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Nomenclature

a) Roman letters

= surface area, in square meteré)(m

= unit cost of material, in dollars per cubic mg&/nt)

= construction cost, in dollars ($)

= Chézy coefficient, in square root meters meteoad (n%/s)

= diameter, in meters (m)

= energy production, in megawatt hour (MWh)

= gravitational acceleration, assumed to be atem equal to 9.81 nf/s
= head, in meters (m)

= height, in meters (m)

= dimensionless shaft losses, varying from 0 (g 1

= length, in meters (m)

= dimensionless slope of barrage walls or shajes (

= dimensionless parameter indicating a number (-)

spec = Specific speed, in revolutions per minute (rmp)

= generated power for a given site, in megawaijM

= discharge, in cubic meters per secondm

= dimensionless ratio (-)

= mean tidal range (MHW-MLW) unless mentionedenttise in subscript, in meters (m)
= distance, in meters (m)

= time, seconds (s)

= (tidal) period (for a semidiurnal tide; 12.4@uns = 44712 s), in seconds (s)
= flow velocity, in meters per second (m/s)

= volume, in cubic meters fn

= width, in meters (m)

= energy volume, in megawatt hour (MWh)

= dimensionless weight factor (-)

=y

ZZ3ICrXISQMmMUOUOOm>
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b) Greek letters and others

= dimensionless factor (-)

= dimensionless power output parameter (-)

= dimensionless flow parameter (-)

= dimensionless relative density (-)

= dimensionless efficiency parameter (-)

= phase difference, in radians (rad)

= dimensionless feasibility parameter (-)

= dimensionless basin shape parameter (-)

= dimensionless ratio of a circle's circumferete#s diameter, constant 3.141593
= water density, in kilograms per cubic meter/ii)

= dimensionless Thoma’s number (cavitation cofit) (-)
= 2a/T, in 1 per meter (= frequency) T/

= dimensionless Shields parameter (-)

= USdollars (USD)
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Subscripts

= critical

= mean sea level
= first

= second

= surface area

= atmospheric
barrage = barrage

bas = basin

bed = bed

bulb = Bulb turbine
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viii




c
capacity
closure
costs
costopt

d

dam
double
end

excav

g .
generation
grid

high

HWS

in

|

life

low

LWS

construction

max
maxopt
mc
mean
MHW
MHWS
min
MLWS
netto
one
open
out

p

part

pot
pump
rated
rect

req

s
scheme
sea
sign
single
stability
start
stop

stormsurge

straflo
suct

T

t

tidal
trans
turbine
two

\%

w
wave

= construction

= capacity

= closure

= costs

= cost efficient optimum design point
= depth

=dam

= double regulated
=end

= excavation

= generator

= generation

= grid (distance)

= high

= high water springs
= normal flow direction
= length

= life time

= low

= low water springs
= construction

maximum output optimum design point
mass centre

mean

mean high water

mean high water springs
minimum

mean low water springs
netto

= One-way generation

= open

= reverse flow direction

= powerhouse

= particle

= potential

= pump

= rated

= rectangular shape

= required

= sluice gates

= generation scheme

= sea / water outside basin
= significant

= single regulated

= stability requirement

= start

= stop

= stormsurge

= Straflo turbine

= suction

tidal period

= total

= tidal

= transmission

= turbine

= Two-way generation

= vapour

= water

= wave

maximum, in case of tidal range: HHWS-LLWS
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Abstract

Tidal power is a proven technology to produce eleity and has the potential to generate significan
amounts of electricity at certain sites aroundvifoeld. However, only limited guidance is availaffbe

a cost efficient tidal power plant design and tbkection of a suitable site. Both items are addréss
this study, together with a comparison of the tilalver costs to the costs of other (renewable)ggner
sources.

Within this study the possible concepts for tidafrages have been analysed, from which a singla bas
layout showed to be the most attractive plant laydinis layout could be combined with three
generation modes; One-way generation, Two-way geioerand generation with additional pumping.

For these concepts, a general plant design hasamedyred, to determine the general dimensionef th
essential plant components, including; powerhostgéice gates, barrage dam, bed protection and
transmission lines. Aspects like cavitation ancuiel excavation are taken into account.

The construction costs for these components arelyn@stimated by multiplying the defined volume of
material by the unit costs.

As the turbines and further electromechanical egeipt required further detailed study, this is sddi
separately from the general plant design.

From this, a turbine diameter of 5-8 m is suggeftedll sites and a method is introduced to deieem
the optimum number of turbines and sluice gatesstBgying the efficiencies and costs, for One-way
generation the single regulated Bulb turbine wasgn to be the most attractive turbine type. FooTw
way generation the double regulated Bulb turbinesuggested. This study showed that Two-way
generation is the most attractive generation mades has at least a 19% higher power output over a
tidal period than One-way generation.

With the use of the Dynamic Tidal Power Model thgtimum plant capacity is defined together, with
the required head difference for generating.

As little was known about the effect of pumpingtidal power barrages, this has been worked out.
Pumping water out or into the basin is shown tatseprofitable at constant electricity costs ovelag

as it consumes more power than it produces, basgadtential when electricity rates are lower @e.
night).

The essential plant design parameters which reaugitienization are taken into account in the Generic
Plant Design Guideline, which describes the reguim®cedures to come to their optimum values.

After the general tidal power plant and turbineiglesvere defined, the site selection process cbald
worked out. The essential parameters resultingvial@able site selection were determined. With, this
method was introduced to define the attractivenésssite. A site that does not meet the requiredm
tidal range criterion of 7 m, can not reach the thee®nomic design for tidal power barrages and will
lose attractiveness. With other types of turbirfeedént from the common applied turbines, lower mea
tidal ranges could be sufficient.

This process resulted in the Generic Site Selec@oiteline, which includes technical aspects as wel
as economical aspects of a specific site.

To define the economical position of tidal powerr@ation to other electricity sources, the codts o
tidal power were determined. This included the streent costs as well as the operational and
maintenance costs during its life time.

Compared to the other electricity sources, tidalgroshowed to have high investment costs and low
operational and maintenance costs. From this itb@anoncluded that tidal power has the potential to
compete with other electricity sources.

One of the most important recommendations whichlmmmade on the basis of this study is further
research in the possible environmental aspect&daf power barrages regarding morphology, water
level changes and impact on fish habitats. In &dithis thesis shows that tidal power in comborat
with energy storage is possible, but should behéurtelaborated as this could increase the total
feasibility.

Xi







Problem analysis

Chapter 1 Problem Analysis

1.1 Introduction

Renewable energy is at the moment a widely discussiject, which is mainly caused by its
environmental benefit, namely the reduction of ,Cé&nhd by its inexhaustible supply benefit compared
to conventional energy sources (European Commisdi@®7). These advantages are the main reasons
for the increase of renewable energy demand.

According to the Kyoto protocol, the European Unieas committed itself to a greenhouse gas (GHG)
reduction of 8 percent within the European Unionthg years 2008-2012, as compared to 1990.
Renewable energy sources are expected to play @ortamt role in the implementation of these GHG-
targets. In its White Paper (European Commissi®fy7}, a strategy for the development of renewable
energy, the European Commission has set up a §aaipplying 12 percent of the European Union’s
energy consumption by the year 2010 (twice the &g level in 1997) from renewable energy
sources. Within these total energy targets, themgion of electricity is a key factor (Europeannd/i
Energy Association, 2005).

The International Energy Agency (IEA) predicts thmetxt to the European market, the market for
renewable energy in the United States will alsggatoan increase in supply, however somewhat less.
According to the European Commission the increadimmmand and supply of renewable energy has a
positive effect on the cost price:

“Current trends show that considerable technologigarogress related to renewable energy
technologies has been achieved over recent yearsts@re rapidly dropping and many renewables,
under the right conditions, have reached or are rapphing economic viability.” (European
Commission, 1997).

The environmental benefits and infinite stock, thereasing interest and demand and its economic
feasibility potential are enough reasons to loakrémewable energy alternatives.

Such an alternative could be found in the oceandyg the tides, which already has been used éor th
production of energy around th& @entury in Iraq. The earliest document detectetidan power dates
back to 191% but tidal power has really drawn the attentiorcsithe first tidal power plant has been in
operation (La Rance, 1966) with conferences, litesg feasibility studies and new tidal power
projects.

According to the United Nations Division for Oceaffairs and the Law of the Sea (UN-DOALOS):
“Tidal power is a proven technology and has theeptial to generate significant amounts of electyici
at certain sites around the world. Although, outiee electricity needs could never be met by tidal
power alone, it can be an invaluable source of vesigle energy. The negative environmental impacts
of tidal barrages are probably smaller than thoseother sources of electricity, but are not well
understood at this time. The technological fedigjpdf both major and minor tidal power designssha
been established and the main barrier to increassel of the tides is that of construction costse Th
future costs of other sources of electricity, amthaern over environmental impacts, will ultimately
determine the exploitation of tidal powe{United Nations Divisions for the Ocean Affairs ahd Law

of the Sea, 2001)

This reflects the existing doubts about the feéigibdf tidal power, where the conclusion of the UN
DOALOS is taken as an example here.

! Ringers, J.A. 1917: Beschrijving van den bouw denderde schutsluis in het kanaal door Zuid-Bewkle
Hansweert
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1.2 Problem definition

Because of the doubts about the feasibility ofltjawer, a reasonable amount of investigations and
feasibility studies for tidal power projects haveeh undertaken. Examples are the feasibility stuclie
the Severn and Mersey Barrages in the UK (Institutf Civil Engineers1982), the Derby Barrage in
Australia (Hydro Tasmania, 2001) and the possiédifor the Bay of Fundy in Canada (Conference
Board of Canada, 2003).

Tidal power can be generated by using tidal cusrénhderwater mills) or water level differences
(barrages). In this study the focus will be on thter option; the transformation of water level
difference into electrical energy with tidal powsrrages.

To the author’s knowledge only eight tidal powearik have been built so far. However, only thel tida
power plants of La Rance in France and Sihwa intfSéorea can be considered as prototype. The
others are in fact pilot plants.

The site as well as the tidal power plant design sgo meet various criteria. However, only limited
guidance is available for a cost efficient tidal pwer plant design and the selection of a suitable
site. Both items will be addressed in this study.

1.3 Study objectives and study approach

This study investigates the technical feasibilityidal power generation. A guideline will be drawp
for a cost efficient tidal power plant design aitd selection, clarifying which aspects are critica a
potential tidal power plant design and site. Thikes it possible to compare the costs of tidalgner
to the costs of other (renewable) energy sources.

The objectives of the study are:

= Todraw up a generic guideline for tidal power pldesign
= To draw up a generic guideline for site selection
= To determine the costs of tidal energy

The methodology of the study is rather an iteragirecess than stepwise approach, which is illustrat
by Figure 1.1.

| :

Objectives: Plant Design Site Selection Costs Tidal Energy
Chapter 2,3,4 Chapter 5,6 Chapter 7
| A A
Technical aspects Economical aspects

’

Tidal power generation

Figure 1.1 Study approach
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Draw up a generic guideline for tidal power plargsign

The technical feasibility for the different barriptant designs, considering the different concept
options, will be determined and evaluated. Theedéit plant components will have to be discussed,
with the turbine design in specific. The guidelsteould contain the required procedures to deriee th
essential plant design parameters which requirenggtion. These parameters will be investigated
with the help of the Dynamic Tidal Power Model.

Draw up a generic guideline for site selection

The technical feasibility criteria for tidal powsites will be determined and evaluated giving gpro
view on the different aspects concerning this itigation. The guideline should contain technical
aspects as well as economical aspects.

Determine the costs of tidal energy

At the end of this study the costs for tidal eneggyeration will be compared to other energy saurce
For this, the construction costs will have to béedmined as well as the operational and maintenance
costs.
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Chapter 2 Plant concepts

To come to the final Generic Plant Design Guidgliiivst the different tidal power barrage concepts
will have to be introduced. A plant concept is @uderized by the plant layout and the generation
mode, which is illustrated in Figure 2.1.

Plant concept

characterized by

v v

Plant layout Generation mode

Figure 2.1Relation plant concept with layout and generatiarde

The objectives and approach of this chapter wilh&dollows:

Objective:
= Determine the most promising plant concept

Approach:
» Investigate the possible plant layouts and their dracteristics
» Investigate the possible generation modes and thesharacteristics

This chapter will start with describing the possiblant layouts in 2.1, while section 2.2 discusbes
generation modes. Finally, in section 2.3 the npustnising plant layout(s) and generation mode(s)
will be selected and applied for further study.

2.1 Plant layouts

Three possible plant layouts can be considered:
= Single basin (subsection 2.1.1)
= Multiple basins (subsection 2.1.2)
= Basin combined with energy storage

The single basin layout is the most common impleeiiin operational tidal power plants and tidal

power feasibility studies) and uncomplicated layoption. A multiple basins layout requires, as the

name indicates, multiple basins. Combining a tiaker plant with a type of energy storage has been
studied. This combination showed indeed to be lidagsee subsection 5.3.2), but will not taken into
account for simplicity purposes.
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2.1.1 Single basin

A typical single basin
layout is shown in the
Figure 2.2, characterized
by a basin separated from
sea by one barrage

seo structure The tidal basin
will be filled during the
Turbines rising tide through the

sluice gates. At falling tide
Sluices the sluice gates will be
closed and water will pass
the turbine, generating
electricity.

Figure 2.2 Single basin layout (for One-way getierg

A typical schematisation of the water levels, heand operation processes can be seen in Figure 2.3.
Main advantages are the simplicity of constructionand operation and the relative high power
output due to the fact that large head differencean be created.

Sea level

/" T~ i
/ \\J Basin level
|
| MSL

i

Generating/turkining

L]

Sluicing Holding

L=

Figure 2.3Schematisation of water levels and operational peses for a single basin layout (One-way
ebb generation)

2.1.2 Multiple basins

Tidal energy has the large
disadvantage that the energy
production is a very discontinuous
process where supply does not meet
with the load. To reduce this effect,
a multiple basins tidal power
scheme is introduced shown in
Figure 2.4. Instead of using just one
basin, multiple basins (two in this
example) are applied. The sluice
gates are placed in the outer barrage
while the turbines connect the inner
basins (upper and lower).

Upper basin

Sluices

Sluices ‘
Lower basin

Figure 2.4 Multiple basins layout
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As illustrated in Figure 2.5 this method producesrgy continuously.

Sea level Upper basin level

|
continuous ' \

time

Lower basin level

[ ] Generating

Figure 2.5 Possible multiple basins generation sche

But, this advantage does not compensate the distahes. The extra barrage length separating the
inner basins increases the project costs, but mgsirtant;the total energy production is only 50%

of the production for single basin One-way generabin and even less compared with single basin
Two-way generation(Duivendijk, 2004). These two types of generatitwe, generation modes, will be
discussed in the next section.

This power output level was to be expected, asttineine requires a continuous minimum head
differenceh over the turbines, resulting in a low nhumber obines and thus (mean) power output. This
prevents the upper basin water level from lowetograpidly and the lower basin level from risiog t
rapidly. That is exactly why the slopes of the sobd basin levels are so gentle. For further
explanation about multiple basins operation, seev@ndijk, 2004).

Besides the low mean power output, less site locatiwill have attractive geographical (shape)
characteristics for multiple basins application pamed to single basin generation.
This makes the multiple basins layout less intereisig as tidal layout option.

2.2 Generation modes

A generation mode, also called mode of operati@scdbes the method for power generation. It is
common to describe generation modes by generatbenses; a scheme showing the water level
outside (sea) and the water level inside (basimchEgeneration mode has its own scheme, thus
characteristics.

Combining these scheme characteristics with sonveep@quations makes it possible to derive the
(mean) power output per generation mode. Thislveélivorked out later on in the report, but illustsat
the essence of these generation schemes.

At the start of this study, the schemes were detexthby characteristics from operational plants and
feasibility studies (see Appendix B1), but with thee of the DTP Model a more cost efficient
generation scheme could be generated (see AppéijixAs the latter schemes are based on own
research and a cost efficient scheme will increhsefeasibility of a tidal power plant, these sckem
will be used as the general generation schemesibi@gcthe modes of generation.

The following generation modes exist:
= One-way generation (subsection 2.2.1)
= Two-way generation (subsection 2.2.2)
= Generation with additional pumping (subsection3).2.
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2.2.1 One-way generation

One-way generation can be executed in two ways, by:
= Ebb generating (when basin level > sea level)
= Flood generating (when basin level < sea level)

For One-way generation, water passes the turbingsio one direction during generation and thus
require sluice gates for the other direction.

Because of the high basin levels for ebb generasbipping can be permitted, which is a large
advantage compared to flood generation.

The resulting generation schemes are illustrateBigore 2.6 and 2.7, with the sea level in red and
basin level in blue.

Sea level Basin level

time 0.38T

[ ] Ebb generating

Figure 2.6General One-way ebb generation scheme

Seo L@vet\ Basin level

B - _ el

[ ] Flood generating

Figure 2.7 General One-way flood generation scheme

The grey surfaces in the generation schemes ag oftsunderstood by presuming it to be similar as
the energy output. But, as will be shown by in satisn 4.2.4, the power has to be a functiom®5f
and thus energy (power time generation periodvel h3’2*Tgenen.1,m,1 and noth*Tgeneraim- The grey
surface just indicates in what section of the sahenergy will be generated.

2.2.2 Two-way generation

With Two-way generation, turbines generate in tvi@ations. This means that no sluice gates are
required for power generation. Nevertheless, furttedy will show the positive effect of sluice gat
for the power production. Their effect on the gatien scheme is visual in Figure 2.8, just after th
generation period, where basin level raises anefdswore rapidly.
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Sea level Basin level

[ ] Ebb and flood generating

Figure 2.8 General Two-way generation scheme
The generation mode properties from the threergéine schemes are listed in the following table:

Table 2.1 Properties for different generation motk=e Appendix A5)

One-way ebb generation One-way flood generation | Two-way generation

Nreq 0.28R “ 0.28R
Nmean 0.46R “ 0.39R
Nimax 0.56R “ 0.46R
Rbas 0.57R “ 0.65R
Tgeneration 0.38T “ 0.33T
Hw,bas,high 0.44R 0.13R 0.37R
Hw,bas,low -0.13R -0.44R -0.28R
Hw,bas,mean 0.15R -0.15R 0.04R

Where:

Nreq = required head over turbines for generation, itense(m)

mean = mean head over turbines during generation, ireragm)

Nimax = maximum head over turbines during generatiometers (m)

Roas = basin range, in meters (m)

Tgeneration = generation period, seconds (s)

Huw bas,high = high basin level referred to MSL, in meters (m)

Huw,bas,low = low basin level referred to MSL, in meters (m)

Huw bas,mean = mean basin level referred to MSL, in meters (m)

2.2.3 Additional pumping
In addition to the One-way or Two-way modes of gatien, it is also possible to adjust water levels
by using pump turbines. These are turbines whialidctunction as pumps, enable to raise the higher
basin levels and to drop the lower basin levelsargihg the head differences in the basin. With
pumping, instead of generating power from the nebj the turbines consume power so that afterwards
a higher power output can be generated.
The Figures 2.9 and 2.10 illustrate a One-way amt-Way generation scheme with additional

pumping.
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time >0.38T

[ ] Ebb generating

Figure 2.9 Possible One-way generation scheme adttitional pumping

Sea level Basin level

[ ] Ebb and flood generating

Figure 2.10 Possible Two-way generatiohesge with additional pumping

The figures clearly show that for One-way generatioe basin level only will be forced to raise or
drop in one direction, while for the Two-way ger@ma scheme pumping will be commonly
implemented in both directions (compare Figurevétd 2.6 and 2.10 with 2.8).

At the moment, La Rance is the only operationaltgbwer plant using turbines as pumps. Here fore,
special turbines were constructed; pump turbines.

Pump turbines can be seen as double regulated turi®s with a slight difference in runner blade
shape, resulting in higher efficiencies during pumjmg. On the other hand, this also reduced the
efficiency level during turbining (see subsection 4.2.2).

As Two-way generation plants already require doubtpilated turbines with adjustable runner blades
and guide vanes, they almost already are in thegssfon of pump turbines. This is not the casefor
One-way generation plants where less adjustahibénes are also possible and reduces the turbirie cos
In fact, this means that in case of Two-way gemengbumping will have less influence on the turbine
design and thus on the costs than for One-way géoer

For that reason pumping can be expected to be profgable for a Two-way generation scheme than
for a One-way generation scheme. Therefore, ibisarsurprise that La Rance is a Two-way generation
plant.

2.3 Conclusions

For further study, only the single basin layoutl & considered, multiple basin was less attraciive
a combination with a type of energy storage isidatthe scope of this study.
This layout can be combined with three generatioodes, where the attractiveness of addition
pumping will be an important aspect for furtherdstuUnless the fact that pumping, if profitable]lwi
only expect to be economic attractive for Two-wapneration, also pumping in a One-way generation
scheme will have to be investigated to comparertean power output.
This means the following three plant concepts béllworked out consequently:

»= Single basin — One-way generation

= Single basin — Two-way generation

= Single basin — Generation with additional pumpi®gé-way and Two-way generation)

The general plant design for these concepts can fobend in the next chapter.
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Chapter 3 General plant design

A tidal power plant consists of the following civilorks:
= Powerhouse

Sluice gates

Barrage dam

Bed protection

Transmission lines

The turbine design will be discussed separatetiiémext chapter.

As, later on, the construction costs will mainly éstimated by multiplying the defined volurveof
material multiplied by the unit cosBs($/n), the total material volume specified by civil wowill be
mentioned.

Objective:
= Define a general plant design

Approach:
* Analyse existing methods to assess general plantr@insions
» Formulate new methods to assess general plant dimgans
» Select preferred method and define site specific pameters

This chapter will describe the general dimensidrtde different civil works, related to the siteesjfic
parameters: powerhouse in 3.1, sluice gates irbar2age dam in 3.3, bed protection in 3.4 and the
transmission lines in 3.5. Section 3.6 will lisettesulting plant design parameters.

3.1 Powerhouse

The powerhouse is another name for the turbineseajsn where the turbines and generator will be
placed. In general, one turbine caisson contaiogtmbines.

3.1.1 Existing method

Fay and Smachlo derived the following empirfidarmula for the general powerhouse volumepér
turbine caisson (Fay and Smachlo, 1983-I):

V, =42[RD, ;. () (3-1)
Where,

vV, = powerhouse volume according to existing methodubic meters (f)
Duwmwine = turbine diameter, in meters (m)

Here, no theoretical background could be giverttierempirical generated value 42. For this reaaon,
new method will be presented, which will be usedffiother study.

2 Based on representative values from Cobscook,yFand La Rance tidal power projects
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3.1.2 New method

This method will also be based on determining tbevgrhouse
volume V,, by multiplying lengthL and widthW and heightH.
Here, the length is defined by the distance aldmglarrage and
the width by the distance across the dam (seedjgur

The space requirement of a powerhouse varies wughturbine
type (Raabe, 1985). Taken into account are thenwst applied
types of turbine for tidal power plant studies; theaflo turbine
and the Bulb turbine. These turbines will be worked in section
4.1.

Figure 3.1 Definition length and width

The powerhouse volume¥), a0 for the Straflo turbine and,,up for the Bulb turbine, can be
determined by predicting their height, length anditix For simplicity purposes, one turbine per
powerhouse was considered, which will not affeetglant design.

Length and width are easy to derive with some dfioption made by (Raabe, 1985). The height on the
other hand will depend on a list of parameters:

= Highest water level outside

= Wave climate

= Excavation depth

For this study however the extra construction sigbheight, to provide extra weight to assure the
stability of the construction, will assumed to beoz

Highest water level outside

The construction height will largely depend on tighest water level outside the barrage, which will
be derived from the water level at MHWS plus therrst surgeHsiomsuge The highest water level
outside can thus be written accordingHi@;meant ¥Rmax + Hstormsurge

Wave climate

The local wave climate, including aspects as waweup and overtopping, should be added to the
water level. The powerhouse will then be constaids high as the top level of tharrage dam,
which is assumed to be a rubble mouRdr this (permeable) type of dam a save overt@pptenario
will consist of a wave run-up equal to two timeg thignificant wave height. This will cause little
hindrance to (possible) infrastructure on the ddr{gremond and van Roode, 2001).

This makes it possible to write the wave climatéaiisws: 2*H,ave sign

Of course, wave climate remains an important geciic parameter, which means this simplification
can only be used for a first rough estimation.

Excavation depth

Next to the previous described aspects relatedaternwevels, the construction height will also hawve
take into account a certain excavation depth ofctinestructionHe,.a, When the site has not sufficient
space (height) for the turbines, regarding the Biwail water level, excavation will be necesséagr
the most common modes of generation (Two-way géioarand One-way ebb generation) the tail
water level will be the lowest sea water leMgl, miws

The excavation depth can be written accordingtt@;a= Hseamws Hurbine -Heav

(Where,Hexca= €xcavation depth artd,,, = additional submergence due to cavitation)

The typical turbine height and the required caigtaheight will be elaborated below.

The construction height consists of the turbinghgiwhich is larger than the turbine diameterlitse
The required turbine height can be derived fronbine space requirement determined by Raabe
(1995), which are illustrated by Figure 3.2. Here the left the space requirements for the Straflo
turbine (type 1) are shown. On the right hand #igerequirements for the Bulb turbine (type 2):
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Figure 3.2 Space requirements for Straflo (1) 8udb (2) turbine (Raabe, 1985)

Only the straight flow variant was taken into aasipuvhich means only the lower pictures of the
figure.
The turbine shaft height was increased by an assuh#® for the concrete layer around the turbine
shaft. This results in the following turbine height

H = 2'3[Dturbine (m) (3'2)

turbine, bulb —

H = 2'2|:Dturbin(»: (m) (3'3)

turbine, straflo

The length of the turbine shaft was taken (by megdoom Figure 3.2. The width is equal to the heig
of the shaft as the turbine front has a squareserfThis information will be implemented further. o

Excavation could also be necessary when a turltioeld be placed low under the minimum tail water
level to avoid cavitation in the turbine.

Cavitation will take place when local pressure fal§ below the vapour pressure. It has negative
influence on the turbine efficiency and could evenause severe damage to the turbine runner.

Cavitation can be avoided when the turbines arécgritly submerged regarding the backwater level.
The dimensionless cavitation coefficiemt also known as Thoma’'s number, is defined in teohs
water pressure and atmospheric and vapour prelssads:

o= ha I"]v hsuct (_) (3_4)
h
Where,
o = dimensionless Thoma’s number (cavitation coeffit)
h, = atmospheric pressure head (over turbines), iemmém)
hy = vapour pressure head (over turbines), in meteys (
Nsyet = suction head (over turbines), in meters (m)
h = head (over turbines), in meters (m)

The critical cavitation coefficient« is defined as the maximumabove which cavitation is likely to
occur. The maximum suction head from the turbiris,and thus the turbine setting, can be found by:

h,=h—-h-o.Ch (m) (3-5)

suct

At a tidal power plant the atmospheric pressyreill be the same as at sea level:

h, =10.3 (mwc) (3-6)

Sea water of 1T the vapour pressulg is:
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h,=0.12 (mwc) 3-7)

According to Mainardis, the critical cavitation ¢figent can be derived by the following formula,
where the specific spedd,..plays an important role (Mosonyi, 1963):
o, =300°IN__?- 0.0008N__+ 0.163 () (3-8)

spec spec

For Bulb turbines the specific spelighe.is (Ferc, 1991):
N = 152026

spec 02837 (rpm) (3-9)

The same specific speed will be assumed for tladiGturbine.

As the required head difference will be 2 m (sestise 5.6) and the maximum head difference will be
approximately 10 m, it is possible to phatas function oh.

As head difference varies with the generation mtiie® should be conversed to the tidal range. In
subsection 4.2.4 the maximum head, called ratedi,hat which turbines still generate will be
introduced. The conclusions however, are requiredaaitation criteria. Subsection 4.2.4 will show a
maximum rated head for the most cost efficient ptiasign of 0.5R for One-way generation. With
this, Figure 3.3 can be drawn.

11 13 15 17 19

hsuct (m)
1 B N RN ST O
;
&
~
©

Tidal range (m)

Figure 3.3 Maximum altitude turbine axis above éswtail water level as function of the tidal range

The figure illustrates that submergence due totatwn is required from a tidal range of about 8As.

will be determined in subsection 4.2.3, a minimwrbine diameter of 5 m is suggested. This means
that at least &, 0f 5.5 m is present (Withlyine = 2.2*Dwrbineg)- According to the figure, submergence
due to cavitation can be neglected for turbineb witliameter larger than 5 m.

Note that, in case of turbine diameter less than 2,m * cavitation can affect the position of the
turbines and the powerhouse height for extreme meatidal ranges.

For this study, the storm surge will be neglectetlich will be acceptable in combination with the
conservative overtopping criteria.

3 Assuming the largef=14 m (->hg,;=2.5m), 0.5Hurpine = 1.1*Dwurine, thaNDyine = 2.3 M
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The powerhouse construction heidy can be calculated for two scenarios; with or withequired
excavation, see figures below.

Scenario with required excavation

Sea Caisson
(]
] V
2*Hwave,sign
Hseo MHWS Basin

Hioas,max

éRMst—Mst

Hsea,mean

L
H BRMHWS-MLWS Hbas,min
P j

Hsea MLWS

Hturkine

R

Figure 3.4 Construction height build-up with exchea required

Scenario without excavation

Sea Caisson
(I

’V/
2xHwave,sign

Hsea MHWS — y Basin

Hlas,max

1
2RMHWS-MLWS
Hsea,mean

1
H 2RMHWS-MLWS Hobas,min
p A

Hsea MLWS

Hturbine

|
|
|
|
|
|
|

% );//%, % | I N NN
|

Figure 3.5 Construction height build-up without axation required

For both scenarios the powerhouse height can leala&dd by:

H p = RMHWS— MLWS+ ZD_I wave sign+ H turbir (m) (3'10)
Where,
Hoas min minimum basin height, in meters (m)

Ho basin height at MSL, in meters (m)
Huave sign = Significant wave height, in meters (m)
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Now the construction heightd, for the Bulb and Straflo turbine are derived, thelumes can be
elaborated (Raabe, 1985). Because the volume iseidn of the length, height and width of the
powerhouse, these will be presented separately.

Bulb turbine:

Wp,bulb = 88 |:Dturbine (m)

H o = Runws mws™ 20H wave sigf H wor (M)

Lp,bulb = N [ 23[ Dturbine (m)

turbine

Vp,bulb = Nturbine DZOZ |:Dturbinez |JRMHWS—MLWS + 2 EH wave,sign + 23 |:Dturbine) (mS) (3'11)

Where;
Nuwmine = number of turbines (-)

Straflo turbine:

W =661 Dturbine (m)

p,straflo
Lp,straﬂo = Nturbine [ 22 [ Dturbine (m)
Vp,straﬂo = Nturbine EI'45 DDturbineZ mRMHWS—MLWS + 2 D_| wave,sign + 22 |:lDturbine) (ms) (3'12)

The formulas above clearly show the differencepace requirement between the two turbine types,
where the powerhouse for the Bulb turbine is ad@36 larger than the Straflo turbine.

3.2 Sluice gates
Sluice gates indicate the caissons in where theestates will be placed.

3.2.1 Existing method
The sluice gate volumé, can be denoted by the following formula (Fay antag&hlo, 1983-I):

V. =18[ROA (n) (3-13)
Where,
As = sluice gate surface area, in square metefs (m

For the same reason as for the powerhouse voluank ¢f theoretical background), a new model will
be generated and used for further study.

3.2.2 New method

Sluice gates can be used:
= To refill of empty the basin after generation (Qm&y generation)
= To raise or lower the basin level more rapidly thamder gravity flow (Two-way
generation)

The choice of the installed sluice gate type wit be further worked out in this study. Whether the
choice will fall on a sluice gate under free suefdlow or a form of submerged sluice gates will be
assigned to the constructor. Within this studyttital sluice gate surface area remains constaimglur
operation.
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Appendix B4 shows that for present tidal power tdaand feasibility studies the following relation
exists between the total sluice gate surface arddtee total turbine surface area:

A,s = 2 DA\,turbine (mz) (B-9) (3'14)

With the help of the DTP Model no valuable conabnsi could be drawn with respect to the total sluice
gate surface area, see Appendix A4. Thereforegxiwing relation in formula 3-14 will be used for
further study.

From the DTP Model results it can be stated that:
= For One-way generation; no sluices means no power.
= Applying sluice gates for Two-way generation easilyincreases the mean power
output with 10% each tidal period, which makes sluie gates alsovery attractive.

The effect of sluices gates for Two-way generatioitiustrated in the figure below. When opening th
sluice gates at the end of the turbine periodptmsn range will increase. This has a positivectfée
the head difference and generation period.

14 Opening turbines

|
Closing sluice gates ——Sea

12 4

N e

N \ SN

N ~\/ N
\ NN

Water level (m)

4
) ) Opening turbines
5 Closing turbines and
opening sluice gates
0 T T :
0 5 10 15 20

Time (hours)

Figure 3.6 Positive effect of sluice gates on bésiels

The top of the sluice caissons are at the samd kevahe top of the powerhouse. However, no
excavation due to low tail water level will be régal for sluicing.

With reference to a study on the Severn tidal poplant, the width of a turbine caisson is about 1.5
times the width of a sluice caisson (InstitutionGitil Engineers, 1982). The powerhouse width \wél
averaged over the turbine type, to avoid its infeeeon the sluice gate design.

Note that the opening surface of the sluice gagsshown to be about twice the opening surfackeof t
turbines,but because sluice gate openings can be placearctoseach other, the total sluice gate
length will be assumed to be equal to the totabine length This was also found in present feasibility
studies for specific sites. Also the total sluiegeglength will be averaged over the two turbireety

From now on the height of the sluice gates andalgardam, as they will be similar, will be named
construction heighti..
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771D,
Ws = 1 Sturblne = 51 |:D'(urbine

HS =HC =HO +0'5[RMHWS—MLWS+2[H

(m)

wavesign (m)

Ls = Nturbine [ 2'25[ Dturbine (m)
— 2
Vs - Nturbine 115 DDturbine [H c (ms) (3'15)
Where,
7.7 = average of both turbine types; (8.8+6.6)/2
2.25 = average of both turbine types; (2.3+2.2)/2

3.3 Barrage dam

3.3.1 Existing method

Fay and Smachlo (1983-1) showed that the barragewtdumeVy,, is not a function of the tidal range,
but of the construction height.,, which is shown by:

— 2
Vdam - m[Hc |:Ldam/ 2 (m) (3-16)
Where,
m = dimensionless slope of barrage walls or shajes (
Hc = construction height according to existing modemeters (m)
Ly = barrage length, in meters (m)

The cross section of the barrage dam was modedlesh dsosceles triangle, without taking into ac¢oun
a crest width. For this case, it shows the barxvaf)leme to be proportional to the square of consimac
depthH. and proportional to the barrage length

It will, however, be preferable for a barrage dammhave a minimum required crest width for
construction work (during construction) and conmmegtinfrastructure during operation. Because
formula 3-16 does not include a crest width, thethod does not fulfil in this aspect. The new mdtho
will be used for further study.

3.3.2 New method

In the new model a save crest width of 10 m willtéleen into account as a constant factor, where 8 m
is the minimum space requirement for heavy vehi@éngremond and van Roode, 2001). With the
same height definitiohy,, as for the sluice gates, this results in the lggraoss sectioAga, and the
total barrage volum¥g,, shown in formula 3-17

H =H, (m)

dam

'A\dal'T]::LO|:|_IC-i-rr]|:|_|c2 (mz)

— — 2
Vdam - I‘dam DA‘dam - I‘dam E(lOEH c +mlH c ) (ms) (3'17)
Where,
Ldam = barrage dam length, in meters (m)
Agam = barrage dam surface area, in square metdr (m

The parametem is the dimensionless slope of the barrage watlshdam. A value for m of 1.75 will
be a representative value for further calculations.

The length of the dam is equal to the total barrlgeyth minus the sluice and turbine lengths
(4.4*D wrbine"Nwrbine as derived before).
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3.4 Bed protection

Bed protection will be required when the subsoihdg able to resist the occurring flow velocities s
that particles will be put in motion and even midpet transported away. This should be avoided, as
erosion could damage the construction. Bed pratecshould be considered for the turbining and
sluicing process. The necessity of a bed protestitirdepend on the subsoil characteristics andhen
flow velocity.

Subsoil
A large number of different subsoil types doestekist for simplicity purposes these subsoil typds
be categorised into two classes:

= Rocky material

= Other subsoil types (such as sand, clay etc.)

Rock is a cohesive material which could maintaghHiow velocities. Thus, hardly any bed protection
will be required for this type of subsoil. That meahat no additional bed protection costs wiltdden
into account. This increases the attractivenesisen§ite.

The other subsoil types consist of non-cohesiveatesive material, which are all strongly exposed
to erosion. Whether erosion will actually occur elegis on the largeness of the flow velocity.

Flow velocity during operation
The occurring flow velocity at the barrage withudbsoil other than rock should be estimated in otder
determine the necessity and the amount of bedgirote

The flow velocity at the barrage can be calculat@d the help of:

u=420gh (m/s) (3-18)

During turbining, higher flow velocities will takaelace compared to the sluicing process. This isedu
by larger head differences (see schemes sectipnTh& maximum flow velocity will take place at the
largest head difference and the narrowest crogfoeedhe maximum head, when generating a mean
tidal rangeR, is 0.56R for One-way generation and OR6or Two-way generation (see Table 2.1).
Because generation also continues during spring tie¢ad will exceed the mentioned valu€ke
maximum head when generating will therefore assutoede equal to the tidal range R for both
generation modes, about twice the values mentiabete.

Uy =V2MR  (mis) (3-19)

I |

Figure 3.7 Turbine shaft cross section

The maximum flow velocity is the velocity takingapk in the smallest cross section of the turbimadt sh
(1), see Figure 3.7. The discharge at point 1 shbel equal to point 2 and 3, which are situated in
larger cross sections. As a result, flow velocitiés decrease from point 1 to 3. The turbine sisgface
requirements for both types of turbines showed titvatcross section at the runner blade (1) is ahout
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times smaller as at the shaft entrance (2); D*t®mpared to B2 This means that the flow velocity at
the shaft entrance should be 4 times smaller teedtirbine runner blade.

Bed protection, when required, will be placed oe Hubsoil starting at point 2 against the turbine
caisson in the direction of point 3. The crossisacit point 3 will largely depend on the site cibiotis
(water depth)Therefore, for simplicity purposes, the cross sectt the bed protection location (3)
will be assumed to be equal to point This means that a large safety factor is includedhie
application of the bed protection.

Ug =2Q20R  (mis) (3-20)

To determine if the subsoil requires bed protectienShields diagram will be used:

- e o 5 e — S S 2 5 S— —— — -
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Figure 3.8 Shields diagram

The curve shows that values for the dimensionlesarpeter? lower than about 0.03 (-), no transport
will take place for all critical Reynolds valuBs (-).

Required particle diameter Dy eq
The required particle diametBy,. eqCan be calculated by formula 3-21.

b K,? mW? ™) (3-21)
patreq = K, W ACh?
Where;
Dpaeq = average required particle diameter, in meteds (m
Ky = dimensionless velocity/turbulence factor, intiicg a load deviating from uniform flow (-)
u = flow velocity, in meters per second (m/s)
Ks = dimensionless strength-reduction parametertéores on a slope (-)
v = dimensionless Shields parameter (-)
A = dimensionless relative density, (gt of 2650 kg/m3 ang e, Of 1027 kg/m) equal to 1.58 (-)
Ch = Chézy roughness coefficient, in square root regier second (H¥/s)

With a Chézy coefficient assumed to be #&snu? can be rewritten as:

u?2u,’ = A2 R=123R (mis) (3-22)
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At both sides of the caissons, a flat bed lewe] = 1) and high turbulenc&{ = 3) are considered :

2°11R (3-23)
D > = 0.064R
Parted = 110,03[1.58[ 4(2 (m)

Formula 3-23 can be illustrated by:

Required particle diameter

0,9

0,8

0,7

0,6

0,5

0,4

0,3

0,2

Required particle diameter Dpart,req (m)

0,1

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Mean tidal range R (m)

Figure 3.9 Required particle diameter as functidrthe tidal range

If the particle diameter of the subsoil is smatlean the required particle diameter for the medal ti
range on that site, bed protection is requiredh#t case the bed protection will at least haveottsist
of particle diameters larger th&@Qa req

Bed protection volume

To be able to define the bed protection cd3ig, first the volumeVyeqs Needs to be estimated and
multiplied by the unit costs for bed protection erél.

This phase includes some simplifications as it W@l outside the scope of this study to make an
accurate bed protection desidhe bed protection is assumed to consist of onglesilayer, meaning
that no other filter layers or geotextile are to ta&en into account.

The bed protection volumé,eq can be written as:

Vied = Hpeg Whed L e (M) (3-24)
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This is illustrated in the figure below.

Bed protection

g g —Hees
g —

] e

NN

Whed

Figure 3.10 Position of bed protection

The single protection layer must be at least 2igartdiameters high, thu$lyeq = 2*Dparreq
(d’Angremond and van Roode, 2001)he width of the bed protection at both sides ef tilrbine
caisson will be assumed to have the same widtheasdisson itselfThe powerhouse for a Bulb turbine
is shown to be wider than for the Straflo turbisek{section 3.1.2). This is on the other hand nesara
to place a wider bed protection. The width at bsittes will be a function of the flow velocity and
turbulence. However, within this study for simpticpurposes a fixed bed protection width of 2 time
50 m will be considered.

As the bed protection will be placed in front ofdabehind the turbine and sluice gates caissons,
without making a distinction in the bed protectidimensions at both places, the length of the bed
protection will be determined by the total powerd®and sluice gate length;eq= Ly+Ls

Formula 3-24 can now be rewritten:

Vbed = (2 [Dpart,req) qloo) E“-p + Ls) (ms) (3-25)

3.5 Transmission lines

To be able to deliver the produced electricity frtime power plant to the demand area or nearby
electricity grid, this distanceyiq has to be bridged. Most common method is the egiptin of
transmission lines (for other alternatives see actizzn 5.3.3). The more remote the tidal power fplan
location, the longer the transmission lines will inereasingsyig.

Where,
Syrid = distance from site to electricity grid, in met¢m)

3.6 Resulting plant design parameters

Since all civil work dimensions are worked out gepaly, the resulting plant design parameters are
derived. These plant design parameters consistitef specific parameters and non-site specific
parameters, summarized in the following table:
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Table 3.1 List of resulting plant design parameters

Site specific parameters | Non-site specific parameter
RMHWS-MLWS Nturbine
Hwave,sign Dturbine
Lbarrage hrated
Ho
Hsea,MLWS
Dpart,req
Sgrid

All the information to derive the site specific pareters has been presented in this chapter. Tée th
non-site specific parameters, from now on callethptesign parameters, will be further elaborated i
the next chapter.
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Chapter 4 General turbine design

In the previous chapter, the general plant desegtibed the general dimensions of the civil wddks

a tidal power barrage. As the turbines requirehfrtdetailed study, this will be the handled irsthi
chapter.

As turbines are directly linked to the generatorsl additional pumping was a point of further
investigation, these will be included in the tusbihesign.

Objective:
= Define a general turbine design

Approach:
= Define turbine design parameters
= Implement these parameters in the DTP Model
= Determine a general value for these parameters frorthe DTP Model results

The chapter will start with a list of the differemtrbine design parameters which will be invesggan
section 4.1. These will be divided into turbinesl a;renerators (section 4.2) and pumps (section 4.3).
Section 4.4 will contain a turbine type suggestmar generation mode. Finally, in section 4.5 the
operational interaction between turbines, sluidegand pumps will be illustrated.

4.1 Turbine design parameters

Turbines and generators

The following turbine and generator parametersrarieided in the general turbine design:
Turbine diametebDympine (M)

Number of turbinéNymine (-)

Turbine efficiencYwrbine (-)

Generator efficiencyy (-)

Hydraulic losses in shalft(-)

Required head differendg, (m)

Rated power outpR;4ieq (MW)

Pumps
In fact, a pump is nothing else than a turbine pagpp (or down) the water to (more rapidly)
increase the head difference or reach the sea.|&@l clarification purposes, pumps are dealt
separately from the turbines.
Whether or not pumps can produce more energy thag tonsume depends on the next pump
parameters:

= Total pump surface aré® pump (M?)

= Pump capacitPyump (MW)

= Starting head for pumpin@ar pump (M)

* End head for pumpinend,pump(m)

The pump efficiency will be included in the turbieficiency study
The use of pumps will not expect to increase thampower output as pumps require power. For some

scenarios, pumping may affect the mean power oupaipositive way.

DTP Modéd implementation
The introduced parameters are implemented intontheéel, making it possible to look for the optimum
design points for each of the parameters.
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4.2 Turbines and generator

The possible tidal power turbine types will be Byialiscussed, before analyzing the turbine design
parameters.

4.2.1 Tidal power turbines types

Turbines are often categorized by mode of reguiatiRegulation can be done by varying the position
of the runner blades and/or guide vanes. The pesediegories of turbines regarding the modes of
regulation are:

=  Onlof turbines (no regulation)

= Single regulated turbines (variable runner bladeguale vanes (Gordon, 2001))

* Double regulated turbines (variable runner bladesguide vanes)

=  Pump turbines (variable runner blades and guides)an

As mentioned in section 3.1, for tidal power oriig following two reaction turbines remain a feasibl
types of turbines:

= Bulb turbine

= Rim type turbine (also called Straflo turbine)

Bulb turbine 3
The Bulb turbine is a horizontal unit with runnétades directly =
connected to the generator. The Bulb turbine isathafter the
shape of the watertight enclosure, see Figure 4.1.

Bulb turbines can be applied as single regulated, adible B
regulated and pump turbines. P

T T e 1Y ; ' L

Figure 4.1 Bulb turbine (Alstom power)

Rim type turbine (Straflo)

The Straflo (straight flow) turbine is also a haorital unit with a
generator rotor mounted on the periphery of théimgr runner
blades. The Straflo turbine, as called from nowism patented
turbine by the Andritz group.

This type of turbine is only available as a singleegulated
turbine with variable guide vanes.

Figure 4.2 Straflo turbine (Andritz group)

Section 3.1 showed that the turbine type have énite on the powerhouse dimensions. As the
efficiencies and costs for both turbines are naivkm yet, no preferable turbine can be suggested for
now. This suggestion will be made in section 4.4.

4.2.2 Efficiencies and losses

As for each electricity source, also tidal powelt vave to deal with efficiency aspects and losses.
Three types of efficiencies and losses take place:

= Turbine efficiencynuymwine (-)

= Generator efficiencyy (-)

» Hydraulic losse% (-)
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Their influence on the power output is illustrated

P = IO % DT[Dturbinez B/E Eg?’lz etto3/2 E] turbinem] ¢ (MW) (4-1)

with h_=h{l-k) (m) w
Where,

hnetto = netto head difference, in meters (m)
= dimensionless parameter for hydraulic losseshatft (-)

This shows that the power output is linear propowi for both efficiencies and proportional to the
square root for the hydraulic losses. The lattéhis less effective.

Turbine efficiency
Turbine efficiencyyumine IS @ dimensionless parameter and represents thata energy in the water
after being through the turbines divided by thetstg potential energy.

As the variance in turbine efficiency over the Hge (or head difference) is turbine specific,hbot

turbines types will have to be further investigated

Both turbine types can be seen as a Kaplan turlieeBulb turbine as a single or double regulated
Kaplan turbine and the Straflo turbine as a singlgulated turbine with variable guide vanes
(RETScreen). In the figure below a Bulb turbinesli®mwn indicating the position of the runner blades
and guide vanes.

Guide vane ;
Runner blades

Figure 4.3 lllustration runner blades and guide earfor Bulb turbine

The efficiency curves for all three turbine typesrived from experimental research, are shown in
Figure 4.4 on the left.
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Efficiency Curve -1 Turbine(s)
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Figure 4.5 Turbine efficiency curve for
Kaplan Turbine as percentage of rated flow
(RETScreen)

Figure 4.4 Turbine efficiency curve for three types
of turbines (Knapp et al)

Figure 4.4 clearly demonstrates the positive effattthe turbine efficiency of the variable runner
blades of both Kaplan turbines, compared to th@giter turbine with only regulated guide vanes. A
turbine without any regulation will be expectedb® characterized by a straight line, starting at th
same point as the other turbines and ending at téseharge of above 50%s.

As no efficiency curve for a single regulated Kaplarbine with variable guide vanes was found, the
Straflo turbine will be expected to be well desedlby the propeller turbine in Figure 4.4.

To be able to come to a reliable turbine efficiefaythe Bulb and Straflo turbine, the discharges i
Figure 4.4 should be transposed to a percent afatleel flow as per Figure 4.5.

Turbines require a minimum head difference to stperation, meaning that the percent of rated flow
also requires a certain starting threshold. With tke of Table 4.6 (subsection 4.2.5) this pointicco
be determined.

For One-way generation this point is about 55%hef tated flow (=0.28/0.51R) and for Two-way
generation this is about 66% (=0RI8.4R). Two-way generation require double regulated Bulb
turbines, while for One-way generation single rated turbines are sufficient, This information make
it possible to average the turbine efficiency aberrated flow (see Figure 4.6).

1.0 |
o O — @ — —a _ - ———0.9]
_ ! g = —3
g—'/a’ ..’J'I- - n 1 < OFQ
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02r -~ F -7 o /- -w|Propeller turbine )
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./ o - --a|Semi Kaplan turbine
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Qm’fs]
Figure 4.6 Turbine efficiency curve for 3 typesurbines as percentage of rated flow
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In the table below, a summary is given for possibtbine types and operation for a tidal power plan
The results are as expected.

Table 4.1 Turbine efficiency for different turbiogerations and turbine types

Normal turbining Reverse turbining Pumping
direction direction
Double regulated turbine (Bulb) 0.91 ~0.8° ~0.7*
Single regulated turbine (Bulb) 0.89 <0.8° <0.7*
Single regulated turbine (Straflo) 0.70 <0.7° <<0.7°
Double regulated pump turbine (Bulb) =0.8° =~0.8° =~0.8°

The double regulated turbine shows the highestieffties, except for pumping where the pump
turbine scores the best. The pump turbine has athmutsame efficiency level for each type of
operation. The Straflo turbine is the least effitiecaused by its fixed runner bladés Two-way
generation is characterized by two turbining directons, averaging both direction will results in
0.85 (for a double regulated turbine).

Generator efficiency

Generator efficiencyyy is a dimensionless parameter representing the anafuenergy after being
through the generator, divided by the energy corttingugh the turbines.

A generator efficiency of 0.95 is suggestdlRETScreen).

Hydraulic losses

Besides the turbine and generator efficiency, algiraulic losse should be considered the turbine
shaft. As these losses depend on the shape diifhie¢ shaft and each generation method has its own
optimal shaft shape, it was not recommended tohigugstimate the possible hydraulic losses forghes
shape.

Alstom Power suggested lavalue of 0.1 for normal flow directiork{) and 0.2 for reverse flow
direction ko). This results in aky,e of 0.1 for One-way generation andk,, of 0.15 for Two-way
generation.

DTP Modd implementation
The following efficiencies and losses should hagerbused as input in the model:

Table 4.2 Averaged efficiencies and hydraulic legsr generation mode

Mturbine g k
One-way generation 0.90 0.95 0.1
Two-way generation 0.85 0.95 0.15

However, as little information was available attttime, the efficiencies and loss were estimatesiaA
result, for a higher accuracy, the total efficierfapd thus power output) should be slightly deadas
for One-way generation and slight increased for -ivay generation.

4 (Wilson, 1970)
® Precise efficiency unknown, but certainly muctslefficient than double regulated turbines
6 According to Alstom Power France
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4.2.3 Total turbine surface area

As turbines and generators form a large part optiogect costs it will be valuable to optimize tiotal
turbine surface areBmine AS this surface area is a function of the turkdieemeterDy,mine and the
number of turbineNymwine, finding an optimal relation between both desigmameters and the site
specific parameter will be the most important éduthis optimum plant design study.

Turbine number and diameter
It was expected to be economical more attractivadtall fewer larger turbines than a larger nuntdfer
smaller turbine. This is confirmed by Alstom Povweance.

Besides, the saving of the total powerhouse lehgthy using larger turbines can be replaced by the
less expensive barrage dam.

Larger turbines also show higher
turbine efficiencies compared tc
smaller turbines due to the lower

5
effect of friction in large runners” 3:‘ 4 /
(Gorplon, 2001).This is illustrated in [ 3
the figure on the right. > /

5 2

o /

i 1 /

0 ‘ ‘ . .
0 2 4 6 8 10
Runner diameter (m)

Figure 4.7 Turbine efficiency gain as functiorturbine diameter (Gordon, 2001)

The increasing turbine efficiency makes it even enattractive to install a smaller amount of larger
turbines. The turbine efficiency gain should howewet be exaggerated; a turbine with a 8 m diameter
only has 0.8 % higher turbine efficiency comparmd turbine with a diameter of 4 meter,

As a result, for the turbine costs and the totajgmt costs it will be economically more attractiee
install fewer larger turbines (assuming no excavatiill be required). On the other hand, by lookatg
present tidal power plant and hydro power projebe maximum possible turbine diameter
applicable within this guideline will be 8 nf.

More information about turbine costs and furthexctical equipment can be found in Appendix C1.

As mentioned in Chapter 3, turbine diameter cao héslimited due to the tail water level in theibas
Excavation is not recommended due to the additionats, but the same counts for too small turbine
diametersWith all the available information about costs andefficiencies, a minimum diameter of
about 5 m is suggested.

" Only the STPG made a feasibility study for thee3avidal power project with turbines larges tham,8namely
9m.
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Then the following conclusion can be drawn:

Bulb turbine: If Hgamws =184 (m) then D, pine =8 (M)
H
115 < H uws <184 (m) then Dypine = % (m)
Else Dibine = (M)
Straflo turbine: If Heeamws 217.6(m) then Dy =8 (M)
H
111< H ws <176 (M) then  Dypine = % (m)
Else Dibine =9 (M)

Notice that aHgea miwsOf 17.6 m and 18.4 m is very deep and not attracfrem an economical
perspective. But in case these depths do occurpaé diameter of 8 m is suggested.

DTP Moded implementation
The model will be an usable method to find theroptn turbine surface area for One-way and Two-
way generation. This will be done by fixing theltime diameter and varying the number of turbines.

DTP Modd results

With this model, various cases including differsite specific parameters can be studied looking for
similarities or patterns (see Appendix A4).

The total turbine surface area graph for Case dqu(Ei4.8) and all other cases show a visual optimum
in turbine number. Increasing the total turbineface area will thus not automatically mean a larger
power output. This optimum will be reached at a llBnamount of turbines for One-way generation
than for Two-way generation. Because the headrdiffee decreases increasing the number of turbines,
applying a larger number of turbines will not alsagsult in a higher power output.

Another aspect, see Figure 4.8, is the much lamggan power output (mean energy per tidal period)
for the Two-way generation mode. Appendix A6 shomdeed a larger mean power output for Two-
way generation plants starting at 19% up to 86%!

For maximum power output, the design number ofihg® should be put on design point B for Two-
way generation and at D for One-way generation.

For the most cost efficient tidal power plant a degn point at 75% of the maximum design point
will be suggested which results for a specific Two-way generati@ergrio study by Delta Marine
ConsultantsThis factor is assumed to be equal for One-way igeiio@. These points are to be found in
A and C.

Here;

= design point for cost efficient mean pPovWRMean costopfOr TWO-Way generation
= design point for maximum mean PovRean maxopfOr TWO-way generation

= design point for cost efficient mean PoWREan costopfOr ONE-way generation
= design point for maximum mean poviRean maxopfOr ONe-way generation

o0Ow>
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Figure 4.8 Example total turbine surface area @arv

From different case studies, illustrated in App&nBi3, the turbine surface area factgr can be
calculated with:

Aba 0
A[,turbine = a’A,schemeDiS D‘/E (mz)

TO/20

’[N

(B-8) (4-3)

Where,
A{,turbine = %DTDD

wrbine» iN square meters @n

turbine
The results are demonstrated in the table below:

Table 4.3 Turbine surface area factors derived fracheme properties for different design points for
One-way and Two-way generation

One-way generation Two-way generation
Maximum mean Cost efficient mean Maximum mean Cost efficient mean
Power Pmean,maxopt power Pmean,costopt power Pmean,maxopt power Pmean,costopt
aA,scheme 29 22 46 32

With the information from Table 4.3 it is possiltitedefine the most cost efficient number of turlsine

One-way generation:

_ 063A,,,, 3R (4-4)
turbine — TD 2

turbine

Two-way generation:

_092mA,,,3/R o (4-5)
Ty ie

turbine

turbine —
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Where,
a,. [4 a,. 4
063 = A.one - and 092 = Ao -
\Y} 2 @ Ijz-[Dturbine 2@ DTEDturbine

This shows that Two-way generation requires almosb0% extra turbines. However, this will be
compensated by the 71% larger mean power output (seAppendix AB6).

4.2.4 Design power output

The plant capacity should be higher than the poteral power Py, of a site (see section 5.2) to be
able to generate this (mean) potential power, asdi@l power can not be generated at all times

The design capacity limits the maximum amount ofv@oby restricting some turbine and generator
parameters. The higher this limitation the lardmer power generation, till the potential of a sgduilly
exploited.

The amount of Power generated by the turbines eadebcribed according to:

P= ,O l:g E(D mnetto m7turbine l-_lVg D'O_B (MW) (4_6)
WhereQ = A e /200 My (M¥s)  and  h o =hI(L-K) (4-7)
Thus P= /0 |m&,turbine B/E [g 32 [hnetto?)/2 |]7turbine m]g D-O_G (MW) (4_8)
Where,
Q = discharge, in cubic meters per secondm

= If the generator output, which is directly connecte the turbine, is higher than the
amount of power the turbine can produce, then gwveep output is limited by the turbine.

= If the generator output is lower than the amourgafer the turbine can produce, then the
power output is limited by the generat®his limitation is more often the case.

The power output on which turbine and generatoresticted / designed is called “rated power”.

The plant capacity can now be formulated as follows

F%apacity = PratedENturbinf (MW) (4'9)
Where,
—_— —6 _
Prated =p Bg |:(Drated |:hrated |]7'(urbine Ij]g 10 (MW) (4-10)
Where,
Qrated = rated discharge, in cubic meters per secoﬁtklm
haed = rated head (over turbines), in meters (m)

To maintain a certain economic attractivenesscepacity is often limited to output level lower tha
the maximum power output.
For the general plant design, the following theels of rated power levels will be elaborated:

= Maximum rated power

= Rated power for tidal power plants nowadays

= Most economic attractive rated power

Whether the third level will differ from the secowdll be investigated with the help of the DTP Made
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Maximum rated power

Power generation designed on maximum rated powsrthe objective to fully utilize the site’s
capacity. Maximum power output can be obtained wiesd differences are largest, thus at the largest
tidal range, taken to bByhws.LLws AS a result, turbines and generators are to lséggded on this
maximum design level. As this design tidal range lbarare occurrence, designing turbines and
generators at this power output level is not irgtng from the economic point of view.

Because a plant design at maximum rated powernatilincrease the feasibility of tidal power, this
rated power level will not be worked out further.

Rated power for tidal power plants nowadays

As just described, for economic reasons tidal pgul@nts will not be designed to generate maximum
power output as it will be economic inefficientgenerate below these tidal peaks.

With the available data from operational tidal povptants and tidal power plant studies it will be
possible to check their rated power level.

Tidal power plants can expect to be designed oouwput level able to generate at (more frequent)
large head differences just below the rare extreeead differences. A realistic upper limit for power
generation is the power output at mean spring tidabje Rypws.miws Which has a more frequent
occurrence than &ypws-LLws

With the use of formula 4-10 this level for ratealyer can be compared with the real installed cayaci
per turbine for four tidal power projects. The studsults are illustrated by Table 4.4, with efitties
and losses from subsection 4.2.2, and are basédeomodelled generation schemes from Appendix
B1.

Table 4.4 Rated power (per turbine) for differadat power projects

Installed Modelled Modelled
Project Generation Power Diameter Tidal range Head Rated power | Ratio
mode P (MW) Duurbine (M) | Runws-miws (M) factor (-) Prated (MW) ()
Mersey One-way 25 8 8.4 0.68 26.2 1.05
Sihwa One-way 25.4 7.5 7.8 0.68 20.6 0.81
Severn One-way 60 9 12 0.68 56.6 0.94
La Rance Two-way 10 5.35 10.9 0.48 9.7 0.97

The final ratio between the modelled rated powsth the head fact8rfrom the generation scheme

models (derived from operational plants and felsibstudies in Appendix B1) and the installed

amount of power, shows that the rated poweéatvs.mwsiS realistic for three of the four projects. As

for Sihwa, generation of tidal power is not theyomain objective, no valuable conclusion can be
drawn for this project for the most economic atirecrated power.

As a resulta tidal power plant with rated power at mean springtidal range is realistic.

Most economic attractive rated power

This design power output will have to result in thevest construction cost per power ratigys (in
$/MW) as will be discussed in Chapter 5. For a gisite, the total plant capacity depends on the
turbine surface area and the sluice gate surfaes #ut they also influence the project constructio
costs. The DTP Model will hopefully show how to ¢hahis most economical point for rated power,
regarding the number of turbines.

8 The head factor is the factor indicating the maximhead difference for the generation schemesh@hd factor
for example for One-way generation is 0.68 as tagimum head is 0.63
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DTP Modd implementation
The model will most likely show whether the presensed level of rated power for tidal power plants
is the most economic attractive or not. If notnamw rated power level will have to be checked.

DTP Modd results

The model follows the statement made earlier omh pleaver output can be limited by the generator
capacity, as shown in Figure 4.9. If, without gexterr capacity boundary, the mean power output finds
itself on the horizontal part of the rated powervey it will be cost efficient to limit the ratedbwer by
defining an upper level generator capacity. Forimaxn power output, the design number of turbines
should be put on design point B for Two-way genereand at D for One-way generation.

As for the total turbine surface area, for the nuusit efficient tidal power plant a design poin7&#6

of the maximum design point will be suggested. &= point A and C.

At the design points B and D the point is reachééns the turbine limits the power output. Therefore
increasing the rated power above this level iseffeictive and worthless.
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Figure 4.9 Example rated power curve
According to the results from the DTP Model andhatite help of formula 4-8 the following design
head difference will determine the rated power ljvitie operational and study scheme results from
Appendix B1 as comparison):

Table 4.5 Rated head differences determining géoecapacity (see Appendix A4 and B1)

Design point DTP Model scheme Operation plant scheme
One-way  Two-way One-way Two-way

A&C 0.51R 0.42R 0.68RmHws-MLWS 0.48RmHws-MLwS

B&D 0.62R 0.51R 0.68RmHws-MLWS 0.48RmHws-MLwS

As it is impossible to compare mean tidal rangeth wilean spring tidal ranges, the different rated
heads for the two schemes can not be comparedeaith other. As the values for the DTP Model
scheme offers more background and is expected todye accurate, these values for the rated head
will be used for further study.

4.2.5 Required head difference

From the generation schemes derived from operdtigaat and feasibility studies (as determined in
Appendix B1), a required tidal head differertg, as function of the mean tidal range was found:
0.3R.
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DTP Modd implementation
By using the DTP Model, it can be checked whethersuggested relation with the mean tidal range is
reliable and if 0.3R is indeed optimal.

DTP Modd results
From the model, for all cases it can be concluthed tindeed}he required head difference is to be
seen as function of the mean tidal range (0.28R3hown below in Table 4.6 and Figure 4.10.

Table 4.6 Required head difference (see Appendix A4

One-way generation Two-way generation

hreq (M) 0.28R 0.28R

These values approach the earlier suggested h&acedce of 0.3R and do in fact not differ with the
mode of operation as found earlier. The figure alsarly demonstrates that by taking a condtapof

2 m, as sometimes considered, the mean power datpthitis case has not reached the optimum design
point yet. Alstom Power agreed that a fixgg, of 2 m is not optimal for all sites.

Note that no additional costs are required to shif heq In fact, optimizing the required head
difference is the only way of increasing the meanqgwer output without financial consequences

60

Mean power (MW)
3

40

0 1 2 3 4 5

hreq (m)

Figure 4.10 Example required head difference curve

4.3 Pumps

One of the main uncertainties in the tidal poweregation process is the (additional) value of ajpgly
pumps (pump turbines) into the system. The La Rédeé power station uses pumps when tidal range
is (too) small, which is most probably necessargdpe with a minimum energy supply guarantee.
Whether this makes the plant more profitable iseutain.

Also the additional costs for a pump turbine arknawn, as no research has been done. But these are
just loose questions distractitige main goal; does pumping increase the mean poneutput?

As introduced was in section 4.1, the followinggraeters have to be involved:
= Total pump surface aré® pump (M?)
= Pump capacitPyump (MW)
= Starting head for pumpinar,pump (M)
= End head for pumpinkeng pump(M)

Total pump surface area

The number of pump turbines can not exceed the eumbgenerating turbines. It will on the other
hand still be possible to install less pump turbinkhis results in:

At, pump = At,turbine (m2) (4'11)
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Pump capacity
For now, pump capacity is assumed to have the semmint of MW'’s as the generator capacidnly

when pumping will seem to be profitable, furthardst will have to determine the relation between the
two capacities.

Starting and end head for pumping

The pumping process has been conscious separabevimsub-processes:
= Downward pumping
= Upward pumping

Here, downward pumping is the process of pumping irthe direction of gravity, opposite from
upward pumping against gravity (see Figure 4.11 and 4.12).

Upward pumping is used for the La Rance power pldownward pumping has not (yet) been utilized
for tidal power. The latter could be advantagealig to the fact that with the same pump capacity
(MW) higher discharges can be generated.

Whether one will be more profitable than the othélt be investigated with the help of the DTP
Model.

The start of the pumping process is described &stharting heatsar pump, While the end healtk,g pump
defines the moment the pumps stop functioning. Boghillustrated in Figure 4.11 and 4.12.
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Figure 4.12 Closer view downward and upward pung process
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DTP Modd implementation

The model will be expected to demonstrate whetldelit@nal pumping will be favourable or not.
Then, the four introduced pump parameters togettir a pump efficiency of 0.7 for a double
regulated Bulb turbine (see Table 4.1) are requasdnput parameters. This type of turbine was
considered because of the fact that a that tintke linformation was available about the special
designed pump turbines.

DTP Modd results
To check the benefit of pump turbines and sluidegyiahe next eight scenarios were introducedner t
four cases:

Table 4.7 Applied DTP Model scenarios

Scenarios 1 2 3 4 5 6 7 8
Sluice gates: x v v v vV x x x
Pumps downward: x x v x v v x Vv
Pumps upward: x x x v v x v YV

The DTP Model shows for Case 1 (for specificatieas Appendix A4) the following results for One-
way generation (Figure 4.13) and Two-way generatiogure 4.14) witthgarpum= 1 andneng, pumg=1:
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Scenarios Scenarios

output (MW)
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Figure 4.13 Different One-way scenarios for Figukel4 Different Two-way scenarios for
Case 1 Case 1

The other studied cases show the same trend awohpreceding figures, making it possible to draw
the following conclusions:

For One-way generation

= Sluice gates are required
(compare scenario 1 2)

= Pumping does not increase the mean power output
(compare scenario 3,4,5,6,%,2)

For Two-way generation

= Sluice gates are not required, but do increase thmean power output substantially|
(10%) (compare scenario 1 2)

= Pumping with sluice gates does not increase the nrepower output without pumping
(compare scenario 3,4,5 2)

= Pumping without sluice gates does not increase thmean power output without
pumping (compare scenario 6,7,8 1)

36




efi@ral turbine design

As for One-way generation sluice gates must bealiest, the most potential pumping scenario with
sluice gates for One-way generation (scenario 4) fuether elaborated to recheck the profitability b
changing parameters. The same was done for Twogeagration for scenario 6; from which could be
investigated whether a plant with pumps could replkhe sluice gates and produce the same amount of
power.

This has been done by varying thga.pumpand hengpump The effect on the mean power output is
illustrated in the figures below.
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Figure 4.15 B pumgcurve Figure 4.16 fiq pumgcurve

As expected, the curves in Figure 4.15 ends whbr&ontal line, due to the fact that the startiegd
can not exceed the available head. Thus, contilpinusreasing the starting head for pumping has no
effect as the pumps can not start earlier than wihemvailable head has been reached.

Figure 4.16 do not show a horizontal end of thevesiras the end head is not restricted in any way.

Increasing these parameters results in a lower npeaver output, meaning that no cost efficient
scenario could be found where pumping has a pesdtfect on the energy production.

Note that the electricity rates are taken constant.
At the points the lines reaches the y-axis (theasibn without pumping) the curve’s derivative
approaches zero. This indicates that, in casergiégtrates during pumping are very low compared t
what is electricity generation could bring up, efht, pumping could be viable.
Also, as this study did not apply the special destpump turbines, higher pump efficiencies (about
14 percent) can be reached. This increases théaaitfy of pumping, but decreases the efficiei
for generating.
However, combining pumping with low electricity eatis not always possible and requires good
planning in case it might be.
The following conclusion with respect to pumping d¢se drawn:

= Pumping is not profitable at constant electricity ates

= Pumping can be profitable in times of low electridy rates (for example at night)

4.4 Suggested turbine type per generation mode

All the necessary information to come to valid camgon of the different turbine types have been
introduced, with differences in:

= Efficiencies

= Costs (Appendix C1)

As pumping was shown not to be profitable, pumpihegs will not be taken into account.
The following turbine types can be applied for Qreey generation:

= Straflo turbine

» Single regulated Bulb turbine

= Double regulated Bulb turbine

Due to low efficiencies of most of the turbinesagpfor Two-way generation one turbine is by far th

best option:
= Double regulated Bulb turbine
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This means that only the turbine types feasiblexfoe-way generation require a selection.

Costs

Turbine costs: Double regulated turbines are ath6&b more expensive than single regulated turbines
(see Appendix C1)

Powerhouse costs: The powerhouse costs for Buliines are about 40% higher than for Straflo
turbines (see Appendix C1)

Efficiencies

As shown before, efficiency has a large influencgh® power output.

With the efficiencies from Table 4.1 and an equammber of turbines, it is possible to show the
following power output distribution by the same hat as derived in Appendix A6, usigp is the
power output parameter afgmeanriS the mean power output per tidal period. Theetaidarly shows
the effect of the low efficiency of the Straflo bime on the mean power output.

Table 4.8 Power output per tidal period per turbigpes

Straflo turbine Single regulated Bulb turbine Double regulated Bulb turbine

Pt,meaan ﬁ =0.08 ﬁ =0.10 B =0.11
As ratio 1 1.27 1.30

Mean power output per turbine type

B (kg/m2s2)

Straflo Single Bulb Double Bulb

Turbine type

Results

With these findings, it is possible to determine ttosts per power rati@, /P per turbine type. This
ratio is the most valuable method to compare thpegyof turbines; the lower the ratio the more
economical attractive. The calculation is illustdhin the table below:

Table 4.9 Comparison different turbine types

Cturbine Cp Ct P Ctlp

Straflo turbine 0.9 06 15 1 1.50
Single regulated Bulb turbine 0.9 1 1.9 127 | 1.50
Double regulated Bulb turbine 1 1 2 1.30 | 1.54

Remarkably, the costs per power ratio for the &trafd the single regulated Bulb turbine are eyactl
the same. So this method could not give the saiutio

However, besides the economical aspects, thers@ne other criteria on which a turbine could be
selected.
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As the Straflo turbine is a patented turbine, i caly be constructed by one turbine producer. The
Bulb turbine on the other hand has the huge adgantihat it can be fabricated all over the world,
which could save time and perhaps money due to ettign.

Besides, a rim type of turbine as the Straflo Haemn difficulties and problems around the water
tightness of the generation. Also the cooling &f generator is much easier for the Bulb turbing &s
surrounded by cold water.

With this, the single regulated Bulb turbine isfpreed and suggested above the Straflo turbine.
Therefore, the Straflo turbine will be kept outrfréhe Generic Plant Design Guideline.

Thus, for One-way generation the single regulated Bb turbine is suggested and for Two-way
generation the double regulated Bulb turbine.

The resulting Generic Plant Design Guideline can bound in Appendix D.

4.5 Operational interaction between turbines, sluice gates
and pumps
This section will demonstrate the operational iatéion between the turbines, sluice gates and pumps
by using the DTP Model results.

As the DTP Model used separate models for One-wagi@tion and Two-way generation, their results
will be consequently discussed separately.

4.5.1 One-way generation

For pumping, 1 m downward pumping and 1.5 m upwaumchping was applied in the following
illustrations.

The water levels inside and outside the basin fier day are shown in Figure 4.17 (case 1). The large
sluice gate surface area makes it possible foirthide basin level to follow the outside water leve
when sluicing.

The effect of pumping (downward and upward) onitiséde water level is obvious (in one direction).

water Levels B

m ﬂ‘\ o (TimeSpanr————|
From |7 da
AR —
\ / / \ Til day
) 77 )
[/ \
Y /7 ) f | e
Y /7 Y // B OuisceBasin
\ / \ / o M Irside Basin
\ / \ /
\ / \ y ..
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Figure 4.17 Water levels inside and outside basig@ay generation)

The related discharges can be found in Figure 4vb8re the sluice gates collaborate with downward
pumping, after each generation period.
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The figure clearly shows, logically, higher disgies for downward pumping than for upward
pumping.

As turbines require a minimum head of 2 m, alsotthbine discharges start at a certain discharge
level, in contrary to the sluice gates and pumps.
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Figure 4.18 Discharges (One-way generation)

From the discharges it is possible to plot the powput for generation and input (negative outport)
pumping. As the turbines and pumps include a raggghcity, their maximum power output/input are
flattened out (discussed in subsection 4.2.4). Ehitustrated in Figure 4.19.
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Figure 4.19 Power input /output (One-way generation
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4.5.2 Two-way generation

The water levels inside and outside the basin fierday are shown in Figure 4.20 (case 1). In contra
to a One-way generation mode, pumping is here ih Bioections.
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Figure 4.20 Water levels inside and outside baFima-way generation)

The discharges during sluicing for Two-way generatre much lower than for One-way generation.
Section 3.2 already mentioned the requirementuieligates for One-way generation, while for Two-
way generation the function of the sluice gatestmreplaced by the turbines generating in two
directions. This is proven by Figure 4.21.

Discharge =
[ Oulput Variables |
" Water Levels
10-1000m"3  HeadDiference
i\' & Discharge
81000m"3  Energy
oo tom | [TmeSP
/ / . ) From |9 iy
\ { r 41000 "3 - l1— i
\‘ # | \l f 21000 "3
il f [ T | moe s
\ l I ] DeABO0TI | W Dischaige shices
| |/ [ ] Ty e—
| i | 21000 w3
\ 471000 m"3
£*1000m"3
851000 m"3
= 10+1000m"3,
4l . 'LJI

Figure 4.21 Discharges (Two-way generation)
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Two-way generation is characterised by a bettergualistribution over a day compared to One-way
generation, as can be seen in Figure 4.22.
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Figure 4.22 Power input /output (Two-way generaYion

These illustrations have been used for understgrulinposes, showing the impact of the different
turbine design parameter worked out in this chapter

42




Site selection aspects

Chapter 5 Site selection aspects

Now that the generic design guideline was drawnnept step is to look for a feasible location for a
tidal power plant; this phase is called site s@ectBut what makes a site promising for tidal powe
Each site has its own parameters, such as the badace area, tidal range and water depth. Which
specific parameters will influence the potentiabdfite and at what effect?

The objectives and approach of this chapter wilhbéollows:

Objectives:
=  Work out the essential site selection aspects fdné site selection process
= Determine criteria required for a feasible site

Approach:
= Check which selection aspects will describe the paitial of a site
= Define which of these aspects will be taken into asunt

Final goal is to draw up a Generic Site Selectiadéline, which will have the following structure:

Procedure 1
Check feasibility criteria

!

Positive?
[
v v
| Yes | No
Procedure 2 Site is not feasible
Determine feasibility for a large number of sites p

estuary

!

Procedure &
1% selection: Select most promissing sites

|

Procedure ¢
Find for these selected sites a method to determine
the economic attractiveness

|

Procedure 5
Final selection: Select most promising site by
implementing Procedure 4 for the selected sites [n
Procedure 3

Figure 5.1 Build-up of Generic Site Selection @ittt
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A scenario where such a site selection guidelineldcde valuable is for example; to help a
government, interested in electricity generationtioial power, to find promising sites (or the most
promising site).

This chapter will describe all the required progeduresulting in a valuable site selection and site
selection guideline. Section 5.1 will introduce thssential site selection aspects. In the following
section the potential power (5.2), the electrigtypply (5.3) and the soil properties and flow vioc
during closure (5.4) will be worked out. In secti®® some additional site selection parametersheill
presented simplifying the site selection procedsere in section 5.6 the resulting feasibility aide
will be described.

5.1 Essential site selection aspects

One of the major aspects of a tidal power plaitiédechnical aspectfor each site, taking into account
the constructional and operational aspects.

But at what costs will tidal power be acceptable@ation with the same amount of potential power,
however somewhat less expensive, will logicallypveferred above the more expensive alternative.
This means that economics should be taken intousxtdo the site selection; treconomical aspects

of the project.

Normally, also environmental impacts should beudeld in the site selection process.

With this, environmental impacts such as the infiee on the basin surface area and level, the fish
habitat and the surrounding morphology should hasen considered. These however, are hard to
predict and to evaluate in comparison with the nédl and economical aspects and will therefore be
neglected.

The fact that the environmental impacts will be ouside the scope of this study is unavoidable and
regrettable as they have an enormous influence ohe final feasibility.

5.1.1 Technical aspects

Technical feasibility includes an enormous amouraspects which defines this feasibility for a site
Before continuing to the aspects that will be wdrkeit further in detail, some simplifications wiié
made:

Simplifications for construction:
= Construction material, equipment and personnelarailable
= Isolated location of site has no effect on congtamcmaterial, equipment and personnel
= Construction material, equipment and personnelegaally priced for all potential sites
= Construction height is not limited

Simplifications for operation:
= There is an existing demand for electrical power
= Educated operational personnel is available (andaly priced for all possible sites)

After these assumptions, the three technical aspéct tidal power project will be further elabermt
= Potential power
= Electricity supply
= Soil properties and flow velocity during closure

Potential power

The potential power is the amount of power thatlddwe generated at a specific site and can be
calculated as the average power output over apielabd. It is a valuable characteristic, makinghte

to check the attractiveness of a given site. Thgelathe potential power, the more energy can be
produced.

Electricity supply

As a tidal power plant generates electricity, tlsctricity needs to be transported. In case tigere
access to an electricity network, electricity casily be transported via this grid. If a promissitg is
isolated from an electricity network, other soluoare available such as the conversing into other
electricity sources or to temporarily store energy.
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Soil properties and flow velocity during closure

The influence of local soil properties and flow agties during closure of dams at potential sitéls w
affect the technical feasibility of the whole prdjeBoth should therefore be included as an esdenti
aspect during site selection.

The effect of climate conditions such as extrenve temperatures, resulting in the forming of sea ice
and influencing the project construction and operatwill not be taken into account. A possibleeriv
inflow in the tidal basin is also neglected, whizdm result in a slight increase of basin levelihis
river discharge is negligible compared to the disgh flowing in and out through the turbines and
sluice gates. In addition, the basin water level@easily be controlled during operation.

5.1.2 Economical aspects

As for each project, economic feasibility playsieuportant role in the total feasibility of a proje€&or
simplicity purposes, the following assumptions imgde:
= Capital costs will only comprise the constructioosts for the powerhouse, turbine-
generator, sluice gates, barrage dam, bed protactind transmission lines. This means
no interest, land acquisition etc.
= Operation and maintenance costs as fixed perceraftmal capital costs

Construction costs

This last assumption results in the fact that dhly construction costs will influence the economic
feasibility, multiplied with a factor for the opeien and maintenance costs. The total costs are
consequently a linear function of the constructiosts.

5.1.3 Site selection parameters and criteria
As the essential site selection aspects are intemtjuthe next step is to determine which parameters
influence these aspects and these result in abfgscriterion that a feasible tidal power siteosild
meet.
The relations between site selection aspects, maesmsmand criteria are illustrated in Figure 5.2. A
given site which meets more of the required sitecsi®n criteria than other sites will (as a resbk a
more promising site for a future tidal power plant.

Base fo

TN

Site selection aspects| Site selection Feasibility criteria
parameters

~_ A

Described by

Figure 5.2 Diagram describing relations

The site selection parameters which will be derjwalling into account the subjects determined @& th
preceding sections, are being illustrated in thea figure. The figure describes the study apprdach
the final Generic Site Selection Guideline.
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Site selection aspects
(Chapter 5)

v y v

Potential power Electricity supply Soil properties and flow
(5.2) (5.3) velocity during closure (5.4)

4

Site selection
parameters

Additional parameters (5.5)

Feasibility criteria (5.6)

\ 4

Site selection proce
(Chapter 6)

|

Site selection guidelir
(Appendix F)

Figure 5.3 Diagram showing study approach

For each of these aspects it will have to be detexdhwhether they will be influenced by one or more
parameters and how large the parameter influeniiéogii With the help of these parameters it would
be possible to draw up the possible site seleatidaria. Hopefully, in this process, only site siie
parameters will be of importance and not the mpeeific plant design parameters.

5.2 Potential power

One of the most important aspects for a (tidal) goproject is the quantity of possible generated
power, its potential power, which differs for easite. In literature potential power sometimes is
indicated by ‘ideal power’, as the potential povieithe ideal average power generation over a tidal
period.

This site characteristic can be roughly estimatétout any required operational information such as
the power generation scheme, but for a more acc@stimation these schemes are necessary. In the
next chapter the amount of energy which could breegged for the varying power generation schemes
(One-way or Two-way generation) will be discusseaterspecifically.

Potential power can be described by an equatioichnils built up by site specific parameters. From
this, it can be determined which parameters andhiat way they will influence the potential power fo

a site.

5.2.1 Potential power derivation
Potential power is potential average power generain per tidal period and is a site characteristic.

The potential power for a given site can be fornadaby deriving the energy volunW in the basin.
The energy volum&V is the amount of energy in the basin created bytitted movement and can be
derived according to formula 5-1. Here, it is cldaat the position shift of the mass centre ofttdel
basins,, the basin surface area at the mass centre arfghttie water level rang&,,s are important
site specific parameters.
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W=s_ oA, RO G (MWh) (5-1)
Where,
Sme = mass centre shift, in meters (m)
g = gravitational acceleration, assumed to berstemt equal to 9.81 /s
p = water density, in kilograms per cubic metey/()
Avasme = basin surface area, in square metef$ (m
R = average tidal range (MHW-MLW), in meters (m)

By dividing by the tidal period the potential powry, (in MW) can be defined.

S.. plgl [R -
pot —_me P 96 A\Jasmc (MW) (5-2)
1C° [T
Where,
T = tidal period (for a semidiurnal tide; 12.42i®= 44712 s), in seconds (s)

To determine the potential power it will be necegda specify variable site parameters presented in
formula 5-2, which are:

= Position shift of the mass centre of the tidal bagi

= Basin surface area at basin mass cef{&nc

In the next subsections these parameters will bekendb out, starting with the simplest model
(rectangular basin model) and stepwise increasiagomplexity of the model.

5.2.2 Rectangular basin

The rectangular basin can be schematized by twtarrgalar basin cross sections. This is illustrated
Figure 5.4.

Rectangular basin model of cross sections ot barrage Rectangular basin model of cross sections along basin

barrage basin end

y

Figure 5.4 Rectangular model for basin volume

The basin level will be equal to the water levetstde the basin (sea level), with the same (tidaipe.

This can be illustrated by Figure 5.5.

Because the basin surface area of the rectandud@ed basin remains the same over the water depth,
the surface area at the mass ceAgre s equal to the surface area at mean seal Igygh

From Figure 5.5 can be derived that the weighthef tidal prism will be equal tpgAJR and the
position shift of the mass centre of the tidal basiwill be logically half of the basin level rangeuth

YR,
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Figure 5.5 Schematization basin level — sea level

Becauseg = 9.81 m/§ andp 1027 kg/m (Stuart, 2002), they have no further affect on pogential
power for a given site. This results in three remimay parameterd\,,so R, andT for the rectangular
basin model, see formula below:

P - p Dg Dﬁbaso ERZ - - 5037@\)%,0 [RZ (MW) (5'3)
pot,rect 2 [106 [T pot,rect 106 [T
Where,
Avaso = Basin surface area at MSL, in square metef$ (m
5037 = 0.55* g, (kg/$m?)

5.2.3 Application for varying basin shapes and various generation
modes

To generate a more realistic model, it will be reseey to determine the potential power for différen
basin shapes other than the rectangular modetigstribed. The application for varying basin shapes
will however have to be combined with the differgeneration modes, as will be elaborated later on.

The rectangular basin model assumed that the loasgs sections had a rectangular shape. In reality
however, this model will not be representative dibes around the world, where an infinite number of

basin shape possibilities can be found. In Figu® tivo examples are given to show possible
differences in comparison with the rectangular hasiape.

Examples of cross sections at borrage Exomples of cross sections along basin

barrage bosin end

barrage bosin end

Figure 5.6 Examples basin shapes (trapezoidaltaadgular)
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The basin cross section shape determines the clofihgesin surface area by water level change, which
has finally effect on the potential power.

As described in formula 5-2 one of the importardtdes for the potential power is the basin surface
area at the mass centhgys me Because each basin has its own shapeAthis.cwould differ for each
separate case.

The surface area at mean high water level in tsenl#q,s vnwand the surface area at mean sea layel
are easy to measure. This in combination with tleanrbasin level per operation mode (formula 5-4)
makes it possible to come to the shape paramdfermula 5-5) and thus the basin surface areaela
to thisA (formula 5-6).

Several attempts were done to make a model beilggtatinclude all these different basin shapes.
However, this model would have become too comptaxtliis site selection phase. As a result the
following simplification was made:

= 5-4
Aaasmc A)as,meanscheme ( )
Where,

Avas mean,scheme = scheme related basin surface area at mean leasinih square meters fm

This means that the basin surface area at the cease will be equal to the basin surface at mean
basin level.

For each case the variations in basin shape foixthglane as the yz-plane will be taken into
account.

The upper-bound basin shape scenario (triangulaoin cross sections) is shown in the lower picture
of previous Figure 5.6; more specific informatiam this extreme upper-bound scenario is given in the
figure below:

barrage bosin end
MHW 4A0 4A0

0.5R {
MW=MSL — All T Al
L

0.5R
MLW — —

y

Figure 5.7 Upper-bound basin shape scenario

To define the shape of the tidal basin in comborativith the mode of operation, the basin shape
parametef. will be introduced. The derivation of this paraméseto be found in Appendix B2.

4%) , MHW
R+H, W .
A=( asmeanscheme) Phas,0 (5-5)
R 0
— 2 -

A)asmeanscheme_ A [A)aso (m ) (5-6)
Where,
A = dimensionless basin shape parameter (-)
Hbas mean,scheme = Scheme related mean basin depth, in meters (m)
ApasHMwW = Basin surface area at MHW, in meters (m)

Now that the basin level ranges for the possibleegation modes are known, it is possible to make th
next figure for the upper-bound basin scenario:
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One-way
MHW obb
— Hone.ebb high Two-way
Ftwo,high
Hone,ﬁooo‘,high
MW=MSL
A — Hone,ebb low
Htwo/tow
Z
Hone,flood.low One-way
MW flood
—

X
Figure 5.8 Upper-bound basin shape scenario inlsioation with generation mode
The different basin shapes and related scheme péteatrare listed in Table 5.2:

Table 5.1 Range of possible basin shape parampgrgeneration mode

One-way ebb generation  One-way flood generation | Two-way generation

Rectangular basin A=1 A=1 A=1
Upper-bound basin A=1.32 A=0.72 A=1.08

With the information from Table 5.1 the followingmrclusion can be drawn:

2=(0.72.1.32) ()

5.2.4 Results

All the required parameters are now available torege the potential power for each site and fahea
scheme.
This results in the following equations:

5037 [R® -
ot = Do ) &
10° [T

To be able to compare the potential power for dififé generation modes, the dimensionless power
output parametef will be introduced, withg,q for the potential power.

Say [, =5037(1 () (5-8)

[R? 5.9

Then P, :—'B pot DA;“E"SO (MW) (5-9)
1C° [T

This makes it possible to compare the potentialgrosutput paramete,,, for the different generation
schemes, see table below.
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Table 5.2 Potential power output parameters fofedént modes of operation

One-way ebb generation  One-way flood generation | Two-way generation

Rectangular basin Bpot = 5.0710° Bpot = 5.0%10° Boot = 5.0710°
Upper-bound basin Boot = 6.6¥10° Bpot = 3.610° Bpot = 5.4*10°

The value range can be illustrated by the followgngph:

Potential power output range per generation mode

7
~
é 6
S 51 AL ——
= { A=1
S 4
Q.
(-}
o 3
)
o 2

l |

0

One-way Ebb One -way Flood Two-way

Generation modes

Figure 5.9 Potential power output parameter ramge generation mode.

The potential power output parameter clearly shdhws same starting level for the simplified
rectangular basint€1) for each mode of operation. The effect of ayway basin shape is largest for
One-way generation with a positive effect for tHeb egeneration part and negative for the flood
generation part.
The main conclusions which can be drawn from Figu®eare:
= The shape of the basin has a large influence on thgotential power for One-way
generation, One-way ebb generation is most favoubée for the upper-bound basin shape
= For the Two-way generation mode the shape of the bl is almost irrelevant for the
potential power output compared to the effect on Oe-way generation

Note that from Figure 5.9 carot be concluded that:
= One-way ebb generation scheme generates the largastount of power

This is because potential power describes thectittemess of a site for tidal power in general, not
specific per generation mode. Figure 5.9 illusttavely the effect of the basin shape on the differe
generation modes, influencing the attractivenessaoh generation mode.

The real mean power output per generation modédasvis in Appendix A6 and has been used in
comparison with the results from the DTP Model. tAe real power output will not be taken into
account in the site selection process, only theltr&®m this appendix will be stated:

Two-way generation is the best alternative accordim to the model with a 19% higher power
output over a tidal period compared to One-way geration.
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5.3 Electricity supply

Section 3.5 briefly introduced the effect of a tidawer plant located far from an electricity griglit
much more electricity generation aspects are iralv

5.3.1 Customer load in combination with tidal energy

As the function of a tidal power plant is to produpower, the plant capacity will have to be
determined. But before introducing aspects likeacd#ty, first the extern demand and the propertfes o
tidal power will be discussed.

Demand

Load is the consumed amount of power (in MW), whiollows a certain trend over a day with a
higher required power level between 8h00 and 20W0@&hat follows, a typical load for one day in the
Netherlands in 1997 (SEP, 1998) will be appliedkimg it possible to compare demand with supply.
For all practical purposes a similar distributeddd can be assumed for other areas around the world

Tidal energy properties

As tidal energy fluctuates with the tidal movementpply varies with the customer demand, which is
the major concern for tidal power. The Figures 5ab@ 5.11 show the power generation distribution
with respect to the water level inside the basin.
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Output (case 4)

Fegarll Example Two-way generation power
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The power supply with respect to the power dem&ttP| 1998) is shown in the figures below.
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5.3.2 Storage, additional electricity sources and delivery

Storage

Electricity surplus will be assumed to be delivetedhis grid without further complication, just as
shortage will be compensated by other power planhected to the grid.
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Storage will only be required on sites without decwicity grid nearby, because here generation
shortage, when demand is higher than produced povileoccur. The electricity surplus will be state
and used in a period of shortage. Hence, a storegkod is simultaneously a temporarily replaceable
electricity source. This means that the differeirceated power of a plant and the highest customer
demand over a day should be large enough to be@btere a sufficient amount of electricity.

Main storage possibilities are:
= Pumped storage systems
= Battery systems
= Hydrogen

A pump storage system is another alternative tiee stod produce electricity by pumping and turbining
water between reservoirs at different elevatiorne [Brger the elevation difference, the more al&ttr
can be produced, which means that at least albithtion is highly preferred.

Application of a battery system, such as modern ainor a traditional battery system, is a vialbky
of storing electricity. It is however a very expiesalternative with a relatively short life expaoty
(Hydro Tasmania, 2001).

Hydrogen is a high energy fuel with very low depnsBy freezing it will be possible to achieve sreall
storage volumes, but will lower the efficiency sialogially (<25%) (Hydro Tasmania, 2001).

Additional power sources

Besides storage alternatives combined with the rgéine of electricity, as discussed above, it soal
optional to place an additional power source witrgiorage possibilities. This means the rated power
can be put on the same level as the highest custbengand over a day.

Most logical power source to be added will be aseligpower station, which could easily bridge the
periods of electricity deficiency. This is espelgiattractive for relatively small power plants.

Delivery

If a site is located near a grid, it just needsdonect the plant to this grid without speakingthod
delivery of electricity.

Delivery, as storage, will be a crucial aspect whergrid is nearby and its capacity is larger ttan
local customer load. Under these circumstancedlibes possible to transport electricity or to tsport
hydrogen (see storage). The transport of elegtrigill take place by transmission lines in or abdlve
ground. Hydrogen could be transported in a liqtédes(by ships) or a gasiform state (by pipelines).
The distancesyiq between site and grid will have to be includedhie site selection guideline. The
quality of this distance on the other hand, sucla &snsport over rough inhospitable districts ar f
example over water, will be outside the scope igfttiesis and consequently not taken into account.

As it will be more acceptable to cross a certastatice for a giant power project in comparison \&ith
small project, the relation between this distanue the potential power will be introduced as a ahla
additional parameter; the grid distance paramgigr

Syrid (5-10)
roo=—99 km/MW
grid p EI.O3 ( )

pot

5.3.3 Conclusion

Because several storage and delivery options aiable, there will always be a suitable variant fo
each site.

The distance to the grid will be of influence ore thite attractiveness and for that reason the grid
distance parametaryq is introduced. The lower theyg, the more promising the site is. For the
moment, no information is available to give a teliéiaindication on the feasibility boundary conditio
for this parameter. This parameter makes a valuablaparison possible between different site
locations.

53




Feasibility study on tidal power barrages

5.4 Soil properties and flow velocities during closure

In this section the influence of the soil propestiand flow velocity as function of the technical
feasibility, such as stability and constructionligiwill be handled.

Soil properties
Soil properties could be of influence on the camdton stability (regarding the foundation) and on
aspects with respect to erosion.
Stability and seepage aspects are assumed not &m ligsue as technical possibilities nowadays make
it possible to construct on each type of subsdthwie help of certain measures.
Erosion on the other hand has to be taken intowatcavhich can occur during:

= Construction, at the final part of the closure

= Operation, at the entrance and outlet of the teband sluice gates

Protecting the subsoil from eroding has alreadynbwerked out in section 3.4 for the operational
process, where granular material was proposedhdbarrage opening surface area during closure will
be at least larger than the opening area duringatipa and the final closure gap will be closedhwit
caissons, it will be possible to protect the sulfsoin eroding during closure.

Besides the bed protection during operation, natiaddl costs will be taken into account for thedbe
protection during closure.

Flow velocities during closure

A method to determine the occurring flow velocitth&ing operation has already been introduced in
section 3.4 with respect to bed prottection.

High flow velocities during construction could hawepact on the construction method. Even when
flow velocities during closure are high, above thitical operation flow velocity of about 2 ms
(d’Angremond and van Roode, 2001), this will notkea site non-feasible. Therefore it will not have
further impact on the site selection guideline.

For illustration purposes, Appendix B5 shows thehoé how to derive the flow velocities and water
level changes during closure. This will clearly whthe decreasing basin ranBg,s the increasing
phase difference and the fact that larger tidagearwill go together with higher flow velocitiesrihg
closure. Therefore, the last section of the cloguoeedure will be suggested to take place durespn
tide.

5.5 Additional site selection parameters

The preceding has shown the different site chanatits (site specific parameters) affecting the
potential power of a site, the electricity supphdahe closure. However, other parameters coulifyeas
simplify the search for promising site. Therefdieee additional parameters will be presented.

In the following, the depth rati and the closure length ratipwill be introduced. These ratios make
it possible to quickly show the attractiveness gfivaen site. The lower limit of these two ratiodlvae

0; a higher ratio, means a more promising siteh(t¥vie value 1 as maximum).

The third parameter, theonstruction costs per potential power generatigg will be introduced to
demonstrate the relation between construction @yeigpower potential.

5.5.1 Depth ratio rq

A vertical scale ratio related to the tidal range the water depth would give some additional Vallia
information as a larger tidal range has a posiéiffect on potential power generation. On the other
hand, the construction costs of the project wiloaihcrease for this case, while a smaller watethde
decreases the project construction costs. Wittamkihg at the costs for the tidal project, a depttio
characterised by the mean tidal range divided ly rtitean water depth at the barrage could well
illustrate how promising a potential site is, theger this ratio the more attractive the site Wwél (see
formula 5-11). The influence of the costs will esatt with further on.

® Flow velocities up to 2 m/s cause no problemggiasing the flow velocity will required additionakeasures
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Shallow estuaries with a large tidal range wouldvsta relatively large depth ratig, where small
depth ratios are less attractive. The upper boyn@gr1) has a mean tidal rangeof twice the mean
water depttHy, mean

Minimum conditions which are required for a promgisite will be elaborated upon at a later stage,
when the guideline for site selection will be drawmm A depth ratio approaching 0 will not have a
positive effect on the site potential.

R
rd = W rqg= (01) (-) (5_11)

w,mean

This has the advantage that for this depth natieo new parameters have to be introduced, as lit wil
only require extra research at possible sites.

5.5.2 Barrage length ratio r,

The total barrage lengthpaage fulfils an important role in the site selection pess and can be
described according to:
L = Ldam + Lp + Ls (m) (5'12)

barrage

As illustrated by formula C-4, barrage costs amedr proportional to the barrage length.

The most economical solution will be a minimum bage length that will consist of only the
powerhouse length and the sluice length. For lalgsures, the functionless dam length can be sgen a
a rest term, only increasing the construction costs

The impact on the barrage costs of the change rirage lengthl,arageiS smaller than the change in
mean water deptH,, mean(see formula 3-17).

The barrage length itself will not be a valuablie siharacteristic, as a larger barrage could at¢sa b
result of a larger basin area, which enlarges titerfiial power for a site. A ratio between the hger
length and the basin surface area solves this @molbhd illustrates the attractiveness of a selesited

the barrage length ratig:

L
f| — barrage (_)

\/ Abas,o

A larger barrage length increases the project coctsbn costs, while a smaller basin area decrethigses
potential power of a site; both having a negatiffect on the site and both increasing the barrage
length ratior,. As a result it can be stated; the shorter theagarlength factor, the more attractive a
selected site will be.

In theory this ratio can take all values betweer znd a certain upper limit. Zero can be approdche
in case of an enormous basin area in combinatitimaviminimum barrage length, but in fact will never
reach this value.

The upper boundary will be assumed to be reachech$e of a ring-dik8 where the maximum
possible barrage length ratio is 3.54 72 (wr®)"?). Therefore, to create an upper limit of 1, thiora
should be divided by 3.54:

(5-13)

L }
barrage r = (0..1) ) (5-14)

~ 3540(A,.,

"

10 A ring-dike is an offshore circle shaped basin cletgly surrounded by a barrage, including powerbcaisd
sluice gates.
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The lower boundary of the barrage length ratio béldefined by the minimum length required to place
the powerhouse and sluice gates and will therefmeer approach zero. Because the number of
powerhouses and sluice gates increases with thleréidge, also flow velocities and scouring incesas
resulting in a closure gap supposed to be largeigindo accommodate the powerhouses and sluice
gates. Therefore no other lower limit other tharoZe suggested.

5.5.3 Construction costs per potential power generation ress

In the previous subsections already two ratio patars are introduced. One describes the ratio
between the mean water depth and the tidal rangerenthe second deals with the ratio between
barrage length and basin area.

It would be valuable to be able to compare projeotsstruction costs with the power potential fatth
location, which could be defined by the construtiosts per power potentiahss

C
r =—t — leosts= O. /KW (5-15)
costs P D.§ t: ( 90) ($ )

pot

This ratio will be much difficult to define, asiitcludes the costs of each plant component.
It will not be a surprise that a low,ss factor, which stands for low costs per potentialvpr
generation, will result in a more attractive sibe & tidal power plant than high values.

Out of the three determined additional parametgggswill be the most important ratio as cost per
power is the critical characteristic of a tidal povsite.

5.6 Site selection criteria

The different modelled generation schemes showeinamum required head differentgg as result
of turbine technical requirements. From this, taguired mean tidal rand&., can be introduced as site
selection criteria which should be met for feadtipipurposes. This study showed thg, to be the
only site selection criteria for tidal power genéera.

Required mean tidal range R,

In section 2.2 all the information  ze00 , —— ——
was presented making it possible 1 N 3
|

come to the required tidal range fc ™™
the most cost efficient tidal powe so0 4 —I™ pELTON \
plant. For the different modes o \ FRANCIS
\ 5)
[

operation a required tidal hedil, 200 - P I
of 0.2&R was derived for ¢ . %% %
generation. 100 1 S & %
Together with the minimum heac 501 — e
difference of 2 m for Bulb turbines
determined by supplier VA Tect 20 %%

Hydro (Figure 5.14) it will be NN N N
possible to derive the optimun "
economic feasibility criterion for T 5
tidal power, as the cost efficien uwm
optimum was considered:
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This means that a tidal range of about 7 m is reduio reach optimal economic feasibility. Techhica
feasibility, or less favourable economic feasipjlivill be reached earlier, but will be less prafite.

If for example a generation head of R.Was required, a tidal range of 4 meters will aiede
satisfying, but the project costs will increase perduced unit of energy.

Figure 5.15 Shifting with the required head for geation

Present tidal power studies of literature have shake following required mean tidal ranges for
economic feasibility:

Table 5.3 Required tidal ranges for economic feiéisib

Study / Literature Rreq (M)
Korean water resources corporation, 2004 5
Schreijgrond et al, 2000 7

E.M. Wilson, 1970
Duivendijk, 2004

From this section it can be concluded that, if a & does not meet the mean tidal range criterion of
7 m, the site will not reach optimal economic feasility.

57




Feasibility study on tidal power barrages

Chapter 6 Site selection process

Now that all the required

information for the site selection

process is derived, a method will Barrage A
have to be introduced to determine
how promising a site is. As each
estuary could contain several
promising sites, there could be a
(large) number of promising sites
for a tidal power barrage, Barroge C
demonstrated in the figure below.

Barrage B

Figure 6.1 Potential sites within an estuary

It will be essential to easily filter the promisimgtuaries before focusing on details (i.e. codthg
procedures to come to a proper and valuable dietg®n are shown in the diagram below.

Procedure 1
Check feasibility criterion at estuary:

- Rreq
Positive?
[
v v
Yes No

! |
Procedure Z o .
Determine interim feasibility numbes for a large Site is not feasible
number of sites per estudny calculatingsite
selection ratios:
- r
- I‘grid
- rd

!

Procedure @
1% selection: Select sites with most potential

|

Procedure ¢
Determine for these sites the cost-power ratig
r.ostsPY calculating the following parameters:

- Ppot

Procedure 5
Final selection: Select most promising site by
feasibility numberc, (=ro* 1 costd

Figure 6.2 Procedure diagram for site selection
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As a result, the objective and approach can berdeted as follows:

Objective:
= Determine most potential site

Approach:
= Formulate feasibility criterion
= Determine interim feasibility number x;
= Determine feasibility number x,

6.1 Procedure 1: Feasibility criterion

Required mean tidal range (see section 5.6)
In the preceding subsection only one feasibilitgecion was required for tidal power, namely the
required mean tidal range.

R>7 (m) (6-1)

If parts of an estuary meet this criterion, theee «ill several possible sites to consider.

6.2 Procedure 2: Interim feasibility number k;

This site selection option is another approachetive the site potential without directly lookingtae
costs. The three required ratios (giq andrq) however, are still in an indirect way representiogts;
longer barragesrj, longer transmission linesyfs) and deeper watergy) increase the projects
expenses. To be able to make a valuable compalisbmeen the different ratios derived in the
preceding subsections, equation conversion is redui

A new parameter, the interim feasibility numlagr will be introduced which is a summation of these
ratios. To come to a valuable conclusion, weightdes should be considered.

6.2.1 Conversion parameter equation

Within this guideline, valuable comparison will tEached when each ratio lies in the range between 0
and 1. When a ratio approaches zero it scores lsuther opposite counts for a ratio of one.

For this method an upper bound scenario for eatt should be presented. For some ratios this upper
boundary will be more difficult to determine tha bthers, but always in the author’s best conseen
While the ratio values can never go below zero,upper boundary is no hard boundary and can be
exceeded for some ratios.

Out of the three ratios discussediid not require any equation conversion, becaudigl ialready meet
the comparison criteria.

Barrage length ratio

L
= bamage n=(0.1) ()
3540/ Ao

h (5-3)
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Grid distanceratio

Suggested upper bound scenario: 200 km for 100 MW

For Europe the grid is often nearby, but for otbeuantries larger distances are much more common.
Present tidal power plants are relatively closth&oelectricity grid, but several sites and studyjgrts
with large tidal ranges are at a far distance femth a grid. The chosen upper limit takes into aoto
these situations.

Conversion was required:

r =Sg¢ﬁr, —_ S leia = (0..1)  (km/MW)
od p o> " 2P G o

pot pot

(6-2)

Depth ratio

Chosen upper bound scenario: 1 m tidal range far @/ater depth

Sea Basin

? MSL

R:rm T — —
|

Hw,mean = 3 m

\
|
|
!

AN

Figure 6.3 Schematisation of chosen upper bounthdegio
Unnecessarily large water depths increase congirucbsts. Material volume and thus costs for the
barrage dam increases with the square of the deRthea?). As a result, to fully describe this ratio in
combination with the costs, best solution will bedise the total function to the square.

This results in the following inversion and convens

r R r. 4 I:H-| W, mean2 Gl— H W, mean2 r (O 1) ( )
= = = = ~ (V.. - -
‘T2 ‘ RZ 36 OR ‘ ©3)

6.2.2 Weight factors

To come to a valuable site selection, it is esaétdirecognize the fact that not all parameteesoéithe
same importance. For that reason, weight factaraldibe considered.

Ky =Wy [Fge +WE [ry +wf I, ) (6-4)
Where;
wf = dimensionless weight factor (-)
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The main parameters from which all three ratiossin(depth, barrage length and transmission
distance) are also included in the constructiornt cao r..ss(step 4). Therefore, from the economic
point of view no difference in weight factor shodle considered.

Next to the costs, no well-founded reasons (suchlasger power output) could be determined making
it necessary to consider different weight factéso, no situation can be drawn for which different
weight factors should be applied. Besides, mosh®fparameter influences are flattened out withen t
ratio itself, making it unnecessary to define addi@l weight factors. And for, , costs are no
objective.

Therefore, no weight factors will be considered, rgulting in:

K, =T Ty +1In k=(0.3) 9 (6-5)

grid

All the required information to come to the fealipinumberx; is now available. Appendix B6 shows
the feasibility numbers for some tidal power sitebere the Mersey barrage and La Rance score better
than the Severn barrage.

6.3 Procedure 3: First site selection

The first site selection will filter the most prasinig site(s) per estuary by using the feasibilitynber

k1. Only sites with a certain value of feasibilitymberx;, will be selected for the next step in the site
selection process. Which level of is acceptable depends on the different deriedalues and will
be the customer’s choice.

6.4 Procedure 4: Costs per power ratio rcosts

The parameter is based on the ratio between th&irootion cost€; and the potential powé,,. The
lower the ratio, the more promising the site isslibsection 5.5.3 this ratio is already discussed.

M osts = _ &
costs P D-OS

pot

leosts= (0.20) ®/kw) (5-15)

This parameter includes additional financial infatimn compared to the feasibility numberand will
therefore be part of the site selection process.

Subsection 3.1.2 has shown that the total congtruciosts depend on the type of turbine applied. In
section 4.4 a Bulb turbine was suggested for baitien of generation.

For the Generic Site Selection Guideline only Twaywgeneration in combination with the double
regulated Bulb turbine will be applied. This turdiand generation mode choice will not lead to other
site preferences.

Unfortunately, reosts Can not be compared with the overnight constructiosts ($/kW) for other
electricity sources which are to be introduced rafiter 7, because potential power was used and not
the installed plant capacity. Whereas mentionedreefpotential power is not the same as the irstall
plant capacity.

6.5 Procedure 5: Final site selection

The second and final site selection will bring thve most important site selection parametgrand
I eoststogether by multiplication, creating the final $dality numberx,:

Ky, =Ky [T ogs Ko = (0.00) O (6-6)

The site with the lowest obtained value can beatttarized as the most promising site within the
search area.

The resulting Generic Site Selection Guideline cabe found in Appendix E.
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Chapter 7 Costs of tidal energy

Purpose of this study is to define the feasibibfytidal power generation, where besides technical
feasibility, the economical aspect also shoulddeslered.

Imagine a power company planning to construct a tiéal power plant. What are the most important
costs and how does these compare with other eliggtsources? To answer these questions the
position of tidal power in relation to other elécitly sources should be determined.

This position will depend on the following threegpasts; the overnight construction costs of thegatoj
($/kW), the levelized electricity costs ($cents/kVdind the capacity factor (-).

Here, the overnight construction costs can be seerihe investment costs, while the levelized
electricity costs put the focus more on the producphase. The capacity factor (also called plant
factor) is the ratio of the mean power generatmistinstalled capacity.

According to the Irish energy company Clearpowerdkiernight construction cost are defined as:
“The capital cost of a project if it could be constted overnight. This does not include the interes
cost of funds used during constructiofClearpower glossary). These costs should be eliviay the
plant capacity.

It forms a handy cost reference level becauseeofdhbt that cost as well as project size comesthege
in one condition, which indicates the projects sgstor to the generation phase.

The levelized electricity costs on the other hagptesent these additional costs for energy geoerati
which Clearpower describes as followed:

“The present value of the cost of a resource, idiclg capital, financing and operating costs,
expressed as a stream of equal annual payments.sif@am of payments can be converted to a unit
cost of energy by dividing the annual payment arhbyrihe annual kilowatt-hours produced or saved.
By levelizing costs, resources with different ilifets and generating capabilities can be compared.”
(Clearpower glossary)

Due the fact that these two aspects representosis tor two phases which happen in successioy, the
form two important criteria for an energy companyntake a decision between tidal power and other
types of electricity generation.

After having derived the most cost efficient pldesign, the economic most feasible condition fdelti
power can be determined.

The objectives and approach of this chapter wilhdéollows:

Objectives:
= Determine costs of tidal energy
= Compare tidal energy with other electricity sources

Approach:
= Determine overnight construction costs
= Determine levelized electricity costs
= Determine plant capacity factor

In this chapter the costs for tidal energy willdetermined and compared with other electricity sesir
For this, the overnight construction costs for Itigawer will be determined in section 7.1, the leaed
electricity costs in section 7.2 and the capaditgtdr in section 7.3. For the other electricity rees
these parameters are determined in Appendix C2rd8hdts will be discussed in section 7.4.

7.1 Overnight construction costs

The overnight construction costs can be determimedividing the total construction cost by the
plants capacitcapaciy Both are calculated for an ideal tidal power sité\ppendix C3 and results in
the following:
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6
€. _52900 = 2844 ($/kwW)

P ©186010° (7-1)

capacity

The resulting 2844 $/kW is much higher than theraged values for other electricity sources, see
figure below.

Overnight construction costs per electricity source for 2006
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Figure 7.1 Overnight construction costs per elaityi source 2006 (see Appendix C2)

For that reason, by just looking at the overnigitstruction costs, tidal power can not compete with
the other electricity sources.

7.2 Levelized electricity costs

The levelized electricity costs are to be calculdig dividing the total costs in a life tin@® . by the
total produced energy during this life tirkg.. The life time was expected to be about 50 yearha
La Rance tidal power plant exists already for 48@rgeand is still operating well.

An operational period of 99 percent was consideednly one turbine will be repaired at the time.

The total construction costs are 52%$)see Appendix C3.

Operational and maintenance (O&M) costs per yeare considered to be 1 percémf the total costs
for the first year. These yearly O&M costs (5.29*H) should be conversed to present day values
(2006) over a period of 50 years. This means thattd the interest ratethe value of the O&M costs
decreases, see below.

Present day value@+r /100 ™ (7-2)

On the other hand, it is likely for the O&M costsihcrease during its life time, as more repaies ar
required and the personnel costs incre@iseavoid uncertainties on interest rates, it istassd that the
decrease in value of the O&M costs is compensatethé increasing O&M costs each yedis
means that the O&M costs per year are 5.29%@resent day value during its life time, with tota
O&M costs of 264*18'$.

This results in the following levelized electricitpsts:

C, _ (520016 + 264010 100 , -3
P Thours 7300 12413651501 0.99

t,mean’ T

1 For the Severn tidal plant study (Taylor, 2008} zhe Swansea tidal power plant (Baker and Le2@66) a
percentage of 0.5% was applied, but for this sadgdditional 0.5% for contingencies were takéo atcount
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The resulting 2.5 $c/kWh is lower than the valumsother electricity sources, see Figure 7.2.
With this, it is shown that low levelized electticicosts is a attractive advantage of tidal power
compared to the other electricity sources.

Levelized costs per electricity source for 2006

HYDRO BIOMASS

NUCLEAR

WIND GAS COAL

$c/kWh
Ok N ®w A O ® N ® ©

TIDAL

Figure 7.2 Levelized electricity costs per eledtyisource 2006 (see Appendix C2)

7.3 Capacity factor

The plant capacity factor is the ratio betweenrtirean power output and the installed capacity of the
plant and can be derived with the help of Apper@igx

Pt,mean _ 73[:'-03 -

Prapacy 186010

9 () (7-4)

The value is about the same as for the other replevedectricity sources as can be seen in the digur
below.

Capacity factor per electricity source
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Percent (%)
8

Figure 7.3 Capacity factor per electricity sourae¢ Appendix C2)

7.4 Results

From the previous, it can be concluded that tidavgr has very high investment costs (overnight
construction costs), even for the economic mostaetiive plant scenario. The operational and
maintenance costs on the other hand are very lesulting in low levelized electricity costs, which
could make tidal power attractive.

The latter is the most essential parameter for @min feasibility as it describes the total costeroa
lifetime, instead of just the starting costs.

Because the tidal power values for the overnighmstraction costs and the levelized electricity sost

include several uncertainties (i.e. life time, et rate and engineering costs) and remains very s
specific, no valid conclusions can be drawn on tlatues it selves.
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Cost of tidal energy

However, it remains possible to come to valuablectusions by roughly comparing it with the other
electricity sources.

For tidal power, the following conclusions can be hwn:
= High investments costs
»= Low generation costs
= An average capacity factor, larger than for the otler renewable electricity source
(wind)

This meets with the finding from UN-DOALQOS, whickated in section 1.1 that the main barrier to
increase the use of the tides is that of constnatbsts.

As a result, tidal power has the potential to comge with other sources.This can be proven by the
La Rance tidal power plant, generating at a profétaelectricity rate.

A widely used method to indicate energy generatipact on the environment is by determining its
external costs. The European Wind Energy Associat&fines the external costs as follows:
“Such costs represent costs to society that arepadat for by the polluter that cause these emission

This indicator would clearly show the environmerfiéndly aspects of renewable energy, and can

therefore be a plus for tidal power. However, asds impossible to determine or predict the exierna
costs within this tidal power study, no indicatiainexternal costs could be made.
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Chapter 8 Conclusions and recommendations

8.1 Conclusions

The first part of this report included a plant ceptstudy, analysing the different plant layoutsl an
generation schemes and a general plant and tudeisign. The Dynamic Tidal Power Model gave a
good insight into the impact of some plant desigmameters on the mean power output, finally
resulting in the Generic Plant Design GuidelineirMaonclusions for thelant designwere:

A single basin layout was shown more profitablentaanultiple basins layout (>50%);

For One-way generation the single regulated Butbime was suggested and for Two-
way generation the double regulated Bulb turbine;

Two-way generation is the best alternative accgrdmthe DTP Model with at least a
19% energy output compared to One-way generation;

A smaller amount of large turbines show lower castd higher efficiencies than a larger
amount of small turbines, where a turbine diameté&-8 m was proposed;

The most cost efficient number of turbines is abéb% of the required turbines for
maximum power output;

The level of submergence due to cavitation willyohave to be taken into account for
small turbines (<2.5m);

The required head difference for turbining is ndixad value for each site but varies with
the present tidal range. Besides, it is the only whincreasing the mean power output
without financial consequences;

It will be advised to limit the turbine output byet generator capacity (rated power);

Bed protection at both sides of the turbines amitslgates might be required during
operation;

Sluice gates are required for One-way generatiehsaiggested for Two-way generation
as they increase the mean power output with apprately 10%;

Pumping is not profitable with normal electricitgtes, as it requires more power than it
produces, but gains potential when electricitysdthuring pumping) are much lower;
With the Generic Plant Design Guideline it is pbksito calculate the essential plant
design parameters parameters for an optimum psigd.

In the second part of this thesis the requiredrinfdion to come to a Generic Site Selection Guideli
for tidal power barrages was worked out. This stgeye a clear view which site specific parameters
had influence on the potential power and the ptsjeosts. This resulted in the following conclusion
for thesite selection

If a site does not meet the mean tidal range @itesf 7 m, the site can not reach the most
economic design for tidal power barrages and wakl attractiveness. Perhaps with other
types of turbines, lower mean tidal ranges canufficent;

The cross-sectional shapes of the basin have a Iaflgence on the potential power for
One-way generation, in a positive way for the Orsrwbb generation mode and negative
for One-way flood generation. For the Two-way gatien mode the shape of the basin is
almost irrelevant for the potential power output;

The Generic Site Selection Guideline makes it fiidsgb compare different sites on their
feasibility, taking into account the site specifi@rameters but also the economical
aspects.

After knowing what it takes to come to an optimularp design and what define the site potential, it
was possible to compare tidal power economicaliffigel with other electricity sources. From this, the
following conclusions with respect to gsonomic feasibilitycould be drawn:
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Conclusions and reotendations

8.2 Recommendations

As a complete plant design was no study objecthvae detailed research is required in case itlveill
an objective. This should include environmentaihtécal and economical aspects.

With respect to thenvironmental aspects:

More insight and research is recommended in theilplesenvironmental aspects of tidal
power barrages regarding morphology, water levehges and impact on fish habitats.

For thetechnical part of the barrage further investigation is sisgee:

A more detailed powerhouse and sluice gate caidesign, including the selection of the
sluice gate type;

Check the overall stability of the barrage and et$akaspects regarding the foundation,
taking into account the different loads on the citre;

The construction phase, including the final closofethe estuary, should be further
worked out, by looking at the necessary equipmedtthe construction period;

This thesis showed that tidal power in combinatiath energy storage is possible, but
should to be further elaborated. The same coumt$hi process from generator to the
demand area.

Pumping was shown not to be profitable at consklattricity rates over the day.

However, at lower electricity rates (i.e. at nightimping gains attractiveness. This should
be investigated per site.

With respect to theconomicfeasibility of a tidal power plant the followingusties are proposed:

As construction costs and interest rates largely wver the world, more site specific
costs are required;

As turbine and generator form a large part of thal ttonstruction costs, defining the least
expensive electromechanical costs by comparing different suppliers will have a
positive influence on the economic feasibility.
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A Dynamic Tidal Power Model

Al Introduction

As illustrated in Chapter 3, a dynamical model barseen as a necessity being able to optimizereiiffeolant
design parameters.

This DTP Model is a continuation of a model prognaad in Delphi by DMC. For a more general use of the
model different adjustments and additional funddibad to be programmed.

The DTP Model is a numerical model able to calalaater levels, discharges and power output.
Before these calculations can be made, the modaires input data regarding site (site specifiapsaters) and
plant design (plant design parameters).
Site:
= Basin surface area
= Tidal constituents

See Figure Al.

Plant design:
= Turbine and generator characteristics
= Sluice gate characteristics
= Pump characteristics

See Figure A2.

Tidal Powerplant Hydraulic Model Two-way generation
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Figure A.1 Input site characteristic




Tidal Powerplant Hydraulic Model Two-way generation
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Figure A.2 Input plant design parameters

Two models were required, one for One-way genaratiod the other for Two-way generation, as theyehav
different operational criteria and conditions. Vifiththe One-way generation mode, it is possibleuo Ebb
generation as well as a Flood generation.

A2 Applied site cases

Four site cases are worked out to come to an optilant design, varying from large basin surfacaand
tidal range to smaller proportions, see Table Ad.each case involves a substantial amount of metfour
cases was sufficient because their optima showbd tdosely related to each other.

Table A.1 The four applied site cases

Case 1 Case 2 Case 3 Case 4
Apaso (km?) 12 150 10 75
R (m) 10,84° 8 10 6

Each case was exposed to eight different scenawith, or without sluice gates, upward and downward
pumping, see the table below.

Table A.2 The eight applied DTP Model scenarios

Scenarios 1 2 4 5 6 7 8
Sluice gates: v v v x x
Pumps downward: X x v v v
Pumps upward: x x v v x v v

& Bay of Fundy (BoF) tide with site specific tidainstituents
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A3 Input cases

Casel: input

One-way generation [flood]

SCENARIOS 1 2 3 4 5 6 7 8
Apaso (km?) 12 12 12 12 12 12 12 12
Tide constituents BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide
Nuurbine () 16 16 16 16 16 16 16 16
Duwrbine (M) 7,5 7,5 75 7,5 7,5 75 7,5 75
Nturbine  (%0) 90 90 90 90 90 90 90 90
Pratea (MW) 20 20 20 20 20 20 20 20
Amin (M) 2 2 2 2 2 2 2 2
kin (-) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout (-) 1 1 1 1 1 1 1 1
s (s) 600 600 600 600 600 600 600 600
Nsin () 0 0 0 0 0 0 0 0
Ns,out () 0 20 20 20 20 0 0 0
As (Mm2) 0 100 100 100 100 0 0 0
mu (-) 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 16 16 16 16 16 16
Ppump (MW) 0 0 15 15 15 15 15 15
tstartpump (M) 0 0 1 0 1 0 1
tend,pump (M) 0 0 0 1 1 0 1 1
| Npump_ (%) 0 0 70 70 70 70 70 70
Mean power output (MW) 0 88 77 83 69 9 1 1
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Two-way generation

SCENARIOS 1 2 3 4 5 6 7 8
Apaso (km?) 12 12 12 12 12 12 12 12
Tide constituents BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide BoF tide
Nuwrbine (-) 16 16 16 16 16 16 16 16
Duwrbine (M) 7,5 75 75 7,5 7,5 7,5 7,5 75
TNeurbine (%0) 90 90 90 90 90 90 90 90
Pratea (MW) 20 20 20 20 20 20 20 20
Nmin (M) 2 2 2 2 2 2 2 2
kin () 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
s (s) 600 600 600 600 600 600 600 600
Nsin () 0 20 20 20 20 0 0 0
Nsout () 0 20 20 20 20 0 0 0
As (Mm2) 0 100 100 100 100 0 0 0
() 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 16 16 16 16 16 16
Ppump (MW) 0 0 15 15 15 15 15 15
tstart,pump (M) 0 0 0 1 0 1
tend,pump (M) 0 0 15 15 1,5 15
| Npump_(%0) 0 0 70 70 70 70 70 70
Mean power output (MW) 129 144 140 131 127 125 117 112
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Case 2: input

One-way generation

[flood]

| SCENARIOS 1 2 3 4 5 6 7 8
Apaso (km?) 150 150 150 150 150 150 150 150
Tide constituents

(m) h,=8, a=4 h.=8, a=4 h,=8, a=4 h.=8, a=4 h,=8, a=4 ho=8, a=4 ho=8, a=4 ho=8, a=4
Nuwrbine (-) 40 40 40 40 40 40 40 40
Durbine (M) 8 8 8 8 8 8 8 8
Nubine (%) 90 90 90 90 90 90 90 90
Prates (MW) 20 20 20 20 20 20 20 20
hmin (M) 2 2 2 2 2 2 2 2
Kin (=) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 1 1 1 1 1 1 1 1
s (s) 600 600 600 600 600 600 600 600
Nsin () 0 0 0 0 0 0 0 0
Ns,out () 0 40 40 40 40 0 0 0
As (M2) 0 100 100 100 100 0 0 0
mu (-) 0 0,7 0,7 0,7 0,7 0 0 0
k (-) 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 40 40 40 40 40 40
Poump (MW) 0 0 15 15 15 15 15 15
tstart,pump (M) 0 0 0 1
tend,pump (M) 0 0 0 1
| Noump (%) 0 0 70 70 70 70 70 70
Mean power

output (MW) 0 267 232 228 188 92 66 66
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| SCENARIOS | 1 2 3 4 5 6 7 8

Apaso (km?) 150 150 150 150 150 150 150 150
Tide constituents

(m) h,=8, a=4 ho=8, a=4 h,=8, a=4 h.=8, a=4 h.=8, a=4 ho=8, a=4 ho=8, a=4 h.=8, a=4
Nuwrbine (-) 40 40 40 40 40 40 40 40
Duurbine (M) 8 8 8 8 8 8 8 8
Nturbine  (%0) 90 90 90 90 90 90 90 90
Praed (MW) 20 20 20 20 20 20 20 20
Pmin (M) 2 2 2 2 2 2 2 2
kin (-) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
s (s) 600 600 600 600 600 600 600 600
Nsin (-) 0 40 40 40 40 0 0 0
Ns,out () 0 40 40 40 40 0 0 0
As (Mm2) 0 100 100 100 100 0 0 0
mu (-) 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 40 40 40 40 40 40
Ppump (MW) 0 0 15 15 15 15 15 15
tstart,pump (M) 0 0 1 0 1
tend,pump (M) 0 0 0 1
| Noump (%) 0 0 70 70 70 70 70 70
Mean power

output (MW) 259 260 187 227 140 191 235 168

81




Feasibility study on tidal power barrages

Case 3: input

One-way generation

[flood]

‘ SCENARIOS 1 2 3 4 5 6 7 8
Avaso (km?) 10 10 10 10 10 10 10 10
Tide constituents
(m) ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5
Nuwrbine (-) 10 10 10 10 10 10 10 10
Durbine (M) 8 8 8 8 8 8 8 8
Nuurbine (%0) 90 90 90 90 90 90 90 90
Praed (MW) 20 20 20 20 20 20 20 20
Amin (M) 2 2 2 2 2 2 2 2
kin (-) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 1 1 1 1 1 1 1 1
s (s) 600 600 600 600 600 600 600 600
Nsin () 0 0 0 0 0 0 0 0
Ns,out () 0 10 10 10 10 0 0 0
As (m2) 0 100 100 100 100 0 0 0
mu () 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 10 10 10 10 10 10
Ppump (MW) 0 0 15 15 15 15 15 15
tstart,pump (M) 0 0 0 1 1 0 1
tend,pump (M) 0 0 0 1 0 1
| Npump_ (%) 0 0 70 70 70 70 70 70
Mean power
output (MW) 0 55 52 52 49 9 4 4
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SCENARIOS 1 2 3 4 5 6 7 8
Apaso (km?) 10 10 10 10 10 10 10 10
Tide constituents

(m) ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho=5, a=5 ho,=5, a=5 ho=5, a=5
Nuwrbine (-) 10 10 10 10 10 10 10 10
Duwrbine (M) 8 8 8 8 8 8 8 8
Nurbine (%0) 90 90 90 90 90 90 90 90
Prated (MW) 20 20 20 20 20 20 20 20
Pmin (M) 2 2 2 2 2 2 2 2
Kin () 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 0,5 0,5 0,5 0,5 0,5 0,5 0,5 05
s (s) 600 600 600 600 600 600 600 600
Ns,n (-) 0 10 10 10 10 0 0 0
Ns,out () 0 10 10 10 10 0 0 0
As (M2) 0 100 100 100 100 0 0 0
mu () 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Noump (<) 0 0 10 10 10 10 10 40
Ppump (MW) 0 0 15 15 15 15 15 15
tetarpump (M) 0 0 1 1

tend.pump (M) 0 0 0 1 0 1
| Noump (%) 0 0 70 70 70 70 70 70
Mean power

output (MW) 71 82 80 77 75 68 66 63
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Case4: input

One-way generation

[flood]

‘ SCENARIOS 1 2 3 4 5 6 7 8
Anaso (km?) 75 75 75 75 75 75 75 75
Tide constituents
(m) ho=8, a=3 h.=8, a=3 ho=8, a=3 h,=8, a=3 ho=8, a=3 ho=8, a=3 h,=8, a=3 h.=8, a=3
Niursine (<) 40 40 40 40 40 40 40 40
Drurbine (M) 8 8 8 8 8 8 8 8
Nuurbine (%) 90 90 90 20 90 90 90 90
Pratea (MW) 20 20 20 20 20 20 20 20
hmin (M) 2 2 2 2 2 2 2 2
kin (-) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kout () 1 1 1 1 1 1 1 1
s (s) 600 600 600 600 600 600 600 600
Ns,n (-) 0 0 0 0 0 0 0 0
Ns.out () 0 40 40 40 40 0 0 0
As (Mm2) 0 100 100 100 100 0 0 0
mu () 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Npump () 0 0 40 40 40 40 40 40
Ppump (MW) 0 0 15 15 15 15 15 15
tstart,pump (M) 0 0 1 0 1 1 0 1
tend,pump (M) 0 0 0 1 1 0 1 1
| Npump (%) 0 0 70 70 70 70 70 70
Mean power
output (MW) 0 144 131 125 27 -8 -32 -32
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SCENARIOS 1 2 3 4 5 6 7 8
Apaso (km?) 75 75 75 75 75 75 75 75
Tide constituents

(m) ho=8, a=3 ho=8, a=3 ho=8, a=3 ho=8, a=3 h.=8, a=3 ho=8, a=3 h.=8, a=3 h,=8, a=3
Nuwrbine () 40 40 40 40 40 40 40 40
Duwrbine (M) 8 8 8 8 8 8 8 8
Nuurbine (%0) 90 90 90 90 90 90 90 90
Praed (MW) 20 20 20 20 20 20 20 20
hmin (M) 2 2 2 2 2 2 2 2
kin (-) 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Kour () 05 05 05 0,5 0,5 05 0,5 0,5
s (s) 600 600 600 600 600 600 600 600
Nsin (-) 0 40 40 40 40 0 0 0
Ns,out () 0 40 40 40 40 0 0 0
As (Mm2) 0 100 100 100 100 0 0 0
mu (-) 0 0,7 0,7 0,7 0,7 0 0 0
k () 0 0,2 0,2 0,2 0,2 0 0 0
s (s) 600 600 600 600 600 600 600 600
Noump (<) 0 0 40 40 40 40 40 40
Ppump (MW) 0 0 15 15 15 15 15 15
tstartpump (M) 0 0 0 1 1 0 1
tend,pump (M) 0 0 0 1 1 0 1 1
| Noump (%) 0 0 70 70 70 70 70 70
Mean power

output (MW) 128 171 148 130 -36 71 91 49
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A4 Results turbine design parameters

Total turbine surface area (A wrbine)
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Figure A.3 Turbine number curve Case 1 Figure Au¥bine number curve Case 2
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Figure A.5 Turbine number curve Case 3 Figure Abine number curve Case 4
Table A.3 Turbine surface area summary
Case 1 Case 2 Case 3 Case 4
Abas,o G/ﬁ (I’T‘F)
TL/2 (g 199 2142 160 927
Total turbine surface (m?)
One-way C 530 5479 352 1860
D 707 7288 503 2513
Two-way A 707 7138 503 3016
B 972 9550 704 4021
aa(-) Average
One-way C 2.66 2.56 2.20 2.01 24
D 3.55 3.40 3.14 2.71 3.2
Two-way A 3.55 3.33 3.14 3.25 3.3
B 4.88 4.46 4.40 4.34 4.5
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Rated power (P;ateq)
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Figure A.9 Rated power curve Case 3 Figure A.ate&power curve Case 4
Table A.4 Rated power summary
Case 1 Case 2 Case 3 Case 4 Average
Praled h rated P rated h rated Prated h rated P rated h rated h rated
One-way |(C 26 0.53R 19 0.54R 15 0.37R 15 0.61R 0.51R
D 35 0.65R 25 0.64R 20 0.44R 20 0.74R 0.62R
Two-way |A 20 0.48R 15 0.46R 15 0.37R 7 0.37R 0.42R
B 30 0.59R 20 0.56R 20 0.44R 10 0.46R 0.51R
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Required head (heq)

Mean power (MW)
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Figure A.11 Minimum required head curve Case 1
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Figure A.12 Minimum required head curve Case 2 uFegA.13 Minimum required head curve Case 2
(far from optimum design point) (closerithe optimum)
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Figure A.14 Minimum required head curve Case 3

200 900
180 - . 800 P
—~ 160 — = — < 700 ~
£ — | 3 : —~
5 120 % s [ oneway
5 P z I ——
e o) o | =
g o0 8 0 |{
s, = 200 ||
20 100 !
1]
o [
0 05 1 15 2 25 3 o 05 1 15 2 25 3 35
hreq (m) hreq (m)
Figure A.15 Minimum required head curve Case 4 uFeégA.16 Minimum required head curve Case 4
(far from optimum design point) (closerithe optimum)

The figures above shows a remarkable differencevdmat the left hand side (starting points for the
cases), designed far from the optima, and the igimd side designed near the optimum design
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points. If the number of turbines and sluice gatestoo small, no constant relation can be found
between the required head and the mean tidal r@sgs illustrated on the left hand side).

For situations closer to the optimum design pointsa required head of 0.28 results in the
largest mean power output, as can be found in Tabl&.5.

Table A.5 Required head summary

Case 1 Case 2 Case 3 Case 4

hreq (M) 3.3 2 3 15
R (m) 10.84 8 10 6

Average:
Preq (M) 0.30R 0.25R 0.30R 0.25R 0.28R

Total sluice gate surface area (As)

DTP Model implementation

Whether or not the earlier presented sluice gatacel area really is the optimum can hopefully be
checked by the model. Further, it will be likelygee a fixed relation between the sluice gate had t
turbine surface area as in formula 3-14.

For the sluice gates area a contraction coeffigieft0.7 was taken into account.

DTP Model results

For all cases, the model shows a curve where tlemewer output increases with the number of
sluice gates, until a certain level has been rehelteere the number of sluices has no further effect
on the mean power output.

The positive effect of sluices gates for Two-wanemtion is illustrated in the figure below. When
opening the sluice gates at the end of the turpaméod, the basin range will increase. This has a
positive effect on the head difference and geramapieriod. The DTP Model has shown that this
increases the mean power output with 10%.

This horizontal part of the curve will be reachédha earlier stage for One-way generation than for
Two-way generation. The figure describes the néiges$ sluices (assuming the turbines do not
operated as sluice gates).

The optimum total sluice gate surface afeds the point from where any additional sluice gatt®
cost more than it brings up.
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Figure A.17 Example total sluice gate surface azeeve
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The total sluice gate surface arggdoes not show a clear optimum like the two precgdi
parametersA; wmineaNdhyeg) Which follows from the figures below:

200

Mean power (MW)
Mean power (MW)

0 20 o & & 0 w0 w0 o 5 200
Number of sluices (-)

0 5 10 15 20 25 30
Number of sluices (-)

Figure A.18 Sluice gate number curve Case 1 il 9 Sluice gate number curve Case 2
(far from optimum design point)

Mean power (MW)
3 8
Mean power (MW)

Number of sluices (-) Number of sluices (-)

Figure A.20 Sluice gate number curve Case 3 i1 Sluice gate number curve Case 4

In theory, the curves have to remain horizontatraét while when the sluice gate surface area has
reached the point that the basin level is ableotioWw the sea level (without any head difference).
Further increasing the sluice gate surface ardehanle no effect as no extra mean power output can
be generated anymore.

Placing the design point at the start of this hmrtal section will not be attractive as the lasicd
gate section has little influence on the mean povwtput. On the other hand, design points at the
steepest part of the curve, where the last sluite section generated the largest effect on thenmea
power output, resulted in a mean power output &ow the potential.

No visual optimum can be found in the plotted carielow.Therefore the optimum design point

will be assumed to follow the results determined bjormula 3-14; A;s= 2*A wmine, Which seems
reasonable by looking at point A and B in the fegukeeping in mind that sluice gates are much less
expensive than turbines, each additional percemxbh power by increasing the number of sluice
gates counts.
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Pump surface area (A, pump)

For each of the four cases the most potential pogngcenario is worked out. These scenarios were
marked in red in the input tables for the differease (A3).
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Figure A.22 Pump number curve Case 1 Figure AP2Bnp number curve Case 2
(far from optimum design point)
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Number of pumps (-) Number of pumps (-)

Figure A.24 Pump number curve Case 3 Figure AR2Bnp number curve Case 4

The figures show that without pumps the mean pavwput is highest, meaning that (with a fixed
Nstart,pum@r Nend,pump PUMPING is not effectivea pump uses more energy than it produces

Whether this conclusions remains valid when thedixar,pumpOr Nend,pumpWill vary, is worked out in
the next pages.
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Starting head for pumping (Nstart,pump)

Varying the starting head for pumping does not satidmake pumping worthy as can be seen in the

figures below.
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Figure A.26 Starting head for pumping curve Case 1
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Figure A.27 Starting head for pumping curve Case 2 Figure A.28 Starting head for pumping curve C2se
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Figure A.29 Starting head for pumping curve Case 3
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Figure A.30 Starting head for pumping curve Case 4 Figure A.31 Starting head for pumping curve Cése

(far from optimum design point)
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End head for pumping (Nend,pump)

Varying the end head for pumping will also haveeffect on the pumping potential, as can be seen
in the figures below.
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Figure A.32 End head for pumping curve Case 1
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Figure A.33 End head for pumping curve Case 2

(far from optimum design point)

FEigu34 End head for pumping curve Case 2

(closethe optimum)
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Figure A.35 End head for pumping curve Case 3
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Figure A.36 End head for pumping curve Case 4

(far from optimum design point)

FEgu37 End head for pumping curve Case 4

(closerithe optimum)
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A5 Resulting generation schemes

An example for the model output is illustrated beldrom where essential information can be
derived making it able to can to the generatioreswds.

Time | Tide | Outside Basin | Basin | Q-Turbines | E-Turbines | Q-Sluices | Q-Pumps | E-Pumps |
[s) [ oml | () | [m] | 3] | ] I mais] | msis] | [l |
----------- o e - - - e
0 0| 10,63 | 10,63 | 651 4,12 | 45057 | 1,70E+09 | 0] 0| 0,00E+00 |
300 0,08333| 10,76 | 10,76 | 6,6 4,16 | 45245 | 1,70E+09 | 0] 0| 0,00E+00 |
600 0,16667 | 10,88 | 10,88 | 6,69 4,19 | 45403 | 1,70E+09 | 0] 0] 0,00E+00 |
900 0,25| 10,99 | 10,99 | 6,78 4,21 | 45531 | 1,70E+09 | 0] 0] 0,00E+00 |
1200 0,33333 | 111 | 11,1 6,87 4.23| 45629 | 1,80E+09 | 0] 0| 0,00E+00 |
1500 0,41667 | 11,21 | 11,21 | 6,96 4,25 | 45697 | 1,80E+09 | 0] 0] 0,00E+00 |
1800 0,5 | 11,3 | 11,3| 7,05 4.25]| 45733 | 1,80E+09 | 0] 0] 0,00E+00 |
2100 0,58333 | 11,4 | 114 714 426 45737 | 1,80E+09 | 0] 0] 0,00E+00 |
2400 0,66667 | 11,48 | 11,48 | 7,23 425 45709 | 1,80E+09 | 0] 0] 0,00E+00 |
2700 0,75 11,56 | 1156 | 7,33 4,23 45649 | 1,80E+09 | 0] 0| 0,00E+00 |
3000 0,83333| 11,64 | 11,64 | 7,42 422 45554 | 1,70E+09 | 0] 0| 0,00E+00 |
3300 0,91667 | 11,7 | 11,7 751 4,19| 45426 | 1,70E+09 | 0] 0] 0,00E+00 |
3600 1] 11,76 | 11,76 | 76 4,16 | 45264 | 1,70E+09 | 0] 0| 0,00E+00 |
3900 1,08333| 11,82 | 11,82 | 7,69 4,13 | 45066 | 1,70E+09 | 0] 0] 0,00E+00 |
4200 1,16667 | 11,86 | 11,86 | 7,78 4,08 | 44833 | 1,70E+09 | 0] 0] 0,00E+00 |
4500 1,25 | 11,9 | 11,9| 7,87 4,03| 44563 | 1,60E+09 | 0] 0] 0,00E+00 |
4800 1,33333| 11,94 | 11,94 | 7,96 3,98 | 44257 | 1,60E+09 | 0] 0| 0,00E+00 |
5100 1,41667 | 11,96 | 11,96 | 8,05 391 | 43912 | 1,60E+09 | 0] 0] 0,00E+00 |
5400 15| 11,98 | 11,98 | 8,13 3,85 | 43530 | 1,50E+09 | 0] 0| 0,00E+00 |
5700 1,58333| 11,99 | 11,99 | 8,22 3,77 | 43108 | 1,50E+09 | 0] 0| 0,00E+00 |
6000 1,66667 | 12| 12| 8,31 3,69 42646 | 1,40E+09 | 0] 0] 0,00E+00 |
6300 1,75 | 12| 12| 839 361 42144 | 1,40E+09 | 0] 0| 0,00E+00 |
6600 1,83333| 11,99 | 11,99 | 8,47 352 | 41599 | 1,30E+09 | 0] 0] 0,00E+00 |
6900 1,91667 | 11,97 | 11,97 | 856 341 | 41012 | 1,30E+09 | 0] 0| 0,00E+00 |
7200 2| 11,95 11,95| 8,64 331 40380 | 1,20E+09 | 0] 0] 0,00E+00 |
7500 2,08333| 11,92 | 11,92 | 872 32| 39703 | 1,20E+09 | 0] 0| 0,00E+00 |
7800 2,16667 | 11,88 | 11,88 | 8,8 3,08 | 38979 | 1,10E+09 | 0] 0| 0,00E+00 |
8100 225| 11,84 | 11,84 | 8,87 297 | 38207 | 1,00E+09 | 0] 0] 0,00E+00 |
8400 2,33333| 11,79 | 11,79 | 8,95 284 | 37384 | 9,60E+08 | 0] 0| 0,00E+00 |
8700 2,41667 | 11,73 | 11,73 | 9,02 271 | 36509 | 9,00E+08 | 0] 0] 0,00E+00 |
9000 25| 11,66 | 11,66 | 91 256 | 35579 | 8,30E+08 | 0] 0| 0,00E+00 |
9300 2,58333| 11,59 | 1159 | 9,17 242 | 34592 | 7,60E+08 | 0] 0] 0,00E+00 |
9600 2,66667 | 11,52 | 1152 | 9,23 229 | 33543 | 7,00E+08 | 0] 0| 0,00E+00 |
9900 2,75| 11,43 | 11,43 | 93 213| 32430 | 6,30E+08 | 0] 0] 0,00E+00 |
10200 2,83333| 11,34 | 11,34 | 9,36 1,98 | 29686 | 5,30E+08 | 0] 0| 0,00E+00 |
10500 2,91667 | 11,25 | 11,25 | 9,41 184 | 13561 | 2,30E+08 | 0] 0| 0,00E+00 |
10800 3| 11,15 11,15 | 9,42 1,73 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
11100 3,08333 | 11,04 | 11,04 | 9,42 1,62 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
11400 3,16667 | 10,93 | 10,93 | 9,42 151 | 0] 0,00E+00 | 0] 0| 0,00E+00 |
11700 3,25| 10,81 | 10,81 | 9,42 1,39 | 0] 0,00E+00 | 0] 0| 0,00E+00 |
12000 3,33333| 10,69 | 10,69 | 9,42 1,27 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
12300 3,41667 | 10,56 | 10,56 | 9,42 1,14 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
12600 35| 1043 | 10,43 | 9,42 1,01 | 0] 0,00E+00 | 0] 0| 0,00E+00 |
12900 3,58333 | 10,29 | 10,29 | 9,42 0,87 | 0] 0,00E+00 | 0] 0| 0,00E+00 |
13200 3,66667 | 10,15 | 10,15 | 9,42 0,73 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
13500 3,75| 10,01 | 10,01 | 9,42 059 | 0] 0,00E+00 | 0] 0] 0,00E+00 |
13800 3,83333 | 9,86 | 986 942 044 0] 0,00E+00 | 0] 0| 0,00E+00 |
14100 3,91667 | 9,71 | 971 942 0,29 0] 0,00E+00 | 0] 0| 0,00E+00 |
14400 4 9,55 | 955| 942 0,13 0] 0,00E+00 | 0] 0] 0,00E+00 |
14700 4,08333 | 94 | 94| 942 0,02| 0] 0,00E+00 | -4517 | 0] 0,00E+00 |
15000 4,16667 | 9,24 | 924 939 05| 0] 0,00E+00 | -15349 | 0] 0,00E+00 |
15300 4,25 | 9,08 | 9,08 936 0,28] 0] 0,00E+00 | -20770 | 0| 0,00E+00 |
15600 4,33333 | 8,91 | 891 931 04| 0] 0,00E+00 | -24812 | 0| 0,00E+00 |
15900 4,41667 | 8,75 | 875| 9,26 0,551 0] 0,00E+00 | -28124 | 0] 0,00E+00 |
16200 45| 8,58 | 8,58 | 92 062 | 0] 0,00E+00 | -30964 | 0] 0,00E+00 |
16500 4,58333 | 8,42 | 842 913 0,71 0] 0,00E+00 | -33464 | 0] 0,00E+00 |
16800 4,66667 | 8,25 | 825| 9,07 082] 0] 0,00E+00 | -35703 | 0] 0,00E+00 |
17100 4,75 | 8,08 | 8,08| 899 091 0] 0,00E+00 | -37730 | 0] 0,00E+00 |
17400 4,83333 | 7,91 | 791| 8091 1] 0] 0,00E+00 | -39580 | 0] 0,00E+00 |
17700 4,91667 | 7,74 | 7,74 883 1,09 | 0] 0,00E+00 | -41278 | 0] 0,00E+00 |
18000 5| 7,57 | 757 875 1,18 0] 0,00E+00 | -42840 | 0| 0,00E+00 |

Figure A.38 Example model output for Case 2 witle-@y generation

Only the cases 2, 3 and 4 will be used to derieegéneration schemes, as for Case 1 too many tidal
constituents have been taken into account. Theiaddi sinusoid makes it impossible to come to a
general generation scheme.
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This output results in the following graph for aipd of 20 hours.

14

12

8 ——Sea
6 —Basin

Water level (m)

0 5 10 15 20
Time (hours)

14

12

10

Water level (m
o ®
@ »
28
o s
E

. a

0 5 10 15 20
Time (hours)

Figure A.39 Water level curve Case 2 (One-way)

uFggA.40 Water level curve Case 2 (Two-way)
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Figure A.43 Water level curve Case 4 (One-way)

uFggA.44 Water level curve Case 4 (Two-way)

Table A.5 Case results for One-way generation

hmean hmax Rbas Tgeneralion Hbas,high Hbas,low Hbas,mean
Case 2 0.425R 0.531R 0.677R 0.389T 0.500R -0.177R 0.161R
Case 3 0.468R 0.569R 0.548R 0.376T 0.423R -0.125R 0.149R
Case 4 0.497R 0.595R 0.497R 0.389T 0.410R -0.097R 0.156R
Average 0.46R 0.56R 0.57R 0.38T 0.44R -0.13R 0.15R
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For the Two-way generation more effort was requieedit consists of unequal ebb (1) and flood (2)
parts which have to be averaged for general agita

Table A.6 Parameters which require averaging fob end flood part of Two-way generation

hmean,l hmean,z hmax,l hmax,2 quneration,l quneration,z

Case2 0.411R | 0.345R | 0.507R | 0.401R 0.382T 0.295T
Case3 0.443R | 0.381R | 0.529R | 0.426R 0.356T 0.262T
Case4 0.412R | 0.346R | 0.510R | 0.402R 0.382T 0.295T

Table A.7 Case results for Two-way generation

hmean hmax Rbas quneration Hbas,hiqh Hbas,low Hbas,mean
Case 2 0.378R 0.454R 0.655R 0.339T 0.375R -0.280R 0.047R
Case 3 0.412R 0.477R 0.639R 0.309T 0.367R -0.272R 0.047R
Case 4 0.379R 0.456R 0.650R 0.339T 0.373R -0.277R 0.048R

Average 0.39R 0.56R 0.57R 0.33T 0.37R -0.28R 0.05R

This result in the following three schemes:

[ ] Flood generating

Figure A.458ne-way ebb generation scheme

time 0.38T

[ ] Ebb generating

Figure A.46 One-way flood generation scheme
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[ ] Ebb and flood generating

Figure A.47 Two-way generation scheme

Previous tables can be summarized in the followede:

Table A.8 Summary properties for general generatmmaes from DTP Model Schemes

One-way ebb generation  One-way flood generation | Two-way generation

hireq 0.28R “ “

Nmean 0.46R “ 0.39R
Nmax 0.56R “ 0.46R
Roas 0.57R “ 0.65R
Tgeneralion 0.38T “ 0.33T
Tl,generation 0.38T “ 0.66T
Hbas high 0.44R 0.13R 0.37R
Hbas,low -0.13R -0.44R -0.28R
Hbas,mean 0.15R -0.15R 0.04R




Feasibility study on tidal power barrages

A6 Resulting power output

Distinction will have to be made in mean power otitguring generation and mean power output per
tidal period, which takes into account periods withgeneration.

Mean power output during generation
The mean power output in the site selection phasée determined by:

Pt,mean = p DA‘(,turbine EL/E Eg3/2 |:H-]nettqmeang/2 B7turbine |]7g (MW) (A_l)

Most of the parameters in the equation above remamstant; excep wrbine Nmean@Nd urbine (S€€
Table 2.1 and 4.2). This results in:

. _ 3/2
With ﬁ_ aA,schemeDhnettqmean |]7turbine

R
Pt mean = ﬁ m mbaso E/_ |:g |]79 (MW)
' T (A-3)

(A-2)

As mentioned before, research has resulted ininevidues for dimensionless factag scheme(S€€
subsection 4.2.3, Table 4.3). For the mean powépubuonly the values for the cost efficient
optimum will be used to determine the mean powgputifor the plant.

Mean power output per tidal period
From the mean power output during generation thenmgower output per tidal period can be
deduced:

_R (T,

i A-4
R ot = t,mean " "t,generation (MWS/S - MW) ( )
’ T
The energy production is related to the mean paugsut per tidal period.
Results
With the help of the preceding equations and Tab# the following table was made:
Table A.9 Total mean power output for cost efficigant design
One-way generation Two-way generation Difference (%)
Pl,mean ﬁ =0.53 B =0.52 2
Pt meant B8=0.20 B=0.34 71

Mean power output per generation mode

0,6 - -
‘D During generation

—~ 05 7 — B Over a tidal period|——————
P
& 041 —
E o3+ —
(=2
< 024
(-3

0,1 1 —

0

One-way Two-way One-way Two-way

Generation mode
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The figure above clearly shows that the power duthwing generation for One-way generation is
about the same for Two-way generation. This is tger@used by the fact that the larger mean head
difference for the One-way generation is compermbdte the largeraa schemefor the Two-way
generation. Most essential aspects is the factah@agher power output during generation does not
imply a higher power output level over a tidal peliThis is a result of the longer overall generati
periods for Two-way generation, which exceeds fluence of the head difference.

As for tidal power plants only the mean power ovea tidal period counts, Two-way generation
produced 71% more energy than One-way generation dhe cost efficient design point.

But what will be the result when no difference viié made in the number of turbines between One-
way and Two-way generation. Taking a consiadneme Of 1 makes it less profitable however a
more valid comparison, see table below.

Table A.10 Total mean power output for an equal lmemof turbines

One-way generation Two-way generation Difference (%)
Pl,mean ﬁ =0.24 B =0.16 -50
Pt meant B=0.09 B=0.11 19

Mean power output per generation mode

03

@ During generation
0,25 B Over a tidal period

0,2

0,15

0,1
0,05 A
0 T T T

One-way Two-way One-way Two-way

Generation mode

B (kg/m2s2)

This illustration proofs the fact that Two-way geneation generates more energy than One-way
generation (19% more) for an equal number of turbires!
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B Site Selection

Bl General generation schemes

The average hedld,.., between basin level and sea level and the generagaod Tgeneration Will
have to be determined for the different generatimules. To start with, a general basic model will be
set up expanding it with proper formulations foréd@may and Two-way generation.

Basic model
In the first place, the basin level remains consgarMSL. The outer sea level is determined by the
tide, with a tidal rang®. The sea levdil,e,can be defined by:

H..=3[RIsin(@[t) (m) (B-1)

sea

This is illustrated in the figure below:

Basin Seq

AR

< < <

Figure B.1 First step schematisation simplifietbmaction sea level — basin level

To determine the mean distarsgga,from sea level to MSL, the average difference \iligh MSL for
a period of ¥, the surface area under the sinusoid has to leendieled divided by % This can be
done according to:

1 (# .
Simean = %?IO % [R8iIn(d) (m) (B-2)

This results in the following mean distarggan
R
S =—=032[R (m) (B-3)
7l

mean
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This can be illustrated by the following figure:

Basin Sea
MSL Ts‘e R
— — /‘ 0’3‘2 R
NS

Figure B.2 Second step schematisation simplifieetaction sea level — basin level

With these results the following step is;assume that the basin level varies with theveggd gean
with the MSL as reference levdlhis means that the former assumption of takire lhsin level
constant on MSL will be rejected from now on. FigiB.3 illustrates a basin range of (Ré4wice
the height of the grey bars (Figure B.2)

Basin Sea

R

< <

Figure B.3 Third step schematisation simplifiegrhand low basin level

Whether this water level change of GRaemains realistic for both generation modes, aNe to be
analysed.

Various generation modes
To define the required parameters for the powepuduthe basic model can be further worked out by
implementing the typical generation schemes fothinee generation modes.

A schematization for a possible One-way flood gatien mode is shown in Figure B.4, from where

the heachand the generation periddeneraionCan be derived. Here, MSL will be taken as refeeen
level and thus will be equal to 0.
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Sea level Basin level

= stop
N .
’—Hs rt
Hw.bas high Sh
\‘\\ "i i \‘\\ /‘/ \‘\\ //
Hwbas,low —— —>— — — = T~ = T~ —_—

Time

Tgeneration

Figure B.4 Unknown parameters within generationesoe

For tidal power plants turbines require a minimueadihs.,; over the turbine to operate and a head
hsiop €nding the generation process. This is clearlyvshat the start and end of the generation period
Tgenerationin the figure above, which is the time betwéen, andhg,, The basin rangBy,sis the last
unknown parameter which will expect to be a funcid the tidal rang&® and will be determined by
the lower and upper water levels in the balifs owanNdHpas high

There is no reason to presume g andhs,, to be unequal, so from now on only one required
generation heall, will used for further study.

This practical feasibility criterion is determinbg the turbine producer. Each type of turbine rezgii

a minimum head differences over the turbines feuféicient pressure build up to run at a reasonable
efficiency level.

By taking a constant smail, of 2 m (see section 5.6), the generation perictemses, but power
output decreases as power is a functionh,@f’z. Maximum power output can be reached by
generating at maximum possible head, but then rso@ler generation periods are possible, which
have negative effect on the total energy output.

It will therefore be expected thiat is a function of the tidal range and will not Ipeefi in meters as
each site has other tidal characteristics.

Present plant designs and feasibility studies

From present plant design and feasibility studyesuds it could be possible to derive a general
generation scheme for each generation mode. Scheanacteristics were gathered from the Severn
Tidal Power Groep, Wilson and Hydro Tasmania.

These schemes showedhg, fluctuating around the value of 0B2with a minimum of 2 m as
mentioned above. Herein, no difference could bexdoin theh, between One-way and Two-way
generation schemes (La Rance). This result wilimg@emented in the general generation schemes.
As the other scheme parameters vary per generatame, distinction will be made between One-
way and Two-way generation.

One-way generation scheme

A realistic ending point for the generation perisdvhenH,,s reaches MSL (Hydro Tasmania, 2001).
As the basin rangR,sis smaller than the tidal range; the highest bésiels are lower than the
highest sea level and lowest basin levels are hitjlae the lowest sea levels.

The studied schemes showed théifas high = 0.8*Hsea nighfor One—way ebb generation. This means
thatHpas nighiS 0.4R, as is illustrated by the next figure.

So, the following realistic averaged starting and points for generation will be used as input:

Start generating (sea level, basin level): Hsem 0.08R Hpas 0.R
End generating (sea level, basin level): Hees -0.3R Hpas= O

This results in a generation time of Gi83er cycle for the One-way generation model.
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time 0.83m

[ ] Ebb generating

Figure B.5 Averaged One-way ebb generation scheme

For the One-way flood generation, the scheme wilbpposite and look like the figure below:

Sea level Basin level

[ ] Flood generating

Figure B.6 Averaged One-way flood generation séhem

To define the mean head during generation, thergéae surface (grey area) has to be derived first
before dividing by the generation period. This Wil done in the section below.

T
3 1
\\_/
—-0.05m 0 0.78m
time [ ] Ebb generating

Figure B.7 Mean head calculation

Generation= Surfacd + Surface — Surface
Surfacd = [~ 1 [RISin(w) = 089[R
Surfac& = $ [D837[DA[R= 052[R

Surfac@ = | " 1[RBin(w)= 001R
0957
Generation= R[J089+ 052- 001)) =14[R (B-4)
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From the result of B-4 and Figure B.8 the meanl tidsad for One-way generatidean oneCan be
derived:
14[R
=———=054[R (m) B-5
meanone 083 [ n ( )

Two-way generation scheme

To model the mean head for a Two-way generation stime base is needed as for One-way
generation. Differences however can be found in rttements and periods to generate and the
average head over that period.

The studied schemes showed that upper and lower basin levels to vary from abou32R.to -
0.32R, so thatR,,sis approximately 0.62.

To come to the generation scheme for Two-way géioera line was drawn from A to B, see Figure
B.8. In order to arrive to the generation perioel distance, from this line fdt,sto the line foHge,
should be at least larger than (R32

This means that the following starting and endinin{s are derived.

Start ebb generating (sea level, basin level): Hge= O Hpas= 0.3R
End ebb generating  (sea level, basin level): Hse= -0.48R Hp= -0.1R
Start flood generating (sea level, basin level): Hse= O Hpae= 0.3R
End flood generating (sea level, basin level): Hge= 0.4R Hp,= 0.16R

This results in a generation time of Gi5®er cycle for Two-way generation.

Sea level Basin level

[ ] Ebb and flood generating

Figure B.8 Averaged Two-way generation scheme

The mean healdean woCan now be defined by:

1 0597 064[R . .
= — —_— = = m -
Nocano = 5o i, 032R -, 1+3[Rsin(@(1) = 042[R (m) (B-6)
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Results

The results from the preceding schemes can be stpgdan the following table:

Table B.1 Summary properties for different generatnodes from averaged schemes

One-way ebb generation

One-way flood generation

Two-way generation

hreq
Pmean
Nmax
Rbas
Tgeneration

Tl,generation

Hbas high
Hbas,low

Hbas,mean

0.32R
0.54R
0.68R
0.40R
0.42T
0.42T

0.40R
MSL
0.20R

MSL
-0.40R
-0.20R

0.42R
0.48R
0.64R
0.30T
0.59T

0.32R
-0.32R
MSL

These scheme characteristics can be comparedheittcheme characteristics from the DTP Model

(Appendix A5).
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B2 Derivation basin shape parameter A
The derivation for the shape and scheme pararhetér be worked out.

4IEba:;,MHW _4
_ R+H basmeanschem m
A=( )

R (') (B-7)

The first part of the equation between the bracletds with the various scheme options, where the
mean basin deptHpas mean scherd@ries per scheme.

The second part represents the possible shapdimasiaf the basin. In case of a rectangular basin
the basin surface area remains the same for eaidr igael elevation, this mean fos1, the part
under the square root must be equal to zero.

The equation should also be able to represent tre complex scenario, the upper bound tidal basin
shape, which can be found in de figure below.

barrage basin end
MHW- 4A0 — 4A0

I
AQ l AQ
MWw=MSL — T —
L

—

y

Figure B.9 Upper bound basin shape scenario
This means that equation must show that for thentsasface area at MHW, which is twice the water
level at MSL, is 4 times the surface area at MSLddubling of the water level results in the

multiplication by four of the surface area, whidmow/s a quadratic relation for this scenario. The
square root in the equation solves this problemmpeting the equation.

The lower bound and upper bound basin shapes aseus$ed, the possibilities in between was
assumed to follow equation B-7.
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B3 Total turbine surface area equation

The total averaged dischar@emeanthrough the turbines can be calculated by dividirgtidal prism
by the generation period of the turbirsneration

hmean asD
T

generation

(m¥s)

Qt mean —

Another way to come to a discharge is by multipdythe total turbine surface aréayine by the
flow velocity u through the turbines. This could be worked out, eguations below:

Qt,mean = At turbineELI mea (n?/s)

Upnean mn (m/s)

2[gCh (m/s)

Qt,mean = At turbine’ mear

hfl-ean L = A Jturbine EL/ 2 [g Ehmean (n‘F/s)

generanon

Abaso a /
A,turbine |1/_ mean (mz)
generanon

This equation, however, will not result in an optim turbine surface area. Therefore the formula
will be rewritten and the new introduced dimenséss! surface area parametgwill be defined by
the DTP Model:

A wrbine — A A GM B/ﬁ (TT?) (B-8)

TRl
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B4 Total sluice gate surface area

Available data from operational tidal power plantdeasibility studies, as illustrated in Table B.2
show a clear relation between the total sluice gatéace and total turbine surface area for 5 tidal
power stations.

Table B.2 Empirical approach illustrating the rdlat between Aymine and As

La Rance Mersey Severnouter SevernInner Severn 2nd

stage
Drurbine (M) 5.35 8 9 9 9
Nturbine (‘) 24 28 300 160 125
Atturbine (mz) 540 1407 19085 10179 7952
As per gate (m?) 150 144 144 144 144
Ns (-) 6 20 320 150 100
Acs (mz) 900 2880 46080 21600 14400

Average

Ratio Ats / Atturbine (-) 17 2.0 2.4 21 1.8 2.0

The table shows that there is a close relation @&t tymine ANdA; 5 the ratioA s / A wurine appears
to be varying around the average value of 2.
From this, it will be acceptable to assume theofeihg relation:

A\,s =2 DA\,turbine (mz) (B-9)
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B5 Derivation flow velocity at barrage during
closure

To estimate the occurring flow velocities duringstlre, first the discharge will have to be derived.
The discharge then again is dependent on the \eatelrmovement inside the basin.

To start with, the water level variation can becoldted according to:
Hbas baleIn(a-)[t 9)_ rE%ERseJ}In@D 9) (m) (B-lO)
Here, the angular velocity for tides is: 1.4*10 rad/s for a semi-diurnal tide
7.0%10°rad/s  for a diurnal tide

Now, the amplitude ratipand the phase differenewith the sea level outside have to be calculated.
For the amplitude ratio first the dimensionlessapzete” have to be introduced.

r= [E j Ef")z%ERsea (_) (B-ll)
Atlosure

Where;

For0.1< <10 r -1 —1++/1+ 4T ?
ra/2

ForI'<0.1 r J-1+ 20?2

1
ForT > 10 r —

N

The phase difference can be calculated according to

@=arccos (rad) (B-12)

To find the flow velocity, the discharge distribwti in time is not of any importance, but the
discharge amplitud® is, written as:

Q = A)as ml:HA bas = A)as |]k)|] [HA sea = 2 |A)as ml] [R (mS/S) (8'13)

This discharge amplitude represents the highestifgesdischarge and thus the highest flow velocity,
which is the parameter which has to be calculated.

With the help of this equation the flow velocitynche calculated by:

i=-2
A\:Iosure

(B-14)

(m/s)

This results in the following relation between fluav velocity and the other site specific paramgter

GO0A.wr,R, (m/s) (B-15)

losure

109




Feasibility study on tidal power barrages

Before the expected flow velocities can be deteeahjfiirst the following information is required:
= The largest barrage opening surface #&ga,during operation
= The minimum required (time)windotsur. for closure

If sluice gates and turbines are all open, maxinbamage opening surface area can be reached. As
determined in B4, this is about 3 times the totebine surface area. Only the cost efficient plant
design will be considered.

With the help of Table 7.4 this results in thedoling opening surface for One-way generation:

A _6.60A G/R ) (B-16)
,open one T 2 [g
And for Two-way generation:
A= SOBER (847
’ TL/20Y

Before construction of the barrag&e, will be equal toAq.swe When the barrage construction is
completedAg e, Will follow formula B-16 or B-17 depending on theodte of operation.

For the Severn barrage a 60 minute window was [zt sufficient to close of the last part of the
barrage with turbine caissons (Institution of Cihgineers, 1982). Therefore, the same time
window ty,sure Will be suggested.

The preceding can be illustrated by the followixgraple, clearly showing the effect of the closure
to water level, phase difference and flow velocity.
Illustration

The preceding method will be illustrated by an eglnwith the following input:

Table B.3 Parameter values for illustration

R (m) Ao (M?) Acosure (MY w (rad/s)  Generation mode

8 10*10° 8000 1.4*10™ One-way

In Figure B.10 the water level variations are @dttor different phases during the closure procedur
from before construction (100% open) to after camdion (7% open) according to B-16. The
situation where the opening ratio is 1 will thusdogial to the sea level elevation.

The chart clearly shows a smaller basin amplitudenf4 m about 3.5 m in combination with a phase
difference.
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Water level in time

5 [Lrseal]
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Figure B.10 Basin level for varying opening area

Described by the different equations before, tlwsvflelocities vary with the sea level elevation,
which can be expressed by tidal rafigéFigure B.11) and with the barrage opening ratig(Fe
B.12). Both are plotted in the graphs below.

Flow velocity related to tidal range Flow velocity related to barrage opening ratio
14
12
12
Z 10 10
£ w
z e i
é 4 § 4
2 2
0 0 ! ————
0 2 4 6 8 10 12 14 16 18 20 0 02 04 06 08 1
Tidal range (m) Barrage opening ratio ()
Figure B.11 Flow velocity as function of tidal ramg Figure B.12 Flow velocity as function of the apgn

for a 0.07 opening ratio ratio for R=8m

These graphs can be combined into one figure:

Flow velocity while closing

i
o

PR R R
Nw s

z

7111
E
z 9
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3 5 R=20
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T s =3
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3 R=8
2 R=4 |
1 R=2 | e
0 ‘ ‘ : -
0 01 02 03 04 05 06 07 08 0.9 1

Barrage openening ratio (-)

Figure B.139 Flow velocity for various opening aseend tidal ranges

This illustration has given a clear view on thewfloselocity development by varying some
parameters.

111




Feasibility study on tidal power barrages

B6 Interim feasibility number k, for operational
plants and feasibility studies

Table B.4 Site specific parameter values for Ladeaidal power plant (operational) and the Severn
and the Mersey tidal power plant (feasibility sesji

Sgrid (m) Ppot (MW) Huw barrage,mean (m) R (m) Lparrage (m) Abas0 (mz)

LaRance | 50*10° 154 10 7.9 750 22%10°
Severn 30*10° 2642 20 7 15900 479%10°
Mersey 20*10° 277 9 7.4 1700 60*10°

Table B.5 The site potential defined by interinsiieiity numbers;.

Igrid rd N 31
La Rance 0.17 0.18 0.04 0.38
Severn 0.01 0.91 0.20 112
Mersey 0.04 0.22 0.06 0.32
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C Economical analysis

C1 Construction costs

Powerhouse

The powerhouse cosfS, can be calculated by multiplying the powerhouskiwe V, by the unit
cost for powerhouse materiﬁ!pb, which is about 416 $/infor different case studies (Fay and
Smachlo, 1983 I).

Vp,bulb = Nturbine DZOZ DDturbine2 I]RMHWS—MLWS + 2 EH + 23 |:Dturbine) (m3) (3'11)

wave sign

V = Nturbine EI'45 DDturbinez |IRMHWS—MLWS + 2 [IH

p,straflo

+ 22 |:IDturbine) (m3) (3'12)

wave,sign

With this, the following powerhouse cosls can be determined:

Cp,bulb =416[N (20.2 [Dturbine2 HRMHWS—MLWS +2[H wave sign +23 EDturbine) ($) (C-3)

turbine

C = 416|:Nturbine 145 |:Dturbinez HRMHWS—MLWS +2[H +22 |:Dturbine) ($) (C'4)

p,straflo wavesign

Sluice gates

Multiplying volumeV; (formula 3-15) by the unit costs for a sluice gaét BE of 457 $/ni (Fay and
Smachlo, 1983 1) results in the construction ctmtshe sluice gate€,, see formula C-5.

M15MD, . *[H

Vs = Nturbine turbine c (m3) (3'15)

The unit costs for the sluice gates are higher thanunit costs for the powerhouse, as the sluice
gates do not only take into account the concreitgsoa but also include the gates and mechanical
equipment:

C, =B, [N D

S

115D, H,=5278N

turbine turbine

turbine2 l:Hc %) (C-5)

turbine

P For 2006, is the result of taking into accoungaiflation over 23 years from 264 $im
¢ For 2006, is the result of taking into accoungifflation over 23 years over 290 $/m
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Barrage dam

Multiplying the volumeVyamby the unit costs for a barragg..”, about 19 $/(Fay and Smachlo 1),
results in the total capital costs for the barr@gg,

Vdam = Ldam DA‘dam = Ldam [(10 [H c +m [H CZ) (m3) (3'17)
Cdam = lgl:(l‘barrage_ 4.4D turbine[N turbine)D(]'O:H c+ 175]—' 2c ($) (C'G)
Where;

Loarage = total barrage length, in meters (m)

Bed protection
Vbed = (2 [Dpart,req) E(]-O@ [(Lp + Ls) (ms) (3-25)

The unit costs for bottom protection materigh, will be assumed the same as the unit costs for
barrage dam materialBoth consist of granular material and show theeetostrong similarity, both

in material and in costs.

The barrage dam unit costs are 19 %(Fay and Smachlo, 1983 I). As a result the totats for the
bottom protection can be calculated according to:

Cbottom = 19[(100)D(8'8:Dturbine ﬂ (- p+ L s = 3800|:|Dpart,req Eu‘ p + Ls) ($) (0'7)
Transmission lines
£185,—[0(1.02"" -
By, = L )=110 (e/m) - 11001264 14(sim) (-8)
2.20
Where;
f185,- = the costs per meter transmission lined®2] in Dutch guilders (DACE)
1.02 = the average inflation in the Netherlandsnft®92 to 2006 (-)
2.20 = the conversion rate from € 1 to guider®ich guilders per euro
1.264  =the conversion rate from € 1 to USD, in U&D euro (X-rates)
As a result the costs for the transmission linestmestimated using:
Ctrans = Btrans Esgrid = 14ODSgrid ($) (C-g)

91s the result of taking into account a 2% inflatimver 23 years over 12.3 $im
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Turbine and electrical equipment

The electrical equipment for the project, contagnthe turbine and the generator, forms a large par
of the project construction costs. Detailed speatfon are therefore essential. These specification
however, are difficult to estimate. For some operatl projects the costs for electrical equipmest a
present, but the available data is too little aludtfiates too much to be able to draw some valid
conclusions from. Therefore, the turbine produckstdin Power France has been contacted.

Turbine costs

As mentioned earlier, the Bulb and the Straflo itugb are to be applied for tidal power. The double
regulated Bulb turbine will be more expensive thhe single regulated Straflo turbine as more
regulation is possible. More regulation is more engive, but increases the (average) turbine
efficiency (see subsection 4.2.2).

With the input of Alstom Power France, costs estioms could be made for the Bulb turbine and
will be discussed below. No other information wasikable for the Straflo turbine costs, so these
costs are assumed to be equal to a single reguBatidturbine with variable guide vaneBhese
costs for a single regulated Bulb turbine are abou®©0% of the turbine costs for a double
regulated Bulb turbine (Alstom Power France)

The graph shows different estimated turbine castges as function of the turbine diameter and the
(design) head difference. The upper three linesrimsthe 7.5 m diameter and the lowest three lines
the 4.5 m diameter.

ESTIMATIVE PRICES FOR TIDAL BULB UNITS
(Turbines only)

140000

=—Diadbm =—Diabm =—Dia?bm ‘ Unit Characteristics

120000

65 MY /15 n - 78 rpm

D2 MWD m- 714 rpm

100 000
209 MW S5 fn - BO rpm

80 000

352 MW /14 - 100 mm

26 b S 10 0 - 88 rpm
50 000

134 MW S5 m - 75 rpm

19.7 MW /18 m - 13004 rmpm
T4 MW /10 - 115 rmpm
7.5 MW /S m - 100 rpm

Total Turkine Selling price in KEuro

W\

|

40000 —

I
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[RITAN

(=]
w
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m
m
-~
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Number of machines

Figure C.1 Double regulated Bulb Turbine cost eation (Alstom Power)

Where;
Dia = turbine diameteDy,pine (M)
15m/10m/5m = rated head differerggeq (M)

The figure shows that there are fixed starting<ést one turbine and that the costs increaserlinea
with the number of turbines. It is expected thatddarge number (say 50 turbines) each additional
turbine will cost less. For such a scenario, AlstBower anticipates a 5% discount of the total
turbine costs. Increasing the turbine diameterlt®$o higher costs, same with an increase in head
difference. The influence of the diameter howesganich larger than by varying the head difference.

Out of these curves it was possible to define ameral function for each of these function as they
cross the same point whdpine = O.
The function is expected to contain the followirgacteristics:

= Fixed starting costs

= Some relation with the (rated) head differehggq
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= Linear relation with number of turbin®&,pine
= Exponential relation with the turbine diameBgpine

Investigation showed that the following functiotsfivell to the various curves:

Curbine buib,double = 2 [10° +16410° &/h,0g Niypine Dirpine. ©) (C-10)

rated

As example three scenarios are illustrated in #iget below, which shows a small difference
between the estimated costs from curves and debiyele function.

Table C.1 Comparison turbine costs by curves ameige function

Niurbine (-) | Diwrbine (M) hraea (M) | Turbine costs graph (€) Turbine costs function (€) | Difference

6 45 5 35+10° 35%10° = 0%
6 6 10 68*10° 68+10° = 0%
6 7.5 15 117*10° 114*10° = 3%

The general formula C-10 is a very useful and an sg method to make a first estimation for
turbine cost estimation. It also contains the chareteristics and parameter relations which were
expected beforehand.

Finally, formula C-10 will be transposed from Eu®mUSD (1 Euro = 1.264 USD (X-Rates Oct
2006)) and the following equation can be presented:

C

turbine, bulb, double

=6.3000 + 2070103/ N, ..; (N pre Pine. ) (C-11)

turbine turbine

C C ~0.90(6.3116 + 2071103/h

turbine bulb single

_ 2
turbine, straflo — rated I:Nturbine [Dturbine ($) (C-12)

Further electrical equipment costs

Turbines require electrical equipment to convervement into electricity with the generator as main
unit. The whole package of electrical equipment, containg generator, controls etc, will form
about 50% of the turbine costyAlstom Power France).

With this estimation the most suitable generat@acity is applied, varying the turbine diameter and
head difference.

Total costs
As a result, the following costs can be consideredtaining the turbine costs and the electrical
equipment:

C

turbine+ g, bulb double turbine turbine

~1.506.316 + 207103/n_., N, Dy’ (©) (C-13)

C, C

urbine+ g, straflo — turbine g bulb single turbine

=1.350(6.316 + 207 10%/h,... Ny wre Puwsine. &) (C-14)
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Total construction costs

Since all capital costs are worked out separatiig, total project construction costs can be
determined by:

Ct - Cp + Cturbine+ g + CS+ Cdam+ Cbottom+ Ctrar (%) (C-15)
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Cc2 Cost reference level

Electricity generation sources

The following types of electricity sources will leken into account; coal, gas, nuclear, biomass,
hydropower and onshore wind power.

An electricity generation selection should include:
= Large variety in electricity sources
= Main conventional and emerging generation types

For the selected sources, conventional and emeggingration can be classified as follows:
Conventional generation: Coal, gas, hydropowelrrarclear power.
Emerging generation: Biomass and wind power

Besides the absence of oil as a generation sodueeto a lack of data, the presented selectionsmeet
the determined criteria and can therefore been ae@aluable representation.

Overnight construction costs
In the text all dollars ($) and dollar cents ($&nsl for USDollar(cents).

The overnight construction costs are the relatigital costSof a project if it would be constructed
overnight, in $/kW. Therefore, a power plant wiilgtrer power capacity, but same capital costs, will
result in lower overnight construction costs.

Each of the above mentioned electricity sourcedthasvn typical overnight construction costs.

The construction of a tidal power plant might forample start in 10 or 20 years from now.
Converting all finances to these years will brifigng some extra inaccuracies caused by several
predictions on energy prices and currency factors.

Therefore, for simplicity reasons, all finances emaverted to present 2006 level.

The table below (Table C.2) shows the obtainedroght construction cost predicted data from 2005
and 2010 in $/kW for the various electricity sowead are representative for the United States.

Table C.2  Overnight construction costs by eleityr source for 2005, 2010 and 2006 (Tayler,
2001)

Overnight construction costs ($/kW) Derived ($/kW)

2005 2010 2006
Gas 429 381 419
Wind 763 763 763
Coal 1029 953 1014
Biomass 1449 1335 1426
Nuclear 1525 1411 1503
Hydro 1716 1620 1697

2006 data was obtained by derivation from the 2888 2010 prediction, using the following

formula:
2006%/kW = 2005$/kW ¥s*(2005$/kW - 2010$/kW)

The 2006 values are plotted in Figure C.2.

¢ Capital cost is the total investment needed to detem project and bring it to a commercial opezaithtus,
the cost of construction of a new plant.
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Overnight construction costs per electricity source for 2006

O Electricity source
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Figure C.2 Overnight construction costs per eliettly source (2006) (Tayler, 2001)

The numbers which are to be mentioned in this @raptich as different costs per electricity source,
are representative for the United Stat®scause no reliable global information was fourttgse
numbers for the United States are assumed to reptegobal numbers (costs).

The author is aware that these numbers form a foase final conclusion of the thesis and will
therefore mention this assumption and its finalseguences.

Figure C.2 clearly shows the positive position afidvpower as the first renewable sources in the lis
while the construction of conventional hydroelectpiants has high capital costs. This is probably
the result of a shortage of space for new hydrardeprojects in the United States. The low
overnight construction costs for wind on the othand could only be generated by government
subsidies.

Levelized electricity costs

Beside the overnight construction costs it wouldvhiiable to take the pure electricity generating
costs as a second reference level. However, punerging data for various electricity sources
appeared to be incompléand inconsistefiand therefore the levelized electricity costs Wwél used
as reference level. The consequence is that thakapst now have influence on both the overnight
construction costs and the levelized electricitgtso

However, the levelized electricity costs partly negent the generating costs after the initial
investment and are therefore of great importancgederation method for example, which appears
interesting because of its low investment costsilccdoose the competition with others when it

implies higher costs for generation.

The table below (Table C.3) shows the obtainedlizze cost predicted data from 2005 and 2010 in
$c/kWh for the various electricity sources andraesentative for the United States.

" Literature sometimes showed a lack of informatiwinere no 2006 prediction could be made or did not
represent the main generation methods.

9 Literature sometimes showed inconsistent use lofevdefinitions so that values could not be comgavih
each other.
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Table C.3 Levelized electricity costs by eledtrisource for 2005, 2010 and 2006 (Tayler, 2001)

Levelized electricity costs $c/kWh Derivative $c/kWh
2005 2010 2006
Wind 2.9 2.6 2.9
Gas 3.1 3.0 3.1
Coal 33 31 33
Nuclear 4.5 4.3 4.5
Hydro 5.5 5.2 5.5
Biomass 5.7 5.2 5.6

2006 data was obtained by derivation from the 2888 2010 prediction, using the following
formula:
2006$c/kWh = 2005$c/kWh¥s*(2005$c/kWh - 2010$c/kWh)

The levelized electricity costs which are to berfoin Figure C.3.

Levelized costs per electricity source for 2006

HYDRO BIOMASS

NUCLEAR

COAL
WIND GAS

Figure C.3 Levelized costs per electricity soui2@06) (Tayler, 2001)

The explanation of the high levelized electricibsts for hydroelectric power and low costs for wind
energy are expected to be the same as describdtkforernight construction costs.

Capacity factor

Each generating resource has its own capacity rfaatso called plant factor, which could have a
great influence on the amount of produced energypewed to the rated production. Take notice that
this plant factor is already included in the lexedl electricity costs for comparative electricity
sources.

As illustration, capacity factors for the main etaity sources in the UK during 2004 is illustrdte
by Figure C.4, which clearly shows the high capafattor for the conventional generating sources
compared to wind as emerging generating sourcel¢gir2005).
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Figure C.4 Capacity factor per electricity sourd@904) (Sinden, 2005)

121




Feasibility study on tidal power barrages

C3 Costs tidal energy

Ideal total construction costs C;

The highest feasibility for tidal power will be ated for a site where:

= Nodamis required Cgam=0
= No bed protection is required Cpeq=0
= Site is located on electricity grid Cians=0
Further:
- Hwave,sign: 0
= The site has a large tidal range R=10 m
= The site has a large basin surface area Apaso= 10 knf
= The site has a semi-diurnal tide T=44712 s
*  Runws-muws® 1.5*R=15m
= Two-way generation will take place, using doublgulated Bulb turbine
= MSL=10
. Diurbine =5 m
" Hgeao=10 m
Ct = Cp + Cturbine+ g + Cs ($)
— 2
Cp,bulb - 4':I'Glj\lturbine 902 DDturbine |JRMHWS—MLWS + 2 l:H wave sign + 23 |:Dturbine) ($)
~ 2
C:turbine+ g, bulh double™ 15[(6316 + ZOE 1 hrated |:N'(urbineDDturbine ($)
— 2 _ 2
Cs - BS |:Nturbine 115 |:Dturbine D_|C - 5278|:Nturbine |:Dturbine |:Hc ($)

Ct :945D]‘G + Nturb\ne EDlurbme2 D(840:B] RMHWS MLWS+ 2.8D lurbine‘)’ 031 i% h ralea*- 52|-( s€a+ R MHWS MLWS($)

C, = 945M10° + N, ;. [Dyne. (840301L5R+ 23[D, ;) + 025M10° [#/R + 5278110+ 15[R)) ($)

With;

_092[A,, /R
turbine — TD 2

turbine
the following can be written:

=26 ()

C, = 945010° + 2657 [(8403(L510+ 2.3(5) + 025010° (/10 +5278710+15)) ($)

C, = 945[10° +6500102210° + 04410° + 01310°) ($)

C, =52900° ($)
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Plant capacity

2 D’] 3/2 (MW)

rated turbin

P =3329710° [N (D

capacity turbine turbine

For Two-way generation the following values werei: hy . =0.42R andypine = 0.85. Then:

P =332971107° [26(5° (042[10)*? [D85=186 (Mw)

capacity

Total mean power output
The mean power output can be calculated by:

6 2 3/2
33297[”‘0 DNturbine [Dturbine |:hmean netto Dr,tgeneratim turbir

= MW
t,mean T T ( )

For Two-way generation the following values wergivt: Nmea=0.3R and T generation= 0.66T.
Then:

P

t,mean T

=332970110° 026150 ((0.39 10) 0.8830 0.85 066  (Mw)
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D Generic Plant Design Guideline

Procedure 1: Determine optimum turbine diameter andturbine number

If H ceamws 218.4 then D wiine =8
H
_ " sea,mLws
Else Dturbine - 2.3
Where;
H seamiws = water depth at sea at MLWS (m)
D wwrbine = turbine diameter (m)
Input data:
| Hsea,Mst = m

Procedure 2: Determine optimum number of turbine:

In case of One-way generation: 0.63 DAb . B\/ﬁ
N turbine = =
2
T EDturbine
In case of Two-way generation: 092 |:|Ab . D\/E
- as,
turbine 2
T [D turbine
Where:
N turbine = number of turbines (-)
Abaso = basin surface area at MSL (m2)
R = mean tidal range (MHW-MLW) (m)
T = tidal period (s)
Input data:
Abas‘O = m T = s
R = m

Procedure 3: Check available barrage lengt

If Loarrage = 455N 1pine (D yyrpine  then continue with Procedure 4

Else Decrease the number of turbines until it meth the barrage length condition
Where:

Lbarrage = barrage length (m)

Input data:

Lbarrage = m
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Procedure 4: Determine the required (starting) headlifference

he, = 028R
Where;
Preq = required head difference (m)
Input data:
| rR = m

Procedure 5: Determine the generator capaci

Pra!ed = 33297D106 D) : Ehratedsl2 D] turbine

turbine
h rated 1 trbine
One-way generation 0.51R 0.89
Two-way generation 0.4R 0.85

Total plant capacity can be calculated by mulig P aeq With N yrpine -

Where;
P rated = rated power (= generator capacity) (MW)
P = water density (kg/m3)
g = gravitational acceleration (m/s2)
P atea = rated head difference (m)
M wrbine = averaged turbine efficiency (-)
Ny = averaged generator efficiency (-)
Input data:
| » = kg/m’

Procedure 6: Determine sluice gate surface ar

— 1 2
Al,s -2 DT[Dturbine (N turbine
Where;
Ags = total sluice gate surface area (m2)

Procedure 7: Determine total mean power outpt

6 2 3/2
- 33297[[]'0 |:N'turbine |:Dturbine |:lhmean Dr,l generatiow turbin
t,mean’ T —
T
h mean Tt‘generatiun M turbine

One-way generation 0.46R 0.381 0.89

Two-way generation 0.3R 0.66T 0.85
Where;
P meant = mean power output per tidal period (MW)
P mean = mean head difference (m)
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E Generic Site Selection Guideline

Procedure 1: Check tidal power feasibility criterian

If R=7 then Continue with Procedure 2
Else Site is not economic attractive for tidal power
Where;
R = mean tidal range (MHW-MLW) (m)
Input data:
| R = m

Procedure 2: Determine tidal power feasibility numier x, by three ratios

Ky = Tgiq +0g + 11
With;

R Sgia LT

grid R+ H 40Apas mHw 4
10 DAbas o R 2 [( bas ,mean ,scheme ) 3MApas 0 3
R
r. = HW'—mea"Z
d 2
9[R
F. - Lbarrage
3540/A,

Where;
Kq = interim feasiblity number (-)
I grid = grid distance ratio (-)
g = depth ratio (-)
r = barrage length ratio (-)
Sgrid = distance to grid (m)
T = tidal period (s)
Abaso = basin surface area at MSL (m2)
H pas mean,scheme = water depth at mean basin level, derived fronegeion scheme (m)
Abas MHW = basin surface area at MHW (m2)
Hu,mean = mean water depth at barrage (m)
L barrage = barrage length (m)
Input data:
Sgrid = m H basmean.scheme = m
T = s Abpas MHW = m’
Abas,o = m? H v, mean = m
R = m L parrage = m
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Procedure 4: Determine the cost-power ratio 4. for the selected site

C, [T 10°

R

costs APvasmHw _4
5037 ‘:RZ R+H basmeapschem 3Pyas0 3
DA\JasO H E)

H bas,mean,s

cheme

|Two-way generation 0.0R

With;

Ct = Cp + Cturbinag + Cs+ Cdam+ Cbottom+ C

With;

C b = 416 ENmrbine [20.2 [Dlurblne

C = 1.50(6.300° + 207 [10° &/h N

turbine +g rated

C, =5278[N D pne H

turbine turbine c

C,...=1900L 4.4MD . [N

dam barrage_ turbine turbine.

H.=H

c seg0

= 3800[D part I'quKL p+ L S)

+O'5ERMHWS- MLWS+ 2[H

waye sit

C

bottom

C =1400s

trans grid

D part.req CaN be derived by the following diagram:

Required particle diameter

-

o
©

| g

08 No bottom protectiol /

required

o
<

o
@

o <
=

o
w

Bottom protection
required —

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Mean tidal range R (m)

o
N

Required particle diameter Dpart,req (m)
o
@«

o
i

)

o

Where;

I costs = cost per power ratio (-)

C; = total construction costs ($)

o = construction costs for powerhouses ($)

tran

turbine

2
HRMHWS -MLWS + 2 EH wave ,sign + 23 I:Dturbine )

2
I:D turbine )

)O@OH + 1.75H 2
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Continuation Procedure 4

Cturbine+g

Cs

C dam

c bottom
Ctrans

N turbine

D turbine
RMHWS—MLWS

H

wave,sign

= construction costs for turbines and generatdrs ($
= construction costs for sluice gates ($)

= construction costs for dam ($)

= construction costs for bottom protection ($)

= construction costs for transmission lines ($)

= number of turbines (-)

= turbine diameter (m)

= mean spring tidal range (m)

= significant wave height (m)

N ated = rated head difference (m)

H. = construction height (m)

D partreq = required particle diameter to withstand flow \ifies (m)

Lp = total powerhouse length (m)

Ls = total sluice gates length (m)

H seamiws = water depth at sea level at MLWS (m)

Input data:

T = S N turbine =

Abas,o = m’ D wrbine = m
R = m L barrage = m
H wave,sign = m Ly = m
H bas,mean,scheme = m L = m
Apas MHW = m’ Sgrid = m
Ryvrws-mws = m H seamiws = m

Procedure 5: Final site selectio

K, =k, LF

costs

The site with the lowest obtained value can lzgatterized as the most promising site within dzgch area.
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