4.1 Introduction

The goal of the second part of the present thedis $tudy different types of tidal power
plants that could operate in a developing cournkey Guinea-Bissau.

The first type of plant we consider is a barragaltpower installation.

4.2 Single-basin two way installation
4.2.1 Moddling a single-basin two way generation tidal power plant

As we have already shown in paragraph 2.3.2, desindpasin two way installation is
the most suitable in a developing country; the reghelow shows the scheme that we
adopt in the present thesis.

Sea Basin

Fig. 4.1 - Simple sketch of the scheme we adoptewtel a two-way generation tidal power plant.

The following steps need to be considered:

» the tide makes the sea lewel, vary according to a sinusoidal law (see § 1.8):
h.,(t) = acos@t + p)
» the discharg® flowing through the hole on the barrage is a fiamcof the head

4h (difference between sea and basin level) and efdischarge coefficient;c
(see §4.2.2):

Q =c,AJ2dAh;
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e assuming that the phenomenon is steady over a shwtAt the volumedVv

exchanged by the basin with the sea is:
AV =QAt:
» the elevation of the free surface in the basinegm a “quasi-static” fashion,

according to the following law:

Ahoasin =

where S is the basin surface.

av

The scheme has been solved numerically; the trésdaband basin level is thus known
and comparisons between different operating camwtiin many locations can be

performed, in order to seek the best way to maarthe exploitation of tidal power.

4.2.2 Determination of discharge throughout circular holes

For submerged flow conditions the basic head-digghaquation is:

Q =c,AJ2gAh

where:

* Cqis the discharge coefficient;

* Ais the area of the hole;

* Qis gravity;

» Ahis the head (difference between sea and basif).leve
Calibration studies performed by H. R. Henry (1948ye produced the following plot
for the determination of the discharge coefficiealated to the ratios between the
upstream level hand the hole diamet& and between the downstream levebhd the
hole diametet

2 Depending on the direction of the flow throughthe barrage, either sea or basin level may be dedar
as the upstream or downstream level.
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Fig. 4.2 - Evaluation of the discharge coefficieglating to the ratio between upstream level araltible
diameter (H.R. Henry, 1948).

Alternatively a theoretical estimation of the diace coefficient can be obtained by
imposing that the specific energy of the upstreament, calculated ignoring the kinetic
head, equals the specific energy of the downstreament, assessed as the sum of
elevation head and kinetic head of the submergedhjéhe contracted section (thus
neglecting the kinetic head of the above currdfd)lows the equation below, which we

employed to model the single-basin two way tidakeoplants:

¢, = 061 |1~ Tbasn/ D
hsea/D

4.2.3 Propagation through the basin

Assuming that the level in the basin increases quasi-static fashion (thus neglecting
propagation through the basin) leads to an exdetterdelling of the system behaviour
for high depth and wide surface conditions. In aif&haracterised by a depthy ¥ 5

meters, as those we consider later, the propagatiead of very long surface waves c

takes a value of about 7 m/s.
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We deduce that in 1 minute (adopted4gsthe information that the surface elevation has
increased propagates a distance of about 420 ncehenr model is most appropriate
for basins having surfaces smaller than roughly0D&&r.

For larger basins and, in particular, for long aadrow channels modelled as basins a
more detailed model which takes propagation intcoant would give more correct
results; anyway, considering the low increase dfewéevel at each time step, a good
approximation can be performed even assuming a-gteg approximation.

Finally, we notice that reflective phenomena du¢h® shores of a particular basin and
effects of bottom profile must be evaluated in aerdetailed analysis.
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4.3 A small sizeinstallation: proposal of a power plant near Fanhe
4.3.1 Sitedescription

In this section we consider the possibility of afopd the scheme described in 8 4.2.1 by
adopting as a basin one of the minor side charofelse estuary and taking advantage
of the increase of tidal range due to landward pgagion. As a result the first site we

analyze is a small basin on the side of Rio Manasahown in the figure below.

Fig. 4.3 - Satellite image of the site near Fanlmere we study the feasibility of a small-size poplent
(©Google 2007).

The site is located about 100 km inland from tHeay mouth and it is only 2 km away
from the village of Fanhe, where the O.N.L.U.S ‘fretio e sviluppo76” is realizing
other projects of cooperation. The local valuesheftidal amplitude are estimated by a
1-D numerical model (see sect. 5.6), while the tlengf the barrage and the basin
surface are estimated by satellite images. Findlig, average channel depth in the
section of the barrage is unknown (because ofatle éf nautical charts of the site) but
it has been estimated assuming a linear bottomlgralong the estuary: anyhow, the
latter value is only used to calculate the heighthe barrage and does not have any
influence on the power output of the system.
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All the quantities described are reported in tHe¥ang table.

4. Barrage tidal power potential in Guinea-Bissau

TIDE
Annual average amplitude [m] Minimum amplitude [m] Maximum amplitude [m]
2.2 1.6 2.8
BASIN
Surface [m] Channel depth [m]
29000 2
BARRAGE
Length [m] Height [m] Volume [n]
72 9.1 12400

Fig. 4.4 — Quantities characterising the site ohka

On the basis of the ideas developed in sect. 2v8.8an estimate the average diurnal
power potential of the tide in this site; a valddd®6 KW is found and, assuming that 34

% of potential energy can be utilized, the avena@@er output may reach a value of 43

KW.

Fig. 4.5 - A view of Rio Mansoa near Fanhe.
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As regards the barrage, the best solution is araekment dam, in particular an earth
fill dam, made up mostly from compacted earth. Aossrsection through an
embankment dam shows that it is shaped like a jewerst of them have a central
section, called the core, made of an impermeabtermahable to prevent water seepage
through the dam. Clayey soils, really abundant uin€a-Bissau, can be used for the

core. A simple sketch of a typical cross-sectioshiswn in the figure below.

Sea

Basin
1.5

Fig. 4.6 - Simple sketch of a typical cross-sectiban earth fill dam.

4.3.2 Different regulation laws

We now simulate the behaviour of the system fofed#nt sizes of the holes in the
barrage, in order to obtain the maximum exploitabbtidal power. The input data are:
* average amplitudep = 2.2 m;
e period:T=12.46 h;
« basin surfaceA = 29.000 rfy
» efficiency of a common low head turbing= 0.79 (see § 2.3.5.4);
* number of turbinedN = 1.

As first we consider the following hole dimension:

Area [nf] Diameter [m]
0.20 0.5

89



4. Barrage tidal power potential in Guinea-Bissau

In the graph below we show the results for the Bedace elevation in the basin, the

outer estuary level (sea level) and the power dudper a tide cycle of 12.46 hours.
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Fig. 4.7 - Trend of basin level, sea level and poswgput over a tide cycle for a hole 0.5 m in deter.

We note that the oscillation range in the bassmsgll, implying high values of head but

small discharge values, due to the small hole 3ike.maximum and the average power

output over the cycle are then:

Maximum power output [KW]

Average power output [KW

13.0

7.1

We now consider a larger hole and simulate agarsyistem:

Area [nf]

Diameter [m]

0.785

1.0
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Fig. 4.8 - Trend of basin level, sea level and poswgput over a tide cycle for a hole 1 m in diaenet

Maximum power output [KW] Average power output [KW
47.2 25.1

The energy output is higher than in the previouserghen we keep on increasing the

hole size, in order to analyse its effects on tweqy output.

Area [nf] Diameter [m]
7.07 3.0
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Fig. 4.9 - Trend of basin level, sea level and poswgput over a tide cycle for a hole 3 m in diaenet

The oscillation in the basin is similar to thattbe estuary, implying high discharge
values but too low head to generate the maximumepawtput we are looking for. The

resulting outputs are indeed:

Maximum power output [KW] Average power output [KW
20.2 8.8
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Therefore, simulating different cases we find thiéofving relationship between the hole
diameter and the average power output.

Relationship between hole diameter and average power output
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Fig. 4.10 - Relationship between the hole diamatet the average power output for a basin of 29080 m
and a tidal amplitude of 2.2 m.

We deduce that there is a hole size that maxintieeenergy output in a tidal cycle:

Area [nf] Diameter [m]
1.65 1.45
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Fig. 4.11 - Trend of basin level, sea level and @oautput over a tidal cycle for a hole 1.45 m in
diameter.

Maximum power output [KW] Average power output [KW
68.4 36.8

In the present thesis we assume this regulatioraktihe most effective one, because it
gives the maximum energy output. We notice thathia case, the ratio between the
basin oscillation and the estuary tidal range assuanvalue of 0.74, as suggested by
Garrett and Cummins (2004).

Finally, we remark the slight asymmetry between titeeads of flood and ebb power
production; this can be explained referring to sé@.2: the discharge coefficient not
only depends on the difference between the elevaid the sea and basin surfaces, but
it also varies according to their values, which argher in the case of maximum

amplitude.

4.3.3 Suice and no-sluice system

Once we have decided the hole size, we need todmrtkat not all the power output in
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a cycle is available, because of the too low vathas the head reaches in some stages;
indeed, even with very low head turbines, it is possible to obtain good efficiencies
under such circumstances.

We then consider a turbine that works under headlitons of at least 0.8 m, as
experimented by some prototypes on the Danube. river

Let us analyze the benefits that the system woclhieae with the installation of sluices
that let us reach higher values of head, allowhwy discharge to flow throughout the

hole only when the head is higher then 0.8 m.
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N\ X\ \ /// A .
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N m
NP4 | |

t[h]

h [m]

P [KW]

0.0

Fig. 4.12 - Trend of surface elevation in the basirthe sea and power output over a tidal cyotea
basin regulated by sluices.

In this case the maximum power output is largen tinathe case of no sluices (because

of the increased head) and almost the whole ersrgg is captured.

Maximum power output [KW] Average power output [KW
70.2 354
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Finally, we consider the possibility to operateheiit opening and closing the sluices
twice in a cycle, in order to avoid the need toutate continuously the power plant, as
in a developing country maintenance and managemembt as easy as in developed
countries.

Below, we plot the energy output obtained by sungmip the energy produced only
when the head is larger than 0.8 m, because opringous consideration about low

head turbines.
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Fig. 4.13 - Trend of basin level, sea level and @oautput over a tide cycle for a basin with nastu
regulation system but with a cut in power prodoetin case of head less then 0.8 m.

The maximum power output and the average powermobwotger the cycle are then:

Maximum power output [KW] Average power output [KW
68.4 339

% Anyway a sluice system will be required for seguréason and for maintenance operations.
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Because of the advantages due to the simplicigpefating without sluices, this type of
regulation is evaluated as the most attractiveanhe, even though about 4% of the
energy produced with sluices is lost. In this cHse power plant load factor would

assume a value of 27 %, referring to the averagendi power potential of the tide

evaluated in sect. 4.3.1.

The working condition of the turbine over an averagcle is shown in the graph below

and summarized in the following table.

Working condition
6
5 /__,._,___...—-——-——
al /
/
Q[m3/s] 3 1
5|
1
0 ! ! ! :
0.8 0.9 1.0 11 1.2 1.3 1.4 15 1.6 17 1.8
h [m]

Fig. 4.14 - Working condition of the low head tumbirequired in the analyzed site (basin surface of
29000 M and tidal amplitude of 2.2 m)

TURBINE SPECIFICS
Efficiency | Minimum head [m] Maximum head [m] Min Q [m’/s] Max Q [nm/s]
0.79 0.8 1.68 3.69 5.15
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4.4 A medium sizeinstallation: proposal of a power plant near Bissau
4.4.1 Site description

We then consider the possibility of installing ayder tidal power plant near Bissau,
adopting as a basin a minor side channel of the3eioa, as shown in the figure below.

Fig. 4.15 - Satellite image of the site near Bisadnere we study the feasibility of a medium-s@eqy
plant (©Google 2007).

The barrage is located about 1 km inland from th@noel mouth, where the width is

smaller, in order to reduce to one third its lengtid decrease the costs. After that the
basin surface is diminished, but it is still wideoagh, because of the high channel
length.

The site would be less then 1 km away from thetabpissau, so the power produced
could be introduced in the city electric network.

Finally, as annual average tidal amplitude is agglithe one of Bissau, estimated by the
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tidal tables of the Portuguese Instituto Hidrografiwithout considering the possible
amplification due to tide propagation in the sitiamnel.

All the quantities described above are summarirate following table.

TIDE
Annual average amplitude [m] Minimum amplitude [m] Maximum amplitude [m]
19 1.25 2.5
BASIN
Surface [m] Channel depth [m]
1.12x 16 3
BARRAGE
Length [m] Height [m] Volume [
154 9.5 28711.375

Fig. 4.16 — Quantities characterising the site gdau

As done for the Fanhe case, we can estimate thrageveliurnal power potential of the
tide in Bissau to find a value of 3639 KW.

As far as the barrage is concerned, the same @masimhs made in sect. 4.3.1 can be
repeated.

4.4.2 No-sluice system

Analyzing the Fanhe power plant we have shownttiek is a hole size that maximizes
the energy output. The same analysis is now repedth the following input data:

» average amplitudep = 1.9 m;

e period:T=12.46 h;

« basin surfaceA = 1.12 kn;

» efficiency:n7=0.79;

* number of turbines\ = 6.
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In this case we find the size values reported bétovweach of the 6 holes.

Area [nf] Diameter [m]
10.17 3.6
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Fig. 4.17 - Trend of basin level, sea level and goautput over a tide cycle for a basin with nastu
regulation system but with a cut in power prodoetin case of head less then 0.8 m.

The maximum power output and the average powenbuotger the cycle are:

Maximum power output [KW] Average power output [KW
1951 936

As we stated in the case of Fanhe, atsBissau we assume this regulation law as the
most effective.

In this site the power plant load factor would aseua value of 26 %, referring to the

100



4. Barrage tidal power potential in Guinea-Bissau

average diurnal power potential of the tide evadan sect. 4.4.1.
The working conditions of the turbines over an ager cycle are shown in the graph

below and summarized in the following table.

Working condition

30

20

Q[m3/s] 15

10

0.8 0.9 1.0 11 12 13 1.4 15 16
h [m]

Fig. 4.18 - Working condition of the low head tumbs required in the analyzed site (basin surfack b2
knf and tidal amplitude of 1.9 m)

TURBINES SPECIFICS
Efficiency | Minimum head [m] Maximum head [m] Min Q [m%/s] Max Q [n/s]
0.79 0.8 1.49 20.9 27.4

Values of discharge higher than in Fanhe are fouhds to the possibility of the
exploitation of a wider basin surface; that wouddd to the requirement in Bissau of

turbines larger in diameter, as proved by the hidgpgée sizes.

4.4.3 Maximum and minimum tidal amplitude

The power output has been calculated so far adppghe annually averaged tidal
amplitude at the analyzed site. In this section,camsider the effects of the monthly
variation of tidal amplitude due to springs andpsave then simulate the two extreme

cases of the maximum and minimum amplitudes inrai@ealculate their influence on
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power output.

Firstly, we consider the local maximum amplitud® € 2.5 m); maintaining the
previous number and size of turbines we obtairfahewing results.
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Fig. 4.19 - Trend of basin level, sea level and @oautput over a tide cycle considering the maximum
amplitude of 2.5 m .

Maximum power output [KW] Average power output [KW
3277 1676

A noticeable increase of power output and prodagberiod are shown above.
We now analyze the case of minimum amplitude= 1.25 m). Having decreased the

head we need to reduce the discharge flowing thrdlg barrage in order to obtain the

maximum energy output. To do that we consider driiyrbines working.
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Fig. 4.20 - Trend of basin level, sea level and goautput over a tide cycle considering the minimum
amplitude of 1.25 m.

Maximum power output [KW] Average power output [KW
780 302

We obtain in this case a predictable decrease wepoutput and production period.
Note that, due to the non linear dependence ofggranr tidal amplitude, the mean value
of the power outputs calculated using the maximachrainimum amplitudes reads:

1676+302 _ 989 KW

This value is larger than the one calculated basethe annual average amplitude (936
KW).

Consequently, the monthly averaged power outputldvbe slightly larger than the
average power output evaluated in sect. 4.4.2 &odld be evaluated simulating a
period of at least 14 days.

The turbine working conditions of the previous cagee shown in the graph below.
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Working condition

25

20 +
Q[m3/s]
15

10

5

0

—— Minimum tide amplitude
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Fig. 4.21 - Comparison between the low head turbimerking condition operating with the maximum
and the minimum amplitude.

Remarking that discharge values corresponding écsttime head are slightly different,

we refer to the considerations made in sect. £8m2erning the power asymmetry.

4.4.4VLH turbineinstallation

The turbine type adopted so far in our power esénas we have already explained, is a

prototype not yet available on the market. Evea gressing increasing of production

and supply of very low head turbines were realldpstable that would fit in the studied

power plants, we finally analyze the installatioh4oVLH turbines, available on the

market and described in sect. 2.3.4.

N° of turbines

Diameter [m]

4

5.6
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Fig. 4.22 - Trend of basin level, sea level and @oautput over a tide cycle operating with 4 VLH
turbines.

Maximum power output [KW] Average power output [KW
1601.5 577.8

The resulting energy output is lower then the ostaraated previously, because of the
higher head required by the VLH turbinegh(> 1.4 m as shown in 8§ 2.3.5.4) and the
following shorter period of power production. THisal case proves the urgent need of
studying and developing specific very low head in&b, in order to collect the large
amount of clean energy by oceans.

At last, in the graph and table below we show tleekimg conditions of 4 VLH turbines;
comparing them with the relationship between heatldischarge that would be set up
in the case of free flowing throughout 4 holes 3mB2n diameter we note the larger
dimension required for the turbines for the sanseltirge values, in order to decrease

velocity (and then losses) and produce electricggow
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Working condition
35 4
—
30 |
25 ]
20
Q[m3/s]
15
10 —— Without turbine (hole diameter = 3.52 m I
—— VLH turbine (diameter =5.6 m)
5 |
0
14 15 1.6 1.7 1.8 1.9
h [m]

Fig. 4.23 - System behaviour for a hole of 3.5Zmiameter compared to the working condition ofl.adV
turbine 5.6 m in diameter.

TURBINES SPECIFICS
Efficiency | Minimum head [m] Maximum head [m] Min Q [m*/s] Max Q [m/s]
0.79 14 2.0 25.9 31.0
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4.5 Preliminary considerations about a big size power plant near Porto
Gole

The best location where to install a barrage fmaber plant is the one with the greatest
tidal range. Around Guinea Bissau the locality vehese find the maximum measured

tidal amplitude is Porto Gole, as we show in s8@. According to this consideration,

we analyze a site located 8 km away from Porto Gold 76 from Bissau, on the

landward share of Rio Geba.

Fig. 4.24 - Satellite image of the site near Pd&ole where we study the feasibility of a big-siaevgr
plant (©Google 2007).

As shown in the above figure, the barrage is latatea narrow section, in order to
reduce its length and then decrease the costs. &¥e aonsider the possibility of
adopting as a basin the wide landward share of3eioa.

Taking into account the distance from the capitislsBu, we need to consider an extra
cost to install a power line connecting the powlanpto the city.
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Finally, we remark the likely increase of tidal diule after the construction of the
barrage, which would act as a reflective wall. Aaywin order to perform a preliminary
analysis, we do not take into account this potéma@ease of the amplitude.

All the quantities characterising the site are samned in the following table.

TIDE
Annual average amplitude [m] Minimum amplitude [m] Maximum amplitude [m]
2.7 1.9 35
BASIN
Surface [m] Channel depth [m]
22.5x 16 1.5
BARRAGE
Length [m] Height [m] Volume [n]
2030 10 416150

Fig. 4.25 — Quantities characterising the site oft® Gole

Due to the high tidal range and the wide basinasef the average diurnal power
potential of the tide assumes a value of 148 MWhgtering that a maximum of 34 %

of potential energy can be utilized, the averagegvoutput may reach 50.2 MW. This

great amount of clean and predictable energy, riae twice as large as the capacity
installed by the construction of the Saltinho damtlee Corubal river (on which studies

are in progress), deserves a more detailed anabsis a specific measurement
campaign.

Nevertheless, due to the small size of the turbowsidered so far (comparable with
the enormous values that the discharge would assarti@s case) and to the many
variables which must be taken into account whemgde®y these big power plants, we

think that these results should be considered edttion.
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5. Tidal stream power in Guinea-Bissau

5.1 Introduction

In this chapter we investigate the possibility apleitation of estuary tidal power in
order to produce electricity without the constrantdf any barrage.

Following Perillo (1995) an estuary is a semi-eselb coastal body of water that
extends to the effective limits of tidal influenaeithin which sea water entering from
one or more free connections with the open seangrother saline coastal body of
water, is significantly diluted with fresh waterroed from land drainage, and can
sustain euryhaline (i.e. able to tolerate a widegeaof salinity) biological species from
either part or the whole of their life cycle.

In particular, tide dominated estuaries are thasehich tidal currents play a dominant
role, while density driven circulations are neaalysent because strong tidal effects are
able to destroy vertical stratification. Tide doatied estuaries are usually funnel-shaped
and characterized by the presence of sand wavestidial flats and salt marshes. The
periodic tidal currents can store large volumeswnafer in the estuary at high tides,

which are followed by drainage at low tides.

5.2 Tide propagation in conver gent and non-conver gent estuaries

It is essential in particular to describe the rofeseveral basic factors (length of the
estuary, friction, channel convergence, bed altimetver discharge) on the properties
of the tidal wave.

The morphodynamic behaviour of tide dominated emsadepends strongly on
upstream propagation of the tide. The celeggtst which tide moves along the estuary is

governed by the shallow water equations and ietber an increasing function of water

depth C =Y, ).

As a result of this depth dependence, tides arerhefd during their propagation: flood
velocities are generally larger than ebb velociéied the flood-phase is shorter than the
ebb-phase. The upstream decrease of the crosers#ciirea (depth and width of the

channel) forces the tide to increase its amplitthgieng upstream propagation; however,

109



5. Tidal stream power in Guinea-Bissau

frictional dissipation tends to counteract thiseeff decreasing the amplitude of tidal
wave. “Hypersyncronous” estuaries are those wheretfect of channel convergence is
dominant and the wave is amplified; around the vanny examples of such systems,
like those of Guinea-Bissau analyzed in this thesia be found.

Besides the geometrical characteristics of tidahdels, the hydrodynamics of estuaries
is strongly affected by many other elements, like presence of short waves coming
from the sea or due to wind action. Moreover, imsacases the river discharge at the
landward end of the channel plays an important eosld may induce stratification
phenomena and density driven circulations.

Here, we restrict the analysis to a widespreadsaésidal inlets, namely the well-mixed
estuarine channels. This kind of morphological @ets includes those estuaries and
lagoon channels where the tidal forcing is so gfrtvat stratification does not occur.
The absence of a salt wedge allows one to considawnstant water density and to
describe the flow field using the usual equationsirgle-phase fluid.

Tidal waves are driven by water oscillations imgbs¢ the channel mouth, which is
connected to the outer sea. Almost all the nomalinerms appearing in the governing
equations for the flow field are proportional teetratio between the tidal amplitude
and the average water depfl) where the subscript O denotes the values athtaenels

mouth:
f=%
Yo

We may notice that ranges between 0 and 1 and in many real estuareas reach
relatively large values.

Notice that a tidal wave generates over-tides albmgropagation. For the sake of
simplicity, in the present work we neglect the effef external over-tides and force the
system by a purely sinusoidal semi-diurng fidle at the mouth of the estuary. Over-
tides, like the quarter-diurnal Moccur at the mouth of estuaries when the offsebedf

is relatively wide and flat; moreover the presewtea wider wave spectrum at the
channel inlet may affect the overall hydrodynano€she system, while increasing the
number of degrees of freedom in the analysis. Acting for the effects of over-tides is

beyond the aim of the present analysis.
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5.3 Formulation of the 1-D problem
5.3.1 Shallow water equations

The standard one-dimensional partial differentiguagions describing the unsteady
water flow in a wide rectangular channel are thessical shallow water equations of

mass and momentum conservation, which read:

2
a_Q+i Q_ +QQ@+QQJ:O
ot ox{ Q 0X
9Q , 0Q _
ot  ox
where:
e tistime;

» Xxthe longitudinal coordinate;
* Qs the water discharge;
* Qs the area of the cross section;
* his the water surface elevation;
e (Qis gravity.
The frictional term is evaluated in the followingrm:
_Qq
a gQZChZRh
having denoted witlC,, the dimensionless Chézy coefficient and viRththe hydraulic

radius:

BY,
B+2Y,

Rh:

Two boundary conditions to be imposed one at eatsh(the mouth of the channel and
its landward end) are required.

The seaward boundary condition is given by the lsgal, which is assumed to be
determined by the tidal oscillation without anylirgihce of the internal response of the

estuary:
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h(t) = a,cost.t)
where:

* w is the angular frequency:

2n
w=—=Kg
T
* kis the wave number:
K=2"
L
* L is the tide wave length:
L=c,T

The landward boundary condition is given by a tgtadflective wall:
U (x=Le) = O

whereL is the estuary length.

The shallow water equations can be solved in tferéint ways:

» seeking analytical solutions;

» using numerical models.

5.3.2 Analytical solution for wide rectangular estuaries with constant width and
frictional term negligible

The hypothesis under which the solutions of thdlelavater equations can be found
analytically are the following:

» the widthB of the channel is constant;

» the cross sections are rectangular;

» the bottom is horizontal;

» ¢is small enough for its effect to be negligible;

» the frictional term is insignificant;

» the river discharge at the landward end of the chkis negligible.
Combining the two 1-D equations under the mentiohggdothesis and applying the

previously defined boundary conditions, the foliogvanalytical solutions can be found
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(x axis directed landward, starting from the refleetivall section):

[coskx) cos@:)]

cosk )

U :i — = [sin(at) sin(kx)]

Yo C¢<|-e)

5.3.3 Theresonance phenomenon

Basing on solutions found in the previous paragrédpls possible to determine a
condition in which water level and velocity assuwaéues that go to infinity.
The ratio between the water level in the final mecand that imposed in the mouth of
the estuary reads:
Ne(x=0 _ 1
hoa(X=-Lg) coskL)

The above fraction goes to infinity if:

=" 2n+) = Le 1
2 L 4

It means that for specific values of estuary lendth = L/4), the reflective wall that

closes the estuary gives rise to an amplificatibthe forcing wave; such increase of
water level and velocity in reality is attenuatgddmergy losses across entrance shoals

and frictional dissipation at the sandy bed.

534 Onedimensi_onal numerical model for wide rectangular convergent and non-
conver gent estuaries

We investigate now the propagation of the tidal egdwough a one-dimensional cross-
sectional averaged model, with the longitudinalrdowtex directed landward, starting
from the mouth of the estuary (M. Bolla Pittalugdong term morphodynamic
equilibrium of tidal channels”, Universita degliugt di Padova, 2003). We also assume
that a rectangular cross-section is suitable tardes as a first approximation, the
behaviour of a real section of the channel.

The above assumptions may be rather strong, diegeimply that the model is unable
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to account for topographically driven effects om flow field as well as to include the
role of shallow areas adjacent to the main channel.
The sketch of the geometry of the idealized tidenmel adopted in the present analysis

is given below:

< h\
__&_____ ! X
% ‘-’l !
' Yﬂ
B At =1(x)
]_I
a I
|
anl t I '
@ | LM x'_
i @ Lo !
To :

] Le

Fig. 5.1 - Geometry of the idealized tidal chanmssuming a rectangular cross-section and a longitaid
width profileexponentially decreasing (G.Vignoli,2005) .

A typical funnel shape is assumed and representadloging an exponentially

decreasing function of the longitudinal coordingtas assumed by many authors in the
past (Friedrichs and Aubrey, 1994; Lanzoni and &amai, 1998), according to the

- S
B(x) = B, ex;{ LbJ

wherel,, is the convergence length.

relationship:

Alternatively, either a constant width or the esyuaffective width trend can be
assumed. In the present thesis both the abovengptice taken into consideration in
order to study the influence of the longitudinadfde on the hydrodynamic behaviour of

the channel.
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As for the longitudinal profile, it is commonly odised that in tidal estuaries the flow
depth decreases landward. In the first steps ofvaank we assume the bed to be
horizontal in order to reduce the number of indejeen variables; in the following steps
the bottom profile will be chosen linear or evakdathrough nautical charts.
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5.4 The hydrodynamic of tidal estuariesin Guinea-Bissau

We focus now on the main hydrodynamic propertieGwihea-Bissau tidal estuaries.
Therefore we need to define some properties whithracterize the watercourses
network of the country; as annual average tidallange is assumed that of the capital
Bissau, extracted from the tidal tables of the lprese Instituto Hidrograficap = 1.9
m.

In the first steps we assume the bed to be hoatamnid the average water depth torpe
= 10 m (consequenthe = 0.19), in order to analyze the effects of thei@y length on

water levels and velocities.

The effect of the estuary lenght on levels - Y,=10m

T T
Initial section - Analytical model
- Numerical model
Section 1/4 L - Analytical model
) - Numerical model
Section 1/2 L - Analytical model
- Numerical model
Section 3/4 L¢ - Analytical model
- Numerical model

10 ; LI -

hmax [m]
AN

: ; ; ;
20 40 60 80 100 120
Le [km]

Fig. 5.2 - Effect of estuary length on water lewaimparison between the results given by the nwaleri
model and the analytical solution in four sections.

The shallow nature of the channels promotes tiggbmance which is counter-balanced
by energy losses across entrance shoals and figttiissipation at the sandy bed.

In the non dissipative analytical model the resonamak, identified by values of
maximum high water level which reach infinity, ischted in correspondence of an
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estuary length of about 110 km.
On the contrary the results given by the fully riokar numerical model shows a
softening of the resonant peak due to the dissipatfects; moreover the length giving

rise to a maximum tidal amplification is lower thdre analytical one, being about 55
km.

Similar consideration can be drawn about the effeaft the estuary length on the
maximum flood velocities.

The effect of the estuary lenght on velocities - Y,=10m

T T T
Initial section - Analytical model

- Numerical model
Section 1/4 Lg - Analytical model
- Numerical model
Section 1/2 L - Analytical model

- Numerical model
Section 3/4 L - Analytical model

or - Numerical model : S
/| :
,/

@
‘g -
= _— —_—

0.1 i i i ; i

20 40 60 80 100 120
Lg [km]

Fig. 5.3 - Effect of estuary length on water velpotomparison between the results given by the
numerical model and the analytical solution in feactions.
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Among the many channels around Guinea-Bissau wasfoow on the Rio Geba,
because its length of 68 Km (considering the distdmetween Bissau and a sharp bend

which can be considered as a reflective wall) aselto the non linear resonance length.

The effect of the estuary depth on levels - Lg =68 km (Rio Geba)

T T
Initial section - Analytical model

- Numerical model

Section 1/4 Lg - Analytical model
- Numerical model

Section 1/2 Lg - Analytical model
- Numerical model

Section 3/4 L - Analytical model
- Numerical model

L S ]

hmax [m]

[
5 10 15 20 25
Y [m]

Fig. 5.4 - Effect of estuary depth on water legelmparison between the results given by the nualeric
model and the analytical solution in four sections.
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The effect of the estuary depth on velocities - L =68 km (Rio Geba)

T T
Initial section - Analytical model

- Numerical model ——
Section 1/4 Lg - Analytical model

\ - Numerical model
-'." Section 1/2 L - Analytical model ———

- Numerical model ——
Section 3/4 L - Analytical model

i - Numerical model -
10 b .

Upnax [M/s]

01 L
5 10 15 20 25
Yo [m]

Fig. 5.5 - Effect of estuary depth on water velpeissuming an estuary length of 68 Km: comparison
between the results given by the numerical modetlaa analytical solution in four sections.

Is important to observe that for small values gbtdeglYo < 10 m) the maximum water

level and velocities obtained by the numerical mh@de much smaller than those given
by the analytical model because in this range pflaedissipative effects are significant.
On the contrary for large depth% (& 10 m) the curves are closer and in both grapés t

values given by the numerical model are higher tharanalytical ones.
We also analyze the Rio Mansoa because on itsslthekittle village of Fanhe, where

the O.N.L.U.S “Progetto e sviluppo76” is realizisgme projects of cooperation, is
located.

119



5. Tidal stream power in Guinea-Bissau

The effect of the estuary depth on velocities - L =120 km (Rio Mansoa)

) I Initial sectionl- Analytical model I ]
- Numerical model —— 1
Section 1/4 Lg - Analytical model 1
- Numerical model
Section 1/2 L - Analytical model ——— 1
) - Numerical model ——
Section 3/4 L - Analytical model 1
, - Numerical model
10 | : ’
= r/ -
o) _.
E »
x>
@
E .
=) /—_______ —_—
—______——___. ——
0.1
5 10 15 20 25
Yo [m]

Fig. 5.6 - Effect of estuary depth on water velpeissuming an estuary length of 120 Km: comparison
between the results given by the numerical modetlaa analytical solution in four sections.

Observing the graph above we can draw the samdusioic obtained in the case of Rio
Geba about the effects of the estuary depth oramlaéytical and numerical maximum
velocities. Moreover, the dependence of the redopeak on the relationship between
estuary length and average depth emerges: inifatite case of Rio Mansoag = 120
km) the peak is associated with a depth of 12 nilevih the Geba estuary € = 68 km)

it was associated with a depth smaller than 5 m.

Hence, a fully non-linear hydrodynamic model isuiegd to capture the most relevant
elements about the behaviour of Guinea-Bissau td#@laries, whose average depth
assume values of about 10m.
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5.5 The hydrodynamic of Rio Geba

In order to analyze the hydrodynamics of Rio Geba eonsider the following

configuration.

Longitudinal width profile

Narrow

Section

Fig. 5.7 - Satellite image of the Rio Geba withfikie sections taken into consideration (©Googleé20

The information about the longitudinal width prefils extracted from satellite images.
In the figure above we show some significant sestithat are specially considered,
because of their particular configuration or beeanfstheir location next to the villages

and towns where we are investigating the possitwliproducing tidal stream power.
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The resulting width profile is shown in the follavg graph.

Rio Geba - ag=25m
12000 T T
B real

B(x)=Bg*exp(-x/L})
11000 \
10000 - B

9000

8000

7000

B[m]

6000 |-

5000 |-

4000 |-

3000 |-

2000

x [km]

Fig. 5.8 - Comparison between the estuary widtHilgrevaluated through satellite image and the
exponentially one, calculated assuming Lb = 47150 m

122



5. Tidal stream power in Guinea-Bissau

Sediment size distribution

To evaluate the effect of roughness on water viscit is important to know the grain
size distribution of sediments lying on the estuawitom.

Rio Geba__

Rio Mansoa........
100"/}
Vil
70

= "
0+

dn-'_l__'r'_'_"‘_ T T T T T
B0 50 40 19 10 [ 4 Zpm

Fig. 5.9 - Sediment size distribution of Rio Gehd &io Mansoa (S. Diop).

Assuming for Rio Gebas, = 0.003 mm we can define the conductance coefticten
from the Van Rijn formula (1984).
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Longitudinal bottom profile
To calculate more realistic values of velocitiesaspasider a bottom profile obtained by

the analysis of nautical chart; as we show in tgeré below, we calculate the average

depth in many section along the estuary.

Initial section

Fig. 5.10 - Nautical chart of Rio Geba. The rectlis the section considered for the evaluatiothef
equivalent section.
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In particular in the initial section we estimatee tlaverage depth considering the

equivalent section.

Equivalent 5 ecticn

- I A X
!

2 [m]

s LM
e EhvAb RN akinkis
Pl N/

14
16

0 2000 4000 6000 800D 10000
Y [m]

Fig. 5.11 - Evaluation of the equivalent sectioherown line is depth referred to the lowest wéteel
(as given by nautical chart) and the blue linehis tlepth of the equivalent section.

Using all the previous data, we performed sevamligtions using the 1-D numerical
model described in § 5.3.3. With a maximum ampétuaf 2.5 m we obtain the

following results.
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Rio Geba - a;=25m
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Fig. 5.12 - Trend of velocities along the estuary.
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Fig. 5.13 - Trend of water levels along the estuaogsidering the effective bottom profile.
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Rio Geba - az=25m
1.8
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Fig. 5.14 - Trend of maximum velocity along theiast in flood and ebb phase.
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Fig. 5.15 - Trend of water level and bottom proéileng the estuary in comparison with measuredeslu
We remark a good agreement.
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Rio Geba - aj=25m

-2

-3

T
Bissau
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Porto Gole
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Fig. 5.16 - Trend of water level over a tide cyid® significant sections.

12

13

128



5. Tidal stream power in Guinea-Bissau

Rio Geba - a;=25m
2 T

Bissau
Jabada
Narrow Section

Porto Gole .
Final Section

J

[P0 I N SRS SN S S NN NN SR R S S

t[h]
Fig. 5.17- Trend of velocity over a tide cycle isignificant sections. The flood and ebb maximum

velocities given by the 1-D model in Bissau argodt= 1.2 m/s, Wy, = -1.25 m/s; those values are only
slightly lower then measured velocities in BisSdyh,g = 1.25 m/s, = -1.30 m/s (S. Diop).

We also performed simulations using a minimum atugé of 1.25 m; a comparison
between the hydrodynamic behaviour in the two ex¢reases is shown in the following

graphs.
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Rio Geba
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Fig. 5.18 - Comparison between trend of maximurocigl along the estuary in flood and ebb phase
considering maximum and minimum amplitude registereBissau.
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Fig. 5.19 - Comparison between trend of maximumraimdmum water level along the estuary
considering maximum and minimum amplitude registereBissau.
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5. Tidal stream power in Guinea-Bissau

Rio Geba
4 ! ! ! ! ! ! T

Porto Gole - ag = 25m —
Porto Gole -a5=1.25m

/
/

Fig. 5.20 - Trend of water level over a tide cyicléhe section of Porto Gole considering maximurd a
minimum amplitude registered in Bissau.
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Fig. 5.21 - Trend of velocity over a tide cycldtie section of Porto Gole considering maximum and
minimum amplitude registered in Bissau.
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5. Tidal stream power in Guinea-Bissau

5.6 The hydrodynamics of Rio Mansoa

We next analyze the hydrodynamics of Rio Mansoaidening the following data.

Longitudinal width profile

Narrow section 2

>
Narrow section 1 '

v

Rio Mansea

Initial section

Fig. 5.22 - Satellite image of the Rio Mansoa wfith five sections taken into consideration
(©Google2007).

The information about the longitudinal width prefils extracted from satellite images.
In the figure above we show some significant sestithat are specially considered,
because of their particular configuration or beeaofstheir location next to the villages

and towns where we are investigating the possitfiproducing tidal stream power.
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5. Tidal stream power in Guinea-Bissau

The resulting width is shown in the following graph

Rio Mansoa - a;=2.1m
10000

B(x)

9000

8000 [

7000
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B [m]
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3000

2000

1000 [

0 20 40 60 80 100 120
X [km]

Fig. 5.23 - Estuary width profile evaluated throutjle satellite image.

Sediment size distribution
Taking into consideration the sediment size distidn shown in sect. 5.5 we assume
for Rio Mansoadso= 0.001 mm.
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5. Tidal stream power in Guinea-Bissau

Longitudinal bottom profile

In this case we consider a linear bottom profiledwse of the lack of reliable nautical
charts of Rio Mansoa.

Only in the initial cross section we are able ttneste the average depth.

Equivalent section

=
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Fig. 5.24 - Evaluation of the equivalent sectioheTed line is depth referred to the lowest wagsel (as
given by nautical chart) and the blue line is thepth of the equivalent section.

Using all the previous data, we have performed regv&@mulations using the 1-D
numerical model described in sect. 5.3.3. With aimam amplitude of 2.1 m we

obtain the following results.
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RioMansoa - a;=21m
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Fig. 5.25 - Trend of maximum velocity along theiast in flood and ebb phase. We remark values
considerably less then along RioGeba.
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Fig. 5.26 - Trend of water level and bottom profileng the estuary.
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Rio Mansoa -

ag=2.1m

T
Biombo
Narrow Section 1
Narrow Section 1 ——
Fanhe

Final Section
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Fig. 5.27 - Trend of water level over a tide cyid® significant sections.
Rio Mansoa - a;=2.1m
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Fig. 5.28 - Trend of velocity over a tide cyclebisignificant sections.
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5. Tidal stream power in Guinea-Bissau

We also performed simulations with minimum ampléudf 0.8 m; a comparison

between the hydrodynamic behaviour in the two ex¢reases is shown in the following
graphs.

Rio Mansoa
1 T T T
flood -ag=2.1m ;
ebb-a;=2.1m /\ :
09 | flood-ag=08m —— -
ebb-a;=0.8m

/A NN AV
A BN

Unax [Mis]

0.1

0 20 40 60 80
x [km]

100 120

Fig. 5.29 - Comparison between trend of maximuracitgl along the estuary in flood and ebb phase
considering maximum and minimum amplitude registatehe mouth of Rio Mansoa.
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Rio Mansoa
- S R
I
hmax-aj=2.1m
hmax-a;=08m ——
hmin-a;=2.1m 7
hmin-ag=08m ——
| bottom ——
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Fig. 5.30 - Comparison between trend of maximumraimdmum water level along the estuary
considering maximum and minimum amplitude registatehe mouth of Rio Mansoa.
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Fig. 5.31 - Trend of water level over a tide cyid¢he section of Fanhe considering maximum and

minimum amplitude registered at the mouth of Rimsdta.
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Rio Mansoa
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Fig. 5.32 - Trend of velocity over a tide cycldhe section of Fanhe considering maximum and mimmu
amplitude registered at the mouth of Rio Mansoa.
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5. Tidal stream power in Guinea-Bissau

5.7 Power production in thetidal estuaries of Guinea-Bissau

In this paragraph we study the energy output pitiyntavailable in different cross
sections obtained by the analysis of water velegigreviously shown.

As a first step, we calculate the theoretical pofeeunit area of the turbine:
_1 3
Rreor(l) =252V (1)

wherep is water density and U is water velocity.

Rio Geba - a;=2.5m

T T
Bissau ——
Jabada
Narrow Section ——
Porto Gole ———
Final Section

2
Preor [KW/m®]

t[h]

Fig. 5.33 - Theoretical power over a tide cycle fimit of area of the turbine in 5 significant sects of
Rio Geba (considering the maximum amplitude reggstén Bissau).
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Rio Mansoa - ag=2.1m
1.2 T

T
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Narrow Section 1
Narrow Section 2 ——

Fanhe
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Fig. 5.34 - Theoretical power over a tide cycle fimit of area of the turbine in 5 significant sects of
Rio Mansoa (considering the maximum amplitude ®h2registered at the mouth of Rio Mansoa).

Note that the theoretical power in Rio Mansoa isdpthan the one in Rio Geba, so
from now on we consider only the 2 cross sectianghich power is significant, namely
Bissau and Porto Gole.

Among the many type of free flow turbines descriliedect. 2.4, we refer now to a
Darrieus prototype, because it is the only one ¢hatwork in the present conditions of
velocity and depth.

We can now estimate the effective power outputmgive the installation of a Darrieus

device:

1
Peee (1) =17 > PAU(L)?

Where:
« A =7.5nffor aturbine of 3.0 m in diameter and 2.5 méight;

» 1 =0.2is the total system efficiency.
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5. Tidal stream power in Guinea-Bissau

It is then possible to integrate the power in timéind the energy output [KWh] during
a tidal cycle of 12h.
in the graph below, we show the energy output abthiusing only one turbine in the

case of maximum amplitude in the two more significeross sections along the Rio
Geba.

Darrieus Energy Output in Bissau

1.4+

Energy Output [KWh]

t[h]

Fig. 5.35 - Energy output over a tide cycle in Bis$or a Darrieus turbine 3 m in diameter (consider
the maximum amplitude of 2.5 m).
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Energy Output [KWh]

Darrieus Energy Output in Porto Gole

2.5+

Fig.

5.36 - Energy output over a tide cycle in PPoBole for a Darrieus turbine 3 m in diameter
(considering the maximum amplitude of 2.5 m reggstén Bissau).

Average Energy Output Energy output

[KWh] In a Cycle [KWh]
Bissau 0.67 8.1
Porto Gole 0.71 8.5

Finally, let us note that:

during a tidal cycle there are some short periasesponding to flow reversal
when the energy output is negligible: it will begantant in the future to analyze
some efficient method of energy storage in ordeadoount for the problem of
energy variability;

in this computation we do not take into consideratihe cut-in speed of the
turbine, even if Darrieus turbine works for verwlspeed;

these values are obtained for a fixed amplitude (ttaximum), so this power
output cannot be considered as constant throughewtear,;

the values of velocities adopted to estimate therggnoutput arise from 1-D

numerical simulations and are then averaged owerctioss section: hence,
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5. Tidal stream power in Guinea-Bissau

velocities could be locally greater because ofrtiegphological configuration of
the estuary, for example at a bend;

» the power output is small, but it's durable, préalde and without any
environmental and visual impact;

» to increase the power output it is possible todase the number of turbines,
even creating a wall (see fig. 2.34). The picturevgs the section of Rio Geba
close to Bissau (11 km in width and 8 m in averdgeth); in this case the
maximum kinetic power of the flow crossing the emsection reaches a value of
50 MW.

Fig. 5.37 - View of Rio Geba in correspondenceis§&..

* to increase the power output it is also possibl¢cease the frontal area of the

turbine, by installing a bigger one.
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5. Tidal stream power in Guinea-Bissau

In fact, considering a turbine of 6.0 m in diameted 2.5 m in height, the energy output
increases sharply, as shown in the figure below.

Darrieus Energy Output in Bissau

Energy Output [KWh]

11 12

t[h]

Fig. 5.38 - Energy output over a tide cycle in Bis$or a Darrieus turbine 6 m in diameter (consider
the maximum amplitude of 2.5 m registered in Bissau

Average Energy Output Cycle Energy output
[KWh] [KWh]
Bissau 1.35 16.2
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5. Tidal stream power in Guinea-Bissau

5.8 Tidal currentsin the straits between idands

Higher velocities can be found in narrow straiténgen islands, such as the one near

the village of Bubaque, in the Arquipelago dos &is, along the coast of Guinea-
Bissau.

Fig. 5.39 - Satellite image of the narrow body kedw islands where the village of Bubaque is located
(©Google 2007).
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5. Tidal stream power in Guinea-Bissau

In order to investigate the possibility of produgialectricity to supply the village of
Bubaque, the O.N.L.U.S. Progetto Sviluppo 76 predidis with measured velocities
taken in a preliminary field measurement campaigmesponding to a local maximum

amplitude of 2 m.

Bubaque

TN

0.5 4

U [m/s]

) \ e

-1.5

0 1 2 3 4 5 6 7 8 9 10 1 12
t[h]

Fig. 5.40 - Trend of measured velocity over a tigele in Bubaqgue.
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5.9 Power production in Bubaque

Employing the previous relationship between watpeity and theoretical power for
unit of area of the turbine we obtain the followipigt.

Bubaque
2.5

Vi

s
3

PTEOR[KW/mZ]

0.5 4

0 1 2 3 4 5 6 7 8 9 10 1
t[h]

12

Fig. 5.41 - Theoretical power over a tide cycle @it of area of the turbine in Bubaque.

As in the case of tidal estuaries, we analyzerisgllation of a Darrieus turbine 3 m in
diameter and 2.5 m in height.

Such turbine sizes are justified by the opportutotyse a jetty located in the small port
of Bubaque as supporting structure, thus redudiagristallation costs.
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5. Tidal stream power in Guinea-Bissau

Fig. 5.42 - View of the jetty situated in the snpalft of Bubaque.

The resulting energy output over a tidal cyclehisven in the graph below.

Darrieus Energy Output in Bubaque

Energy Output [KWh]

t [h]

Fig. 5.43 - Energy output over a tide cycle in Bgiba for a Darrieus turbine 3 m in diameter
(considering the maximum amplitude of 2 m registénesite).
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5. Tidal stream power in Guinea-Bissau

Average Energy Output | Energy output in a Cycle
[KWh] [KWh]
Bubaque 1.26 15.13

The average power output of a single turbine i¢ lwge, but the previous

considerations about the power output in BissaliRorto Gole (see sect. 5.7) can be
repeated here. On the basis of a preliminary cesluation (see sect. 8.5) the
installation analysed here turns out to be readenab
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basins

6. A novel solution: designing artificial inlets connecting tidal
estuariesto small inland basins

6.1 Introduction

We now investigate the possibility to extract tig@wer from natural or suitably
designed artificial inlets connecting a body of evasubject to tidal oscillations to a
basin. To this aim we will first analyse the gerecharacteristics of inlet
hydrodynamics, with particular attention to thelushce of inlet geometry on flow
speed in order to determine the configuration ¢oatd optimize power production.

6.2 Formulation of the problem
6.2.1 Shallow water equations

We model the inlet as a straight rectangular chianitle lengthL;, constant widtiB and
mean flow depthy, relative to a flat and fixed bottom. The channahrects a basin

with surface are&to an open sea.

BASIN SURFACE 3

Fig. 6.1 - Geometry of the idealized inlet conmegth basin to the open sea or to a tidal estuarg. W
assume a rectangular cross-section (Tambroni & 8arai).

The basic one-dimensional partial differential dopres describing the unsteady water
flow in the rectangular channel are the equatidnmaass and momentum conservations,
seenin § 5.3.2.

151



6. A novel solution: designing artificial inletsrmoecting tidal estuaries to small inland
basins

The equations are to be solved with two appropbatendary conditions.

At the inlet mouth we assume that the free surfzsm®llation is determined by the a
simple M forcing tide, characterized by an amplitia@s for the analysis of estuaries.

At the inner boundary we impose a continuity candit whereby the flow discharge
through the end cross section of the channel gisesin a quasi-static fashion to

variations of the mean free surface elevation enlthsin:

BUY, = S@
dt
where:
» U s the instantaneous velocity averaged over thgscsection;
* his the water surface elevation relative to thiéstter level;
* tdenotes time.
As we have already seen, the shallow water equatian be solved either analytically

or numerically.

6.2.2 Analytical solution for inviscid flow in rectangular inlets

A set of assumptions under which a simple solutibthe shallow water equations can
be found analytically are:

» the widthB of the inlet is constant;

» the inlet cross section is rectangular;

+ the bottom is horizontal;

o &= % is small ‘enough’;

0
* no dissipation.
Combining the 1-D equations under the above hypeth@and applying the previously

defined boundary conditions, the following analgtisolution can be found:

coskx) + Sk sin(kx)
h =a, cosut) B

cost) + > sinL,)

152



6. A novel solution: designing artificial inletsmmoecting tidal estuaries to small inland
basins

sin(kx) — ?Bk coskx)

_ % o
U =—>¢,sin(at)
K coskL,) - 2 siniL)

where x is the longitudinal axis pointing landwartt centred at the inner boundary and

k= ZTH is the wave number of the tidal wave charactertaethe wavelength.

6.2.3 Resonance in special geometric configurations.

As in the case of rectangular channel that entls aviotally reflective wall at the inner
boundary, also in the case wflets connecting tidal estuaries to overflow aréas
possible to induce the resonance phenomenon dthe tpure reflection that occurs in

the basin. In fact, if the quantits%k takes a value such thabskL,) —%‘(sin(kp) =0

the speed tends to infinity, obviously in the cahia a non dissipative scheme.
Let us then attempt to exploit this idea for coiodis that apply to Guinea-Bissau. We
then assume the following characteristics:

» annual average tidal amplitudg= 1.9 m;

* inlet lengthLi= 100 m;

* inlet depthYo=6 m:

* inletwidthB=38 m.
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basins
Resonance
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Fig. 6.2 - Effect of the dimensionless parametéB St inlet speed.

The resonant peak is located %5 = 550, meaning that a basin surface of 24G km

would be necessary in this particular case. Thuirement can hardly be met in
Guinea-Bissau. However this simplified solution gests that there should be a

particular configuration which maximizes the spaethe inlet, hence power output.

6.2.4 One-dimensional numerical model for rectangular inlets

We then employ a simple model (which revisits thalgical formulation of Marchi,
1990), essentially based on the application oftarhedel to the inlet (N. Tambroni and
G. Seminara, 2006). Let us briefly summarize it.

Since the length scale characteristic of each kasinell as the lengths of inlet channels
are small compared with the tidal wavelength, weuase that the free surface in the
basin is effectively horizontal.

With this assumption, following a 1-D approach, eain a known equation governing
the temporal development of the free surface edmh ﬁz in the basin, subject to the
tidal forcing at the seaward end cross section,revtiee temporal development of the
free surface oscillatioantl is imposed.

This equation, in dimensionless form, reads:
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~ d?h, , . dh,

- =0, =

where the variables of the problem are scaled lasve:

F="
ch
t =ta

Moreover,d; andd, are dimensionless parameters measuring the eelagle played in

the momentum equation by local inertia and disgpatompared with gravity:

51 - aUOLi
ga,
2
6= Yot
98,Cy Yo

where:
* tdenotes time;
* his the water surface elevation relative to thiéwtter level ;
* wis the angular frequency of the tidal wave;
* Yyis the average flow depth;
* @ is a characteristic tidal amplitude;
» Gy is the characteristic scale for the flow conductan
Co - kse Rhl/e

Vo

» Up is the characteristic scale for the average chaspesd:

Note thatkse is an “effective” Strickler coefficient, accoungrior the effects of both the
energy losses concentrated at the end cross seetnuhthe distributed losses associated
with channel roughness.

The energy losses concentrated at the inlet erdrABe and at its outlehE, can be

written in the form:
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Uy

AE,+AE, = (A, +A,)
29

with Aeand4, suitable loss parameters.

The total energy losgE may then be expressed in terms of the effectiveeksr

coefficientkse Or in terms of an effective length of the inlgtas follows:
uu|  UU| U[U| U[U|
+ L= L=

AE = (Ae +/]o) 29 ksRh4/3 - kseRh4/3 ksRh4/3

L

e

6.3 The hydrodynamics of tidal inletsin Guinea-Bissau

We then apply the above model to study the hydradya behaviour of tidal inlets with
particular attention on the influence of inlet gexin.
We assume the following general characteristics:

» tidal amplitudeap = 1.9 m;

« basin surface areg= 150000 rf

* inlet lengthL;= 10 m;

* inlet widthB =4 m;

«  Strickler coefficienks = 30 nt'¥s.
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We use the numerical model of Tambroni & Semina2806) to determine the
maximum speed as a function of the flow depth atitthet for different values of the

amplitudeap and of the basin surface aiga

Amplitude Variation
5 T T T T

a0=é.5m

Umax [m/s]

05 ! ! ! ! 1 I
4 5 6 7 8 9 10
Yo [m]

Fig. 6.3 - Effect of inlet depth on velocity assugna basin surface of 15000¢:momparison between the
results obtained for different values of tidal dituygle.
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Surface Variation

4 T T T T T T 2
$ = 200000 m2
$ = 100000 m2
S =50000 m
35 F S = 20000 m?

25 .

Umax [m/s]

0 1 1 1 1 1 1
4 5 6 7 8 9 10

Yo [m]

Fig. 6.4 - Effect of inlet depth on velocity assognia tidal amplitude of 1.9 m: comparison betwten
results obtained for different values of the basirface area.

Note that the maximum speed decrease¥paacreases while it increases asor S
increase.
We next determine the maximum inlet speed as aifimof the flow depth at the inlet

for different values of the inlet lengthy and of the inlet widtiB.
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Inlet Length Variation
3 T T T T T L‘ =I10 m

Li=100m ——

L=1000m ——
)
E
>
©
E
>

05 1 1 | 1 | 1
4 5 6 7 8 9 10

Yo [m]

Fig. 6.5 - Effect of inlet depth on flow speed asisig an inlet width of 4 m, a basin surface area of
150000 mand a tidal amplitude of 1.9 m: comparison betwtenresults obtained for different values of

inlet length.
Inlet Width Variation
4 T T T T T T
B=3m
B=4m ——
B=5m ——
35 F B=6m -
B=7m
B=8m ——
3 b B=9m —— |
B=10m —

Umax [m/s]

Yo [m]

Fig. 6.6 - Effect of inlet depth on inlet speeduesig an inlet length of 10 m, a basin surface acéa
150000 rhand a tidal amplitude of 1.9 m: comparison betweenresults obtained for different values of
inlet width.
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Note that the maximum speed decreasesY@asncreases, as previously seen, and
decreases d&orL;increase.

Moreover, if the dimensionless speed is defined as:

all the curves collapse, as shown in the figurewel

Dimensionless Yelocity
2 T T T T

18 ¢

14 |

J max

06 }

Y 06 0.8 1

Fig. 6.7 - Effect of the parameteg'#, on dimensionless flood velocity.
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As regards the ebb speed, it follows the same taanithe flood speed when varying the
geometric parameters, though it is typically sligldrger. This is due to the dependence
of friction on the flow depth.

Dimensionless Velocity

T T T T

-0.6 |- |

-0.8 |- -

Ugppmax

-1.6 - -

-1.8 | .

2 1 L 1 |

a, /Y,

Fig. 6.8 - Effect of the parameteg'¥, on the peak dimensionless ebb speed.
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6.4 Power production in atidal inlet of Guinea-Bissau

Analysing the previous graphs we can determineofitanal conditions for tidal power

production. In particular, we obtain:

tidal amplitudeag = 1.9 m, a value fairly typical of tidal eventsand&issau
basin surface are&= 150000 rf

inlet lengthL; =10 m

inlet depthYp=5m

inlet widthB=4m

Strickler coefficienks = 30 m’/s

The cross section of the inlet is small enoughlitaio high speed values, but it is large

enough to install a Gorlov turbine 1 m in heightt&.5 m in width, as shown in the

following sketch.

H.W.L.
o B "
M.W.L.
L.W.L
YD
T
IHT
W, *

Fig. 6.9 - A Gorlov turbine (T) 1 m in height)Hand 2.5 m in width (W in an inlet of dept yyand width

B. The red line is the horizontal axis of the tushi

We remark that we can neglect the effect of thkimeron the hydraulic behaviour of the

inlet considered because it takes away only 35 %hekinetic head on a frontal area of
2.5 nt out of 20 Mof the section (4 % of the kinetic head of the fow
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Moreover, the basin surface is sufficiently widefitad the desired speeds and it is of
the size of many overflows areas that can be foar@guinea-Bissau, like the one shown

in the figure below.

“Google

Fig. 6.10 - Satellite image of the inlet connectihg Rio Geba to an overflow area (© Google 2007).

Finally, as a first step we consider the annualaye amplitude of 1.9 m and next we
study the behaviour of the power output under ftifeces of the monthly variation of

tidal amplitude due to springs and neaps.
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In a cycle of 12 h the numerical model predictsgpeed values plotted below:
Inlet Velocity
3
2 _
1 -
)
E o
-
-1
T \/
0 2 4 6 8 10 12

t[h]

Fig. 6.11 - Trend of inlet speed throughout a tidgtle assuming an inlet width of 4 m, a basinaefof
150000 rhand a tidal amplitude of 1.9 m.
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It's next possible to calculate the available tle¢ical power, in the same way as we
have done when studying the behaviour of tidalaegts.

Inlet Power
12

. /)

PrEOR [KW/M?]
()]
—

LSS N

0 2 4 6 8 10 12
t[h]

Fig. 6.12 - The theoretical power per unit of adahe turbine is plotted as a function of timeairtidal
cycle

We see that the available power obtained in thisagon is much higher than the one
obtained for tidal estuaries; in the previous ranfygelocities it is possible to install a

Gorlov turbine that has a high efficiency (35%) beeds velocities larger than 1.5 m/s
(cut in speed) to generate electricity.
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Inlet Velocity

u(t)
cut in speed

/\

= / A\

U [m/s]
o

5 | . | | |
0 2 4 6 8 10 12

t [h]

Fig. 6.13 - Dependence of inlet speed on timetidal cycle (red line). The cut in speed of a Gerlo
turbine is also shown (blue line).

With the average amplitude considered, we seesihed¢ds exceed 1.5 m/s for at least 8

hours in a tidal cycle. This means that it is guesto determine an energy output of

45.5 KWh in a cycle with an average value of alsbKiWh.
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Gorlov Energy Output

10+

Energy Output [KWh]
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Fig. 6.14 - Energy output produced by a Gorlov togbover a tidal cycle for the setting considered
herein.

The annual energy output has been calculated adpplie annual average tidal
amplitude of the analyzed site. We next consideretfiects of the monthly variation of
tidal amplitude simulating the two extreme casestted maximum and minimum
amplitude in Bissau, i.e. assuming the values:

* g max=25m;

e gomin=1.25m.
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The results are shown in the graph below.

Inlet Velocity

N\

U [m/s]

ag=25m
ap=19m ——
ao=|1.25m E—

0 2 4 8 8 10 12
t [h]

Fig. 6.15 - Dependence of inlet speed on timetidal cycle: comparison between the results oladin
for different values of tidal amplitude.
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Fig. 6.16 - Dependence of inlet speed on timetida cycle.: comparison between the results oladin
for different values of tidal amplitude.

It is important to emphasize that, while speedsease linearly with amplitude, the
power output has a cubic dependence on flow spé&ith the maximum amplitude
considered, speeds remain larger than 1.5 m/s@ondurs in a cycle, leading to an
energy output of 117.4 KWh and an average valwbotit 9.8 KWh.
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Gorlov Energy Output
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Fig. 6.17 - Energy output produced by a Gorlov togbover a tidal cycle considering the maximumltida
amplitude.

On the other hand the minimum amplitude reducespémeod in which the turbine

generates electricity to only 4 hours in a cya@agding to a total energy output in a cycle
of 8.4 KWh and an average of only 0.7 KWh.
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Gorlov Energy Output

2.5+
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Energy Output [KWh]

0.5

Fig. 6.18 - Energy output produced by a Gorlov tngbover a tidal cycle considering the minimum tida
amplitude.

We remark that due to the non linear dependendkeoénergy on the tidal amplitude,
the mean of the energy outputs calculated with mari and minimum amplitudes:

98+ 07 _ 5o5kwh

is larger than the one calculated with the annuatage amplitude (4 KWh).

Consequently the monthly average energy output dveegult slightly greater than that
previously evaluated and should be estimated simgla period of at least 14 days.
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Finally, noting the positive effects of an ampligudf 2.5 m on the power output, it
appears to be worth investigating the existence sifiitable overflow area in the inland

branch of Rio Geba, where the amplitude is lariganin Bissau.
This investigation must be done on site, becausbeofow resolution of satellite images

in the inland areas of Guinea-Bissau, as showhenrage below.

Rio Geba

Fig. 6.19 - Satellite image of possible overflowas along the Rio Geba (© Google 2007).
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6.5 Comparison with a more refined numerical model

The simplified model shown in sect. 6.2.4 givesuaate results for small values of the
ratio between average amplitude and depth<(1). In our case study the latter ratio is
equal to 0.4.

In order to check the previous values of water ei@les in the inlet, and prevent over
estimation of the power output we make a comparlsetween the simplified model

described above and a more refined numerical ntbdelsolves the classical 2-D depth

averaged shallow water equations for the fluid phas

Comparison hetween Numerical Models

3 / \

U [m/s]

Uit) simplified model
u(t) 2-DI model

0 2 4 6 8 10 12

Fig. 6.20 - Comparison between flow speeds obtdiyetthe simplified 1-D model and the 2-D complete
model.

Agreement between the speeds given by the two masleeasonable, which suggests

that we can consider our estimate of power prodoatorrect.
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7. Preliminary consider ations about ener gy storage and power
supply in Guinea-Bissau

7.1 Introduction

The major hurdle to be overcome for the exploitatad tidal energy is no doubt the
fluctuating character of the power output. Up tavnour considerations have been
focused on aspects related to power productiothignchapter we move to consider the
problem of energy storage.
Basically two possibilities must be considered ltam a fairly constant power output:

» installation of a storage system;

» employ an additional power source.

7.2 Installation of a storage system

The predictability and regularity of the supplydluations from a tidal current plant
should lend itself to effective matching with stgeasystems as it will be possible to
predict, in advance, just how much storage capacigyt be needed.

Therefore energy could be stored during periodgesferating excess and released at
times when the demand exceeds supply; then it wbeltbme necessary to design
energy supply systems that do not need to maiaténssil capacity.

The economics of a combined energy generation aorhge system are highly
dependent on a wide range of factors. One of th&t roicial of them is the amount of
energy storage required to balance the fluctuatiossipply so as to allow the combined
system to supply a constant base load.

The area of electrical energy storage has beems&xtdy studied for both large scale,
(i.e. grid connected systems) and for remote aysi@m®is, (i.e. not grid connected). Most
of the work of evaluating storage systems has fedus the engineering aspects of a
particular storage system. Although the economitebts have been shown to be large,
especially in markets where the cost of storagea@fp is equivalent the cost of
replacement capacity.

The existing storage technologies consist of punipgtto, batteries, compressed air

energy storage, superconducting magnetic energggepcapacitive energy storage and
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flywheels.

Energy storage on a large scale is already commatiliged through pumped hydro
systems but this solution is not suitable for maoyntries. In dry regions compressed
air storage plants have been developed and showa #fficient. Capacitors have also
been used for large-scale short burst storagermgsés they offer a very high energy
density; capacitive energy storage can also be tsethmp out the electromagnetic
oscillations. Battery energy storage systems careffieiently used to store large
amounts of power in either a central system or gis&ributed manner throughout the
grid for areas with poor infrastructure.

There is evidence that combined current turbine stodage systems could yield a
potential economic benefit if the cost of the sgerasystems falls below that of

equivalent fossil systems, especially in remotasre

Power Transfer
control system

Energy Storage System

1 ——

Energy Input from
Generating Source

Energy demand by
CONSUMETs

Fig. 7.1 - Schematic representation of a combingaply//storage system (I.G. Bryden et al., 2000)

7.3 Employ of an additional power source

The tidal resource is variable, but there is nspeat of lengthy periods for which there
is no incoming energy flux; so these fluctuatioren doe smoothed out using an
additional power source, e.g. photovoltaic cellsbatteries, but more typically using
fossil fuel generation.

In the absence of an energy storage capacity, d@n@bility of a single tidal current

generation system means that it could not replatessil fuel generation plant. It is

necessary to maintain a standing reserve capaditizh must be available to meet the
maximum demand.

Energy sources that cannot guarantee to deliveggmvehen required are referred to as
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soft sources to distinguish them from hard soutbes can deliver energy whenever
required. Most sources of renewable energy, suciiad, wave and tidal must be
considered soft.

It means that in the absence of any storage systésnessential to have a combination

of hard and soft supplies.

7.4 Supply of tidal energy in Guinea-Bissau

In the developing country Guinea-Bissau, the cotioedo an electrical grid can be
realized only if the tidal power plant is situateehr the capital Bissau (as we have seen
for the medium size barrage system) and if it ingd to a traditional electrical plant
which provides energy when the tidal one is notkivay.

Anyway we remark that it is found that to facilgahe integration of the system to the
grid, a short-term energy storage is whatever retede

As an alternative, if we regard as small streamwepanstallations, which could be
situated in many parts of the country, such asdlamds or the inland estuaries, where
there is no electrical grid, it is necessary tosider that energy output needs to be
stored in order to supply the fluctuation in eneogyput.

Another solution might be to deliver the tidal e;yeto marginal applications which may
accept an oscillating supply, such as refrigeratptsnping systems providing fresh

water, or any other similar customer.

176



8. Tentative cost analysis

8. Tentative cost analyss.

8.1 Introduction

Let us now make an approximate cost analysis ierai@ get some feeling on whether
tidal power installations can be considered as ewically feasible. One way of
evaluating the economics and competitiveness df systems is to compare the costs of
electrical generation with the prices that cust@mpay for electricity. It becomes
increasingly relevant that local communities mighktinterested to invest in small local
systems. The location of these communities andldbk of grid hook up in those
locations, along with the proximity of tidal energgurces, might be a decisive factor:
ocean energy could then compete with diesel ganarat might, in the presence of the

latter, complement it.

8.2 Cost of energy in Guinea Bissau

At present most energy produced in Guinea Bissaiwegefrom imported oil products,
creating difficulties to economy due to dependefnem other countries, and problems
for the environment and human health, due to eonssof GHG gases.

The cost of 1 KWh produced by a diesel generatpedeés on the price of the generator
and on the cost of gasoline, that is not constaughout the years, but it is assumed to
increase quickly in relation with the rate of pé&tton production.

In this thesis, we analyze a common diesel gene(a#shwameg” brand stationary)
with a power output of 3 KWh and a consumption 4f31l/h: assuming that 1 | of diesel
in Guinea Bissau costs about 1 euro (2007), thé @oé KWh ranges about 0.38 €,
neglecting the price of the generator, its insta@faand maintenance.

Hence, if we consider a generator working 12 h@uday, the annual cost of energy
produced by the generator is about 1650 €.

It is now possible to make a comparison betweerctsts of power produced by tidal

plants and by diesel generators.
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8.3 Generic factorsinfluencing the costs of a barrage tidal power plant

The economics of a barrage power plant is absglusék-specific, and depends
critically upon the topography, geology and manlyeotfactors of each individual site.
These determine the size of the plant and the coktdevelopment, which are
themselves variable depending upon how the resosideveloped, for example with or
without storage, at high or low load factor.

This system is capital-intensive, and usually lbwgd, with civil works typically lasting
100 years or more. With a zero fuel cost, and glpidow maintenance and operation
costs, the primary economic problems arise fromhilga interest rates and the demand
for short payback periods.

Possible consumption of local power and shortessttantion times for small schemes

may make them more economic than larger schemes.

8.4 Generic factorsinfluencing the costs of atidal stream power plant

The cost per unit energy output generated by astesyis influenced by:

» fixed costs which represent the cost of the generation harelwaupport
structure, connection of the system to the grid amg other costs, such as those
related to installation, which must be covered mptio the operation of the
system;

» operation and maintenance co%t&M), which represent the incomplete costs
of servicing, repair and, where appropriate, reatal fuel cost which, of course,
are not an issue for a pure renewable system.

The economics associated with tidal streams ponsaliations is uncertain because
there have been, to date, no long term commerc&ééslemonstrations of a meaningful
number of systems and no large-scale devices hase built. Currently available are
only many prototypes, which include all the additib costs involved in such a stage.
Sources of cost data are hence difficult to find.

Other similar (or close to) areas of activitiesoifshore engineering could provide data

that would help to calculate the capital costdddltenergy systems.
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Furthermore, as regards the particular context oin€a-Bissau, some other factors

influence the cost analysis of this kind of plants:

the installation in shallow water, requiring lesgphisticated mounting structures,
(including less costly mounting related personnad @quipment costs) could
reduce costs;

the designs that hold all electrical components afuthe water, reducing the
need for expensive seals, perhaps reducing mamtenatervals, and reduce
scheduled servicing costs due to easier access pealice costs;

the installation near to the shore could reducdscdse to reduced costs of
connection with the electricity network;

the installation in salt water could increase cds¢zause of the effect of
corrosion;

debris management could increase costs.

In general the cost allocation of capital for agpgmtidal stream farm is as follows:

Breakdown of capital costs for a Tidal
Stream Farm

o Project
Management 7%

m Grid Connection
13%

O Installation 2%

O Mechanical and
Elzctrical 39%

| Structure 39%

Fig. 8.1 - Costs for a tidal stream farm (© Verd&uwer Canada ULC, 2006).

8.5 Cost estimates

A possible approach to approximate cost estimatebeamade from similar projects.

Adjustments must obviously be made to take careralftive sizes or other

characteristics. Finding remotely related systesnsiore likely because of the scarcity
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of ocean energy systems.
In the particular case of the Enermar system (Kebkakbine), the following figure

shows the quota-weight for each step of projecbmiiog with its costs.

g'&g'; Connection  |nstallation & Others
¥ ‘o L7
Mooring \ IR /
7.67%

) Taxes
. 4 3.21%

|
. Travel & Meetings
\ 4,82%

i
Electric Conversion Plant |
32,94%

Floating Platform
18,65%

Turbine
10,36%

Fig. 8.2 - Quota-weight for each step of project@uding with its costs for the Enermar project (Roni
Archimede S.p.A. — 2007).

The Kobold system is built in place and hence tecwill vary depending on the site.
However, as an example we consider a plant thgoiisg to be built in Indonesia, that
costs $US 180 000 (the price in Guinea Bissau shoat be very different from this).
The plant would be designed for the specific sge, some improvements of the
performance mentioned earlier can be expected.

The Kobold technology is currently focusing on marcurrent exploitations and hence
the flow needs to reach 3 m/s for the system tofdasible, depth no more than
approximately 50 meters and distance to the skesethan 1000 meters.

This means that in Guinea Bissau this kind of sgstannot be considered economically
feasible because in our study we found that wagémcities reach 1.6 m/s. Anyhow, it
would be necessary to perform field measuremenpeans to investigate if there are
local conditions that could reach 3 m/s.

As concerns Gorlov turbines, a project, in particuis focusing on a tidal system with

100 Megawatts capacity. This massive system witiscst of approximately 100 Lucid
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Walls (see figure 2...) and will end up costing apjrately $ US 2.2 million per MW.
Depending on local rates for electricity it is afgated that the system could pay for
itself in as little as 6 years. This includes n@mance costs which are estimated to be
between 10 and 15% of the cost of the system évgmars, or $ US 220-330,000 per
year.

On a much smaller scale a small floating systerh withaximum capacity of 8 KW is
currently under development. As a single prototsipe unit is relatively expensive,
approximately $US 3,200/kW or $US 25,000. Howewubrs unit is intended for
consumer-level sale and, in quantity, it isn't as@nable to suspect the cost could lower

as much as 30% , in which case it would be compatalithe system mentioned above.

Finally, we try to estimate the cost of the ingtadin in Bubaque (see sect. 5.9);
considering that a Darrieus turbine, 3 m in diameted 2.5 m in height, would cost
about 16000 € and assuming that this value repie88%0 of the total cost (see figure
8.), the tidal stream farm could cost about 41000 €

Multiplying the average energy output by the numitfenours in a year, we find that the
turbine could produce about 10000 KWh/year, ar@bD00 KWh in 10 year, meaning a
cost of 0.41 €/KWh; considering that the turbin@wd be replaced every 20 years,
making a comparison with the cost of 1 KWh produbgdthe diesel generator (0.38
€/KWh), we deduce that the system could pay feifiia about 10 years.
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9. Conclusions

In conclusion, the investigations and the numeris@hulations performed on the
Guinea-Bissau network of estuaries and tributahias allowed us to study different
feasible schemes for tidal installations.

The strategic sites which we have identified fa tonstruction of a barrage tidal plant

are summarized below:

* near the village of Fanhe, where the annual avetidgé range reaches 4.4 m and
there is a basin with a surface area of about 2960@& small plant producing an
average 34 KW is feasible; after several simulatiae have also identified the more
efficient regulation law (which allows to obtainetmaximum energy in a tidal
cycle) and we have assessed the working conditibtiee turbine to be installed;

« near the capital Bissau (average tidal range ofi8.®asin area of 1.12 Knand a
barrage of 150 m in length) we propose a plant whoswer production is on
average 940 KW;

» on the landward share of Rio Geba, where the tatale reaches a maximum value
of 6.8 m, we consider the possibility of building2zakm long barrage across the
entire estuary, in order to install a plant of 58Wenergy that could well meet the
needs of the whole country.

As far as the analysis concerning the possibilitgroducing electricity with the simple

installation of one or more free flow turbines, argdhe various proposed technologies,

we choose to adopt a Darrieus turbine 3 m in diaméecause such prototype is one of
the few already on the market and it can work evigh low velocities.

We obtain the following results:

» along the Rio Geba the turbine would allow an agenaower output of 0.67 KW in
the cross section of the capital Bissau (considetire maximum amplitude) and
0.71 KW in Porto Gole;

* along the Rio Mansoa, velocities do not reach higlues (power output would
reach a value of 0.37 KW close to Fanhé), therefagrelo not deem appropriate the
installation of a free flow turbine;

» close to Bubaque, in a narrow channel betweenaddsl of the Arquipelago Dos
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Bijagos, where on-site measurement of water spegdated values higher than

along the estuaries, the power output per turbinaldvreach 1.26 KW and could

supply the small hotels located in the neighboudhoo
In spite of the fact that this type of installattooould seem at first of little interest in
terms of power output, we must consider that tmsrgy is clean and free of any
environmental impact; moreover, we emphasize thssipdity of installing more
turbines, taking into account the elevated widtd depth of channels; a careful field
measurement campaign is certainly needed to vethigther places where higher values
of velocity then those obtained by numerical sirtiakes can be found.
In the concluding part of the thesis a model ofrdet which connects a tidal estuary to
a lagoon or an overflow area and sought conditase to theoretical resonance are
analysed. We remark that this novel idea allowseatgr production of electricity than
in the previous case, but with the same reducedamaental impact. Considering an
inlet 5 m in depth and 4 m in width (available ate ®r artificially built) connected to a
basin of 150000 M the installation of a single Gorlov turbine (limdiameter and 2.5
m in height) leads to an average power output KM with an amplitude of 1.9 m and

of 8.4 KW with an amplitude up to 2.5 m.

In conclusion we can state that our analysis detrates that in Guinea-Bissau there is
a great amount of tidal power to be exploited ideorto meet the energy demand of the
country through the use of this renewable source.

Certainly the results we obtained are preliminang @are based on some simplified
schemes which will have to be validated througlaitedd sets of field measurement, in
order to obtain water levels, velocities, accuratéormation about bathymetry,
topography and geology of the sites. The availgbdf the latter information will lead
to a more reliable estimate of power production @nal better evaluation of costs.
Finally, we remark that the shortage of tidal powknts around the world and the lack
of technical information about free-flow turbinesdalow-head turbines, due to their
recent development, makes it difficult to provideamplete overview of such a kind of

installations.
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This notwithstanding we are confident that the ltsswe have obtained might be useful
for the O.N.L.U.S PS 76 to suggest the inclusibracsection dedicated to tidal power
in the “five-year energy plan” of Guinea-Bissau ofdover, it might allow access to
funds that European Union allocate for the improgetmof renewable energies in
developing countries.
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