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ABSTRACT

The world is focusing on renewable energy especially on solar, wind and tidal energy.
However, research on tidal power, more specifically, tidal barrage power, has not yet
received due attention. Current approaches and practices for the assessment of tidal barrage
power generation do not consider the continuous changes in the head differences between
the sea and basin. Rather a static overall estimate using an arbitrary reduction in efficiency
and head difference is used. Several equations or formulas based on this assumption are used
to assess tidal power. Most of them use a static head rather dynamic head. This study
considers the real-time changes in water levels inside and outside the basin to compute the
actual power generation potential based on dynamic water head, with the specific objectives
of developing an analytical model to assess real-time power and energy, and assessing an
optimum basin configuration that generates the maximum tidal power. This study also

assesses the tidal barrage power potential in the coastal area of Bangladesh.

A hypothetical model for continuous generation is used as a base case to compute the
dynamic head for a tidal barrage. This base model did not consider minimum head for turbine
operation to avoid cavitation or provision of gates to increase the efficiency of operation and
used a simplified sinusoidal tidal water level variation. However, in reality the observed tide
1s a superimposition of a series of tidal constituents having different tidal amplitudes, speeds
and phase angles. Also, water level at the basin side at any particular time depends on the
area of the basin, volume of the basin, basin configuration, water level of the basin, water
passing through turbines, etc. In this study, a generalized polynomial equation is developed
to calculate water surface area in terms of water level. The real-time analytical model
developed in this study, referred to as the ‘RTA Model’, introduces a set of parameters that
more closely represents the actual and real-time water level variations in the basin and the
sea. A set of equations represents the discharge through the turbine and gate and computes
power generation during different tidal phases. The analytical model has the flexibility to
change the turbine capacity (size and number) and gate capacity (size and number). This
model is implemented in Excel to test different realistic situations or scenarios of the base
case, such as flood-ebb generation and ebb generation. In these cases, the thresholds for

power generation and gate operation are considered.

Results from the new RTA Model are compared with those from the hypothetical base model.
The maximum peak power from the base model is 654.4 kW compared to 666.6 kW from
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the RTA Model. The RTA Model yields 1.86% higher power than that of base model.
Similarly, the average peak power from the base model is 261.12 kW against 247.33 kW
from the RTA Model. Energy from the RTA Model is 5.60% higher than that from the base
model. The RTA Model is tested for three situations - flood-ebb generation with gates, ebb
generation with gates and flood generation with gates. Results for 24 hours show that ebb
generation with gates gives more energy (9,280 kWh/day) than that for flood-ebb generation
with gates (8,125 kWh/day) and flood generation with gates (5,190 kWh/day). Generation
time for ebb generation with gates, flood-ebb generation with gates and flood generation
with gates are 66%, 48% and 37%, respectively, of the full duration. Ebb generation yields
more energy than that of flood-ebb generation, but duration of ebb generation is slightly less
than flood-ebb generation. The model is also validated using the data for the Severn tidal
barrage, for which the annual energy output was initially 15.09 TWh and was later re-
assessed to be 11.12 TWh. Using the present RTA Model (ebb generation), the annual
energy output was found to be 10.77 TWh which is only 3.15% less than the latest

assessment, and about 28.62% less than the original assessment.

Optimization of the plant capacity is conducted in this study. Generally, the higher the
turbine capacity, the higher the extractable energy. However, the cost or investment
increases with the capacity. Therefore, capacity optimization is required to make the energy
generation cost-effective considering the turbine capacity and its cost. In this study, levelized
tariff (cost/kWh) is considered as a basis for plant optimization. Levelized cost of energy

(LCOE) is the cost for per unit energy production for the economic life of the plant.

In this study, it is assumed that the water level remains horizontal at the sea and the basin
during the tides. However, in reality, the water level in the basin and sea varies non-linearly
during each tidal cycle. This non-linearity depends on the aspect ratio (width/length ratio) of
the basin and the openings of turbines and gates. To check the sensitivity of the basin aspect
ratio, an arbitrarily basin of 10 m depth and 90 km? area having aspect ratios of 0.9, 0.625
and 0.4 m were considered with a tidal amplitude of 4 m. Using the two-dimensional
NAO.99b model based on non-linear shallow water equations (Matsumoto et al., 2000) the
actual non-liner water level variations for this hypothetical basin is determined. It is observed
that the higher the aspect ratio the higher the annual energy output. The model was also run
to assess the impact of the vertical cross section of the basin on energy generation. It is
observed that a trapezoidal basin having a side slope s = 0.5 yields more energy than a

trapezoidal basin having a side slope s = 2.0, or a rectangular basin or parabolic basin
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considering the same tide data (same tidal range) and same area of cross sections (within

high tide and low tide) along the length of the basin irrespective of the shape.

In Bangladesh, there are some potential sites for tidal power generation. Generally, at least
a 5-meter tidal range is required to generate tidal range power or barrage power. This study
reveals that some areas such as Sandwip, Khal No. 10, Mongla and Sadar Ghat (Chattogram)
are promising sites for tidal barrage power development. This study applied the analytical
RTA Model to a hypothetical case for the Sandwip channel (having a tidal range more than

7 m) to assess the potential of the site.

Using the past 20 years’ tidal data, 214 tidal constituents (each of which is considered as a
simple harmonic motion with different amplitude, speed and phase) were developed using
the ‘GeoTide Analyzer (3.0.x, 2015)’ software. GeoTide Analyzer converts observed tide
gauge data directly into tidal harmonic constants which can then be used to make tidal
predictions for any future or past date. Using the bathymetric data of Sandwip channel
collected from BIWTA, CEGIS and Bangladesh Navy, an area-eclevation curve is drawn
which is used in the model to assess the incremental increase or decrease of water level as
well as the water level change after a small interval to calculate the head for a given time
step. Utilizing the flexibility of the RTA Model to change the number of turbines and gates,
as well as their dimensions (diameter and size) and its suitability for flood-ebb generation,
ebb generation or flood generation, it is observed that ebb generation yields more energy
than that of flood-ebb generation, but duration of ebb generation is slightly shorter than
flood-ebb generation. The optimum capacity of the plant is assessed by calculating the
LCOE. Model results show that for a basin area of 500 km?, the average plant capacity for
Sandwip channel would be 854 MW and the plant will generate 2,203 GWh annually in ebb
generation mode with 400 turbines (each 6 m in diameter) and 800 gates (each 12 m x 8 m
in size). The maximum capacity will be 2,757 MW and will supply electricity 29% of the
time in a year. The present estimated cost of the plant is BDT 14,763 crore USD 1,678
million (at a conversion rate 1 USD = 88 BDT).
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CHAPTER 1
INTRODUCTION

1.1 Background

Energy is a key driver of the current unprecedented level of economic growth,
prosperity, and globalization, particularly during the past centuries (Simmons, et al.,
2014). Throughout this period, a variety of primary energy sources have been used
including traditional biomass, coal, oil, and natural gas for energy production. More
than 80% of global energy is still produced using fossil fuels causing significant harm
to the environment in the form of greenhouse gas emissions and pollution (IEA, 2019).
World population, is about 8 billion in 2015, will continue to grow before stabilizing
around 10 billion people in 2050 (UNDESA, 2013). Nearly all of this growth will be
in the less developed countries. At the same time, urbanization will grow and
population will become older. So, global big challenge is how we could supply clean,

safe, affordable and scalable energy to the world’s growing energy demand.

The Sustainable Development Goals (SDGs), adopted by the United Nations General
Assembly (UNGA) in 2015, provide a powerful framework for international
cooperation to achieve a sustainable future for the planet (UN, 2015). The 17 SDGs
and related 169 targets, at the heart of ‘Agenda 2030°, define a path to end extreme
poverty, fight against inequality and injustice, and protect the planet’s environment.
Sustainable energy is central to the success of Agenda 2030 (UN, 2015). The global
goal on energy (SDG7) encompasses three key targets: (1) ensure affordable, reliable
and universal access to modern energy services; (2) increase substantially the share of
renewable energy in the global energy mix; and (3) double the global rate of
improvement in energy efficiency (UN, 2015). The different targets of the SDG 7
contribute to the achievement of other SDG goals and recently this has been the focus

of an increasing number of studies (McCollum, et al., 2018).

Now-a-days world-wide focus is to explore more green energy or renewable energy
like hydropower, wind power, solar power, and tidal power in order to achieve the
global carbon emission reduction commitments as an attempt to lessen the climate

change impacts (Owusu & Asumadu-Sarkodie, 2016).



Earth surface is covered by land (28.89%) and water (71.11%) (USGS, n.d.) Tides on
the earth acting on water particles is caused by the gravitational attractions of the moon
and the sun. Tidal predictions can therefore be calculated accurately from harmonic
analysis of previous recorded data (Parker, 2007). Most coastal areas, with some
exceptions, experience two high tides and two low tides every lunar day (Ross, 1995).
A solar day is the time (24 hours) that it takes for a specific site on the Earth to rotate
from an exact point under the sun to the same point under the sun. Similarly, a lunar
day (24 hours and 50 minutes) is the time it takes for a specific site on the Earth to
rotate from an exact point under the moon to the same point under the moon. The lunar
day is 50 minutes longer than a solar day because the moon revolves around the Earth
in the same direction that the Earth rotates around its axis. So, it takes the earth an extra
50 minutes to “catch up” to the moon (Sumich, 1996). There are several periodic cycles
which affect the tidal ranges; the most important are the lunar and solar tidal cycles. In
1687, Sir Isaac Newton explained that ocean tides result from the gravitational
attraction of the sun and moon on the oceans of the earth (Sumich, 1996). The
combined effects of the gravitational forces exerted by the moon and the sun, and the
rotation of the Earth create tides which are periodic rise and fall of sea water
levels. A tidal barrage is a dam-like structure allows water to flow into a bay or river
during high tide, and releases the water during low tide through turbines and gates. The
rise and fall of water level creates potential energy stored between two levels and in-
stream kinetic energy in the moving water. Power generated from tides either by
converting potential energy or by utilizing the in-stream kinetic energy into useful
forms of power, mainly electricity is called tidal power (Neil, et al., 2018). Tidal
barrage power plants harness the potential energy contained in an impounding basin
where a relatively large tidal range exists (Angeloudis, et al., 2018). Tidal power is a
permanent source of energy, accurately predictable and free from all types of

pollutions.

Bangladesh Government has a constitutional mandate to adopt effective measures to
bring about a radical transformation in the rural areas through the promotion of
agricultural revolution, rural electrification, development of industries and
improvement of education, communication and public health, and removing the
disparity between the urban and rural areas (GOB, 1972). Last few decades,

Bangladesh power sector faced huge challenges to meet the demand and overcome the
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load shedding problems both in rural areas as well as urban areas. A recent survey
reveals that power outages result in a loss of industrial output worth $1 billion a year
which reduces the GDP growth by about half a percentage point in Bangladesh
(Independent, 2018). Without adequate power, development is not getting pace in the
country. The present Government after taking over charge enacted “The Quick
Enhancement of Electricity and Energy Supply (Special Provisions) Act, 2010 to
ensuring uninterrupted supply of electricity and energy to the system. Now,
Bangladesh Power Sector is moving towards attaining long term goals to ensure energy
sustainability (Moazzem, 2019) by establishing capacity of 27,400 MW in 2030 and
51,000 MW in 2041 (PSMP, 2016). The power sector has been able to come out from
the period of crisis (SREDA, 2015). Access to electricity (% of total population) in
2008 was 47% which raised to 91.5% in 2018. Maximum peak generation was 4,130
MW in against of maximum demand 5,569 MW in 2008 and these rose to 10958 MW
in against of 14,014 MW in 2018. The projected peak electricity demand in coming
years (base case) would be 14,500 MW (in 2021), 27,400 MW (in 2030), and 51,000
MW (in 2041) respectively (PSMP, 2016). The power sector has experienced
considerable progress in meeting the demand for electricity. Access, coverage, and
level of consumption have significantly increased over the years. Daily load shedding
has significantly dropped from 1107 mKWh in 2009 to 32 mKWh in 2018. (Moazzem,
2019) However, Bangladesh’s coverage (76 per cent) and access are still behind South
Asia average (85.6 per cent) in 2016. Besides, energy use efficiency has been
improving. As of 2018 total installed capacity of 154 power plants is 15042 MW out
of which government owned power plants is 8845 MW, Rental power plants 1745 MW
and IPP 4452 MW (PSMP, 2016).

When it comes to generating renewable energy, Bangladesh’s past performance has
seen a mix of success and failure. According to the “Renewable Energy Policy, 2008,
the government was supposed to achieve 5% power generation from renewable sources
by 2015, and 10% (supposed to be double) by 2020 (GOB, 2008). The government did
not attain its goal of generating five percent of the country’s electricity from renewable
sources by 2015. Bangladesh is currently generating around 572.63 MW of electricity
from renewables out of which 230 MW from hydro, 338.65 MW from solar, 2.9 MW
from wind and 1.08 MW from Biogas and Biomass, which is just 2.95% of total power
generation (Cell, 2020). Experts reckon generating 2000 MW of power (10% of the
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total) within one year, will be challenging. The government also plans to generate
2,896MW electricity from the same sources by 2021, but slow growth in this sector is
nowhere near the projected target. (Nabi, 2019)

Tidal power is enormous, renewable, green, pollution free, predictable, non-depleted
but costly and amount of power changes at every single step of time as tide level vary
with respect of time (Salequzzaman, 2014). Tidal barrage power plants harness the
potential energy contained in an impounding basin where a bay or estuary experiences

a tidal range more than 5 m (Etemadi, et al., 2011).

There is huge potential to develop tidal barrage power in the world and same as in
Bangladesh. (Roy, et al., 2015) Although tidal power is reasonably predictable, its
magnitude changes periodically at different temporal scales because of the variations
in tide-producing gravitational forces caused by the sun and the moon (Shevkar &
Otari, 2015). Tidal head difference varies so rapidly due to interactions of sun, moon
and earth i.e. variation of water head in a tidal basin (tidal barrage power) is higher
than that of hydropower. So real time assessment and monitoring is very important. A

suitable barrage power site could produce a large quantity of power.

Tidal power can be generated either by converting potential energy or by utilizing the
in-stream kinetic energy into electrical energy. Tidal barrage power plants harness the
potential energy contained in an impounding basin where a relatively large tidal range
exists. Although tidal power is reasonably predictable, its magnitude changes
periodically at different temporal scales because of the variations in tide-producing
gravitational forces caused by the sun and the moon. Energy has been extracted from
tides for centuries (McErlean, et al., 2007). At present there are five tidal range power
plants in operation around the world (Shevkar & Otari, 2015) La Rance tidal power
(240 MW) in France and the Sihwa Lake tidal power plant (254 MW) in South Korea
are two larger tidal power plants. Other three tidal range power plants, relatively small
in size, are: Kislaya Guba (1.7 MW) in Russia, Annapolis Royal (20 MW) in Canada
and Jiangxia (3.9 MW) in China.

In Bangladesh, having a long coastline (approximately 710 km) and a relatively
medium tidal range of 2-7 m has a large potential to harness tidal power. (Ahmad, et

al., 2018). A simple theoretical analysis of the data shows that power generation would



vary proportionately with basin area and square of tidal range. An analysis of the
coastal tide data of Bangladesh shows that in 2019 the tidal range was the minimum
(2.81m) at Barisal and the maximum (7.65m) at Sandwip which indicates there are
some potentiality in the coastal area to harness tidal barrage power. Since tidal heights
vary with respect to time, real-time assessment and monitoring is very important. Small
to large scale power generation plants can be established in the coastal areas like
Sandwip, Mongla, Khepupara, Cox’s Bazar, Hiron Points, Galachipa, Patuakhali and
Barisal. (Halder, et al., 2015) Although the government of Bangladesh emphasizes the
need for renewable energy (GOB, 2008) an assessment of the potential for tidal power

generation in Bangladesh is yet to be initiated.

In the assessment of tidal power generation, the basic equation relates the mass of water
and water head difference with the theoretical potential energy while the energy
available from a barrage depends on water surface impounded by the barrage and the
corresponding tidal range (McErlean, et al., 2007). However, a minimum water head
difference between the sea and the basin is required for tidal power generation (Lamb,
1994). In the current practice for assessing the tidal power potential for a plant,
primarily the duration of power generation and hydraulic efficiency are considered.
Power generation duration is assumed to be one-third time of the day and the efficiency
of the system is assumed to be 90%. Based on these, the design extractable power is

30% of potential energy (Xia, et al., 2012); (Rashid, et al., 2012).

Several methods and numerical approaches have been developed to assess tidal power
and energy. Prandle (1984) used tidal amplitude instead of tidal range to assess the
maximum tidal power. The actual extractable energy per tidal cycle equals to 0.27 Emax
(for ebb only) and 0.37 Emax (for two-way generation). Lamb (1994) used mean tidal
range instead of maximum tidal range whereas Rashid, et al., (2012) used tidal range
and 60% conversion factor to calculate power. Tester, et al., (2012) used an average
power conversion efficiency of 33% and Xia, et al., (2012) used the mean tidal range
for tidal power assessment. Neil, et al., (2018) suggested theoretical and zero
dimensional (0D) models with more detailed depth-averaged (2D) equations and
hydro-environmental tools for the assessment of tidal power. Alam, et al., (2012)
developed a method to calculate the required number of turbines based on the

impounded water volume and the water flow passing through the turbines.



In a tidal barrage, tidal water level on the sea side is a superimposition of a number of
periodically-varying tidal constituents (Parker, 2007), while the water level in the basin
depends on the geometric configuration of the basin and operational control of the
turbines (Tousif & Taslim, 2011). All previous methods for the assessment of tidal
power are based on fixed assumed variables such as duration of power generation, and
ignore the actual real-time variability in these variables. Assessment of power
generation potential based on real-time water head differences, long-term tidal data and
basin configuration will yield a more accurate estimation of power generation. An
analytical model based on a set of equations that describe this real-time variability will

be instrumental in designing tidal barrage power plants.

This study would attempt to develop a new methodology for calculating real time
water head, power and energy and identify appropriate site and possible plant capacity
of tidal barrage power. This study would provide an idea for developing a tidal barrage

plant in Bangladesh.

1.2 Objectives

The goal of this study was to achieve a better estimation of tidal power generation by
establishing a real-time functional relation (i) between water level and basin volume,
which in turn relate to turbine discharge and water level changes in the basin, and (ii)
among the tidal constituents having different phases and amplitudes in the sea side,
expressed as a superimposed function with respect to time. This approach will require
formulation of an analytical model employing equations to compute the dynamic water

head, power and energy considering water level variations in a tidal barrage.
The main objectives of the study were to:

1) develop an analytical model with equations to compute dynamic water head,
power and energy for a tidal barrage with variable water levels at the sea and

the basin;

2) determine the optimum basin configuration that yields the maximum tidal

power; and



3) assess the tidal power generation potential from a tidal barrage in the coastal

area of Bangladesh.

Outcome of the study

An analytical model for computing real-time water head, power and energy potential
for a tidal barrage is developed. The model is useful in assessing tidal power potential

more accurately.
Original contribution of the study

The previous approaches and practices for the assessment of tidal barrage power
generation did not consider the continuous changes in the head differences between the
sea and basin, rather a static overall estimate using an arbitrary reduction in efficiency
and head difference is used. This study has considered the real-time changes in water
levels inside and outside the basin to compute the actual power generation potential
based on dynamic water head, and developed a new analytical model to represent the

water level variations and basin configuration.

1.3 Research Questions

In order to achieve the objectives, the following research questions have been

addressed in the next chapters:
(1) How can we improve the existing approaches to assess tidal barrage power?

There are a few numbers of tidal barrage power in the world. In most of the cases,
energy and power were assessed using simple formula of power and energy where
some authors used tidal range, some used tidal amplitude, some used average tidal
range and some used average head which didn’t represent the real water head. None
of them used dynamic head to assess tidal barrage power for a particular time. In this
study, though the same formulas of power and energy are used but instead of tidal range
or amplitude or average head, dynamic head, the real-time water head for a particular

time is used to calculate power and energy.



(2) How can we improve the existing formulas to assess real time dynamic water

head, energy and power generation?

Instead of using tidal range or tidal amplitude or average range or average head, the
dynamic head (real-time water level difference between the basin and sea) is used to
assess real-time power. So, in a tidal period, we get a series of dynamic heads and
capacities. To compute dynamic head for a tidal barrage, “Isle of Whithorn Model” is
modified and equations are improved to assess (i) flood-ebb generation with gate; (i)
only flood generation with gate; and (iii) only ebb generation with gate where the

earlier only considered continuous generation (which is impracticable) without gate.
(3) How can we develop an analytical model to assess tidal barrage power?

In this study, capacity of a tidal barrage is assessed by developing an analytical model
where real-time water head is used to calculate power and energy. Real-time water head
is the difference of water levels between sea side and the basin side at real-time. Water
level at sea side depends on various factors: such as tidal constituents, basin
configuration, local bathymetry and location on the earth surface. Using past tidal data,
different tidal constituents (each of which is considered as a simple harmonic motion
with different amplitude, speed and phase) are developed using “GeoTide Analyzer
3.0.x, 2015” Software. GeoTide Analyzer converts observed tide gauge data directly
into tidal harmonic constants which can then be used to make tidal predictions for any
future or past date. Summing up all constituents of simple harmonic motion, we get the

real-time water level at the sea side.

On the other hand, water level at the basin side at any particular time depends on basin
configuration, area of the basin, water volume, water passed though turbines etc. In this
study a generalized equation is developed to calculate water surface area/volume in
terms of water level. But, water level at any particular time depends on basin volume
and water passed though the turbines. By calculating difference of water levels,
dynamic water head is calculated at any particular time. Using dynamic water head,
real-time power and energy are calculated. In this way the study ultimately provides a
new analytical model to assess real-time water head, power and energy. The model is
flexible for number of turbines and gates and as well as those dimensions (dia. and
size). Optimum capacity of the plant is assessed by calculating the least levelized cost

of energy (LCOE).



(4) What are the impacts of the basin configuration on power generation?

Real-time capacity of the plant at any time and the corresponding energy production
for a small-time interval are largely depend on the dynamic head and the volume of
water passed though turbines. Secondly, those depend on the tidal prism in the basin
theoretically enclosed between two levels at two sides of the barrage. So, the lager the
tidal prism, in general the higher the capacity of the plant. The tidal prism or volume
of water depends on the configuration of the basin, its aspect ratio and energy gradient
line varies between barrage side and upstream side of the basin. How shape and aspect

ratio influence the power and energy is discussed in Chapter 5.

(5) What are the potentials of tidal barrage power in the coastal area of

Bangladesh?

By analyzing tidal data from “Tide Table 2020 produced by BIWTA, we have
observed that the HAT (the highest astronomical tide) and the LAT (the lowest
astronomical tide), MHWS, MLWS, MHWN and MLWN are different for different
coastal areas. So, tidal ranges at different coastal areas of Bangladesh are different and
different plant capacity could be installed at different places. The study reveals that
some areas like Sandwip, Khal No. 10, Mongla and Sadar Ghat are some promising
sites for tidal barrage power. The study also considers to apply the analytical model for
the most promising site Sandwip (having tidal range more than 7 meter) to assess

potentials by which the model is tested also.

1.4 Scope and limitation of the study

1.4.1 Scopes of the study

The current approaches and practices for the assessment of tidal barrage power
generation do not consider the continuous changes in the head differences between the
sea and basin. Rather a static overall estimate using an arbitrary reduction in efficiency
and head difference is used. The study considers the real-time changes in water levels
inside and outside the basin to compute the actual power generation potential based on
dynamic water head, and develop a new analytical model to represent the water level
variations and basin configuration. A major outcome of this study is an analytical

model for computing real-time water head, power and energy potential in a tidal
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barrage. The model is useful in assessing tidal power potential more accurately. The
study also suggests which type of basin configuration could give maximum output.
Besides, the model is validated with the results found for Severn Barrage of UK and
also with the results of the base case. The mode is applied for Sandwip Channel of
Bangladesh to identify a possible site and possible plant capacity of tidal barrage

power.

1.4.2 Limitations of the study

In this study, water levels at sea and the basin are considered horizontal, but it is not
perfectly horizontal. Again, technical, economic, environmental, ecological and social
issues are not considered in this study. Besides, rainfall, evaporation, temperature, etc.,

are not used for the analyses in this study.

1.5 Organization of the Dissertation

This dissertation is organized in seven chapters. Chapter 1 provides the background
and rationale of the study. It also contains the objectives, outcomes of the study and
research questions to achieve objectives. The study scope, limitations and outline of

the thesis are also discussed in Chapter 1.

Chapter 2 contains mainly literature review on energy, renewable energy, tidal
characteristics, energy from tides, different methods of tidal power generation, tidal
stream power, tidal barrage power, different techniques of tidal power generation such
as ebb generation, flood generation, flood-ebb generation, two basin schemes, tidal
lagoon, dynamic tidal power, barrage power generation, different theories of tidal
power, real-time assessment of tidal barrage power, basin configuration and summary

of the chapter.

Chapter 3 describes the real-time analytical model development. It contains conceptual
basis for power assessment, theoretical formulations and existing equations of power
generation, current practices to assess power generation and analytical approach of
power assessment. Chapter 3 also contains analytical model development for
continuous generation without gates, flood-ebb generation with gates, ebb generation
with gates and flood generation with gates. Finally, chapter 3 contains summary of this

chapter.
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Chapter 4 contains model validation and optimization. Model validation compares
results of the Isle of Whithorn tidal barrage using the original Isle case and new Real-
Time Analytical (RTA) model. It also compares results for Severn Barrage from
UKAEA (1984) study and from the analytical model developed under this study. It also
describes how a tidal barrage power plant can be optimized considering levelized cost

of energy.

Chapter 5 describes the optimum basin configuration to generate tidal energy. It
contains discussions on tidal water levels at sea and basin, its impact on power
generation, theoretical formulation, and empirical equations of tidal barge power
generation. It compares results considering both steady and unsteady water levels at
sea and basin. This chapter also provides comparative results considering different
aspect ratios of the basin. It also compares energy variations of different vertical shape
basins’ especially from a rectangular basin, a trapezoidal basin and a parabolic basin

having equal tidal data and range.

Chapter 6 provides an application of the analytical model to assess energy generation
from a hypothetical basin of Sandwip channel in the coastal area of Bangladesh. This
chapter also contains the procedure to assess tidal barrage power generation using the
analytical model developed under this study. It also contains tidal data at some
locations of Bangladesh, tidal data for Sandwip channel, tidal constituents of Sandwip
channel, formation an equation of area-elevation curve of a hypothetical basin of the

Sandwip study area and results from the basin.

Finally, Chapter 7 draws the conclusions and limitations of the study. It also provides

recommendations for further studies.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Tides are periodic rise and fall of sea water levels caused by the combined resultants
effects of the gravitational forces exerted by the Sun, Moon and Earth system (CIRIA,
1996). In 1687, Sir Isaac Newton explained that ocean tides result from the
gravitational attraction of the sun and moon on the oceans of the earth (Sumich, 1996).
Tides create water mass movement which is the resultants of series of harmonic
motions with different tidal amplitudes and velocities from which tidal power can be
generated. Tidal power is a form of hydropower that converts the energy obtained
from tides into useful forms of power, mainly electricity. Tidal power could be a
permanent source of energy. The biggest advantage of tidal power is that it is reliable,
predictable, pollution free, green, renewable and inexhaustible. Now-a-days, tidal

power is considered to be an important source of renewable energy.

Chapter two of this thesis contains literature review on energy situation, renewable
energy, tidal characteristics, power and energy assessment process including real-time

power assessment.

In the following sections of this chapter literature on tidal power is reviewed specially
on energy in Section 2.2, renewable energy in Section 2.3, tidal characteristics in
Section 2.4, tidal stream power in Section 2.5, tidal barrage power in Section 2.6,
barrage power calculations in Section 2.7, different techniques of tidal power
generations in Section 2.8, dynamic tidal power in Section 2.9, procedure for tidal
barrage power generation in Section 2.10, tidal barrage power assessment in Section
2.11, different theories of tidal power generation in Section 2.12, real-time
assessment of tidal barrage power in Section 2.13, basin configuration and power

generation in Section 2.14, and summary in Section 2.15.
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2.2 Energy

Between 1971 and 2017, world total primary energy supply (TPES) increased, by more
than 2.5 times, from 5519 million tons of oil equivalent (Mtoe) to 13972 million tons
of oil equivalent and its structure also changed where dominant fuel oil fell from 44%
to 32% and natural gas grew from 16% to 22%. The share of coal is increased from
26% to 27% between 1971 to 2017. Biofuel decreased from 11% to 10%, nuclear
power increased from 1 % to 5%, hydropower remains unchanged (2%) and by this

time other renewables took about 2% share as shown in Figure 2.1.

Other
1971 2017 Renew
Coal, ab|o‘/3$,
26% ) Coal, 2% oil,
O||, 44% 27% 32%
Biofuel,
11%
Biofuel,
Hydro, 10%
2% Natural Natural Gas,
Nuclear, Gas, Hydro, Nuclea 22%
1% 16% 2% r, 5%

Figure 2. 1: Shares of primary energy sources between year 1971 and 2017.
Source: (Looney, 2020)

On the other hand, world total final energy consumption increased manifolds from
4659 Mtoe in 1971 to 9717 Mtoe in 2017. Share of energy consumptions from different

sources is listed in the following Table 2.1:

Table 2.1: Share of energy consumptions from different sources.

S1. No. Sources In 1971 In 2017
1 Oil 48.3%, 41%
2 Natural gas 14% 15.5%
3 Electricity 9.4% 18.9%,
4 Biofuels and waste 13% 10.7%,
5 Coal 13.6% 10.5%
6 others 1.7% 3.4%

But electricity consumption was increased from 6131 TWh (1973) to 25606 TWh
(2017).
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2.3 Renewable Energy

At present, renewable energy is only 800 TWh which is supposed to be more than
double over 1800 TWh to protect the environment (World Bank, 2019). Thus,
renewable energy sources, especially solar, hydro, wind, biogas, etc. should be

harnessed more to protect the environment.

In 1973, CO; emissions from fuel combustion were 15,460 Mt that rose to 32,840 Mt
in 2017. Outlook for world total primary energy supply (TPES) in 2040 will be 12,581
Mtoe based on new policies scenario and 9958 Mtoe based on sustainable development
scenario and corresponding CO2 emission will be 35881 Mt and 17647 Mt respectively.
So, world should adopt sustainable development scenario to keep the CO2 emission to

a minimum level.

Tidal power is enormous, renewable, green, pollution free, predictable, non-
depleted but costly and site specific. Tidal barrage power plants harness the
potential energy contained in an impounding basin where a relatively large tidal
range exists but amount of power changes at every single step of time as head
vary with respect to time. Energy has been extracted from tides for centuries
(McErlean, 2007). There is huge potential to develop tidal barrage power in the
world and the same also in Bangladesh as it has some channels with
medium/high tidal ranges. As the magnitude of tides changes periodically at
different temporal scales because of the variations in tide-producing
gravitational forces caused by the sun and the moon (Shevkar & Otari, 2015),
tidal power is intermittent and of different capacities. Tidal head difference
varies with respect to time due to interactions of sun, moon and earth. This
variation of water head in a tidal basin (tidal barrage power) is rapid than that

of hydropower. So real time assessment and monitoring is very much important.

Bangladesh Government has constitutional mandate to adopt effective measures
to bring the rural areas in development through the promotion of agricultural
revolution, rural electrification, development of industries and improvement of
education, communication and public health and removing the disparity between
the urban and rural areas (Article 16 of Bangladesh’s Constitution, 1972). Last

few decades, the country was facing major challenges to meet the power demand
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and to overcome the load shedding problems in rural areas as well as urban
areas. A recent survey reveals that power outages result in a loss of industrial
output worth $1 billion in a year which reduces the GDP growth by about half a
percentage point in Bangladesh (ICCB, 2018). The present Government after
taking over charge in 2009 enacted “The Quick Enhancement of Electricity and
Energy Supply (Special Provisions) Act, 2010 to ensure uninterrupted supply of
electricity and energy to the system. At present, Power Sector is moving towards
attaining long term goals to ensure energy sustainability (Moazzem & Ali, 2019)
by establishing capacity of 24,000 MW in 2021, 30,000 MW in 2030 and 60,000
MW in 2041 respectively (Power Cell, 2020). Bangladesh power sector has been
able to come out from the period of crisis (SREDA, 2015). Access to electricity
as % of total population in 2008 was 47% which raised to 96% in 2019. The
maximum peak generation was 4,130 MW in 2008 and these rose to 12,893 MW
W in 2019 (May 29, 2019). As of 2" December 2019, the total installed capacity
of Bangladesh is 22,727 MW out of which government owned power plant is
9740 MW (42.86%), IPP is 6916 MW (30.430%) , SIPP is 350 MW (1.54%),
rental is 1404 MW (6.18%) (Private is 8670 MW), import 1160 MW (5.10%),
captive power is 2800 MW (12.32%), renewables other than hydro is 357 MW
(1.57%) (BPDB, 2019). At present access to electricity 96% (2020) and per
capita consumption is 510 kWh. At present, there are as many as 20 quick rental
power plants are in operation (BPDB, 2020). This implies that quick rental power
plants are still contributing a significant portion of electricity generation (6.18%) in the
country and renewables are not getting any pace. According to the "Renewable Energy
Policy, 2008" of GOB, the government of Bangladesh was needed to produce 5%
energy from renewable resources by 2015 and 10% of the same by 2020. The
government has not achieved its target of producing 5% energy from renewable
resources by 2015. Bangladesh can currently generate 22,727 MW electricity
including captive and renewables from different sources among which 627.92 MW
from renewable energy sources which is just 2.76% of total capacity, out of
which 230 MW from hydro, 393.99 MW from solar, 2.9 MW from wind and 1.03
MW from Biogas and Biomass (Power Cell, 2020). Experts are saying that

generating of 2400 megawatts (10% of total) from renewable resources by 2021 will
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be a challenging task. The slow growth in the renewable sector is nowhere near the

expected target.

2.4 Tidal Characteristics
2.4.1 General characteristics

The principal of tidal forces is generated by the Moon and Sun on the sea of the earth.
Sir Isaac Newton, in 1687, explained that ocean tides result from the gravitational
attractions of the sun and moon on the oceans of the earth (Sumich, 1996). But the
Equilibrium Theory of the Tides” was presented by Darwin in 1898. He described that
the tides are water fluctuations apparent to an observer traversing along a constant
latitude line (Burstyn, 1962). Tides are the periodic motion of the waters of the sea due
to the inter-attractive forces between the celestial bodies. Tides are very long-period
waves that move through the oceans in response to the forces exerted by the moon and
sun. Tide and current are not the same. Tide is the vertical rise and fall of the water and
tidal current is the horizontal flow (Khare, et al., 2018). Tidal water level is a
superimposition of a number of periodically-varying tidal constituents. The Moon is
the main tide-generating body. Due to its greater distance, the Sun’s effect is only 46

per cent of the Moon’s (Bowditch, 2002); (Dean, 1966).

Figure 2. 2: Pull of the Sun and the Moon on the Earth.
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The amplitude of water level variations at different points on the earth depends on the
latitude and the nature of the shore. Due to the rotation of the earth on its own axis
causes two high tides and two low tides daily at any place. The revolution of the moon
around the earth increases the time interval between two successive high tides from 12
hours to about 12 hours and 25 minutes. As the moon revolution takes about 28 days,
the three bodies, i.e. the sun, the moon and the earth are in alignment every two weeks

at new and full moon.

Low
Tide

@ @ Low ide

Tide

Combined
gravitational
pull of the
Sun and
Moon

Figure 2.3: Combined gravitational pull of the Sun and the Moon.

A solar day is the time (24 hours) that it takes for a specific site on the Earth to rotate
from an exact point under the sun to the same point under the sun. Similarly, a lunar
day (24 hours and 50 minutes) is the time it takes for a specific site on the Earth to
rotate from an exact point under the moon to the same point under the moon. The lunar
day is 50 minutes longer than a solar day because the moon revolves around the Earth
in the same direction that the Earth rotates around its axis. So, it takes the earth an extra
50 minutes to “catch up” to the moon (Sumich, 1996), (Thurman, 1994 ). There are
several periodic cycles which effects the tidal ranges, the most important are the lunar
and solar tidal cycles. Significant motions of this system include the revolution of the
earth around the sun and the revolution of the moon around the earth. In addition, the

moon and earth each rotate about their own axes. The plane in which the earth revolves
about the sun is called “ecliptic” plane; the axis of the earth is inclined at 66%0 to the

ecliptic plane. The moon’s orbit about the earth is inclined at 5°9” to the ecliptic plane.
17



The sun and earth both are displaced a small distance from the centres of their
respective orbits. The positions of the moon when it is nearest to and farthest from the
earth are called the perigee and apogee, respectively. When the moon is at perigee, it
has its greatest tide-producing effect on the earth. The terms corresponding to the
nearest and farthest positions of the earth from the sun are perihelion and aphelion,
respectively. According to Darwin, the tides are the fluctuations in water level observed

as one traverse along a line of constant latitude.

The reasons for creating tides are mainly for two factors: (i) gravitational attraction and
(i1) centrifugal force. The magnitude of the centrifugal force, F. is represented by F. =
Q? Re cos @; where Re is radius of earth, Q is the rotation of earth, ¢ is latitude. The
earth and moon are revolving about a common axis is called axis of revolution. If T is
the period of revolution of the earth and moon about their common axis, the value of
T= 27.3 days. As the moon is closer to the earth, the tides caused by the sun are
approximately 46% of that produced by the moon. So, during full moon and new moon
in the earth-moon-sun system the greatest tides called the spring tides and during the

first and last quarters, the lowest tides called the neap tides occur.

During each lunar month, two sets of spring tides and two sets of neap tides occur
(Sumich, 1996). Once a month, when the moon is closest to the Earth (at perigee), tide-
generating forces are higher than usual, producing above-average ranges in the tides.
About two weeks later, when the moon is farthest from the Earth (at apogee), the lunar
tide-raising force is smaller, and the tidal ranges are less than average. A similar
situation occurs between the Earth and the sun. When the Earth is closest to the sun
(perihelion), which occurs about January 2 of each calendar year, the tidal ranges are
enhanced. When the Earth is furthest from the sun (aphelion), around July 2, the tidal
ranges are reduced (Sumich, 1996) (Thurman, 1994 ).

2.4.2 Tidal characteristics concerning power generation

The difference in water levels between high tide and low tide is called tidal range which
is shown in the Figure 2.4. The rise and fall of water levels in the sea during tides can
be represented by a sine curve. One tidal day is of 24 hours and 50 minutes and there

are two tidal cycles in one tidal day.
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The normal tide is a semi-diurnal tide with a period of 12 hours and 25 minutes. Diurnal
tides (24 hours) indicate one high and one low tide created by moon during one rotation

of the earth on its axis. The daily tidal cycle follows a sinusoidal pattern.

Figure 2.4: Spring and neap tidal range.

Generally, in a rotation (360°) two maxima and minima are occurred. The relative
motions of the earth, moon and sun cause a number of periodic tide-producing forces
each represented by a tidal constituent with its own tidal frequency, amplitude and
phase angle which are considered as simple harmonic motion and are mutually
independent. The resultant tide at any point is composed of a finite number of those
constituents. There are three types of tides: diurnal, semidiurnal and mixed (Hagerman,
et al., 2006). Tides which have one episode of high water and one episode of low water
each day is called diurnal tide. Tides which have two high and two low water episode
each day is called semi-diurnal tide. Tides which have two high and two low water

episode of different heights each day is called mixed tide.

The dominant tidal constituents are the diurnal constituents, K1, O1, P1, Q1, and Si, with
periods of 23.93, 25.82, 24.07, 26.87, and 24.00 hours, respectively, and the
semidiurnal constituents M2, So, N2, and S», with periods of 12.42, 12.00, 12.66, and
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11.97 hours, respectively. Each tidal constituent can be represented as h(t) = a cos(wt-
@) where h(t) is the height of the tide at time t, a is the amplitude of the constituent, ®

is the angular frequency of the earth and ¢ is the phase lag.

Tidal power can be generated either by converting potential energy or by utilizing the
in-stream kinetic energy into electrical energy (Neil, et al., 2018). Tidal barrage power
plants harness the potential energy contained in an impounding basin where a relatively
large tidal range exists (Angeloudis, et al., 2018). Most parts of the earth are covered
by water surface, so, tidal power can contribute a large portion of global energy need.
It also represents a permanent source of energy, accurately predictable and free from

all types of pollutions.

Although tidal power is reasonably predictable, its magnitude changes periodically at
different temporal scales because of the variations in tide-producing gravitational
forces caused by the sun and the moon (Shevkar & Otari, 2015). The amount of tidal
energy depends on operating head, basin area and turbine and gate area. In the
assessment of tidal energy generation, the basic equation relates the mass of water and
water head difference with the theoretical potential energy while the energy available
from a barrage depends on water surface impounded by the barrage and the

corresponding tidal height (McErlean, 2007).

Mass of water depends on area of the basin. So, higher the basin area, higher would be
the power generation. However, a minimum water head between the sea and the basin
is required for tidal power generation (Lamb, 1994) to avoid cavitation. Tidal
amplitude varies with-respect-to time this is why water head also varies every moment

of time. So, real-time assessment is a prerequisite for tidal power assessment.

Locations for tidal range power: around the world that are suitable for tidal range
power are relatively limited. Physical constraints are (i) tidal range; (i1) grid
connectivity; (iii) geo-morphology; (iv) seabed conditions and (v) available area for an

impoundment.
2.4.3 Energy from the tides

Tidal Energy is one of the innovative and evolving technologies, which is
commercially not feasible and viable in all cases. It is still in Research & Development

(R&D) stage (Shaikh & Shaiyek, 2011). But tidal energy is inexhaustible and is
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considered as a renewable source. It has an advantage over other sources of energy,
because it is less vulnerable to climate change compare to the other sources of energy
which change climate randomly (Nicholls-Lee & Turnock, 2008). Potential energy
stored between high-tide and low-tide or kinetic energy of fast-moving water is
converted to electrical energy. Basically, there are two types of tidal power; namely (i)
stream power and (ii) barrage power. Researchers have predicted that UK is capable to
produce over 20% of its electrical needs from its tidal resources (Callaghan, 2006). In
stream power technology, kinetic energy of moving water is converted into electrical
energy is called stream power. Most of the existing technology used for tidal energy
conversion is from the wind power industry (Bahaj, et al., 2007 ) ; (Batten, et al., 2007)
(Fraenkel, 2002). Water is 830 times denser than wind and velocity of moving water is
used to drive the turbine like wind to generate electricity. The concept of hydropower
is used to explore the potential energy into electrical energy as called tidal barrage
power where a barrage is constructed to separate the water from sea. The basic
principle of tidal barrage power is that a dam/barrage is constructed in such a way that
a basin gets separated from the sea and a difference in the water level is obtained
between the basin and sea. The constructed basin is filled initially at high tide and
emptied when height difference between two sides of the barrage is over a threshold
height, 5 ft. (Simeons, 1980) or vice versa passing through sluices and turbine
respectively is called barrage power. Due to its greenery and predictability
characteristics many countries are trying to explore tidal energy of different forms
depending on its availability and feasibility. (Roberts, et al., 2016). Because the earth's
tides are ultimately due to gravitational interaction with the moon and sun and the
earth's rotation, tidal power is practically inexhaustible and classified as a renewable

energy resource.

2.4.4 Different methods of tidal power generation

Tidal power has a long history. Energy has been extracted from the tides for centuries;
Strangford Lough Tide Mill, Northern Ireland has been dated to the early 6th Century
although the extracted energy was, of course, not used to generate electricity, but to

provide mechanical motion.

Different methods have been suggested by different authors for the extraction of tidal
energy. There are two primary methods to extract energy from the tides (Khare, et al.,

2018). However, the basic principle behind the methods remains same.
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Estuaries into which large amounts of ocean water flows due to high tidal range, are
captured behind barrages and the turbines are rotated by utilizing the potential energy

of the stored water.

The kinetic energy of moving water can be used to extract energy similar to the

principle of extraction of wind energy.

Both methods that are mentioned above have been suggested and followed and each
has its own advantages and disadvantages (Bryden, et al., 2004). It may also be possible
to employ pumping strategies for barrages to obtain better efficiency and to match
electricity demand better (MacKay, 2007). Generation of electricity from tidal flow is
similar to hydroelectricity generation, except that two-way turbines are utilized to

capture the tidal power in both directions of flow.

Different types of tidal power are mentioned below:

Table 2.2: Different types of tidal power.

Tidal Power
Stream power Barrage power
(Kinetic energy) (Potential energy)
Tidal stream | Tidal fencing | Ebb Flood | Two-way | Dual Pumping
power power | power | generation | basin
2.5 Tidal Stream Power

2.5.1 Tidal stream generator

A tidal stream generator is a machine that extracts energy from moving masses of
water, or tides. These machines function very much like underwater wind turbines, and
are sometimes referred to as tidal turbines. Tidal stream generators are the cheapest
and the least ecologically damaging among the three main forms of tidal power
generation. Since tidal stream generators are an immature technology, no standard
technology has yet emerged as the clear winner, but large varieties of designs are being
experimented with, some very close to large scale deployment. Several prototypes have
shown promise with many companies making bold claims, some of which are yet to be
independently verified, but they have not operated commercially for extended periods

to establish performances and rates of return on investments.
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Various turbine designs have varying efficiencies and therefore varying power output.
The available kinetic energy of the stream flow flowing across the cross section with a

velocity can be expressed as (Bryden, et al., 2004):

3
p="2" @.1)

where,
P = the power generated (in watts),
Cp = the turbine power coefficient (Betz coefficient 16/27=0.593) (Betz, 1966),
p = the density of the water (seawater is 1025 kg/m?),
A = the sweep area of the turbine (in m?), and
V = the velocity of the flow.
Low velocity current (1.2 m/s to 2 m/s) can also be utilized if these currents are

available continuously like river current flows (Desmukh & Amitkumar, 2015).

2.5.2 Existing tidal stream power
At present there are many tidal stream power plants are in operation in the world among
which some important are cited in Table 2.3.

Table 2.3: Tidal stream power in operations.

Station Capacity (MW) Country Commissioned
Year
Race Rocks Tidal Power 0.065 Vancouver September 2006
Island
Strangford Lough SeaGen 1.2 UK. 2008
Eastern Scheldt Barrier 1.25 Netherland 2015
Tidal Power Plant
Bluemull Sound Tidal 0.5 UK 2016
Stream Array
Kislaya Guba on the 0.4 MW/ Soviet Union | 2006
Barents Sea.
Jindo Uldolmok Tidal 1 MW South Korea | 2009 (90 MW by
Power Plant (tidal stream 2013)
generation)
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2.5.3 Advantage of a stream generator

(1) Tidal stream turbines are basically like as wind turbines that can be installed
wherever there is strong tidal flow or velocity. Water is about 800 times denser
than air which can produce more power than wind.

(2)  No extra submerging of land is involved unlike hydropower.

3) It is free from pollution.

(4) It is renewable, green and predictable.

2.5.4 Disadvantage of a stream generator

(1) The major drawback of tidal stream power is their uneven operation.
(2) Heavy initial costing and long construction period.

3) Turbine efficiency may significantly reduce total energy generation.
4) Sea water is corrosive that can cause harm to the turbine.

(5) Sedimentation and siltation of basins may cause serious problems.

(6) Installation as well as its protection against flow may be difficult.

2.6 Tidal Barrage Power

2.6.1Tidal barrage

A tidal barrage is like a dam used to capture the energy from masses of water moving
in and out of a basin due to tide producing forces. Instead of damming water on one
side like a conventional dam, a tidal barrage first allows water to flow into the basin
during high tide to store water, and then releasing the water back to the sea during low
tide. Turbines are placed at sluice gates to capture the energy as the water flows in and
out. Water is controlled to create water head to produce power using these sluice gates

and turbines at prime times of the tidal cycle.

The barrage method of extracting tidal energy is similar to hydropower method that
involves building a barrage across a bay or river that is subject to tidal flow. Turbines
installed in the barrage wall generate power as water flows in and out of the estuary
basin, bay, or river. These systems are similar to a hydro dam that produces pressure
head or static head- a height of water pressure. When the water level outside of the
basin or lagoon changes relative to the water level inside the basin or lagoon, the head
is able to drive the turbines, the system can produce power. A schematic plan view is

shown in Figure 2.5.
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Figure 2.5: A schematic plan view of a tidal barrage.
Source: (University of Strathclyde, 2015).

Generally, the basic elements of a tidal barrage are caissons, embankments, sluices,
turbines, generator and ship locks. Location of a barrage is selected in such a place
where tidal fluctuation is high i.e. tidal range is higher, can impound a large area and

barrage construction cost is low. A schematic side view of a tidal barrage is shown in

Figure 2.6.
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Figure 2.6: A schematic side view of a tidal barrage.

Source: (University of Strathclyde, 2015).
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2.6.2 Existing tidal barrage power plants

Several large-scale tidal power generation plants are operating around the globe. La

Rance tidal barrage power plant, operated by Electricite de France (EDF), having 24

turbines with a peak capacity of 240 MW, is the first tidal power plant in the world

commissioned in 1966. On the other hand, 254 MW Sihwa Lake tidal power plant

in South Korea is the largest tidal barrage power plant in the world. The Kislaya Guba

tidal power plant commissioned in 1968 as a trial project in Russia with the initial

capacity of 400 kW has grown to 1.7 MW. The Annapolis Royal Generating Station

(20 MW) on the Annapolis River in Nova Scotia, Canada constructed in 1984. The

Jiangxia tidal range power plant (3.9 MW) was opened in 1985 in China. Table 2.4

shows major tidal barrage power plants in operation in the world:

Table 2.4: List of tidal barrage power plants in operations in the world.

Station Capacity Country Commissioned

MW) Year

Rance Tidal Power Station 240 France 1966

Kislaya Guba Tidal Power Station 1.7 Russia 1968

Jiangxia Tidal Power Station 3.2 China 1980

Annapolis  Royal  Generating 20 Canada 1984

Station

Sihwa Lake Tidal Power Station 254 South Korea 2011

Source: (Haque & Khatun, 2017).

Several other tidal power stations have been proposed or are under construction. These
include Garorim Bay in South Korea (520MW), Severn Barrage at Wales (8640MW)),
Gulf of Kutch Energy project in India (5S0MW), and Tugurskaya (3640MW),
Mezenskaya (12,000-8,000MW) and Penzhinskaya (87,100MW) in Russia.

2.7 Barrage Power Calculation

Potential energy available in a volume of water can be expressed as:

h
=mg—

E
2

p
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where,

E,= potential energy;

m= mass of the volume of water;

g= the acceleration due to the earth's gravity = 9.81 meters per second squared; and

h= height of the water volume from low level.

Putting the value of m= Aphp in Equation (2.2) E}, could be expressed as:

E, = h : A, h?
p = ME" =7 PG4 2.3)

Ay is the horizontal area of the basin;
p is the density of water = 1025 kg per cubic meter (seawater varies between 1021 and

1030 kg per cubic meter).

The energy available from a barrage depends on the mass of water. If the centre of
gravity of a volume of water stored or contained between high tide and low tide, the
potential energy (Tousif & Taslim, 2011); (Haque & Khatun, 2017)) could be

expressed as:

1
Ep — 7 pgAbRZ (24)

where, R is tidal range and R=h; the difference in water levels at high tide and low
tide.

Average potential power for one tidal period becomes (Tiwari & Gupta, 2010) as:
by 2.5)

T

— R? 1
P= Appg - = - pgApR* /T
(2.6)
where,
Pis the average power output in watts;

E,, is the energy output in a tidal cycle in hrs.;

R is the vertical tidal range; and

T is the tidal period (time per cycle) in hrs.

The maximum head is only available at the moment of low water, assuming the high-

water level is still present in the basin.
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2.8 Different Techniques of Tidal Barrage Power Generation

Tidal barrage power can be generated following different techniques such as ebb
generation, flood generation, two-ways generation, pumping, two-basin schemes, tidal
lagoon and new concept of dynamic tidal power (DTP). Each technique is elaborated

below:
2.8.1 Ebb generation

In this technique, power is generated during ebb tide only. A schematic vertical view

of a tidal power for ebb-generation is shown in Figure 2.7.
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Figure 2.7: Schematic vertical view of a tidal power for ebb-generation.
Source: (Alternative Energy, 2020).

In ebb generation the following techniques are adopted:

e The basin is filled at the high tide and then closed while the tide recedes.

e When there is a significant gap between water levels, generation occurs as the
reservoir drains to the sea before incoming tide refills it.

e The basin is filled through the sluices until high tide. Then the sluice gates are
closed.

e At this stage there may be "pumping" to raise the level further. The turbine
gates are kept closed until the sea level falls to create sufficient head across the
barrage, and then turbines are opened, so that the turbines generate until the
head is again low. Then the sluices are opened, turbines disconnected and the

basin is filled again. The cycle repeats itself.
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Figure 2.8: Techniques for ebb-power generation.
Source: (Alternative Energy, 2020)

Ebb generation (also known as outflow generation) takes its name because generation
occurs as the tide changes tidal direction. Figure 2.7 shows schematic vertical view of
a tidal power project for ebb generation and Figure 2.8 shows the techniques for
generating ebb power. During flood tide, turbines are kept closed and during ebb tide,

turbines are kept opened for power generation in ebb power generation techniques.

2.8.2 Flood generation
In this technique, power is generated during flood tide only. In flood generation the

following techniques are adopted:

e The basin is emptied at ebb tide through sluice gates until high tide and then
sluices gates are kept closed until there is a significant gap between water levels
when generation is started.

e The generation continues until the head drops to a minimum threshold level that
requires to stop the turbines. Then turbines and gates are kept closed until water
levels are same.

e After that, gates are opened to drain the water from basin to the sea until flood
tide occurs.

e The cycle repeats itself. This is generally much less efficient than ebb
generation (Shaikh & Shaiyek, 2011). Figure 2.9 shows the techniques for

generating tidal barrage flood generation.
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Figure 2.9: Flood-generation Techniques.
Source: (Alternative Energy, 2020).

2.8.3 Two-ways generation
In two ways generation, power is generated at both ebb tide and flood tide. It combines
both ebb generation and flood generation. In two-ways generation the following

techniques are adopted:

e In one-way ebb generation, the rising tide enters the enclosed basin through
sluice gates, turbines remain idle. Once the maximum level in the enclosed
basin is achieved, the gates are closed until a sufficient head develops on the
falling tide. Power is subsequently generated until a predetermined minimum
head (hmin) difference is reached. In one-way flood generation, the whole
process is reversed.

¢ In two-way generation, energy is extracted from the ebb phases and the flood
phases of the tidal cycle, supplemented with or without pumping water to
further increase the water heads. Figure 2.9 shows schematic representation of

a two-way-generation technique with filling.
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Figure 2.10: Schematic representation of the operational mode (including

pumping) of a two-way tidal power generation.
Source: (Xue, et al., 2019).

2.8.4 Pumping

Pumping helps to increase head both at ebb generation and flood generation. The

techniques adopted are mentioned below:

For ebb generation basin is filled through gates until ebb tide, then sluice gates
are closed. At this stage water could be pumped to the basin to raise water level
further by using excess energy in the grid. This would yield more energy during
ebb generation, because power output is not a linear relationship, rather,
strongly related to the squared of head.

For flood generation basin is emptied through gates until flood tide, and then
sluice gates are closed. At this stage water could be pumped to the sea from
basin to raise water level further. This would yield more energy during flood
generation, because power output is not a linear relationship, rather, strongly

related to the squared of head.
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2.8.5 Two-basin schemes

Another form of tidal barrage is that of the dual basin type. The following techniques

are adopted for two-basin schemes:

e With two basins, one is filled at high tide and the other is emptied at low tide.
Turbines are placed between the basins.

e Two-basin schemes offer advantages over normal schemes in that generation
time can be adjusted with high flexibility and it is also possible to generate
almost continuously.

¢ In normal estuarine situations, however, two basin schemes are very expensive

to construct due to the cost of the extra length of barrage.

If there is some favourable geography, where extra barrage is not needed which are

well suited to this type of scheme, could be favourable.
2.8.6 Tidal lagoon power

Tidal lagoon is one kind of tidal barrage which can be constructed at any estuary to
generate electricity from the natural rise and fall of the tides. Same techniques are
adopted like a tidal barrage. In a tidal barrage, normally, three sides are bounded by
natural land and other side is bounded by a barrage. But in a tidal lagoon all sides are
bounded by a barrage/ barrages. Tidal lagoons are man-made structures work in a
similar way like a tidal barrage by capturing a large volume of water and then release
to drive turbines that generate electricity. Figure 2.11 shows a schematic plan view of

a tidal lagoon power plant.

Figure 2. 11: Schematic plan view of a tidal lagoon power plant.
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2.9 Dynamic Tidal Power (DTP)
2.9.1 New concept of tidal power

Dynamic tidal power (DTP) is a new concept of tidal power generation where large
dam like structure is installed to create water head. Though this method is not tested
yet for tidal power generation but it could contribute much towards renewable energy.
A large dam is constructed extending from the coast straight to the ocean, with a
perpendicular barrier at the far end, forming a large '"T' shape. Normally, a DTP is
considered with a long dam of 30 to 60 km which is built perpendicular to the coast,
running straight out into the ocean, without enclosing an area. Figure 2.12 shows a

schematic plan view of a dynamic tidal power.
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Figure 2.12: A schematic plan view of a dynamic tidal power plant.

This concept is developed to use both potential energy and kinetic energy of tides. Due
to restriction of movement of flowing water due to dam, water on one side of the dam
is at a higher level than the other side. This water difference drives a series of turbines

installed within the dam and generates electricity.

2.9.2 Benefit of a DTP

Major benefit of a DTP is that a single dam can accommodate over 8 GW (8000 MW)
of installed capacity, with a capacity factor of about 30%, for an estimated annual
power production of each dam of about 23 billion kWh (Shaikh & Shaiyek, 2011).
Dynamic tidal power doesn't require a very high natural tidal range, so more sites are
available and the total availability of power is very high in countries with suitable
conditions, such as Korea, China, and the UK (the total amount of available power in

China is estimated at 80-150 GW) (Shaikh & Shaiyek, 2011).
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2.9.3 Challenges of a DTP

A major challenge is that the power generation capacity from a DTP increases as the
square of the dam length (both head and volume increase in a more or less linear
manner for increased dam length). Economic viability of a DTP is estimated to be
reached for dam lengths of about 30 km. That’s why it is not probably practised yet.

Other challenges are shipping routes, marine ecology, sediments, and storm surges.

2.10 Procedure for Tidal Barrage Power Generation

Basic principle of tidal barrage power plant is that a barrage is constructed in such a
way that a basin is separated from the sea and a difference in the water levels is obtained
between the basin and sea due to tidal fluctuations. A tidal barrage power plant consists
of three main parts, namely: (i) the barrage itself, (2) the sluice gate, and (iii) the turbine
and generator. The constructed basin is filled during high tide and emptied during low
tide passing through sluices and turbine respectively and generate. Both flood-ebb
generation or only flood generation or only ebb generation is possible-each has
different operation principles those discussed in Chapter 3.

From equations (2.4) and (2.6) it is reveals that the power varies with respect to (i)
difference in water levels across the barrage and (ii) the mass of water allowed to flow

through the turbines.

2.11 Tidal Barrage Power Assessment

Potential energy contained in a basin between high tide and low tide can be expressed
as:

From equation (2.3) we get, Ep=%pgAbh2

where;

E, = potential energy in Jules;

p= density of water in kg/m?;

g = acceleration due to gravity in m/s%;

Ay = area of the basin in m?; and

h =water head difference in m.
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Every day there are two high tides and two low tides. So, theoretically generation will
be 2 times in a day.

So, potential energy per day is:

Ep per day = pgA,h? Jule/day 2.7
Power, P (average)= 861400pgAbh2Jule/sec

- )

P= 57600 pgAph” watt

Theoretical, P = ! pgAph? X 10° MW
86400
__1 2 -6
P= 86400pgAbh X 10° MW (2.8)

For power generation, there should be some minimum head for turbine starting (Lewis,

et al., 2017). So, all the times it is not possible to produce energy.

In the assessment of tidal power, the basic equation relates the mass of water and water
head difference with the theoretical potential energy while the energy available from a
barrage depends on water surface area impounded by the barrage and the corresponding
tidal range (Shevkar & Otari, 2015); (McErlean, 2007). However, a minimum water
3head difference between the sea and the basin is required for tidal power generation
(Lamb, 1994). In the current practice for assessing the tidal power potential for a plant,
primarily the duration of power generation and hydraulic efficiency are considered.
Assuming power conversion of system is 30% of potential energy (Tester, et al., 2012);

(Rashid, et al., 2012). Hence, energy:

E extractable = 30% of Ep. (29)
Using above equations (2.8) and (2.9) power and energy are calculated.

In large portion of the world tidal ranges are very low (say, 1 meter) and therefore not
suitable for electric power generation. However, at some places having various coastal
complexities give good tidal patterns owing to resonant effects of local geography. The
tidal range noted 18 to 21 m near the Magellan Strait and the shores of America
respectively. In Sandwip channel tidal range varies from 4 to 7 m. Tidal power may
be generated in various ways; such as tidal stream power using water velocity, tidal
barrage power using potential head differences, wave power using tidal waves, ebb
power during low tide, flood power during high tide, pump generation by increasing
head by pumping water etc.
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2.12 Different Theories of Tidal Power Generation

Different authors suggested different formulas to assess tidal power. These are

mentioned below:

Lamp (1994) used mean tidal range to assess the potential energy contained in the

water volume impounded in a basin which can be expressed as:

Ep=0.5pgApAhy? (2.10)
where,

Ep=potential energy over a tide cycle (GJ);

p= density of sea water (1.027 t/m?);

g= acceleration due to gravity (9.807 m/s?);

Av= horizontal area of the enclosed basin (km?); and

Ahy=mean tidal range in the basin (m).

In a coastal area having two flood tides and two ebb tides, with a semi-diurnal period

of 12.42 hours. Potential energy per day from the barrage approximates to:

24
E= ;5 Er (2.11)

Therefore, P=% Ep/86400 - 0.11263 Ap Ahy> MW

where,

Ay is in km? and Ahy is in m (2.12)
According to Tester, et al., (2012) tidal energy projects are characterized by low values

of power conversion efficiency of n, usually ranging from 20-40% with an average of
33% often being used. They proposed the following formula for annual energy
calculation:

_ 2
Ey=0.987 A Ahy? (2.13)

where,
Ey: = Annual energy (GWh);
Ap= area of the basin (Km?);

Ahp=mean tidal range in the basin (m); and

n = efficiency of the system.
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Prandle (1984) used tidal amplitude to estimate the maximum potential energy over the

course of a tidal period which is expressed as:
Ep (max) — 4pgAbha2 (2 14)

where,

Ep (max) = maximum potential energy at a tidal period;

h, =tidal amplitude;

Ap= impounded basin water surface area in m?;

g = gravitational acceleration (=9.807 m/s?); and

p = density of water (=1025kg/m?).

(Prandle, 1984) also suggested an initial estimate of the actual extractable energy per
tidal cycle both for ebb generation and two ways generation which are as follows:

For ebb generation, Eextractable= 0.27 Ep (max) (2.15)

For two-ways generation, Eextractable= 0.37 Ep (max) (2.16)

Rashid, at al., (2012) used tidal range instead of tidal head and suggested for conversion
efficiency 60% to assess power potential. According to him energy content of the water
in a basin at high tide is:

Emax = /2 X area X density % gravitational acceleration X tidal range squared. (2.17)

There are 2 high tides and 2 low tides every day. Therefore, the total energy potential per
day equals to 4 times of energy for a single tide. He cited an example that suppose the
tidal range of tide at a particular place is 39 feet = 12 m (approx.), the surface of the tidal
energy harnessing plant is 9 km? (9 x10° m?) and density of sea water = 1025.18 kg/m°.
So, potential energy content of the water in the basin at high tide = '% x area % density x
gravitational acceleration x tidal range squared = % x 9 x 10°® m? x 1025 kg/m> x 9.81
m/s? x (12 m)*> =6.5 x 10'? J (approx.). If we consider 2 high tides and 2 low tides every
day, the total energy potential per day will be 4 times of energy for a single tide. = 6.5 x
10" J x 4 = 2.6x 1013 J. Therefore, the mean power generation potential = Energy
generation potential / time in 1 day = 2.6 x 103 J / 86400 s = 301.6 MW. As they used
60% conversion factor to calculate power, so average power P will be 301.6 MW * 60%

=180.9 MW (approx.)
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According to (Shaikh & Shaiyek, 2011) the potential energy is mainly dependent on
the tidal prism of the basin. Potential energy obtained due to the stored water can be

calculated as:

1
By =5 pgAsh? (2.18)

where,

h is the vertical tidal range;

Ay is the horizontal area of the barrage basin;

p is the density of water = 1025 kg per cubic meter (seawater varies between 1021 and
1030 kg/m?); and

g is the acceleration due to the Earth's gravity = 9.81 m/s?.

Xia, at al., (2012) used the mean tidal range for tidal power assessment. According to
Xia (2012) coastal regions having two flood and two ebb tides, with a semi-diurnal

period of 12.42 hours potential energy per day from a barrage approximates to (Xia, et

al., 2012):

24
Ep (per day) = 1242 Ep (2. 19)
P= 22 Ep/86400 (2.20)

12.42
where,

Ep (per day) = the energy per day (GJ/day); and

Ep = the energy per tidal cycle (GJ/tidal cycle).

P = average power (GJ/s); and

Ep = the energy per tidal cycle (GJ/tidal cycle).

Putting the values of other components of equation (2.18) and (2.20) average power is:

P=0.11263 (Ab.Ahy?) (2.21)

where,
P = average power (MW);
Ap= horizontal area of the enclosed basin (km?); and

Ahp=mean tidal range in the basin (m).

(Neil, et al., 2018) suggested theoretical and zero dimensional (0D) models with more

detailed depth-averaged (2D) equations and hydro-environmental tools for the
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assessment of tidal power that often require high performing computing capabilities
for practical applications. According to (Neil, et al., 2018) for a given the downstream
TNdn,i and upstream nup,i water level at any point in time t (indicated by subscript 1), the
upstream water level at t+adt (subscript i+1) can be calculated as (Angeloudis, et al.,
2018), (Baker and Leach, 2006):

QHDYQIL (2.22)

Nup,i+1=Tup,i+ = nupD)
where,

Q= the flow volume (m?/s) through a hydraulic structure can be expressed as:

Q =CpbAs /2gh) (2.23)
Cp = a discharge coefficient;

As = the cross-sectional flow area (m?); and

g = the acceleration due to gravity (m/s?).

A (nup, i) = the wetted surface area of the lagoon, assuming a constant water level
surface of Mup.
Qin corresponds to the sum of inflows/outflows through sources other than the

impoundment, e.g. rivers or outflows, h is the water head difference,

h= Nup,i - Ndn,i (2.24)

The power P produced from a tidal range turbine for a given h can be:
P=npgQrh (2.25)

where,

P =the power output;

p = the fluid density;

Qr = the turbine flow rate;

n = an overall efficiency factor associated with the turbines; and

h = the water head difference.

Even though a 0D modelling approach is computationally efficient, but limitations of
this method are that between the two-time intervals, wetted water level is assumed
constant and water levels of two sides are to be measured. This method also neglected
the basin configuration/geometry as water surface may vary with respect to water level.

Such an assumption can yield over-optimistic results, as reported in Angeloudis et al.,
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(2016) and Yates et al., (2016). Consequently, the analysis should be expanded to
account for the regional hydrodynamic impacts through refined coastal modelling tools

tailored to the operation of tidal lagoons.

In 1-D modelling: Neil ef al. (2018) used Saint-Venant equations, to investigate the

interaction of tidal range projects with the regional hydrodynamics:

0A | d(Aw) _
T + “ox (2.26)
and

_ b (2.27)
pHdA

BTGt 5
where,
A = the flow area and is a function of the water elevation,
n =elevation of water at sea
u = the (scalar) depth-averaged horizontal velocity;
Hg=n + h, the total water depth,;

h = the mean water depth; and

Tp represents bed shear stress effects through a Manning n formulation.

Alam et al., (2012) developed a method to calculate the required number of turbines
based on the impounded water volume and the water flow passing through the turbines.
The number of turbines (Nt) is needed to discharge the large volume of water would

be given by the equation (2.28) and power can be calculated using equation (2.29).

where,
Nt = (As. h)/ (q.t) (2.28)
and
P=npghqNr (229)
where,

Nt= no. of turbines.

Ap= area of reservoir basin in m?;

h = water head in m;

q = flow rate in m3/s per turbine; and
t = turbine running time in sec.

n = turbine efficiency;

p = density of water, kg/m?;
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g = acceleration due to gravity, m/s’;

According to (Pugh, 1987) the potential energy contained in a basin of surface area Ay,

filled at high tide and discharging at low tide into the sea:

Consider a basin of surface of area A, m? at the maximum basin level. Let R be the
range of the tide and V the volume of water stored from the low level to high tide level.
The volume of water contained in an elemental strip of thickness dz; at surface area of

Avz, at a depth z above the low tide in the basin, dV = Ay, dz

Ocean with single basin tidal project assume that the basin energy assessment through
single basin system is empty with its water level, z =0 and the ocean is at high tide
level, z = R. By instantaneously filling the basin, the energy potential available is:

E=[p.dV.g.z.
So, E= A4 foza pgzdz (2.30)

where a is the tidal amplitude, p is the density of water and g is the gravitational

acceleration, which gives:

E=A.pg %=2Apga2 (2.31)

This process could be repeated by filling the basin again from the low-water level, at
the time of high water in the open sea. So, the total energy theoretically available in

each tidal cycle is:
E=4Apga’ (2.32)
and the mean power generation, P is

E=4Apga?/ (tidal period) (2.33)

A team of Strathclyde University developed a simplified, hypothetical theoretical model
to calc ulate water level variation in the basin and power using time stepping method
considering continuous bi-directional water flow through the turbines and hence
continuous power generation (University of Strathclyde, 2015). They used a single tidal
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constituent as tide data and a linearly variable curve to represent area-elevation relation
of the basin. They developed a theoretical model to see how water level and power vary
if turbines are kept open continuously (both inflow and outflow through the turbines)
without any control mechanism i.e. no gates and no minimum head requirement for
turbine operation to protect. The team did not consider minimum head for turbine
operation in-order-to avoid cavitation. Again, the team considered continuous generation
irrespective of water heads and did not consider provision of gates. They did not also
consider ebb generation or flood generation or two-way generation with minimum head
requirement. The simplified tidal barrage system considered continuous, bidirectional
flow through turbines. The barrage of Isle is 310 m long and 4 (four) turbines each 1.7 m
diameter were housed within 20 m of the barrage length and 10 m ship gate was installed

for navigational purpose.

The team calculated theoretical continuous power irrespective of water head which is
not realistic in practical cases and also developed a theoretical case of “Tidal Barrage

Calculation Spread Sheet” (shown in Appendix A.1) to calculate power generation.

2.13 Real-time Assessment of Tidal Barrage Power

In a tidal barrage, tidal water level on the sea side is a superimposition of a number of
periodically-varying tidal constituents, while the water level in the basin depends on the
geometric configuration of the basin and operational control of the turbines. So, water head
difference (h) between the two sides of a barrage will vary every moment. So, every
moment power will vary as the head varies every moment. So, real-time power assessment
and optimization of the plant are very important to harness maximum energy from a

particular barrage and to avoid over capacity which may not be cost effective.

2.14 Basin Configuration and Power Generation

The relative distances and positions of the sun, moon and earth all affect the size and
magnitude of the earth’s two tidal bulges. The magnitude of tides can be strongly influenced
by the shape of the shoreline. When oceanic tidal bulges hit wide continental margins, the
height of the tides can be magnified. Conversely, mid-oceanic islands not near continental
margins typically experience very small tides of 1 meter or less (Thurman, 1994). The moon

is a major influence on the earth’s tides, but the sun also generates considerable tidal forces.
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Solar tides are about half as large as lunar tides and are expressed as a variation of lunar
tidal patterns, not as a separate set of tides (Taylor, 2014) . When the sun, moon, and earth
are in alignment (at the time of the new or full moon), the solar tide has an additive effect
on the lunar tide, creating extra-high high tides, and very low, low tides-both commonly
called spring tides. One week later, when the sun and moon are at right angles to each other,
the solar tide partially cancels out the lunar tide and produces moderate tides known as neap
tides. During each lunar month, two sets of spring tides and two sets of neap tides occur
(Sumich, 1996). The shape of bays and estuaries also can magnify the intensity of tides.
Funnel-shaped bays in particular can dramatically alter tidal magnitude. The Bay of Fundy
in Nova Scotia is the classic example of this effect, and has the highest tides in the world-
over 15 meters (Thurman, 1994 ). Narrow inlets and shallow water also tend to dissipate
incoming tides. Inland bays such as Laguna Madre, Texas, and Pamlico Sound, North
Carolina, have areas classified as non-tidal even though they have ocean inlets. In estuaries
with strong tidal rivers, such as the Delaware River and Columbia River, powerful seasonal

river flows in the spring can severely alter or mask the incoming tide.

Local wind and weather patterns also can affect tides. Strong offshore winds can move
water away from coastlines, exaggerating low tide exposures. Onshore winds may act
to pile up water onto the shoreline, virtually eliminating low tide exposures. High -
pressure systems can depress sea levels, leading to clear sunny days with exceptionally
low tides. Conversely, low-pressure systems that contribute to cloudy, rainy conditions

typically are associated with tides than are much higher than predicted.

From the equation (2.3), E= Zlnp gAph? , it reveals that energy generation from a tidal

barrage depends on the amount of tidal prism (equals to Ah) contained between the
water levels at high-tide and low-tide and the distance of the centre of the gravity (h/2)
of a tidal prism from the low level of the tidal prism. So, optimum basin will be that on
which will yield maximum value of Ah?. Energy varies due to shape of the basin. For
the same tidal range, due shape of the basin, example: rectangular basin or trapezoidal
basin or parabolic basin or even circular basin energy varies due to variation of volume
of tidal prism and its centre of gravity. Besides, water level in the basin is not exactly
horizontal, it is unsteady and depends on the aspect ratio which is omitted most of the

casces.
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2.15 Summary

Considering global carbon emission reduction commitments, all nations are trying to
explore different options to harness renewable energy including tidal energy. Now-a-
days, tidal energy is considered as a permanent source of renewable energy, because it
is predictable, pollution free, green, inexhaustible and reliable. But tidal energy
depends on tidal range (for barrage power) and/or water velocity (for stream power) of
tides which again depend on centrifugal forces among sun, moon and earth.
Unfortunately, all sites do not qualify above minimum criteria to produce tidal power.
The shape of channel can magnify the intensity of tides. Funnel-shaped channels in
particular can dramatically alter tidal magnitude. So, some sites are feasible and some

sites are not feasible for tidal power.

To assess tidal power, especially for tidal barrage power, several authors used different
formulas in assessing tidal energy potential and capacity of the plant. In most cases (as
discussed in Section 2.10) potential extractable energy and power is assessed based on
tidal range or amplitude and some assumptions (say, n = 30%) which are static in
nature. For a tidal barrage, tides are changing continuously with respect to time.
Therefore, the head (h) is not static; rather it is dynamic that indicates that there is a
gap in assessing capacity of the tidal power plant in designing hydraulic structures and

turbines. Capacity of the plant and energy are time series values over the period.

To be more specific, it is mentionable that several authors used different
equations/formulas to assess tidal power. Prandle (1984) used tidal amplitude instead
of tidal range to assess the tidal power. According to him the actual extractable energy
per tidal cycle is 0.27 Emax (for ebb only) and 0.37 Emax (for two-ways generation).
Lamb (1994) used mean tidal range instead of maximum tidal range whereas Rashid et
al. (2012) used tidal range and 60% conversion factor to calculate power. Tester, et
al.(2012) used an average power conversion efficiency of 33% (Tester, et al., 2012)
and Xia at al. (2012) used the mean tidal range for tidal power assessment (Xia, et al.,
2012). Neil et al. (2018) suggested theoretical and zero dimensional (0D) models with
more detailed depth-averaged (2D) equations and hydro-environmental tools for the

assessment of tidal power (Neil, et al., 2018). Alam et al. (2015) developed a method
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to calculate the required number of turbines based on the impounded water volume and

the water flow passing through the turbines (Alam, et al., 2012).

All previous methods for the assessment of tidal power are based on fixed assumed
variables such as duration of power generation, and ignore the actual real-time
variability in these variables. Assessment of power potential based on real-time water
head differences, long-term tidal data and basin configuration will yield a more

accurate estimation of power generation.

The previous approaches and practices for the assessment of tidal barrage power
generation do not consider the continuous changes of head differences between the sea
and basin. Rather a static overall estimate using an arbitrary reduction in efficiency and
head difference is used. A tool is needed to consider the real-time changes in water
levels inside and outside the basin to compute the actual power potential based on
dynamic water head to represent the water level variations and basin configuration both

shape and aspect ratios.

The study considers the real-time changes in water levels inside and outside the basin
to compute the actual power potential based on dynamic water head, and develop a
new analytical model to represent the water level variations with multi-tidal

constituents and arbitrary basin configuration.
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CHAPTER 3
ANALYTICAL MODEL DEVELOPMENT

3.1 Introduction

In a tidal barrage, tidal water level on the sea side is a superimposition of a number of
periodically-varying tidal constituents, while the water level in the basin depends on
the operational control of the turbines and the geometric configuration of the basin. All
previous approaches for the assessment of tidal power are based on some fixed assumed
variables such as mean tidal range, duration and ignore the actual real-time variability
of these variables. Assessment of power generation potential considering real-time
water head differences based on long-term tidal data and also considering basin

configuration might yield a more accurate estimation of power generation.

The purpose of this chapter is to develop an analytical model for better estimation of
tidal power generation by establishing a real-time functional relation (i) between water
level and basin volume, which in turn will relate to turbine discharge and change of
water levels in the basin, and (i1) among the tidal constituents having different phases
and amplitudes in the sea side, expressed as a superimposed function with respect to
time. This approach will require formulation of an analytical model employing
equations to compute the dynamic water head, power and energy considering water
level variations in a tidal barrage. An analytical model based on a set of equations that
describe this real-time variability will be instrumental in designing tidal barrage power

plants.

The rest of this chapter describes conceptual basis for power generation assessment in
Section 3.2, base case: Isle of Whithorn tidal barrage in Section 3.3, real-time
analytical model in Section 3.4, flood-ebb generation without gates in Section 3.4.4,
flood-ebb generation with gates in Section 3.4.5, ebb generation with gates in Section
3.4.6, flood generation with gates in Section 3.4.7, comparison between base case and
the RTA model in Section 3.5, comparison of results from RTA model for different

modes of operation in Section 3.6 and summary in Section 3.7.
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3.2 Conceptual Basis for Power Generation Assessment

In assessment of tidal power generation, the basic equation relates the mass of water
and water head difference with the theoretical potential energy while the energy
available from a barrage depends on water surface impounded by the barrage and the
corresponding mean tidal range. In the current practice for assessing the tidal power
potential for a plant, primarily the duration of power generation, basin area, tidal range
and hydraulic efficiency are considered. Several methods and numerical approaches
have been developed to assess tidal power and energy. In most of the cases power
generation duration is assumed to be one-third time of the day and the efficiency of the
system is assumed to be 90%. Based on these, in most cases the design extractable

power is considered 30% of potential energy.

All previous approaches for the assessment of tidal power ignored the real-time
variability of water levels at two sides of the barrage. An analytical model based on a
set of equations that describe this real-time variability of water levels is developed
which will help in designing tidal barrage power plants that will yield a more accurate

estimation of power generation.

A schematic plan view of a tidal barrage power is shown in Figure 3.1. Turbines are
placed below the turbine housing along the barrage. Ship gates are used to pass the
ships from sea to the basin and from basin to sea. A vertical cross section along the

barrage is shown in Figure 3.2.

Figure 3.1: Schematic plan view of a tidal barrage.
Source: (University of Strathclyde, 2015).
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Figure 3. 2: A vertical cross section along Isle of Whithorn barrage.
Source: (University of Strathclyde, 2015).

3.3 Base Case: Isle of Whithorn Tidal Barrage

The “Isle of Whithorn Case” is a simplified, theoretical andhypothetical case fits for
continuous flow during both ebb tide and flood tide through turbines is taken as a base
(henceforth referred as base case) for this study purpose. In the base case, provision of
gates is not considered. So, the base case does not suit for (i) flood-ebb generation with
gates; (i1) flood generation only; (iii) ebb generation only; and (iv) flood-ebb generation

with gates. The base case is a very simplified, hypothetical and theoretical case.

The first requirement for any tidal power scheme is to consider a minimum gross
differential head of about 1.52 m between the basin and the sea or between basins, to
permit power generation (Simeons, 2019). The base case did not consider this

minimum head requirement in-order-to avoid cavitation for turbine operation.

In the base case, a single tidal constituent and a simple relation of basin’s area vs.
elevation was considered. But in real cases, observed tide is a superimposition of series
of tidal constituents having different tidal amplitudes, speeds and phase angles and
basin water surface might be a polynomial equation of multiple orders instead a linear
relation with elevation. The base case is a theoretical case of “Tidal Barrage
Calculation Spread Sheet” (shown in Appendix A.1) is developed to compute

continuous power generation irrespective of water heads, which is not realistic in
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practical cases. The base case is not suitable for (i) flood generation; or (ii) ebb
generation; or even (iii) flood-ebb generation with gates.

This study considered the limitations & constraints of the base case and it is addressed
by modifying, improving the base case equations and inserting some new equations. A

comparison is discussed in Section 3.5.

3.4 Real-Time Analytical (RTA) Model

The main aim of this study was to develop a real-time analytical model (henceforth
referred to RTA model) to assess tidal barrage power generation. In order to make the
RTA model more flexible and useable, it is developed in such a way so that it can cope
up with any practical complex situations. RTA model is fit for any mode of operation,
multiple tidal constituents and complex basin configurations. The RTA model is
suitable for ebb generation, flood generation and two-ways generation with or without
provision of gates and any inflows through rivers, rainfall, precipitations or by pumping
to the basin or outflows by pumping or spill out from the basin with the provision of

minimum heads for turbine opening and closing.

RTA model considered real-time power generation that changes at different temporal
scales-changes every day, every spring & neap period and every lunar & solar month
and every year. The RTA model is developed to cope up with these situations and to
assess real time power generation with different temporal scales which depends on tidal

characteristics, basin configuration and operational control.

The RTA model is developed to assess real-time power generation considering
dynamic water head of a tidal barrage and for this purpose; an analytical model is
developed to compute real-time power generation considering variable water levels at

the sea and the basin.

This analytical model is developed for different mode of barrage operations, namely:
(1) flood-ebb generation without gates (considering minimum head requirement); (ii)
flood-ebb generation with gates; (iii) ebb generation and (iv) flood generation are

considered.
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3.4.1Develop a relation between water surface area and water level of the
basin

The relation of water surface area and elevation can be expressed as Equation (3.1):
Ap = a2+ an 1 Z" Mt ap 2"+ an 32" 3+ + a2t +ay =f(Z) (3.1)

where,

Av= water surface area (m?) of the basin at level Z;
Z = water level of the basin (m) at any time, t; and
n= polynomial order.

Ap, Ap_q1 An_o .... etc. are the coefficients.

3.4.2 Form an equation to represent water level of tides

Tide at sea is a superimposition of multiple tidal constituents which can be expressed
as Equation (3.2):
Y(t) = ag+ Xy a; cos(Z- - @) (3.2)
where,
Y (t) = water level at sea due to tidal effect;
a, =mean level above chart datum,;
n=number of tidal constituents;
a;= amplitude of i tidal constituent;
T;= tidal period of i tidal constituents; and

@;= is the phase angle of i tidal constituent.

3.4.3 Some assumptions for the RTA model
For the basin, flood tide is considered when water level at the sea is higher than the
water level at the basin and ebb tide is considered when water level at the sea is lower
than the water level at the basin at any time,t; i.e. flood tide when Y(t;)>Z(t;)) and
ebb tide when Y(t;) <Z(t;) at any time t;. For analytical expression the water head
difference (h) between sea and basin considered positive irrespective of the sign. So,
absolute value of h is taken omitting the plus (+) and minus (-) sign, hence h:
Head, h; = absolute [Y (t;) -Z(t;)] (3.3)
Basin flood tide (B= +1) when Y(t;)>Z(t;) (3.4)
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Basin ebb tide (B=-1) when Y (t;)<Z (¢t;)

(3.5
On the other hand, for the sea, flood tide is considered when sea water level Y(t;,)
at t;,11s higher than the sea water level Y(t;) at t; and ebb tide is considered when sea
water level Y(¢;,4) at t;,11s lower than the sea water level Y(¢;) at t;
Head, hi+1 = absolute [Y (t;41) -Z(ti41)] (3.6)
Sea flood tide (S=+1) when Y(¢t;,1)>Y(¢;) 3.7)
Sea ebb tide (S=-1) when Y(t;41)<Y(t;) (3.8)

3.4.4 RTA model for flood-ebb generation without gates

Description of RTA model for flood-ebb generation without gate is mentioned below:

3.4.4.1 Guiding principles for continuous generation without gate

Guiding principle for flood-ebb generation without gate is described below:

(1) At the outset water level of the both sides of the barrage are kept at the same
level keeping turbines are open. At t=0 water level of both sides is equal, at this

stage, turbines are closed and head difference (h) is equal to zero (0).

(2) For flood-ebb generation without gates, turbines are opened (8r=1) when
water head is =>hg (minimum head for turbine starting: say, 2.0 m) and
continues until h> h. (head for closing turbine operation: say, 1.8m). When

h=<h,, turbine is closed (87=0).

(3) Operation rules are expressed in graphical representation in Figure 3.3.
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Figure 3. 3: Operational rules for flood-ebb generation without gates.

3.4.4.2 Development of RTA model to assess power for flood-ebb generation
without gates

The technique for development of RTA model to assess power for flood-ebb generation

without gates is described below:

(a) Estimate dynamic head

Let us think water level at sea is Y(¢;) and water level at the basin is Z(t;) at any time

t;.

Water head (h) at any time (t1) between basin and sea will be equal to:
h = Absolute [Y(t)-Z(ti)] (3.9)

where,

Y(ti) = water level at the sea at any time ti; and

and Z(t;) = water level at the basin at any time t;.

(b) Procedure to develop RTA model for flood-ebb generation without gates

During flood tide or ebb tide at the basin, if head, h =>hg (2.0 m) turbine will open for
power generation. Power generation will be stopped when water head becomes to

h=<h; (1.8 m). The detailed procedure is elaborated in Table 3.1.

52



Table 3.1: Turbine operation criteria for flood-ebb generation without gates.

Point  (at | Sea (S) water | Basin (B) Head, (h=Y- | Turbine
Figure 3.3) | level (Y), | water level | Z), m (Tur):
Flood tide | (Z), Flood Open=1,
(1), Ebb tide | tide (1), Ebb Close=0
(-1) tide (-1)
A 1 1 0 0
B’ 1 1 => hg (2.0) 1
1 1 >h. (1.8) 1
-1 1 >h. (1.8) 1
C’ -1 1 =h. (1.8) 0
-1 -1 <h. (1.8) 0
D’ -1 -1 >=hs (2.0) 1
-1 -1 >h. (1.8)) 1
1 -1 >h. (1.8)) 1
E’ 1 -1 <=h. (1.8)) 0
1 -1 <h. (1.8) 0
1 1 <h. (1.8) 0
F’ 1 1 >=h (2.0) 1
1 1 >h. (1.8)) 1
-1 1 >h. (1.8)) 1
G’ -1 1 <=h, (1.8)) 0

(c) Operation rules of turbines for flood-ebb generation without gates

In flood-ebb system without gates, operational procedure of turbines will be different
from other systems, no gates are considered. During flood tide or ebb tide at the basin,
if head =>hg (2.0 m) turbine will be opened for power generation and it will be stopped

when water head (h) becomes to =<h, (1.8 m).

(d) Velocity of water through turbines

Velocity of water through turbine will be equals to:

Vr = 67 Cpr /2gh (3.10)

where,
V= water velocity through turbine;

6= 0 (zero) when turbine is closed;
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6:=1 (one) when turbine is opened,

Cpr =coefficient of discharge through turbine;
g = acceleration due to gravity; and

h= water head.

(e) Velocity of water through gates

For flood-ebb generation without gates, the technique applied is that gate is considered
always closed i.e. 8;= 0 (zero) is taken.

Velocity of water through gate will be equals to:
VGZHG CDG ,/Zgh (311)

where,

V= water velocity through gates;

0;= 0 (zero) i.e. gate is closed,

Cp¢ = coefficient of discharge through turbine;
g = acceleration due to gravity; and

h= water head.

(f) Discharge passed through turbine

Discharge trough turbine, Q7_N;V;Ap (3.12)

where,
Qr-= discharge passed through turbines;
N; = number of turbines;

Vr = velocity of water through turbines;
. nD?
Ar= area of a turbine = ¥ and

D= diameter of turbine.

(g) Discharge passed through gates

For flood-ebb generation without gate the number of turbines is taken as zero (0).

Discharge trough gates, Qc=NgVGAc (3.13)
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where,

Q;-= discharge passed through gates;
N; = number of gates=0

V; = velocity of water through gates;
A;= area of a gate = B; * H;; and
B;= width of the gate opening; and

H;= height of the gate openings.

(h) Volume of inflows/outflows

The volume of water inflow to the basin through precipitation, rainfall or river inflow
or inflow by pumping or outflow by pumping or spill out from the basin can be

expressed as Equation (3.14):

Vio=0;/0.Qiso. At (3.14)
where,

Vi - volume of water inflow/outflow to the basin, m*
Qi/o= discharge inflow or outflow to the basin, m%/s

At = duration of inflow or outflow, seconds= (t, — t;)

6;/0,=+1, for inflow (+) sign and for outflow (-) sign.

(1) Volume of water change at the basin
(Q1+Q2)
AWy = %(tz —t) * Vijo (3.15)
Where,

AV,,= Volume of water change at the basin between time period t;and t,
Q1= Qr11+Qs1= discharge through turbines and gates at time t;

Q2= Qr,1+Q;2= discharge through turbines and gates at time ¢,

Q7= discharge through turbine

Q¢ = discharge through gates
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Vi/0=0i/0-Qiw. At= volume of water inflow/outflow to the basin
Qi/o= discharge inflow or outflow to the basin
At = duration of inflow or outflow = (t, — t;)

8;/0,=+1, for inflow (+) sign and for outflow (-) sign.

)] Area of the basin
The relation of water surface area and elevation is expressed as:

Ay =a, 2"+ ay 12"+ a2 72"+ ay 323+ 4+ a2t + ay =f(2) (3.16)
where,
Ap= water surface area (m?) of the basin at level Z;
7= water level of the basin (m) at any time, t; and
n= polynomial order.

n, An_q An_o ctc...are the coefficient.

(k) Calculations of water level at the basin

Suppose, at any time t; water level of the basin is Z; and area of the water surface of
the basin is Ap1 and at time t, water level of the basin is Z, and area of the water surface
of the basin is Ap2. Similarly, at any time t; water level of the sea is Y1 and at time ¢,
water level of the basin is Y,. Water head difference between basin and sea at time t;

is hy and at timet,is ho. Again, discharge at time t;is Qi and at time t, is Qx.

Then
Apr = f(Z1) (3.17)
Apz = [ (Z2) (3.18)
Z,= 7, + 07, (3.19)
where,

Z, =water level at the basin at timet;

Z, =water level at the basin at time ¢,

56



0Z,= change in water level at the basin between time t; and t,

During flood tide at the basin, Z, = Z; + 0Z, (3.20)
During ebb tide at the basin, Z, = Z; — dZ, (3.21)

07, = change in water level at the basin between time t; and t, can be calculated using

the following matrix Equations (3.22):

Vi1 = 07 Cpr Vv 2ghy

Qr1 =Ny Vp Ar

Vo1 = 06 Cpg+/29M,

Qg1 = NgVgiAg

Q1 =0Qr1+ Qa1
VTZ = HT CDT 1/ Zghz (322)

Qrz = Np Vi Ar
Vez = 06 Cpg /29,

Qcz = NgVs2Ag

Q2 = Qr2 + Qg2
Vijo = 0is0 Qiso(tz —t1)
_ Q1+ Q)

AV, >

(t; —t1) £ Vi
AV,

0Z, =
27 (Apy + Ap2) /2

where, hy, Vi1, Qr1, Vg1, Qg1 » Q1 and Apqare the water head, velocity of water
through turbines, discharge through turbines, velocity of water through gates, discharge
through gates, total discharge and basin water surface area respectively at time t; and
hy, Vo, Qra, Vo Qg2 » Q2 and Ay, are the water head, velocity of water through
turbines, discharge through turbines, velocity of water through gates, discharge through
gates total discharge and basin water surface area respectively at time t,. Al,= average
incremental volume of water during time interval t, and t;. Other symbols are usual

notations expressed above.

0Z,= change of water level at the basin between time period t; and t, and new water

level at the basin will be Z,=Z; + 0Z,.

1)) Power (kW) calculation

Electrical power, P at any time, t
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P (kW) = npgQrh/1000

(3.23)
where, P =electrical power, in kW;
n =efficiency of turbine=0.4;
p =density of water=1.025 kg/m?;
Qr=discharge through turbine in m?/s; and
h= head difference between the sea and the basin in m.
(m) Energy (kWh) calculation
Energy generation, E (kWh) between time period t; and t,
(P1+P3y/2
E (kWh) = ) (3.24)
(t,—t;).3600
where, E =electrical energy, in kWh;
P1 and P> are the electrical power at time t; and t, ; . and t in hours.
3.4.4.4 Model results for flood-ebb generation without gates
The basic information taken to run the model is shown in Table 3.2.
Table 3. 2: Basic data taken to run the RTA model.
S1 No. Elements Value Unit
1 Area of basin, Ay at HWL from equation (3.16) ... | km?
2 Acceleration of gravity, g 9.807 | m/s?
3 Density sea water, p 1025 | kg/m?
4 Threshold h to start turbine, hg 2.0 | m
5 Threshold h to stop turbine, h. 1.8 | m
6 Turbine tunnel dia., D 7.6 | m each
7 Turbine discharge coefficient, Cpr 0.9
8 No. of turbines, Ny 1 | Nos.
9 Turbine efficiency, n 0.4
10 Width of single gate, B, 3.5 | m
11 Gate discharge coefficient, Cpg 0.65
12 Number of gates, N, 1 | Nos.
13 Height of the gate opening, H;; 3|m

Above input data is changeable for the RTA model, hence the RTA model is robust
and flexible.
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The RTA model is run considering a simple basin characteristics of linear relation
[a0=40617.95 and a;=15864.36 (University of Strathclyde, 2015) and other

coefficients equals to zero] and by plotting the linear relation, we get Figure 3.4.
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Figure 3. 4: Basin area vs. water level.

Again, taking a simple case having a single constituent with an amplitude, a=4m; phase
angle, 6=0; and tidal period (T) = 12.42 hours and datum at Z, = 7 m, we get the sea

level variation which is shown in Figure 3.5.

12.0
oo AN \ \ \
oo 1\ 7\ 7\
o T F—y = -

80 e e e e
70 | e O SRR VIS ISR GNE
"

o ] — ] o]
3.0 \J/ \/ \/ \/

2.0
1.0
0.0

Water level (m CD)

0.0 10.0 0.0 40.0 50.0

0 _. 3
Time (hr)

Figure 3. 5: Sea water level variation with respect to time.
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Running the RTA model, we get the results which are shown in the Table 3.3.

Table 3.3: Results of RTA model for flood-ebb generation without gates.

Model results 1 Turbine having 2.6 m diameter
RTA Model | Base case (no | Difference from
(minimum | minimum base case
head 2m) head)
Power, kW 666.60 654.44 | (1.86% increase)
Energy, kWh/day 7404 7013 | (5.60% increase)

From Table 3.3, it is observed that for a simple case (such as base case), RTA model
yields roughly 5% higher energy than that of from base case. Base case calculates
energy even head is close to zero, on the other hand in the RTA model, turbine is not
opened until h reaches to hg (2.0 m) and power is proportional to h?. So the result is

slightly higher.

3.4.5 RTA model for flood-ebb generation with gates

Description of RTA model for flood-ebb generation with gate is mentioned below:

3.4.5.1 Guiding principles for flood-ebb generation with gate

Guiding principle for flood-ebb generation with gate is mentioned below:

(1) At the outset, let think that at t=0, tides at the both sides of the barrage are similar
in nature i.e. both are flood tides or ebb tides as per definitions adopted in the
Equations from (3.3) to (3.8); water level of the both sides of the barrage are kept
at the same level keeping gates are opened and turbine is closed. At t=0 water level

of both sides is equal and at that stage head difference (h) is equal to zero (0).

(2) When head reaches to h=0, both turbines and gates are closed (87=0, 68,=0). Water
level of the basin will remain unchanged but water level of the sea will be changing
and head difference will also be changing. Turbines will be opened (87=1) when

water head reaches to h=>hg (minimum head for starting turbines: say, 2.0 m) and
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continues until h> h. (head for closing turbine operation: say, 1.8m). When head
becomes to h=<h,, turbine is closed (6=0) to avoid cavitation but gate is opened
(6;=1) to pour the basin quickly and continue until h reaches to zero i.e.
0<=h=<h,, Turbines are closed (6=0) and gates are opened (8;=1) to pour or

empty the basin quickly.

(3) Operation rules are expressed in graphical representation in the Figure 3.6.
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Figure 3. 6: Operational rules for flood-ebb generation with gates.

3.4.5.2 Development of RTA model to assess power for flood-ebb generation with
gates

The technique for development of RTA model to assess power for flood-ebb generation
with gates is described below:

(a) Estimate dynamic head

Let us think water level at sea is Y(¢;) and water level at the basin is Z(t;) at any time

t;.
Water head (h) at any time (t1) between basin and sea will be equal to:

h = Absolute [Y(ti)-Z(t)] (3.25)
where,

Y(t;) = water level at the sea at any time t;; and
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and Z(t;) = water level at the basin at any time t;.

(b) Procedure to develop RTA model for flood-ebb generation with gates
During flood tide or ebb tide at the basin, if head =>hg (2.0 m) turbine will be opened
for power generation. Power generation will be stopped when water head (h) becomes

to <=h, (1.8 m). This is expressed in Table 3.4.

Table 3.4: Turbine/gate operation criteria for flood-ebb with gates system.

Point | Sea (S) water | Basin (B) Head, (h Turbine | Gate (G)
(at level (Y), water level (Z) | =Y-Z)m (Tur) (Open=1;
Figure | Flood tide (1); Flood tide (1); (Open=1; | Close=0)
3.6) Ebb tide (-1) Ebb tide (-1) Close=0)
A’ 1 1 0 0 0
B’ 1 1 =>hs (2.0) 1 0
1 1 >h- (1.8) 1 0
-1 1 >h. (1.8) 1 0
-1 1 =h. (1.8) 0 1
-1 1 <h. (1.8) 0 1
C’ -1 -1 0 0 0
-1 -1 <hs (2.0) 0 0
D’ -1 -1 =>hs (2.0) 1 0
-1 -1 >h- (1.8) 1 0
1 -1 >h- (1.8) 1 0
1 -1 =h. (1.8) 0 1
1 -1 <=h. (1.8) 0 1
E’ 1 1 0 0 0

© Operation rules of turbines for flood-ebb generation with gates

During flood tide or ebb tide at the basin and if head >=hg (2.0 m) turbine will be

opened for power generation and it will continue until head (h) is >h, (1.8 m). When

head (h) is <=h (1.8 m) turbine should be stopped in order to avoid cavitation.

(d)

Operation rules of gates for flood-ebb generation with gates

For flood-ebb generation with gates, operational rules of gates are articulated from

Figure 3.6 and Table 3.4. It is mentioned below:
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(1) When tides are similar in nature (either flood or ebb) at both sides of the barrage
and water head is zero (0) or less than hg (0=h< 2m), both turbines and gates
will be remained closed.

(i1)) When tides are similar in nature (either flood or ebb) at both sides of the barrage
and head is equal to or greater than hg (2.0 m), turbines are opened and gates
are remained closed.

(iii) When turbine is in operation and certainly head falls to <= h; (1.8 m) at
different nature of tides at two sides of the barrage, then turbines will be closed
but gate is opened to pour the basin rapidly.

(e) Velocity of water through turbines

Velocity of water through turbine will be equals to:
Vr = 07 Cpr[2gh (3.26)

where,
Vr= water velocity through turbine;
6= 0 (zero) when turbine is closed;
0:=1 (one) when turbine is opened,
Cpr =coefficient of discharge through turbine;
g = acceleration due to gravity; and

h= water head.

(f) Velocity of water through gates

Velocity of water through gate will be equals to:

VG: QG CDG ,/Zgh (327)

where,

V= water velocity through gates;
0;= 0 (zero) when gate is closed;
0;=1 (one) when gate is opened,

Cp¢ = coefficient of discharge through turbine;
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g = acceleration due to gravity; and

h= water head.

.(g) Discharge passed through turbine
Discharge trough turbine, Qr_N;V;Ar
where,
Qr—= discharge passed through turbines;
N7 = number of turbines;

V= velocity of water through turbines;

. nD?
Ar= area of a turbine = - and

D= diameter of turbine.

(h) Discharge passed through gates
Discharge trough gates, Q= NgVGAc
where,

Q== discharge passed through gates;
N; = number of gates;

V; = velocity of water through gates;
Ag= area of a gate = B; * H;; and
B;= width of the gate opening; and

H;= height of the gate openings.

(i) Water volume inflows/outflows

(3.28)

(3.29)

The volume of water inflow to the basin through precipitation, rainfall or river inflow

or inflow by pumping or outflow by pumping or spill out from the basin can be

expressed as Equation (3.30):
Vi/ozel'/o.Qi/o. At

where,
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Vi = volume of water inflow/outflow to the basin
Qi/—= discharge inflow or outflow to the basin
At = duration of inflow or outflow = (t, — t;)

8;/0,=+1, for inflow (+) sign and for outflow (-) sign.

()  Volume of water change at the basin

AV, = (leQZ) (t2 —t1) + V0 (3.31)
Where,

AV,,= Volume of water change at the basin between time period t;and t,

Q1= Qr11+Qs1= discharge through turbines and gates at time t;

Q2= Qr,1+Q;2= discharge through turbines and gates at time ¢,

Q= discharge through turbine

Q¢ = discharge through gates

Vi/0=0i/0-Qio. At= volume of water inflow/outflow to the basin

Qi= discharge inflow or outflow to the basin

At = duration of inflow or outflow = (t, — t;)

8;/0,=+1, for inflow (+) sign and for outflow (-) sign.

(k) Area of the basin
The relation of water surface area and elevation is expressed as:
Ap = Z" + ap 1 Z" M+ ay 22"t 4 a3 2"+ + a2t =f(2) (3.32)
where,
Ap= water surface area (m?) of the basin at level Z;
7= water level of the basin (m) at any time, t; and
n= polynomial order.

an, An_q An_o etc...are the coefficient.

() Calculations of water level at the basin

Suppose, at any time t; water level of the basin is Z; and area of the water surface of
the basin is Ap1 and at time t, water level of the basin is Z; and area of the water surface

of the basin is Ap. Similarly, at any time t; water level of the sea is Y1 and at time

65



t, water level of the basin is Y2. Water head difference between basin and sea at time

t; 1s hy and at time t> is ho. Again, discharge at time t; is Qi and at time ¢, is Qo.

Then
Apr = f(Zl) (3.33)
Apy = f(Zz) (3.34)
where,

Z, =water level at the basin at time t;
Z, =water level at the basin at time t,

0Z,= change in water level at the basin between time t; and t,

During flood tide at the basin, Z, = Z; + 0Z, . (3.36)
During ebb tide at the basin, Z, = Z; — 9dZ, (3.37)

07> = change in water level at the basin between time t; and t, can be calculated using

the following matrix Equations (3.38):

where, hy, V71, Qr1, Vg1, Qg1 » Q1 and Apqare the water head, velocity of water through
turbines, discharge through turbines, velocity of water through gates, discharge through
gates, total discharge and basin water surface area respectively at time ¢t; and h,, Viy,,
Q72 Vg2 Qg2 , Q, and Ay, are the water head, velocity of water through turbines,
discharge through turbines, velocity of water through gates, discharge through gates total
discharge and basin water surface area respectively at time t,. Al,,= average incremental
volume of water during time interval t, and t;. Other symbols are usual notations

expressed above.
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Vr1 = 07 Cpr /29y

Qr1 =Ny Vp Ar

Vg1 = 06 Cpg +/ 2ghy

Qg1 = NgVgiAg

Q1 =0Qr1+ Qa1
VTZ = HT CDT \/ Zghz (338)

Qrz = N Vi Ar
Vez = 06 Cpg /2g9h,
Qcz = NgVs2Ag
Q2 = Qr2 + Qg2
Vi/o = 91’/0 Qi/o(tz —t1)
_ Q1+ Q)

AV, >

(t; —t1) £ Vi
o,
(Ap1 + Ap2) /2

0Z,= change of water level at the basin between time period t; and t, and new water

0z,

level at the basin will be Z,=Z; + 0Z,.

(m) Power (kW) Calculation

Electrical power, P at any time, t

P (kW) = npgQrh/1000 (3.39)

where, P =electrical power, in kW;

n =efficiency of turbine=0.4;
p =density of water= 1.025 kg/m?;
Qr=discharge through turbine in m®/s; and

h= head difference between the sea and the basin in m.
(n) Energy (kWh) Calculation

Energy generation, E (kWh) between time period t; and t,

(P1+P2)/2

3.40
(t—t1).3600 (340

E (kWh) =
where, E =electrical energy, in kWh;
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P and P; are the electrical power at time t; and t2; and t in hours.

3.4.5.3 Model results for flood-ebb generation with gates
The basic information taken to run the model is shown in Table 3.5.

Table 3.5: Basic data taken to run the RTA model.

S1 No. Elements Value Unit
1 Area of basin, A, at HWLfrom equation (3.32) ... | km?
2 Acceleration of gravity, g 9.807 | m/s?
3 Density sea water, p 1025 | kg/m?
4 Threshold h to start turbine, hg 20| m
5 Threshold h to stop turbine, h. 1.8 | m
6 Turbine tunnel dia., D 7.6 | m each
7 Turbine discharge coefficient, Cpr 0.9
8 No. of turbines, Ny 1 | Nos.
9 Turbine efficiency, n 0.4
10 Width of single gate, B;; 3.5 | m
11 Gate discharge coefficient, Cp 0.65
12 Number of gates, N; 1 | Nos.
13 Height of the gate opening, H;; 3|m

The RTA model is run considering a simple basin characteristics of linear relation
[a0=40617.95 and a;=15864.36 (University of Strathclyde, 2015) and other coefficients

equals to zero] and by plotting the linear relation, we get Figure 3.7.
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Figure 3.7: Basin area vs. water level for the base case.
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Again, taking a simple case having a single constituent with an amplitude, a= 4m; phase

angle, 6=0; and tidal period (T) = 12.42 hours and datum at Z, = 7 m, we get the sea

level variation which is shown in Figure 3.8.
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Figure 3. 8: Sea water level variation with respect to time.

Running the RTA model, we get the results which are shown in the Table 3.6.

Table 3.6: Results flood-ebb generation with gates for one turbine and one gate.

Parameter Criteria Values
Power output (kW) Max. 743
Avg. 478
Min. 249
Energy, kWh Per tidal cycle 7403
Basin WL (m CD) Max. 9.56
Min. 4.74
Head (m) Max. 4.24
Min. -
Avg. 2.33
Tidal range, Sea Max. 8.00
Tidal range, Basin Max. 4.82
Production period One tidal day 63%
Non-production period | One tidal day 38%
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Table 3.7: Results flood-ebb generation with gates for different number of
turbine and one gate.

No. of Turbines (T) + | 1T+ | 1T+ | 1T+ | 2T+ | 2T+ 2T+
Gates (G) | 1G | 2G 3G 1G 2G 3G

Power output (kW) | Max. 743 800 841 881 945 985
Avg. 478 | 496 513 648 667 683
Min. 249 | 246 | 245| 483 | 485| 483
Energy, kWh Per tidal

cycle 7403 | 8125 | 8601 | 7625 | 8513 | 8921
Basin WL (m CD) | Max. 956 | 991 | 10.14| 991 | 10.31]| 10.53
Min. 474 449 | 439| 3.77 336 | 3.21
Head (m) Max. 424 | 445| 4.61 2.99 3.14 | 3.22

Min. - - - - - -
Avg. 233 | 244 252| 1.75 1.79 | 1.83
Tidal range, Sea Max. 8.00| 8.00| 8.00| 8.00 8.00 | 8.00
Tidal range, Basin Max. 482 | 542| 575| 6.15 695| 732
Production period 63% | 66% | 68% | 48% 52% | 53%

Non-production

period 38% | 34% | 32% | 52% 48% | 47%

(N.B: 1T means one turbine and 1G means one gate)

3.4.6 RTA model for ebb generation with gates

3.4.6.1 Guiding principles for ebb generation with gates

In ebb generation power is produced during ebb tide only. During flood tide turbines
are closed and gates are kept open. During ebb tide turbine starts operating when water
head difference (h) becomes equal to or greater than hg(say, 2.0 m) i.e. h=> hg(2.0 m)
and continue up to h>h. (say, 1.8 m). When h <=h,( 1.8 m) turbines are closed. During

ebb tide gates are remained closed.

Based on tide conditions operational procedure could be divided in the followings two

ways:
a) During flood tide at the basin, turbines are closed (6r=0) and gates are
opened (0;=1).

b) During ebb tide at the basin, gates are closed (6;=0), turbines are opened
(67=1) when h>=hg (2.0 m) and continue up to h>h; (1.8 m). When h

<=h.(1.8 m) turbines are closed (6;=0).
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3.4.6.2 Development of RTA model for ebb generation with gates

The technique for development of RTA model to assess power for ebb generation is
described below:

(a) Estimate dynamic head
Let, think water level at sea is Y(t;) and water level at the basin is Z(t;) at any time t;.
Water head (h) at any time (t1) between basin and sea will be equal to:

h = Absolute [ Y (ti)-Z(ti)] (3.41)
where,

Y(ti) = water level at the sea at any time t;; and

and Z(t;) = water level at the basin at any time t;.

(b) Procedure to develop the model

For ebb generation the logics for the operation of turbines and gates can be expressed
graphically in the following Figure 3.9.
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Figure 3.9: Operational rules for ebb generation with gates.

The logics for the operation of turbines and gates for ebb generation is expressed
in Table 3.8.

71



Table 3.8: Turbine/gate operation criteria.

Point Sea (S) water | Basin (B) Head (h | Turbine (T) | Gate (G)
(At level (y), | water  level | =y-z), m | (Open=1 (Open=1
Figure | [Flood tide | (z), Flood tide Close=0) Close=0)
3.9) (1), Ebb tide (- | (1), Ebb tide (-
1) 1)

A’ 1 1 h=0 0 1

1 1 h<2.0 0 1

-1 1 h<2.0 0 1

B’ -1 -1 h=0 0 0

-1 -1 h<2.0 0 0

C’ -1 -1 >=2.0 1 0

-1 -1 h>1.8 1 0

D’ 1 -1 h=1.8 1 0

1 -1 h<1.8<0 0 0

E’ 1 1 h=0 0 1

F' 1 1 h=0 0 1

(¢) Operational rules for turbine for ebb generation with gates

For ebb generation at the basin with gates system, during flood tide, turbines are closed

(=0) and during ebb tide at the basin, turbines are opened (=1) when h>= 2.0 and

continue up to h>1.8. When h <=1.8 m turbines are closed (Tur=0).

(d) Operational rules for gates for ebb generation with gates

For ebb generation at the basin with gates system, during flood tide gates are opened

and during ebb tide gates are closed.

(e) Velocity of water through turbines

Velocity of water through turbine will be equals to:

VT = HT CDT ﬁzgh

where,

V= water velocity through turbine;

6= 0 (zero) when turbine is closed;

6r=1 (one) when turbine is opened,

Cpr =coefficient of discharge through turbine;
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g = acceleration due to gravity; and

h= water head.

(f) Velocity of water through gates

Velocity of water through gate will be equals to:

VG= QG CDG A/ Zgh

where,

V= water velocity through gates;

0= 0 (zero) when gate is closed;

6;=1 (one) when gate is opened;

Cps = coefficient of discharge through turbine;
g = acceleration due to gravity; and

h= water head.

(g) Discharge passed through turbine

Discharge trough turbine, Q7_NrV;Ar

where,
Q7-= discharge passed through turbines;
N; = number of turbines;

Vr = velocity of water through turbines;
. nD?
Ar= area of a turbine = 0 and

D= diameter of turbine.

(h) Discharge passed through gates

Discharge trough gates, Q= NGVGAc

where,
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Q¢-= discharge passed through gates;

N; = number of gates;

Vi = velocity of water through gates;

A;=area of a gate = B; * H;; and

B;= width of the gate opening; and

H;= height of the gate openings.

)

G

Water volume inflows/outflows

The volume of water inflow to the basin through precipitation, rainfall or river
inflow or inflow by pumping or outflow by pumping or spill out from the basin
can be expressed as Equation (3.42):

Viro=0;/6-Qiso. At (3.46)
where,

Vi - volume of water inflow/outflow to the basin, m?
Qi/o= discharge inflow or outflow to the basin, m?/s

At = duration of inflow or outflow, seconds. = (t, — t;)

8;/0=+1, for inflow (+) sign and for outflow (-) sign.

Volume of water change at the basin

A, =8 (6, — 1) £V, (3.47)
Where,

AV,,= Volume of water change at the basin between time period t;and t,

Q1= Qr11+Q;1= discharge through turbines and gates at time t;

Q2= Q,1+Q;2= discharge through turbines and gates at time ¢,

Qr= discharge through turbine

Q. = discharge through gates

Vi /678 /0-Qijo. At= volume of water inflow/outflow to the basin

Qio= discharge inflow or outflow to the basin

At = duration of inflow or outflow = (t, — t;)

8;/0=+1, for inflow (+) sign and for outflow (-) sign.
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(k) Area of the basin

The relation of water surface area and elevation is expressed as:

Ap = 2"+ a1 Z" '+ ay 72"+ ay 32" 3+ + a2 +ay =f (2)

where,

Av= water surface area (m?) of the basin at level Z;
7= water level of the basin (m) at any time, t; and
n= polynomial order.

An, Ap_1 An_o etc...are the coefficient.

(I) Calculations of water level at the basin

(3.48)

Suppose, at any time t; water level of the basin is Z; and area of the water surface of the

basin is Ap1 and at time t, water level of the basin is Z; and area of the water surface of the

basin is Apz. Similarly, at any time t; water level of the sea is Y1 and at time t, water level

of the basin is Y. Water head difference between basin and sea at time t; is h; and at time

t, is ho. Again, discharge at time t; is Qi and at time ¢, is Q..

Then
Apr = f(Z1)
Apy = f(Zz)
ZZ = Z1 i aZZ
where,

Z, =water level at the basin at time t;
Z, =water level at the basin at time ¢,

0Z, = ~change in water level at the basin between

During flood tide at the basin, Z, = Z; + 0Z,

During ebb tide at the basin, Z, = Z; — 9dZ,
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(3.51)

and ¢,

(3.52)

(3.53)



07, = change in water level at the basin between time t; and t, can be calculated using the

following matrix Equations (3.54):

where, hy, V71, Qr1, V1, Qg1 » Q1 and Ap;are the water head, velocity of water through
turbines, discharge through turbines, velocity of water through gates, discharge through
gates, total discharge and basin water surface area respectively at time t; and hy, Vr,,
Q72, Vgz Qg2 » Q2 and A, are the water head, velocity of water through turbines, discharge
through turbines, velocity of water through gates, discharge through gates total discharge
and basin water surface area respectively at time t,. Al,,= average incremental volume of

water during time interval t, and t;. Other symbols are usual notations expressed above.

Vi = 07 Cpr 2ghy

Qr1 = Ngp Vpy Ar

Vo1 = 66 Cpg vV 2ghy

Qg1 = NgVgiAg

Q1 = 0Qr1+ Qa1
VTZ = HT CDT 1/ zghz (354)

Qrz = Nr Vpy Ar
Vo2 = 0 Cpg +/2gh;

Qg2 = NgVo2Ac

Q2 = Qrz + Qg2
Viio = 0i/0 Qiso(tz —t1)
_(01+0Qy)

AV,
w 2

(tz —t1) £ Vi
Y,
(Ap1 + Ap2)/2

0Z,= change of water level at the basin between time period t; and t, and new water

07,

level at the basin will be Z,=Z; + 0Z,.

(m) Power (kW) Calculation
Electrical Power, (3.55)
P (kW) = npgQrh/1000
where, P =electrical power, in kW;

n =efficiency of turbine=0.4;
p =density of water= 1.025 kg/m?;
Qr=discharge through turbine in m%/s; and
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h= head difference between the sea and the basin in m.

(n) Energy (kWh) Calculation

Energy generation, E (kWh) between time period t; and t,

(P1+P3)/2 (3.56)
(t,—t1).3600

E (kWh) =

where, E = eelectrical energy, in kWh;

P and P; are the electrical power at time t; and t2; and t in hours.

3.4.6.3 Model results for ebb generation
The basic information taken to run the model is shown in Table 3.9.

Table 3.9: Basic data taken to run the RTA model.

S1 No. Elements Value Unit
1 Area of basin, Ay at HWL from equation (3.48) ... | km?
2 Acceleration of gravity, g 9.807 | m/s?
3 Density sea water, p 1025 | kg/m’
4 Threshold h to start turbine, hg 2.0 | m
5 Threshold h to stop turbine, h. 1.8 | m
6 Turbine tunnel dia., D 7.6 | m each
7 Turbine discharge coefficient, Cpr 0.9
8 No. of turbines, Ny 1 | Nos.
9 Turbine efficiency, n 0.4
10 Width of single gate, B 35| m
11 Gate discharge coefficient, Cp 0.65
12 Number of gates, N, 1 | Nos.
13 Height of the gate opening, H; 3|m

The RTA model is run considering a simple basin characteristics of linear relation
[a0=40617.95 and a1=15864.36 (University of Strathclyde, 2015) and other coefficients

equals to zero] and by plotting the linear relation, we get Figure 3.10.
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Figure 3. 10: Basin area vs. water level for ebb generation.

Again, taking a simple case having a single constituent with an amplitude, a=4m; phase
angle, 6=0; and tidal period (T) = 12.42 hours and datum at Z, = 7 m, we get the sea

level variation which is shown in Figure 3.11.
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Figure 3.11: Sea water level variation with respect to time for ebb generation.

Running the RTA model, we get the results which are shown in the Table 3.10.
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Table 3.

10: Results for one turbine and one gate for ebb generation.
Parameters Criteria Values
Power output (kW) Max. 905
Min. 206
Avg. 262
Energy kWh/day 6485
Head (m) Max. 4.84
Min. -
Head (m) Avg. 2.61
Basin WL (m CD) Max. 8.40
Min. 7.00
TR Sea Max. 8.00
TR Basin Max. 1.40
Production period 41%
Non-production period 59%

Results for different number of turbines and gates are shown in Table 3.11.

Table 3.11: Results for different number of turbines and gates for ebb

generation.
Turbine (T)+ 1T+ | 1T+ | 1T+ | 1T+ | 2T+ 2T+ | 3T+
Gate (G) 1G 2G 3G 4G 1G 2G 3G
Power output (kW) | Max | 905 | 1187 | 1352 | 1453 | 1495 1863 | 2139
Min | 206 | 210 224 222 | 443 415 414
Avg. | 262 | 374 452 507 | 370 551 683
Energy, kWh/day 6485 | 9280 | 11211 | 12582 | 9186 | 13665 | 16943
Head (m) Max | 4.84| 580 | 632| 6.63| 4.26 493 | 541
Min - - - - - - -
Avg. | 261 | 283 | 299 | 3.11| 2.4l 253 | 2.64
Basin WL (m CD) | Max | 840 | 9.45| 10.03 | 10.38 | 8&.30 9.13 ] 9.72
Min| 7.00 | 7.00 | 7.00 | 7.00 | 6.02 6.77 | 7.00
Tidal range sea (m) m| 800 | 8.00| 800| 8.00| 8.00 8.00 | 8.00
Tidal range basin m| 1.40 | 245 | 3.03| 3.38| 228 236 | 2.72
(m)
Production 136 | 41% | 48% | 52% | 55% | 35% 42% | 0.47
Non-production 112 | 59% | 52% | 48% | 45% 65% 58% | 0.53

Note: 1T mean one turbine; 1G means one gate etc.
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3.4.7 RTA model for flood generation with gates

3.4.7.1 Guiding principle for flood generation with gates

In flood generation power is produced during flood tide only. During ebb tide turbines
are closed and gates are kept open. During flood tide turbine starts operating when
water head difference (h) becomes equal to or greater than hg (2.0 m) i.e. h=>hg (2.0

m) and continue up to h>h. (1.8 m). When h <=h (1.8 m) turbines are closed. During

flood tide gates are remained closed.

Based on tide conditions operational procedure could be divided in the followings two

ways:

1 During ebb tide at the basin, turbines are closed (6-=0) and gates are opened
(B5=1).

2 During flood tide at the basin, gates and turbines are closed (67=0, 8;,=0) until
h<hg (2.0 m). When h=> hg (2.0 m), turbines are opened (8r=1) and continue up
to h>h, (1.8 m). When h <=h (1.8 m) turbines are closed (6=0).

3.4.7.2 Development RTA model to assess power for flood generation

The technique for development of RTA model to assess power for flood generation is
described below:

(a) Estimate dynamic head

Let us think water level at sea is Y(t;) and water level at the basin is Z(t;) at any time

t;.
Water head (h) at any time (t1) between basin and sea will be equal to:

h = Absolute [Y(ti)-Z(ti)] (3.57)

where,
Y(ti) = water level at the sea at any time ti; and

and Z(t;) = water level at the basin at any time t;.
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(b) Procedure to develop the model

During flood tide gates are kept closed and during ebb tide gates are kept open. On the

other hand, during ebb tide turbines are kept closed and during flood tide turbines start

operating when water head difference (h) reaches equal to or greater than hg (2.0 m)

i.e. h=> hg (2.0 m) and operation continues up to head greater than h. (1.8 m) i.e.

h>h; (1.8 m). When h <=h (1.8 m) turbines are closed. The procedure is shown in

Figure 3.12.
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Figure 3.12: Operational rules for flood generation with gates.

During flood tide at the basin, gates are kept closed and turbines start operating when

water head difference (h) reaches to => hg (2.0 m) and continue up to h>h. (1.8 m).

When h <=h (1.8 m) turbines are closed. During ebb tide at the basin gates are opened

and turbines are closed. This is expressed in the Table 3.12.
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Table 3. 12: Turbine/gate operation criteria for flood generation with gates.

Point | Sea (S) water | Basin (B) Head Turbine | Gate (G)
(at level (Y), | water level (2), | (h=Y-2), (Tur) (Open=1
Figure | flood tide (1); | flood tide (1); | (m) (Open=1 | Close=0)
3.12) |ebbtide(-1) | ebb tide (-1) Close=0)
A’ 1 1 h=0 0 0
1 1 <hg (2.0 m) 0 0
B’ 1 1 =>hg (2.0 m) 1 0
1 1 >h. (1.8 m) 1 0
-1 1 >h. (1.8 m) 1 0
C’ -1 1 =h. (1.8 m) 0 0
-1 1 <h (1.8 m) 0 0
D’ -1 -1 h=0 0 1
-1 -1 <hg (2.0 m) 0 1
E’ 1 1 h=0 0 1
1 1 <hg (2.0 m) 0 0
F' 1 1 =>h¢ (2.0 m) 1 0

(c) Operation of turbines and gates for flood generation

From Figure 3.12 and Table 3.13, it is evident that during flood tide at the basin,

gates are kept closed and turbines start operating when water head difference (h)

reaches to =>hg (2.0 m) and continue up to h>h; (1.8 m). When h <=h, (1.8 m)

turbines are closed. During ebb tide at the basin gates are opened and turbines are

closed.

(d) Velocity of water through turbines

Velocity of water through turbine will be equals to:

VT = HT CDT ,¢2gh

where,

V= water velocity through turbine;

6= 0 (zero) when turbine is closed;

6r=1 (one) when turbine is opened,
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Cpr =coefficient of discharge through turbine;
g = acceleration due to gravity; and

h= water head.

(e) Velocity of water through gates

Velocity of water through gate will be equals to:

VG: HG CDG 4/ Zgh

where,
V= water velocity through gates;
0= 0 (zero) when gate is closed;
6;=1 (one) when gate is opened,
Cp¢ = coefficient of discharge through turbine;

g = acceleration due to gravity; and

h= water head.

(f) Discharge passed through turbine

Discharge trough turbine, Qr_N;V Az

where,
Qr—= discharge passed through turbines;
N; = number of turbines;

Vr = velocity of water through turbines;

. nD?
Ar= area of a turbine = 0 and

D= diameter of turbine.
(g) Discharge passed through gates

Discharge trough gates, Qc=NgVGAc

where,
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Q¢-= discharge passed through gates;

N; = number of gates;

Vi = velocity of water through gates;

A;= area of a gate = B;. H;; and

B;= width of the gate opening; and

H;= height of the gate openings.

(h) Water volume inflows/outflows

The volume of water inflow to the basin through precipitation, rainfall or river inflow

or inflow by pumping or outflow by pumping or spill out from the basin can be

expressed as Equation (3.57):

Vio=0;/6-Qiso. At (3.62)
where,

Vi - volume of water inflow/outflow to the basin, m?
Qi/o= discharge inflow or outflow to the basin, m®/s

At = duration of inflow or outflow, seconds.= (t, — t;)

8; /0= +1, for inflow (+) sign and for outflow (-) sign.

Volume of water change at the basin

A, =G (1, — 1) 4V, (3.63)
Where,

AV,,= Volume of water change at the basin between time period t,and ¢,
Q1= Qr11+Q;1= discharge through turbines and gates at time t;

Q2= Q,1+Q;2= discharge through turbines and gates at time ¢,

Q7= discharge through turbine

Q¢ = discharge through gates

Vi/6=8i/0-Qijo. At= volume of water inflow/outflow to the basin

Qi/o= discharge inflow or outflow to the basin

At = duration of inflow or outflow = (t, — t;)

8; /0= +1, for inflow (+) sign and for outflow (-) sign.
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() Area of the basin
The relation of water surface area and elevation is expressed as:
Ay =, 2"+ ap 12" Y+ a2 2"+ ay 32" 3+ o+ a2t +ay =f(Z) (3.64)
where,
Av= water surface area (m?) of the basin at level Z;
7= water level of the basin (m) at any time, t; and
n= polynomial order.

An, Ap_1 An_o etc...are the coefficient.

(k) Calculations of water level at the basin

Suppose, at any time t; water level of the basin is Z; and area of the water surface of
the basin is Ap1 and at time t, water level of the basin is Z; and area of the water surface
of the basin is Ap2. Similarly, at any time t; water level of the sea is Y1 and at time ¢,
water level of the basin is Y2. Water head difference between basin and sea at time t;

is hy and at time t, is hy. Again, discharge at time t; is Qi and at time ¢, is Q2.

Then
Apr = f(Zl) (3.65)
Ap, = f(Z2) (3.66)
ZZ = Z1 i aZZ (3.67)
where,

Z, =water level at the basin at time t;
Z, =water level at the basin at time ¢,

d0Z,= change in water level at the basin between time t; and t,

During flood tide at the basin, Z, = Z; + 0Z, (3.68)

During ebb tide at the basin, Z, = Z; — 9dZ, (3.69)
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07> = change in water level at the basin between time t; and t, can be calculated using

the following matrix Equations (3.70):

where, hy, V71, Qr1, Vi1, Qg1 > Q1 and Ap;are the water head, velocity of water through
turbines, discharge through turbines, velocity of water through gates, discharge through
gates, total discharge and basin water surface area respectively at time t; and h,, Vp,,
Qr2, Vgz Qg2 , Q, and A, are the water head, velocity of water through turbines,
discharge through turbines, velocity of water through gates, discharge through gates total
discharge and basin water surface area respectively at time t,. AV, = average incremental
volume of water during time interval t, and t;. Other symbols are usual notations

expressed above.

Vi1 = 07 Cpr Vv 2ghy

Qr1 =Ny Vp Ar

Vo1 = 06 Cpg+/29M,

Qg1 = NgVgiAg

Q1 =0Qr1+ Qa1
VTZ = HT CDT 4/ Zghz (370)

Qrz = N Vpy Ar
Vez = 06 Cpg /29,

Qcz = NgVs2Ag

Q2 = Qrz + Qg2
Vijo = 0i/0 Qiso(tz —t1)
_ Q1+ Q)

AV, >

(t; —t1) £ Vi
o,
(Ap1 + Ap2) /2

0Z,= change of water level at the basin between time period t; and t, and new water

07,

level at the basin will be Z,=Z; + 0Z,.

1)) Power (kW) Calculation

Electrical Pwoer,
P (kW) = npgQrh/1000 (3.71)

where, P =electrical power, in kW;

n = efficiency of turbine=0.4;
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p =density of water= 1.025 kg/m?;
Qr=discharge through turbine in m?/s; and

h= head difference between the sea and the basin in m.

(m) Energy (kWh) Calculation

Energy generation, E (kWh) between time period t; and ¢,

(P1+P2)/2
(t,—t4).3600

(3.72)

E (kWh) =

where, E =electrical energy, in kWh;

P1 and P> are the electrical power at time t; and t2; and t in hours.
3.4.7.3 Model results for flood generation
The basic information taken to run the model is shown in Table 3.13.

Table 3.13: Basic data used to run the RTA model.

S1 No. Elements Value Unit
1 Area of basin, Ay at HWLfrom equation (3.64) ... | km?
2 Acceleration of gravity, g 9.807 | m/s?
3 Density sea water, p 1025 | kg/m?
4 Threshold h to start turbine, hg 2.0 | m
5 Threshold h to stop turbine, h. 1.8 | m
6 Turbine tunnel dia., D 7.6 | m each
7 Turbine discharge coefficient, Cpr 0.9
8 No. of turbines, Ny 1 | Nos.
9 Turbine efficiency, 0.4
10 Width of single gate, B, 3.5 | m
11 Gate discharge coefficient, Cpg 0.65
12 Number of gates, N 1 | Nos.
13 Height of the gate opening, H; m

The RTA model is run considering a simple basin characteristics of linear relation
[a0=40617.95 and a;=15864.36 (University of Strathclyde, 2015) and other coefficients

equals to zero] and by plotting the linear relation, we get Figure 3.13.
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Figure 3.13: Basin area vs. water level for base case.

Again, taking a simple case having a single constituent with an amplitude, a=4m; phase
angle, 6=0; and tidal period (T) = 12.42 hours and datum at Z, = 7 m, we get the sea

level variation which is shown in Figure 3.14.
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Figure 3. 14: Sea water level variation with respect to time for base case.

Running the RTA model, we get the results which are shown in the Table 3.14.
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Table 3.14: Results for one turbine and one gate for flood generation.

Parameters Criteria Values

Max 646
Power output (kW) Min 206
Average 376
Energy, kWh /cycle 4493
Basin WL (m CD) M?X 9.02
Min 3.33
Average 6.30

Head (m) 2
Head (m) Max 3.86
Min 0.00
Tidal range basin (m) Max 5.70
Tidal range sea (m) Max 8.00

Results for different number of turbines and gates are shown in Table 3.15.

Table 3.15: Results for different number of turbines and gates.

Turbine (T)+ 1T+ IT+] 1T+ 2T+ ] 2T+ 2+ 3T+
Gate (G) 1G 2G| 3G| 1G| 26 | 3G | 3G
Max | 646 653 654 603 592 576 817
Power Min | 206 208 208 414 418 418 623
output (kW) n
Average 376 419 | 420 526 520 512 717
Energy,
KWh Jeyele 4493 | 3838 | 3846 | 4130 | 3360 | 3303 3084
Basin WL Max | 9.02 | 9.02 | 902 | 930 9.26 9.26 9.16
éfl“éD) Min | 333 | 299 | 2.99 3.41 2.96 2.99 2.99
Average | 630 | 600 | 584 | 671 6.40 6.24 6.26
Max | 3.86 | 3.89 | 3.89 | 232 2.30 225 2.17
Head (m) -
Min | 000 | 000 | 0.00 | 0.00 0.00 0.00 0.00
Tidal range
basin (m) Max | 570 | 6.03 | 6.03 5.89 6.30 6.27 6.17
Tidal range
sea (m) Max | 8.00 | 800 | 8.00 8.00 8.00 8.00 8.00
Production 43 48% | 371% | 37% | 32% 26% 26% 17%
Non- 205
production 52% | 63% | 63% | 68% 74% 74% 83%

(Notations: 1T means one turbine and 1G means one gate).

3.5 Comparison of Base Case and the RTA Model

The base case is a simplified, theoretical and hypothetical case fits for continuous flow
through turbines without provision of gates and minimum head requirements for

turbines to avoid cavitation. So, the base case does not suit for (i) flood-ebb generation
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with minimum head requirements without gates; (ii) flood-ebb generation with gates;

(ii1) ebb generation with gates; and (iv) flood generation with gates. RTA model

addressed those constraints and limitations and prepared to make the model robust and

flexible by modifying and developing equations. A comparison is listed in the Table

3.16.

Table 3. 16: Comparison of notations and equations between the base case and

the RTA model.
S1 | Description Notations and | Notations and equations used in RTA
No equations used model
. in base case
1 | Water level at Z1(t) Y(t)
sea
2 | Water level at Zx(t) Z(t)
basin
3. | Nature of tide | (i) Use (+ 1) for|. Flood tide when Y(t)>Z(t) and
at basin flood tide when expressed as B= (+1) and
Zi(t>Zx(t)and  |.  Ebb tide when Y(t)<Z(t) and
(i) Use (-1) ebb tide expressed as B=(-1).
when Z1(t)<Zx(t)
4 | Nature of tide (i) Flood tide when Y(t+1)>Y (t) and
atsea | @ - expressed as S= (+1) and
(i1) Ebb tide when Y(t+1) <Y (t) and
expressed as S= (-1).
5 | Operation of | Turbines are | A. For Flood-ebb generation without
turbines  and | continuously opened | gates
gates. irrespective  of water | (i) During flood tide or ebb tide at both

head, h= Absolute
value of Y(t)-Z(t).
Minimum head

requirement is not
considered. There is

no provision of gates.

sides of the barrage (i.e. sea side or
basin side) and h=absolute value of
Y(t)-Z(t) <2.0m, turbine remained
closed (6r=0). When h=>2.0m, turbine
is opened (6r=1).

(i1)) When nature of tides is different

(i.e. flood tide at one side and ebb tide
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SI
No

Description

Notations
equations used
in base case

and

Notations and equations used in RTA
model

at another side) and h=absolute value
of Y(t)-Z(t) >1.8, turbines continue in
operation. But, when h<=1.8m, turbine

is closed (67=0).

B. For flood-ebb generation with

gates
(1) During flood tide or ebb tide at both

sides (i.e. sea side and basin side) and
head, h=absolute value of Y(t)-Z(t)
<2.0m, both turbines and gates remains
closed (6r=0) and ;=0 are taken.
When h=>2.0 m turbine starts
operation (& =1), but gate remains
closed ( 6;=0) until h reaches to 1.8m.
(i1)) When nature of tides is different
(i.e. flood tide at one side and ebb tide
at another side) and h=absolute value
of Y(t)-Z(t) >1.8, turbines continue in
operation (6r=1). But, when h<=1.8m,
turbine is closed (6;=0) but gates are
opened ( 6;=1) to pour or empty the
basin quickly.

C. For ebb generation with gates

(1) During flood tide at the basin,
turbines remained closed (6r=0) and
gates are opened (6,=1).

(i) During ebb tide at the basin gates

are closed (6, =0). Turbines are also
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S1 | Description Notations and | Notations and equations used in RTA
No equations used model
in base case
kept closed (6,.=0) until head, h =
<2.0m. Turbines are opened (6.=1)
when h=>2.0m.
(ii1) When ebb at the basin but flood
tide at the sea and head, h<=1.8m
turbines are closed (6;=0) but gates are
remained closed (6, =0).
D. For flood generation with gates
(1) During flood tide at the basin, gates
are remained closed ( 6;=0).
(i1) During flood tide at the basin and
head, h<2.0m turbines remained closed
(6r=0). But when h=>2.0 m turbines
are opened for operation (6y=1).
(i11)) But when flood tide at the basin
side and ebb tide at the sea and head, h
<=1.8m turbines are closed (6;=0).
6 | Velocity of V= CD\/m V=6. CDT\/m
water through
turbines
7 | Velocity of V= eG-CDG\/m
water through | ...
gates
8 | Discharge Qr=N. 0r = Ny HT-CDT\/M-T[DTZ
through Co2gh. DTZ
turbines
9 | Discharge Q; =

through gates
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S1 | Description Notations and | Notations and equations used in RTA
No equations used model
. in base case
10 | Total discharge Qr=N. Q=0Qr + Qg
2

through Cp m ”DT

openings
11. | Inflow or Vi/o = Hi/o Qi/o(tZ - tl)

outflow -
12 [dz dzZ = Apr = f(Z1)

i Ap2 = f(Z2)

(incremental (£1).Q7.(Tryq — b2 2

| Qr- (Te41 Z, = 7y + 07,

rise or fall of T,)/Av 0 +0)

+
basin  water AV, = % (t; — t1) £ Viyo
level) AV,
07, = (£1) —2
> = D
13 | Power, P(t) P, Py = npgQr. hy
= Nrmpg. CD.ASQ/Zth

14 | Energy, E

n
E=Zpt .At
t=1

n
E=zEt

t=1

1
Et:; (Pt + P—q). (T — Te—1)
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3.6 Comparison of Results from RTA Model for Different Modes of Operation

3.6.1 Data input taken for RTA Model for different modes
Data input taken for RTA Model for different modes is mentioned in Table 3.17.

Table 3.17: Data input taken for RTA Model for different modes.

Inputs for the system Value Unit
Acceleration due to gravity, g 9.807 m/s?
Density of sea water, p 1025 kg/m’
Threshold h to start turbine, hg 2.0 m
Threshold h to stop turbine, h. 1.8 m
Turbine tunnel dia., D 2.6 m
Turbine discharge coefficient, Cpr 0.9

No. of turbines Ny 1

Turbine efficiency, 0.4

Width of single gate, B, 3.5 m
Gate discharge coeff. Cpg 0.65

Number of gates, N; 2

Gate Opening height, H; 3 m

3.6.2 Tidal characteristics taken for different modes

Tidal characteristics taken for different modes are mentioned in Table 3.18.

Table 3.18 : Tidal characteristics taken for different modes.

Parameters for tide with units Value
Tidal period, T (hr) 12.42

Amplitude, a (m) 4

Phase angle, ¢ (degree) 0

Datum shift from MSL, a, (m) 7

3.6.3 Basin characteristics taken for different modes

Basin characteristics taken for different modes are mentioned in Equation (3.73)

Ap=15864.355 Z+ 40617.952 (3.73)
where,
Ap= Area of the basin water surface at level Z, m?

7= Basin water level, m
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3.6.4 Water level, head, power and energy at different modes from RTA
model

3.6.4.1 Time series water level of sea and basin at different mode of operations.

Water level of sea and basin at different mode of operations is shown in Appendix
A2,

Water level variations of different modes are shown in Figure 3.15.
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Figure 3.15: Water level variations for different modes of the RTA model.

From Figure 3.15, it is seen that basin water remains at higher level for ebb mode than
that of flood-ebb mode and flood mode. Again, basin water remains at higher level for

flood-ebb mode than that of flood mode.
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3.6.4.2 Time series water head difference between sea and basin at different
mode of operation from RTA model.

Water head difference between sea and basin at different mode of operation is shown
in Appendix A.2.

Time series water head difference between sea and basin at different mode of operation
from RTA model is shown in Figure 3.16.
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Figure 3.16: Time series of water head difference between sea and basin at
different mode of operation from RTA mode.

From Figure 3.16, it is clear that water head difference is higher at flood-ebb mode than
that of flood mode. Again, water head difference is higher at ebb mode than that of
flood-ebb mode, i.e. ebb mode has higher water heads than that of other modes. If
minimum head for turbine operation is considered (model results are obtained
considering 2 m for turbine starting head and 1.8 m for turbine closing head), then ebb

mode will generate higher power than other modes.
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3.6.4.3 Time series power generation for different mode of operation from RTA
model

Time series power generation for different mode of operation from RTA model (See
Appendix A.2) is shown Figure 3.17. In Figure 3.17, sea water level is shown in

Primary Axis and time series power for different modes is shown in Secondary Axis

respectively.
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Figure 3.17: Time series of power generation for different mode of operation
from RTA model.

From Figure 3.17, it clear that maximum and minimum power for ebb mode only is
1187 kW and 210 kw respectively, whereas maximum & minimum power for flood-
ebb mode and flood mode only are 800 kW & 246 kW and 661 kW and 209 kW
respectively. From Figure 3.17, it is also clear that within 24.8 hours ebb mode
generates power two times, roughly 6 hours each time, for this particular case. But
flood-ebb mode generates power three times, roughly 5 hours each time, for this case.
So, overall generation period for a tidal day (24.8 hrs.) for flood-ebb mode is higher
than that of ebb mode. But, we are more interested for total energy (kWh) generation.
So, we have to look into which mode would generate total energy generation. It is

discussed in the sub-section 3.6.5.
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3.6.5 Comparison of results for different mode of operation from RTA model

The comparison of results for different mode of operation is mentioned Table 3.19

Table 3.19: The comparison of results for different mode of operation.

Criteria Flood- | Ebb only Flood

(for a tidal day, ebb mode only

Elements 24.8 hrs.) mode mode
Energy (kWh) 8125 9280 5190
Max. 800 1187 661
Power output (kW) Avg.>0 496 780 485
Min. (>0) 246 210 209

. Max. 9.91 9.45 9.02
Basin WL (m CD) Min. 4.49 7.00 2.99
Max. 4.45 5.80 3.89

Head (m) Min. 0.00 0.00 0.00
Avg. 2.44 2.83 1.61

Tidal range basin (m) Max. 5.42 5.80 6.03
Tidal range sea (m) Max. 8.00 8.00 8.00
Production period % 66% 48% 37%
Non-production period % 34% 52% 63%

Table 3.19 compares the results for different modes using same data input from RTA
model. Table 3.19 provides results for flood-ebb generation, ebb generation and flood
generation for 24.8 hours for 1 turbine (2.6 m dia.) and 2 gates (each 3m x 3 m). The

energy generation in different modes is shown in Figure 3.18.
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Figure 3.18: Energy generation in different modes using RTA model.

From Table 3.19 and Figure 3.18, it is observed that ebb generation gives more energy
(9280 kWh) than that of flood-ebb generation (8125 kWh) and flood generation (5190
kWh). On the other hand, duration of generation for flood-ebb generation, ebb
generation and flood generation are 66%, 48%, and 37% respectively. So, it is
concluded that ebb generation yields more energy (kWh) than that of flood-ebb

generation, but duration of ebb generation is shorter than flood-ebb generation.

3.7 Summary

All previous approaches for the assessment of tidal power are based on some fixed
assumed variables such as tidal range, mean tidal range, mean head, duration and
ignore the actual real-time variability of these variables. Based on these, in most cases

the extractable power is considered certain percentage of potential energy.

A team of University of Strathclyde (2015) developed an excel sheet to calculate power
for tidal barrage considering a very simple, theoretical and hypothetical case for
continuous generation through turbines where they did not consider minimum head
requirement for turbine operation to avoid cavitation and also did not consider
provision of gates to improve efficiency. Hence the said case is not suitable for (i)
flood-ebb generation without gates with minimum head requirement; (ii) flood-ebb

generation with gates; (ii1) flood generation with gate; or (iv) ebb generation with gate.
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Again, the base case was developed using a single tidal constituent and a simple
relation of basin’s area and elevation. But in real cases, observed tide is a
superimposition of series of multiple tidal constituents having different tidal
amplitudes, speeds and phase angles and basin water surface might be a polynomial
equation of multiple orders instead a linear relation with elevation. However, the said

case is used as a base case for the RTA model development.

Assessment of power potential considering real-time water head differences based on
long-term data might yield a more accurate estimation of power generation. For this
reason, an analytical model has developed for better estimation of tidal power
generation by establishing a real-time functional relation (i) between water level and
basin area, which in turn will relate to turbine discharge and change of water levels in
the basin, and (ii) among the tidal constituents having different phases and amplitudes
in the sea side, expressed as a superimposed function with respect to time. The general
equations for potential power and energy are used and modified and improved to adopt
different modes of operations such as (i) flood-ebb generation without gates with
minimum head requirement; (ii) flood-ebb generation with gates; (iii) flood generation

with gates; or (iv) ebb generation with gates.

In real cases observed tide is a superimposition of series of tidal constituents having
different tidal amplitudes, speeds and phase angles. Again, the basin water surface is
not always a linear relation with elevation rather it could be a polynomial equation of
multiple orders. So, RTA model is developed in such a way so that it can adopt multiple
tidal constituents forming a generalized equation of tides and any shape of basin
configuration forming a polynomial equation of multiple orders for area-elevation. The

RTA model could also be used for a series of observed tide data.

The RTA model is run for flood-ebb generation, ebb generation and flood generation
using same data input. Comparing the results for 24.8 hours for 1 turbine (2.6 m dia.)
and 2 gates (each 3.5 m x 3 m), it is observed that ebb generation gives more energy
(9280 kWh) than that of flood-ebb generation (8125 kWh) and flood generation (5190
kWh). On the other hand, duration of generation for flood-ebb generation, ebb

generation and flood generation are 66%, 48%, and 37% respectively. So, it is
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concluded that ebb generation yields more energy than that of flood-ebb generation,

but duration of ebb generation is shorter than flood-ebb generation.

The model is verified taking data for Severn barrage and compared the results with
other studies on Severn barrage in Chapter 4. The RTA model gives similar results with
slight variations of Severn’s results from which it could be concluded that RTA model

is acceptable and reliable.

101



CHAPTER 4
MODEL VALIDATION AND OPTIMIZATION

4.1 Introduction

Validation is important to test the accuracy of the model. In this chapter the real-time
analytical model developed in Chapter 3 is verified to test whether the model is usable,
reliable and acceptable for assessing the tidal barrage power and energy. On the other
hand, optimization is necessary to find out the optimum solutions or least cost solution

for the desired output.

In the following sections of this chapter described the processes how the model is
validated and how the capacity is optimized. Section 4.2 of this chapter described about
model validation, Section 4.3 described about optimum plant capacity and summary in

Section 4.4.

4.2 Model Validation

4.2.1 Comparison of results of RTA model with base case

Necessary information and data of the model is put in the base case for continuous
generation and peak power 654.44 kW is the out-put of the project (1 turbine with 2.6
m diameter) for 12.5 hrs. The RTA model for same turbine diameter with starting
minimum head of 2.0 m and turbine closing head 1.8 m results the peak power 666.60
kW. The other parameters of the model are mentioned in Table 4.1. The comparison of

the results with the base is shown in Table 4.2.
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Table 4.1: Parameters used for the base case and RTA model for power

generation.

Parameters Symbol Value
Threshold h to start turbine h; 2.0
Threshold h to stop turbine hy 1.8
Turbine tunnel diameter D 2.6
Turbine discharge coefficient Cdt 0.9
No. of turbines Nt 1
Turbine efficiency n 0.4
Width of single gate Bg 4.0
Gate discharge coefficient Cdg 0.65
Number of gates Ng 1
Gate Opening depth d 3

Table 4.2: Comparison of results between base case and RTA model for a tidal

cycle.
1 turbine having 2.6 m | Results from base | Results from | Difference
dia. case data RTA Model
Max. Peak [kW] 654.44 666.6 +1.86%
Avg. [kW] 261.12 247.33 -5.28%
Energy for a tidal cycle 3285.78 3066.88 -6.66%

From Table 4.2 it is evident that the results from the RTA model and base case are
more-or-less similar (from -6.66% to +1.86%). The real time analytical model fits for

the base case.

4.2.2 Comparison of results of RTA model with Severn tidal barrage

The Severn Barrage is a proposed tidal power station to be built across the Bristol
Channel (Severn Estuary). The River Severn has a tidal range of 14 metres-the second
highest in the world — making it perfect for tidal power generation (Knight & Hill,
2007). The barrage will be about 10-mile-long between Lavernock Point south of
Cardiff, Wales and Brean Down in Somerset, England. The barrage would act as a
bridge between England and Wales and will have an operational lifetime of up to 200
years. It would be the world’s largest ever renewable energy project, and the UK’s
largest engineering project since the Channel Tunnel. A total of 214x40MW

turbines would be built into the barrage through which the trapped water would return
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at high pressure when the tide turns generating electricity. In order to permit shipping

to pass through the barrage an enormous set of shipping locks would be constructed.

Different studies on Severn barrage suggested different models and results. The basin
was assumed a flat bottom and constant water surface area of 480km?. Three percent
(3%) reduction is applied for tidal elevation due to impact of the barrage which was
taken M>=3.15m and S>=0.95m (Burrows, et al., 2009). The RTA model is run for
Severn Barrage for ebb mode considering 216 turbines each 9m diameter (40MW) and

184 sluice gates each 12X12 meter in size.

The total annual energy output of Severn barrage using different approach in different

studies are shown in Table 4.3.

Table 4.3: Annual energy (TWh) generation (Ebb) from Severn barrage.

S1. No. Annual energy
Different approaches for Severn data output per year
(TWh)
1. RTA model [considering hmin (turbine starting)
=2.0m and hpin (turbine stopping) =1.8m. (Max.
power output 6.274GW, minimum power output 10.77
1.124GW]
2. Turgency/Generation [0D approach] 2006-2008:
considering Huyin=1.0m.] 11.12
3. RTA Model considering Hmin=1.0m for turbine
operation. (Max. power output 5.585GW, 10.50
minimum power output 1.629GW]
4, DoEn reports [UKAEA, 1980, 1984; DoEn, 15.09
1989]

Source: (Burrows, et al., 2009)

From Table 4.3, it is evident that the annual energy output for Severn barrage using
Turgency/Generation 0D approach (2006-2008) considering minimum head of 1.0 m
for turbine operation was 11.12 TWh (Burrows, et al., 2009). The difference between
the original DoEn (1980s) study and Turgency/Generation 0D approach (2006-2008)
is very high. This is due to the impact of the barrage on the tidal characteristics which
was not considered earlier DoEn studies (1980s). The annual output from RTA model
for Severn barrage considering minimum head of 1.0 m for turbine operation was 10.50
TWh which is 5.58% lower than that of Turgency/Generation model. Considering
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minimum starting head of 2.0 m for turbine operation and turbine closing head of 1.8
m, the RTA model for Severn barrage results annual energy output 10.77 TWh which
is 3.15% lower than that of Turgency/Generation model. Though the results are closer
each other, but RTA model is more analytical and provides time series power and
energy. The Turgency program calculates the power output and outflow relationship
through the use of a turbine hill chart given by (Baker, 1991); (Burrows, et al., 2009).
It is more generic and accurate model than Turgency/Generation model. So, it can be

concluded that the real time analytical model also fits for the Severn barrage.

4.3 Optimization of Plant Capacity

4.3.1 General discussion

The main purpose of optimization of a tidal barrage power plant is to set optimum
number of turbines and gates to get as much as possible maximum energy with cost
effective solution. So, there are at least three issues to be considered during
optimization; namely (1) to get maximum energy; (2) set optimum number of turbines
and gates so that unit price of the energy will be cost effective compare to other
available solutions; and (3) turbines and gates could be housed within the barrage and

embankment length.

4.3.2 Optimization based on energy generation

Energy generation (ebb power) for Severn barrage with different number of turbines

and gates are calculated using the RTA model and is shown in Table 4.4.
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Table 4.4: Results (Ebb mode) of RTA model using Severn Barrage data.

SI. | No. of turbines | No. of gates Maximum Annual energy
No. power (MW) output (TWh)
1. 150 5005 8.146
2. 200 150 6000 9.777
3. 250 6793 10.927
4. 300 7444 11.617
5. 150 5005 8.730
6. 200 200 6000 10.517
7. 250 6793 11.795
8. 300 7444 12.562
0. 150 5005 9.133
10. 200 250 6000 11.029
11. 250 6793 12.393
12. 300 7444 13.212
13. 150 5005 9.409
14. 200 300 6000 11.378
15. 250 6793 12.809
16. 300 7444 13.651
17. 216 184 6274 10.772

Source: (Burrows, et al., 2009).
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Figure 4.1: Energy generation as a function of turbines for Severn barrage.

From Table 4.4, it is seen that as the turbine and gate increase, the energy generation
is also increases. For 300 turbines each 9 m diameter (40 MW) and 300 sluice gates
each 12 m X 12 m yield maximum energy 13.651 TWh annually. By increasing the

number of turbines for a particular number of gates we can increase energy generation.
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Similarly, for a particular number of turbines we can increase energy by increasing nos.
of gates. Question may arise to what extent it would continue. To answer this question,

we can calculate energy cost per unit.

4.3.3 Optimization based on levelized cost of energy

4.3.3.1 Levelized cost of energy

Regarding optimization there are many tools to optimise a tidal barrage power plant.
Levelized cost of energy (LCOE) is one of the tools of optimization. It calculates per
unit energy production cost for the economic life of the plant to find out the optimum

solutions or least cost solution for desired output.

Levelized cost of energy (LCOE) is the cost for per unit energy production for the
economic life of the plant. It compares per unit energy production cost for different
capacities. The levelized cost can be calculated using the formula mentioned in the

Equation. 4.1 (Department of Indian Energy and US Department of Energy, 2013).

n It+O&M+F¢

LCOE= b G+ 4.1
COE= — T, (4.1)
=11+t

where,

LCOE= Levelized cost of energy (€/kWh);

[= Investment made in year t (€);

O&M;= Operation and maintenance in year t (€);
F= Fuel cost in year t (€);

E= Energy produced in year t (€);

1= Discount rate; and

n= economic life of the plant in yrs.

From Figure 4.1, it is seen that, higher the turbine and gate capacity, higher would be
extractable energy. But higher the capacity, higher would be the cost of investment.
So, capacity optimization is required to make the energy generation cost-effective

considering turbine capacity and its cost. In most of the cases levelized tariff (€/kWh)
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is considered for plant optimization. Since cost data available is in euros, tariff is

calculated in euros.

4.3.3.2 Cost breakdown of tidal barrage power plant

From a report (Burrows, et al., 2009) cost breakdown for 216 turbines and 184 gates

for Severn tidal barrage are taken which is shown in Table 4.5.

Table 4.5 Cost-breakdown of Severn tidal barrage for 216 turbines and 184

gates.
S1 No. Items Symbol €M
(1988 figures)
l. Civil works
Caisson Construction Cc
Construction yards Cy 339
Turbine-generator caissons (4.3 km, 54 Nos.) | Ctgc 1,082
(4 turbines in 1 caisson each 80 m)
Sluice Caissons (4.1 km, 46 Nos.) (4 sluices in 1 Csc 326
caisson each 90 m)
Plain caissons (3.9 km) Cpe 270
Lock caissons (lump-sum) Cic 81
Break water caissons (lump-sum) Cp 86
Steel works and installations | Csw 580
Dredging Cd 380
Foundations Cf 377
Caissons installations Cei 148
Embankments (3.6 km) and breakwaters Ceb 382
Substations GCs 65
Service roads Csr 141
Contingencies (15% above costs) | Cecon.cl 639
Total Civil Works CcL 4,896
2. Turbines, generators and ancillary plant
Turbines, generators and ancillary plant | Ctgp 2302
Contingencies | Ccon.tg 115
Total | Ctg 2,417
3. TOTAL (15.9 km barrage) 7,313

Source: (Burrows, et al., 2009)

The total cost of the Severn barrage for 216 turbines each 40MW and 184 sluice gates
each 12m X 12m with 15.9 km barrage is €M 7,313 (in 1988 figures). Total cost of the

Severn barrage for different number of turbines and gates is shown in Appendix B1.
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4.3.3.3 Calculation of levelized cost of energy (LCOE)

Let assumed economic life of the tidal barrage power is 50 years, plant cost (from
Table 4.5) is €M 7,313 (1988 figures), maintenance cost 5% of the plant cost and
discount rate 4%, the levelized tariff (Table 4.6) is per unit kWh is 6.62p. Using similar
cost breakdown, cost and levelized cost of energy for different sets of turbines and

gates are calculated which is shown in Table 4.6.

Table 4. 6: Cost of levelized energy for Severn Barrage.

No. of No. of Annual energy Cost of the | Levelized Tariff
turbines gates output (TWh) plant (EM) (p/kWh)
150 150 8.146 6184 7.40
200 9.777 6993 6.97
250 10.927 7803 6.96
300 11.617 8613 7.23
150 200 8.730 6272 7.01
200 10.517 7082 6.57
250 11.795 7892 6.52
300 12.562 8702 6.75
150 250 9.133 6361 6.79
200 11.029 7171 6.34
250 12.393 7981 6.28
300 13.212 8790 6.49
150 300 9.409 6449 6.68
200 11.378 7259 6.22
250 12.809 8069 6.14
300 13.651 8879 6.34
216 184 10.772 7313 6.62

4.3.3.4 Optimization of the plant capacity based on levelized cost of energy.
Using the information from the Table 4.6, the cost of levelized energy for different

combination of turbine sets is shown in the Figure 4.2.
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Figure 4. 2 Levelized cost of energy for different combination of turbines and
gates.

A dotted line is plotted through minima of curves for different numbers of gates. Figure
4.2 reveals that the levelized cost of energy is minimum for the turbines (9m each)
between 225 to 235 in number. Between the turbines 225 to 235, levelized cost of

energy again decreases as the number of sluice gates (each 12m X 12m) increases.

Let us take an optimum number of turbines say, 232 in number. The model is run for
232 turbines (9m each) with different numbers of sluice gates ranging from 300 to 500
(12m X 12m) and presented in the Table 4.7 and Figure 4.3.

Table 4.7: Levelized cost of energy (LCOE) for optimum number of turbines
(232 turbines) with different number of sluice gates.

Nos. of turbines (9m dia.) 232 232 232 232 232 232 232
No. of gates (12mX12m) 300 350 400 420 430 450 500
Maximum power (MW) 6528 6528 6539 6536 6534 6560 6536
Cost the plant (EM) 7778 7870 7955 7990 8008 8044 8132
Annual energy (TWh) 12364 12.644 12.850 @ 12916 @ 12.946 12.9958 13.113
LCOE (€/kWh) 0.0613  0.0607 = 0.0604 0.06032  0.06031 0.06035 0.0605
LCOE (p/kWh) 6.13 6.07 6.04 6.032 6.031 6.035 6.05
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Optimum number of gates for optimum number of turbine (232 turbines) can be found
from Figure 4.3.

Levelised Cost of Energy
6.15
6.13
6.11 .
232 turbines
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-
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300 320 340 360 380 400 420 440 460 480 500
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Figure 4.3: Optimum number of gates for optimum number of turbines.

It is evident from Figure 4.3 that the levelized cost of energy for 232 turbines will be
minimum for 430 sluice gates which is 6.031 p/kWh.

So, based on levelized cost of energy (6,032 p/kWh), number of turbines and number
of sluice gates can be selected. It is observed that 232 turbines (each 9m 40 MW) and
430 gates (12m X12m) is an optimum combination of turbines-gates for the Severn
barrage which will provide annual energy output of 12.946 TWh and minimum

levelized cost of energy (6.031p/kWh).

4.3.4 Optimization based on barrage length

Figure 4.3, it is seen that 232 turbines 430 gates will yield 12.946 TWh and minimum
levelized cost of energy (6.031p/kWh). We had to check whether 430 gates and 232
turbines could be housed within the 16.3 km barrage length.
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Table 4.8: Minimum length requirement.

Description Caisson no. Length

Turbine-generator caissons 9.55 4.6 km
(4 turbines in 1 caisson each 80 m)
For 232 turbines (4.6 km, 58 Nos.)

(4 gates in 1 caisson each 90 m) 107 9.4 km

For 420 sluice gates (9.4 km, 105 Nos.)

Plain caissons (2.3 km) - 2.3 km
Total length requirement 16.3 km

So, the barrage can house 232 turbines and 420 gates easily.

4.4 Summary

The main purpose of this chapter was to test the reliability and acceptability of RTA
model developed in Chapter 3 and to optimize the plant capacity of a tidal barrage
power plant. The RTA model is tested in this chapter comparing (i) the results obtained
from RTA model using the data of the Severn tidal barrage with the results of that
barrage in the published report (Burrows, et al., 2009) and (ii) the results obtained from
RTA model using the data of the base case with the results from the base case. In both

cases the results are very closer and found acceptable.

The results obtained from RTA model using Severn barrage data and considering
minimum head of 1.0 m for turbine operation was 10.50 TWh which is 5.58% lower
than that of the result (11.12 TWh) published using Turgency/Generation model
(Burrows, et al., 2009). Again, considering minimum head of 2.0 m for turbine
operation and 1.8m for turbine closing, the RTA model for Severn barrage results
annual energy output 10.77 TWh which is 3.15% lower than that of
Turgency/Generation model. The results for the above two cases are very closer and
could consider acceptable. The RTA model is a real time analytical tool where as
Turgency/Generation 0D approach used the hill chart given by Baker (1991). On the
other hand, RTA model is flexible for all input data. So, it could be commented that
RTA model is more robust, reliable and more accurate than other models. The results

from RTA model is also compared with the base case and observed that results from
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the RTA model and the results from base case are more-or-less similar (only 1.23%
variation). The real time analytical (RTA) model fits the base case also. So, it could
be concluded that RTA model is reliable and acceptable for accessing the tidal barrage

power and energy.

Three issues were considered to optimise the plant capacity, namely (i) energy
generation; (ii) levelized cost of energy (LCOE); and (iii) length of the barrage. Our
aim is to produce maximum energy, as much as possible, but that should be cost
effective and the required number of turbines and gates should be accommodated
within the barge length. Optimization based on energy generation, it seen that energy
generation increases with increase of number of turbines and also increases with
increase of number of gates. For 300 turbines each 9 m diameter (40 MW) and 300
sluice gates each 12 m X 12 m yield maximum energy 13.651 TWh annually.
Optimisation based on LCOE was also considered. Considering economic life of the
Severn tidal barrage of 50 years, maintenance cost 5% of the plant cost and discount
rate 4%, the levelized cost of energy is calculated which is 6.34 p/kWh for 300 turbines
and 300 gates and 6.62 p/kWh for 216 turbines and 184 gates (See Appendix B2).
Plotting the minima of curves for different gates (Figure 4.2) it is seen that the levelized
cost of energy is minimum for the turbines in between 225 to 235. Figure 4.2 also
reveals that for the turbines in between 225 to 235, the levelized cost of energy again
decreases as the number of sluice gates (each 12m X 12m) increases. So, taking turbine
number 232 (in between 225 and 235), RTA model is run again for the gates between
250 to 500 and the levelized cost is again calculated which is plotted in Figure 4.3. It
reveals that 232 turbines and 420 gates yield minimum cost-effective energy which is
6.032p/kWh. Considering minimum cost of energy power plant can be optimised. The
length of the Severn barrage is 16.3 km which can easily accommodate 232 turbine and

420 gates.

So, considering (i) energy generation (ii) levelized cost of energy and (iii) barrage
length, 232 turbines (each 9 m dia.) and 430 gates (each 12 m x12 m) are optimum
capacity of the Severn Tidal Barrage which will yield 12.946 TWh annually with a
maximum capacity of 6534 MW.
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CHAPTER 5
OPTIMUM BASIN CONFIGURATION

5.1 Introduction

The magnitude of tides can be strongly influenced by the shape of the shoreline. The
shape of channel also can magnify the intensity of tides. Funnel-shaped bays in
particular can dramatically alter tidal magnitude. The Bay of Fundy in Nova Scotia has

large effect and has the highest tides in the world, over 15 meters (Thurman, 1994 ).
Equation (2.3), E= zinpgAbh2 reveals that energy generation from a tidal barrage

depends on the amount of tidal prism (volume equals to Ah; where “A,” is the water
surface area of the basin and “h” is the head difference between the water levels at
high-tide and low-tide and the centre of the gravity of tidal prism (h/2) from low level
of the tidal prism. Again, volume of tidal prism at any time depends on (i) difference
between two water levels (h); (ii) size of the basin (aspect ratio); (iii) area of the basin
and (iv) shape of the basin. Theoretically, optimum basin is that one, which results
maximum value of A,h? ; where 4, is the water surface area of the basin and h is the

water head between the water levels.

In a tidal barrage, tidal water level on the sea side is a superimposition of a number of

periodically-varying tidal constituents, while the water level in the basin depends on
the geometric configuration of the basin and operational control of the turbines. So,
water head is dynamic and capacity of the plant is variable with time. From Equation
(2.25), we get power, Py =npgQrh; where h is dynamic head and Qr is real time
discharge through turbine.

This chapter provides some ideas about the type of basin that yields maximum energy
output considering (a) different aspect ratios (width/length ratio) and (b) different
shapes (such rectangular, trapezoidal and parabolic cross-section etc.). More
specifically, which type of size (width/length) and shape (cross-section) will yield
maximum energy considering equal basin area or equal volume of water or equal cross-

sectional area of different sizes and shapes of basins having same tidal range.

In the following sections of this chapter discussed about theoretical formulation of

energy generation in Section 5.2, power generation from a tidal barrage of different
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basin configurations in Section 5.3, tidal barrages of different vertical shapes in Section
5.4, energy generation from a rectangular basin in Section 5.4.1, energy generation
from a trapezoidal basin in Section 5.4.2, energy generation from a parabolic basin in

Section 5.4.3 and summary in Section 5.5.

5.2 Theoretical Formulation

5.4.1 Formation of empirical equation of a basin water surface area

All previous methods for the assessment of tidal power are based on fixed assumed
variables such as tidal range, duration of power generation, and ignore the actual real-
time variability in these variables. So, dynamic water head and basin configuration or
shape (rectangular, trapezoidal or parabolic etc.) is important to assess real-time
variability of tidal barrage power plants. The objective of this chapter is to know the

energy production variation due to size and shape of the basin.

Let, we consider an empirical equation of the relation between water surface area (Ap)

of the impounded tidal basin and water elevation (Z) of the basin is:

Ay=ag+ a;.Z '+ a,. 2% + a3.Z3 + a4. Z* + as. Z° + - (5.1)

where,
Ap= water surface area of the impounded tidal basin by a barrage at water level, Z.
ap, a1, a2, a3, a4, As....... are the coefficients of the equation depending on the shape and

length of the basin.

5.2.2 Form an equation to represent water level of tides

Tide at sea is a superimposition of multiple tidal constituents which can be expressed
as Equation (5.2):
21t
Y() = ao+ iz a; cos(—— ;) (5.2)
where,
Y(t) = water level at sea due to tidal effect;

a, =mean level above chart datum,;

115



n= number of tidal constituents;
a;= amplitude of i'" tidal constituent;
T;= tidal period of i tidal constituents; and

@;= is the phase angle of i" tidal constituent.

5.2.3 Tidal power assessment

The values of the coefficients of equation (5.1) would be derived from actual basin
bathymetry. So, taking the (1) bathymetry data and (2) tidal data, either observed data
or predicted data (for this study using GeoTide Analyzer 3.0 x 2015) for a particular
basin, real time power and energy can be calculated using the RTA model described in

Chapter 3.

5.3 Power Generation from A Tidal Barrage of Different Basin Configuration

In calculating power, water levels at both sides of the barrage i.e. at sea side and basin
side are assumed horizontal. But in reality, it is not purely horizontal. It depends on
hydraulic gradient line (HGL). In a flowing channel, total head is a constant horizontal
line. Due to flow volume of water through turbines and gates of a tidal barrage,
hydraulic gradient line must varies along the length of the basin or channel. How
hydraulic gradient line varies depends on volume of water and length of the basin if
other parameters remain same. The terms: energy grade line and hydraulic grade
line are frequently used by hydraulic engineers. Let us express each of the terms of the

Bernoulli’s equation as a head is shown in Figure 5.1.

where,
VE %5
272
hy = Sp.AL= %AL (5.4)
h
where,

AZ = Elevation of channel bed;
di= depth of the water surface;
V= velocity of water at point 1;

d>= depth of the water surface;
V>= velocity of water at point 2.

S, =slope of the bed;
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S¢= slope of the energy gradient line;
AL= length of the channel

V= velocity of moving water

n= Manning’s co-efficient

R= hydraulic radius

EGL= energy gradient line

HGL= hydraulic gradient line= WSL

h;= head loss due to friction.

In the RTA model it is assumed that tide levels at the sea and the basin are horizontal
with respect to time and basin configuration. But in practical it is not horizontal; it

varies gradually with respect to time and distance from the turbine/gate openings.

1 2
o o il S 35
Vi T 151 ks _nV
_2_:_; .................... EGL .......... hL = SfAL— R‘?‘B AL
! HGL:WS! 1 ............. ﬁx‘“ V2
= ]\* 29
6§ X
d
\ 4 1 S
1AZ=S5,AL — 1% !
" AL ]

Figure 5.1: Hydraulic gradient lines (HGL) which corresponds to the water
surface line (WSL) in a channel. Source: (U.S. Department of Energy, 2013).

In this section, hypothetical basins having area of 90 km? with different aspect ratios
(w/l ratio) are taken to assess the impact (power generation variations) on tidal power

generation using the NAO.99b model (Matsumoto, et al., 2000) .

117



5.3.1 Configuration/size of the basin

The main aims of this section are to see the impact of basin size on power generation.
Let, consider three basins of different aspect ratios (ration of width and length) of (i)
0.9 (width 9 km x length 10 km); (ii) 0.625 (7.5km x length 12km) and 0.4 (width 6
km x 15 km) respectively each of constant water surface area, say, 90km?. Let the size
of openings of three basins be assumed fixed, considered 1/3™ of the least width ~1/3th
of the width of 6 km~ 2km (say, 5 openings each 0.4 km). Plan view of basins having

different aspect ratios with equal plan area of 90 km? is shown in Table 5.1.

Table 5.1: Schematic plan view (not in scale) of basins having equal basin area
(90 km?) with different aspect ratios.

Description Basin area =90 km? Basin area =90 Basin area =90
km? km?
Aspect ratio 0.9 0.625 0.4
Basin
Size Width=9 km Width=7.5 km Width=6 km
Length=10 km Length=12 km Length=15 km
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Figure 5. 2: Vertical cross-section of the basin (6 km X 15 km) along openings.

5.3.2 Power generation from a rectangular basin considering horizontal
water level at basin and sea.

Let, consider a tide having 4 m tidal amplitude, depth of the basin is 10 m from mean

sea level and a constant area 90 km”. Opening of the basin is 5x0.4 km=2 km.

Let, consider basin openings area same as to turbine effective area which is equivalent
to 2 km X water height from bed. So, in this case, turbine opening area is variable with

water level due to tidal fluctuations.

Running the RTA model considering continuous generation without gates and ignoring
minimum water head requirements for turbine operation, turbine effective area is taken
equivalent to openings of the basin openings, we get time series basin’s water level

which is shown in Figure 5.3.
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Figure 5. 3: Water levels at sea side and basin side considering water levels are

horizontal.

Sea water is considered a sinusoidal curve having tidal period of 12.5 hours with phase

angle 6=0. From RTA model the results are shown in Table 5.2.

Table 5. 2: Tidal power for a rectangular basin considering water levels

horizontal at sea and the basin.

Serial | Parameters Considering water levels are horizontal
Number Results

1 Power, P Mean P (MW) 782
2 Max P (MW) 1815
3 Min P (MW) 0.07
4 Energy, E (GWh) for 4 tidal cycles 32.60
5 Flow rate, Mean Q (m?/s) 105734
6 Q Max Q (m?/s) 169355
7 Min Q (m¥/s) 3706
8 Head, h Mean h (m) 1.59
9 Max h (m) 2.72
10 Min h (m) 0.00
11 Tidal range of the basin R (m) 6.81

5.3.3 Power generation from a rectangular basin having aspect ratio 0.9

For comparison purpose, let us consider same (i) tide (4 m amplitude), (ii) depth of the

basin (10 m from mean sea level) and (iii) basin area (90 km?). Opening of the basin is

5@ 0.4 km=2 km. Let, assume turbine effective area is equivalent to 2 km X water

height from bed. Time series water level inside and outside the barrage for a basin
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having aspect ratio 0.9 are computed using the NAO.99b model (Matsumoto, et al.,

2000) is shown in Figure 5.4.
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Figure 5. 4 Time series water levels inside and outside the barrage openings for

aspect ratio 0.9.

Time series water head is also calculated taking the computed water levels based on

which power and energy are calculated using the RTA model. It is assumed that

generation is continuous without gates and basin openings area is considered as turbine

effective area (omitting minimum water head for turbine operation). The results are

shown in Table 5.3.

Table S. 3: Tidal power for a rectangular basin having aspect ratio 0.9 and
taking water levels computed from NAO.99b model.

Serial Number | Parameters Considering water levels are horizontal
Results

1 Power Mean P (MW) 356
2 Max P (MW) 955
3 Min P (MW) 0.72
4 Energy For 4 tidal cycles (GWh) 14.82
5 Flow rate Mean Q (m?/s) 81723
6 Q Max Q (m’/s) 136353
7 Min Q (m?/s) 8930
8 Head H Mean h (m) 0.94
9 Max h (m) 1.77
10 Min h (m) 0.02
11 Tidal range basin R (m) 6.81
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5.3.4 Power generation from a rectangular basin having aspect ratio 0.625

For comparison purpose, let us consider same (i) tide (4 m amplitude), (i1) depth of the
basin (10 m from mean sea level) and (iii) basin area (90 km?). Opening of the basin is
5@ 0.4 km=2 km. Let, assume turbine effective area is equivalent to 2 km X water
height from bed. Time series water level inside and outside the barrage for a basin
having aspect ratio 0.625 are computed using the NAO.99b model (Matsumoto, et al.,
2000) is shown in Figure 5.5.
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Figure 5. 5: Time series water levels inside and outside the barrage openings for
aspect ratio 0.625.

Time series water head is also calculated taking the computed water levels based on
which power and energy are calculated using the RTA model. It is assumed that
generation is continuous without gates and basin openings area is considered as turbine
effective area (omitting minimum water head for turbine operation). The results are

shown in Table 5.4.
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Table S. 4: Tidal power for a rectangular basin having aspect ratio 0.625 and
taking water levels computed from NAQO.99b model.

Serial Number | Parameters Considering water levels are horizontal
Results

1 Power Mean P (MW) 318

2 Max P (MW) 842

3 Min P (MW) -
4 Energy for 4 tidal cycles (GWh) 13.251
5 Flow rate Q Mean Q (m?/s) 78532
6 Max Q (m’/s) | 130300
7 Min Q (m?/s) -
8 Head H Mean h (m) 0.87

9 Max h (m) 1.62
10 Min h (m) 0.00
11 Tidal range basin R (m) 6.81

5.3.5 Power generation from a rectangular basin having aspect ratio 0.40

For comparison purpose, let us consider same (i) tide (4 m amplitude), (ii) depth of the
basin (10 m from mean sea level) and (iii) basin area (90 km?). Opening of the basin is
5@ 0.4 km=2 km. Let, assume turbine effective area is equivalent to 2 km X water
height from bed. Time series water level inside and outside the barrage for a basin
having aspect ratio 0.40 are computed using the NAO.99b model (Matsumoto, et al.,
2000) is shown in Figure 5.6.
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Figure 5. 6: Time series water levels at basin and sea side having aspect ratio

0.40.

Time series water head is also calculated taking the computed water levels based on

which power and energy are calculated using the RTA model. It is assumed that

generation is continuous without gates and basin openings area is considered as turbine

effective area (omitting minimum water head for turbine operation). The results are

shown in Table 5.5.

Table 5. 5: Results for a rectangular basin having aspect ratio 0.4 and taking

water levels computed from NAO.99b model.

Serial | Parameters Considering water levels are horizontal
Number Results

1 Power Mean P (MW) 257
2 Max P (MW) 663
3 Min P (MW) 0.42
4 Energy For 4 tidal cycles (GWh) | 10.720
5 Flow rate Mean Q (m®/s) | 73161
6 Q Max Q (m*/s) | 119633
7 Min Q (m®/s) | 10524
8 Head H Mean h (m) 0.76
9 Max h (m) 1.41
10 Min h (m) 0.01
11 Tidal range basin R (m) 6.81
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5.3.6 Comparison of results considering horizontal and non-horizontal
shallow water levels

The results obtained from section 5.3.2 to 5.3.5 for a tidal basin having same basin area
of 90 km? and same tidal amplitude of 4 m for a rectangular basin (a) considering
water level horizontal both at the basin and the sea: no variation irrespective of aspect
ratio; and (b) considering non-horizontal shallow water levels using the NAO.99b
model (Matsumoto, et al., 2000) for different aspect ratios such as (i) aspect ratio 0.9,

(i1) aspect ratio 0.625 and aspect ratio 0.4 respectively.

The comparative time series water heads are shown in Figure 5.7.
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Figure 5. 7: Time series water head variations considering horizontal and non-
horizontal shallow water levels with different aspect ratios.

From Figure 5.7, it is evident that time series water head calculated considering water
level horizontal at sea and the basin is higher than water head computed for different
aspect ratios (0.9, 0.625 and 0.40 respectively) from NAO.99b model. Since power is
proportionately varies with head squared (h?), so power calculated considering
horizontal water level would be higher than power generation for different basin

configurations.
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Table 5. 6: Comparison of results (i) considering water level horizontal at sea
and the basin and (ii) considering non-horizontal shallow water level at sea and
the basin computed from NAQO.99b model for different aspect ratios.

Basin size 90 km? 9X10 7.5X12 6X15
Basin area 90 km? 90 km? 90 km? 90 km?
Aspect ratio irrespective 0.9 0.625 0.4
Mean Power, MW 782 356 318 257
100% 45% 41% 33%
Energy per Cycle, GWh 32.603 14.816 13.251 10.720
100% 45% 41% 33%
Max. head, (m) 2.72 1.77 1.62 1.41
100% 65% 60% 52%
Tidal range basin (m) 6.81 6.25 6.04 5.71
100% 92% 89% 84%

From Table 5.6 it is observed that mean power and energy reduces with the decrease

of aspect ratios. If we consider horizontal water level at both sides of the barrage, both

mean power and energy are higher than that of non-horizontal shallow water levels for

different aspect ratios. If we consider horizontal water levels at sea and basin, energy
output is 32.603 GWh where as it decreases to 14.816 GWh (45%), 13.251GWh (41%)
and 10.720 GWh (33%) respectively for aspect ratio of 0.9, 0.625 and 0.40. Mean

power variations and energy generation variations are shown in Figure 5.8 and Figure

5.9 respectively.
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Figure 5. 8: Power generation variations considering (i) water level horizontal
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Figure 5. 9: Energy generation variations considering (i) water level horizontal
and (ii) non-linear water level with different aspect ratios.

From Figure 5.8 and Figure 5.9, it is clear that power and energy decreases as aspect
ratio decreases and it is lower compare to that of we calculates considering horizontal

water levels.
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Again, one thing should be clear that water levels computed using NAO.99b model
where flow is continuous, openings are vertically open and water opening heights are
variable with changing water levels, whereas water levels computed from RTA model
where turbines are kept submerged, turbine position is fixed, effective area is fixed and
minimum head requirements are opted to protect the turbines- which is not exactly
similar condition for water flow considered in the NAO.99b model. It would be better
if NAO.99b model is applied for a barrage system to see the water level variations. If
it would have done then we could get the clear idea about water level variations at sea
and the basin for a tidal barrage system which is absent and is not considered in this

study.

So, running the RTA model taking the water levels from the NAO.99b model for
different aspect rations, the results we get, might be, to some extent, indicative and
qualitative. Actual variation will be lesser than what we get from NAO.99b model as
water flowing condition in the NAO.99b model and water flowing system in a tidal

barrage system is different.

But, it could be concluded that water levels at sea and the basin are not exactly
horizontal, it varies with aspect ratios. Higher the aspect ratio, higher is the water head
for power generation. So, in selecting a tidal basin or a tidal barrage it is always
important to remember that basin with higher aspect ratio will yield higher energy

output.

5.4 Power Generation from Tidal Barrages of Different Vertical Shapes.

In this section, the attempt is focused on the impact of different vertical shapes of the
basins on power generation. Emphasis is given on vertical section of rectangular shape,

trapezoidal shape and parabolic shape.
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5.4.1 Power generation from a vertical shape rectangular basin considering
horizontal water levels at the basin and sea

Let, width of the basin = b; water elevation of the basin at any time (t) = Z; and

length of the basin = L

Figure 5. 10: Sketch of a rectangular basin.

So, water surface area of the basin is constant,

Ap=DbL (5.5

Since the values of b and L of a rectangular basin is constant, so, Equation. (5.2) will

be expressed as Ap= b.L=constant; which can be expressed as Equation. (5.3)

Ap= Constant = ag (5.6)

If we put the values of coefficients aj, as, a3, as, as...... of the Eqn. (5.1) as zero (0) and
b=1 km and L=5 km, then Equation. (5.1) will turn into
Av=a, ie.
Av=a, =5X10% m? (5.7)
If the volume of water of the rectangular basin is Vry , then

Vo= bLZ (5.8)
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5.4.1.1 Input tidal data for RTA model for a tidal basin having vertical section of
rectangular shape

The following data (Table 5.7) are assumed to be the input tidal data.

Table 5.7: Input tidal data for a rectangular basin.

31 No Parameters Semi-diumal Semi-diqrnal Solar

T Lunar Tide Tide

1. Symbol M S

2. Tidal Period, T 12.42 12.00

3. Speed (rad/hr) 0.5059 0.5236

4. Amplitude, a (m) 3.15 0.95

5. Phase angle, 0 (degree) 0 0

Datum shift
6. from MSL, a, (m) 0 0

5.4.1.2 Input parameters for a tidal basin having vertical section of rectangular
shape for RTA model

Let, assume tidal range, R=2a==2x (3.15+0.95) =2 x 4.1=8.2 m. So, area of the basin,
Ap=b.L=5 km?= 5,000,000 m?. Volume of the basin (water enters during high tide)

=5,000,000 m?* x 8.2 m =41,000,000m".

5.4.1.3 Power generation for a tidal basin having vertical section of rectangular
shape using RTA model

Putting the input tidal data and basin parameters in the RTA model, we get the results
which is shown in Table 5.8. The turbine diameter is taken 4m each (2.25 MW) and

sluice gates each 12m x12m size is taken.
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Table 5. 8: Energy from the rectangular basin (ebb generation).

Nos.of | Nos. | Power | Energy | Nos.of | Nos. Power | Energy
turbine | gates | (MW) | (GWh) | turbine | gates MW) | (GWh)
10 10 61.00 | 121.62 20 25 87.08 | 163.64
10 15 60.87 | 125.89 20 30 86.90 | 165.49
10 25 60.69 | 130.35 20 35 86.88 | 164.02
10 30 60.56 | 130.10 25 10 98.00 | 150.93
10 35 60.95 | 134.04 25 15 98.09 | 154.82
15 10 76.00 | 148.71 25 25 98.03 | 155.93
15 15 76.08 | 153.36 25 30 98.03 | 162.29
15 25 75.89 | 158.92 25 35 98.11 155.81
15 30 76.02 | 158.53 30 10 115.00 | 141.82
15 35 75.81 | 160.13 30 15 114.98 | 145.24
20 10 87.00 | 155.84 30 25 114.96 | 145.76
20 15 87.22 | 160.90 30 30 114.96 | 151.36
20 25 87.08 | 163.64 30 35 115.13 | 145.79
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The results are plotted in Figure 5.11 and Figure 5.12.
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Figure 5. 11: Energy generation from a vertical shape rectangular basin

considering horizontal water level.
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Figure 5. 12: Energy generation from a vertical shape rectangular basin
considering water level horizontal.

From Figure 5.11 and Figure 5.12, it is evident that 20 nos. turbines each 4 m dia. (2.25
MW) and 30 nos. sluice gates (each 12m x12m) will yield maximum annual energy
output 165.49 GWh with a maximum capacity of 86.90 MW for the rectangular basin
with inputs mentioned in Article 5.4.1.1 and 5.4.1.2.

5.4.2 Power generation from vertical shape trapezoidal basin considering
horizontal water levels at the basin and sea

5.4.2.1 Parameters of the trapezoidal basin

Figure S. 13: Sketch of a vertical shape trapezoidal basin.

Let, assume that the trapezoidal basin with similar tidal range R=2a, width of the basin

at lowest water level is bi and slope of the side is 1: s and length of the basin is L.
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Let, consider a trapezoidal basin having same water volume between LWL and HWL

as like as a rectangular basin within the same tidal range.
If the volume of the of the trapezoidal basin between LWL and HWL is V1, then

V1= [bit+ (bi+2sZ2)]/2. ZL (5.9)

Since volume of the rectangular basin and volume of trapezoidal basin are considered

equal, so from eqn. (5.3) and (5.4) we get,

bZL = [bi+ (b1+2sZ)] /2 ZL (5.10)

where Z =R=tidal range
From Eqn. (5.5) we get,

b =b; +sR (5.11)

Or, b1 =b -sR (5.12)
In article 5.4.1, it is assumed b=1 km= 1000m, L=5 km =5000m and tidal range R=8.2
m.

So, b= 1000-8.2s (5.13)

Taking different values for slope (s), we will get different types of trapezoidal shape of

equal volume of water.
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Table 5. 9: Water surface area for of the trapezoidal basin for different side

slopes (s).
Side Width Water | Equation of surface | Water surface area of
Slope, | (b1 =b-8.2s) | level Z | area, Aw (km?) w.r.t. | trapezoidal basin
S (m) (m) water level (Z in m) Aw= (b1+2sZ) L
(km?) (L in km).
0.5 995.9 2 Aw=0.005Z +4.9795 4.9895
0.5 995.9 4.1 Equation (5.14) 5.0000
0.5 995.9 6 5.0095
0.5 995.9 8 5.0195
0.5 995.9 10 5.0295
1.0 991.8 2 A=0.01Z+4.959 4.9790
1.0 991.8 4.1 Equation (5.15) 5.0000
1.0 991.8 6 5.0190
1.0 991.8 8 5.0390
1.0 991.8 10 5.0590
1.5 987.7 2 A =0.015Z +4.9385 4.9685
1.5 987.7 4.1 Equation (5.16) 5.0000
1.5 987.7 6 5.0285
1.5 987.7 8 5.0585
1.5 987.7 10 5.0885
2.0 983.6 2 A=0.02Z+4918 4.9580
2.0 983.6 4.1 Equation (5.17) 5.0000
2.0 983.6 6 5.0380
2.0 983.6 8 5.0780
2.0 983.6 10 5.1180

From Table 5.9, it is observed that water surface area at different water level (Z) varies
depending on side slope of the trapezoidal section.

5.4.2.2 Input parameters for a vertical shape trapezoidal basin for RTA model

Let, assume input tidal data as shown in Table 5.10.

Table 5. 10: Input tidal data for trapezoidal basin.

SI. No. Parameters Semi-diurnal Semi-diurnal
Lunar Tide Solar Tide

1. Symbol M N

2. Tidal Period, T 12.42 12.00

3. Speed (rad/hr) 0.5059 0.5236

4. Amplitude, a (m) 3.15 0.95

5. Phase angle, 6 (degree) 0 0

6. Datum shift 0 0

from MSL, a, (m)
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5.4.2.3 Power generation from a vertical shape trapezoidal basin (slope, s=0.5).

Putting the input tidal data and basin parameters in the RTA model, we get the results
shown in the Table 5.11. The turbine diameter is taken 4 m each (2.25 MW) and sluice

gates 12 m x12 m each.

Table 5. 11: Energy from a vertical shape trapezoidal basin (slope, s=0.5) (ebb

generation).

Nos. No. Capacity | Energy | Nos. No. | Capacity | Energy

S1. No. | Turbine | Sluice | (MW) (GWh) | Turbine | Sluice | (MW) | (GWh)
1 15 20 76 155.11 25 40 98 160.90
2 15 30 76 158.26 25 50 98 164.71
3 15 40 76 166.73 25 60 98 150.39
4 15 50 76 157.16 30 20 115 145.16
5 15 60 77 155.32 30 30 115 150.84
6 20 20 87 162.26 30 40 115 150.13
7 20 30 87 164.86 30 50 115 154.35
8 20 40 87 170.13 30 60 116 141.11
9 20 50 87 166.96 35 20 133 138.48
10 20 60 86 158.82 35 30 133 143.64
11 25 20 98 155.32 35 40 133 142.83
12 25 30 98 161.47 35 50 134 145.88
13 25 40 98 160.90 35 60 135 135.023

The results are plotted in Figure 5.14 and Figure 5.15
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Figure 5. 14: Energy generation from a vertical shape trapezoidal basin (s=0.5)
as a function of turbines with different gates.
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Figure 5. 15: Energy generation from a vertical shape trapezoidal basin (s=0.5)
as a function of gates with different turbines.

From Figure 5.14 and Figure 5.15 it is evident that 20 nos. turbines each 4m dia. (2.25
MW) and 40 nos. sluice gates (each 12m x12m) will yield maximum annual energy
output 170 GWh with a maximum capacity of 87MW for a trapezoidal basin (s=0.5)
with inputs mentioned in Table 5.9 and Table 5.10.

5.4.2.4 Power generation from a vertical shape trapezoidal basin (side slope,
s=2.0) considering water level horizontal.

Putting the input tidal data and basin parameters of a trapezoidal basin having side
slope s=2.0 in the real time analytical model, we get the results shown in the Table
5.12. The turbine diameter is taken each 4m (2.25 MW) and sluice gates each 12m

x12m and other parameters similar that taken for the rectangular basin.
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Table 5. 12: Energy from the trapezoidal basin for slope, s=2.0 (ebb generation).

SI. Nos. No. | Energy | Capacity | Nos. No. | Energy | Capacity

No. | Turbine | Sluice | (GWh) | (MW) | Turbine | Sluice | (GWh) | (MW)
1 15 20 | 129.73 | 76.38 25 20 | 135.05 | 98.55
2 15 30 | 12930 | 76.51 25 30 | 134.84 | 98.56
3 15 40 | 129.27 | 76.38 25 40 | 134.57 | 98.60
4 15 50 | 127.11 | 76.36 25 50 | 133.55] 98.69
5 20 20 | 135.06 | 87.66 30 20 | 132.52 | 115.06
6 20 30 | 134.77 | 87.67 30 30 | 13234 | 115.08
7 20 40 | 134.66 | 87.82 30 40 | 132.07 | 115.46
8 20 50 | 133.68 | 87.77 30 50 | 13095 | 115.26

The results are plotted in Figure 5.16 and Figure 5.17
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Figure 5.16: Energy generation from a vertical shape trapezoidal basin (slope
s=2.0) as a function of turbines with different gates.
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Figure 5. 17: Energy generation from a vertical shape trapezoidal basin (slope,
s=2.0) as a function of gates with different turbines.

From Figure 5.16. and Figure 5.17, it is evident that 22 nos. turbines each 4 m dia.
(2.25 MW) and 20 nos. sluice gates (each 12 m x12 m) will yield maximum annual
energy output 135 GWh with a maximum capacity of 92 MW for the trapezoidal basin
for s=2.0 with inputs mentioned in Article 5.4.2.1 and 5.4.2.2.

5.4.3 Power generation from a vertical shape parabolic basin considering
horizontal water levels at the basin and sea

5.4.3.1 Parameters of a parabolic basin

Consider a parabolic basin having same volume as like as a rectangular basin within

the same tidal range. Let, assume a parabolic basin with same tidal range R=2a.

A

v

\ w w_HWI /

Figure 5. 18: Cross section of a parabolic basin.
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If, cross sectional area of a parabolic basin is A, then,

A=2"d (5.13)
Source: (Chow, 2013-2014)

where,

Ap= cross sectional area of a parabolic section;

w= width of the section; and

d= depth of the section.

Let, volume of the parabolic basin is Vp within the LWL and HWL, then

V= wd (5.19)
3

where,
Vp= volume of the of the parabolic basin;
w= top width of the parabolic section; and
d= depth for which area of the cross section is Ap.
As tidal water varies between level Z; (LWL) to Z> (HWL)
So, Z»-Z1=R=2a (5.20)
From Table 5.1. and Table 5.4, we get.
7Z>-Z1=R=8.2m (5.21)
where, Z1= water level at LWH;
Z,= water level at HWL;
a= tidal amplitude; and
R= tidal range.

If A is the cross-sectional area of the parabolic section at level Z», A is the cross-
sectional area of the parabolic section at level Z; & w2 and w; are water surface widths

at level Z> and Z; ,then According to Chow (2013-14)

A2l (5.22)

A=z (5.23)
3

and
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Zr=7,1+8.2 (5.24)

Subtracting Eqn. (5.16) and Eqn. (5.17) we can get cross-sectional area (A) of the
parabolic section between level HWL and LWL. Then,

A= AZ-A]= é[WZZZ - lel] (5'25)

Volume of the tidal water enters into a parabolic basin in high tide or exit at low tide

is Vw. Then,

Vw=A. L= [ArAl]. L= 2w, Z, — Wy Z3].L (5.26)
where, L= length of the parabolic basin.

Since the volume of the rectangular basin and volume of the parabolic basin between

HWL and LWL are considered equal for comparison purpose, then from eqn. (5.3) and

(5.19) we get:

2

2
So, bR= g[szz —wyZq]. (5.28)

where,

b= width of the rectangular basin;

L= length of the basin; and

W1 anW; are the width of the parabolic basin at level Z; (LWL) and Z> (HWL).

5.4.3.2 Input tidal data for parabolic basin

Let assume same input tidal data taken for a rectangular basin shown in Table 5.13.

Table S. 13: Input tidal data for trapezoidal basin.

SI. No. Parameters Semi-diurnal Semi-diurnal Solar

Lunar Tide Tide

1. Symbol M Sz

2. Tidal Period, T 12.42 12.00

3. Speed (rad/hr) 0.5059 0.5236

4. Amplitude, a (m) 3.15 0.95

5. Phase angle, o (degree) 0 0

6. Datum shift from MSL, a, (m) 0 0
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5.4.3.3 Calculation of parameters for a vertical shape parabolic basin
R=tidal range= HWL-LWL= 7Z,-Z;=8.2 m

In Article 5.4.1, we have assumed, b=1 km= 1000 m, L=5 km =5000 m for the

rectangular basin. So, from Equation (5.28) we get:

g[wzz2 — w,Z;]= b.R=1000x8.2 =8200 (5.29)
From Eqn. (5.24) and (5.25), we can write

g[w2 (z, + 8.2) — w,Z,]=8200 (5.30)

In Equation. (5.26) Wi, W2, Z; are three unknown variable parameters which
combinedly results such a cross-section of a parabolic basin of 8200m?. From Eqn.
(5.23) we can write:

Assuming a value for Z; (at LWL), we can get different sets of value for w> and wi.
Let assume an initial value of Z;=10.0 (LWL), then from Eqn. (5.31) we get:

- Wy= (12300+10w,)/18.2 (5.32)

For different values of Z; (LWL) with tidal range (Z>-Z1) of 8.2m, we can get a set of

top widths of the parabolic section which are shown in the Table 5.14
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Table 5. 14: Parameters of a parabolic section having equal area of a
rectangular section and same tidal range.

Water level | Z (m) | w width | Area of | Eqn. for width at | Remarks
(m) parabolic different levels for
section, A (m?) (Z1=10m)
from bottom.

Zo 0 0 0 For W1=400m Shown in
ZI(LWL | 10.0 | 400.0 2667 W= 1.123 7* +| Figure
Z>(HWL) | 182 | 895.6 10867 28.77 Z - 9E-13 5.19

Equation (5.33)

Zo 0 0 0 For W1 =600m -
ZI (LWL | 10.0 | 600.0 4000 = -0.5796 Z* +
Z (HWL) | 182 | 1005.5 12200 65.796 Z - 2E-12

Equation (5.34)

Parameters of a vertical shape parabolic shape basin having equal area of a rectangular
basin within same tidal range whose parameters mentioned in Table 5.14 are presented

in Figure 5.19 and Figure 5.120.
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Figure 5. 19: Cross section of a vertical shape parabolic basin from equation
(5.33).
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Figure 5. 20: Top width at different levels of a parabolic section from equations
(5.33) and (5.34).

5.4.3.4 Power generation from a vertical shape parabolic basin

Results for a parabolic section having Z; =10m and w; =600m is shown in Table 5.15.

The input tidal data and basin parameters are taken as input data in the RTA model

and the results are shown in the Table 5.15. The turbine diameter is taken each 4m

(2.25 MW) and sluice gates each 12 m x12 m and other parameters similar that taken

for the rectangular basin.

Table S. 15: Energy from a vertical shape parabolic basin for Z1=10 m and wi
=600 m (ebb generation).

Nos. No. Energy | Capacity | Nos. No. | Energy | Capacity
S1. No. | Turbine | Sluice | (GWh) | (MW) | Turbine | Sluice | (GWh) | (MW)
1 5 5 70.84 34.64 15 20 93.50 56.70
2 5 10 73.87 34.69 15 25 93.41 56.71
3 5 15 73.84 34.79 20 5 80.40 56.70
4 5 20 73.75 34.67 20 10 85.04 56.98
5 5 25 73.62 34.64 20 15 84.96 57.17
6 10 5 89.75 50.85 20 20 84.98 56.98
7 10 10 94.82 50.93 20 25 84.91 56.98
8 10 15 94.78 51.14 25 5 72.83 54.40
9 10 20 94.78 50.95 25 10 76.60 54.81
10 10 25 94.53 50.95 25 15 76.55 54.97
11 12 11 95.91 54.27 25 20 76.57 54.81
12 15 10 93.54 56.70 25 25 76.49 54.82
13 15 15 93.48 56.93 25 25 76.49 54.82
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The results are plotted in Figure 5.21 and Figure 5.22.
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Figure 5. 21: Energy generation from a vertical shape parabolic basin (Top with
600 m) as a function of turbines with different gates.

From Figure 5.21, it is clear that energy increases up to 12 turbines and after that energy
decreases irrespective of turbine number or gate number. It is also clear that for a
particular turbine number energy generation for 11 to 25 gates do not varies so much

rather more-less same.
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Figure 5. 22: Energy generation as a function of gates with different number of
turbines (top width 600 m).

144



From Figure 5.21 and Figure 5.22, it is reveals that for 12 turbines 4 m dia. each (2.25
MW) and 11 nos. sluice gates (12 m x12 m each) will yield maximum annual energy
output 96 GWh with a maximum capacity of 54.25 MW for a parabolic basin. After 12
turbines and 11 gates cost will increase but energy generation is steady or decreases

which is not desirable.

Results for a parabolic section having Z; =10 m and w; =400 m.

Results for a parabolic section having Z; =10 m and wi =400 m is shown in Table 5.16

Table 5. 16: Results for a parabolic section having Z1=10m and w1 =400 m.

Annual Nos. | Annual

Nos. of | Nos. of | energy | Capacity | Nos. of | of energy | Capacity

turbines | gates (GWh) | (MW) turbines | gates | (GWh) | (MW)
5 5 66.32 33.04 12 5 75.35 47.72
5 10 67.81 33.10 12 10 77.44 47.92
5 15 67.76 33.07 12 12 77.40 48.00
5 20 67.74 33.08 12 15 77.40 47.80
10 5 77.20 45.89 12 20 77.37 47.86
10 10 79.28 46.02 15 5 77.37 47.86
10 15 79.24 45.94 15 10 72.35 48.92
10 20 79.23 45.98 15 15 61.89 46.85
12 5 75.35 47.72 15 20 63.47 47.30

The results are plotted in Figure 5.23 and Figure 5.24.
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Figure 5. 23: Energy generation from a vertical shape parabolic basin as a
function of turbines with different no. of gates (top width 400 m).

145



85

10 turbines

—015 turbines

5 turbines

—®20 turbines

80
75
. ./ —o ®
= 70
&
&% 65
5 / — 'S,
[ =
w60
—* e e
55
50
5 15 20

Number of gates

® 25 turbines

25 30

Figure 5. 24: Energy generation from a vertical shape parabolic basin as a
function of gates with different no. of turbines (top width 400 m).

From Figure 5.23 it clear that energy increases up to 10.5 =10 turbines and after that
energy decreases irrespective of turbine number or gate number. It also clear that

energy increases up to 10 gates and after that energy decreases.

From Figure 5.23 and Figure 5.24 it is observed that 10 nos. turbines each 4m dia. (2.25
MW) and 10 nos. sluice gates (each 12m x12m) will yield maximum annual energy
output 79.25 GWh with a maximum capacity of 46 MW for the parabolic basin. After
10 turbines and 10 gates cost will increase but energy generation is steady or decreases

which is not desirable.

5.4.4 Comparison of results having different vertical shape tidal basin

considering horizontal water levels at the basin and sea

From above discussion the comparison of results due to variation of vertical shapes are

shown in Table 5.17.
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Table 5. 17: Comparison of energy generation from different vertical shape tidal
basins having same cross-sectional area within HWL and LWL and same basin

length.
Parameters Rectangular | Trapezoida | Trapezoida | Parabolic Parabolic
Basin 1 Basin | 1 Basin | Basin Basin
(side slope | (Side slope | (Side slope | (01=600m; | (®1=400m,;
s=0.0) s=0.5) s=2.0) Z1=10m) Z,=10m)
Cross  sectional 8200 8200 8200 8200 8200
area of the basin
(m?) along the
length
Length of the | 5000 5000 5000 5000 5000
basin (m)
Tidal range 8.2 8.2 8.2 8.2 8.2
Maximum annual | 166 170 135 96 79
energy output
(GWh)
As a % of | 100% 102% 81% 58% 48%
rectangular basin
Maximum power | 87 87 92 54 46
MW)
Nos. turbine 20 20 22 12 10
(4m dia.)
Nos. of sluice gate | 30 40 20 11 10

From Table 5.17, it is observed that for different vertical shapes tidal basins having

same tidal range (8.2 m), same cross-sectional area (8200 m?) within the same tidal

range (HWL-LWL) and same basin length (5000 m) energy production varies.

Trapezoidal basin with side slope z=0.5 yields more energy (170 GWh) than that of

(135 GWh) a trapezoidal basin with side slope z=2.0. Even it is more than that (166

GWh) of a rectangular basin (side slope z=0.0). Both trapezoidal basin and rectangular

basin yield more energy than a parabolic basin.

So, it is concluded that, if other

parameters remain same, a vertical shape (i) trapezoidal basin having side slope, s=0.5

and (i1) rectangular basin yield more energy than other shapes.

Based on those findings, the hierarchy of vertical shape basins in respect of energy

output can be expressed in Figure 5.25.

Trapezoidal
basin (s=0.5)

basin

> | Rectangular | >

Trapezoidal
basin (s=2.0)

> | Parabolic
basin

Figure 5. 25: The hierarchy of shapes of the basin in respect of energy output.
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5.5 Summary

Chapter 5 provides idea about the impact of size and shape of a tidal basin on energy
generation. Variation of energy generation for different sizes are assessed considering
(1) different aspect ratio (ratio of width and length) with same basin area and tidal range
and variation of energy generation for different vertical shapes (such as rectangular,
trapezoidal and parabolic basin etc.) basins with same vertical cross-sectional area

between HWL and LWL and with same basin length are assessed using RTA model.

In the RTA model it is assumed that tide levels at the sea and the basin are horizontal
irrespective of length. But in practical it is not horizontal; it varies gradually with

respect to aspect ratio and time.

To assess the impact of basin size on power generation, hypothetical basins having
same area of 90 km? with different aspect ratios are taken and water levels inside and
outside of the barrage are computed using the NAO.99b model (Matsumoto, et al.,
2000). In calculating water levels at the basin and sea, normally, it is assumed that
water level at both sides of the barrage is horizontal. But from NAO.99b model, it is
observed that water level is not horizontal. It varies with aspect ratios. RTA model is
run using the water levels inside and outside the barrage computed using NAO.99b
model, and it is observed that mean power and energy reduces with decrease of aspect

ratio.

Considering horizontal water levels at sea and basin, annual energy output is 32.603
GWh, whereas, it decreases to 14.816 GWh (45%), 13.251GWh (41%) and 10.720
GWh (33%) for aspect ratio of 0.9, 0.625 and 0.40 respectively considering non-

horizontal shallow water levels.

One thing should be clear that water levels computed using NAO.99b model where
flow is continuous, openings are vertically open and water opening heights are variable
with changing water levels, whereas water levels computed from RTA model where
turbines are kept submerged, turbine position is fixed, effective area is fixed and
minimum head requirements are opted to protect the turbines- which is not exactly

similar condition for water flow considered in the NAO.99b model. It would be better
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if NAO.99b model is applied for a barrage system to see the water level variations. If
it would have done then we could get the clear idea about water level variations at sea
and the basin for a tidal barrage system which is absent and is not considered in this

study.

So, running the RTA model taking the water levels from the NAO.99b model for
different aspect rations, the results we get, might be, to some extent, indicative and
qualitative. Actual variation will be lesser than what we get from NAO.99b model as
water flowing condition in the NAO.99b model and water flowing system in a tidal

barrage system is different.

But, it could be concluded that water levels at sea and the basin are not exactly
horizontal, it varies with aspect ratios. Higher the aspect ratio, higher is the water head
for power generation. So, in selecting a tidal basin or a tidal barrage it is always
important to remember that basin with higher aspect ratio will yield higher energy

output.

Again, to assess the impact of different vertical shape tidal basin on power generation,
hypothetical shape basins, such as rectangular, trapezoidal and parabolic shape, having
same vertical cross-sectional area 8200 m? within the same tidal range (HWL- LWL=
8.2 m) and same basin length (5 km) are taken to run the RTA model. It is observed
that a vertical shape (1) rectangular basin yields 166 GWh (100%), (i1) trapezoidal
basin having slope, s=0.5 yields 170 GWh (102%)), (iii) trapezoidal basin having slope,
s=2.0 yields 135 GWh (81%), (iv) parabolic basin having top width 600 m yields 96
GWh (58%) and (v) parabolic basin having top width 400 m yields 79 GWh (58%)

energy annually respectively.

So, in selecting a tidal basin or a tidal barrage it is always important to remember that
basin size of higher aspect ratio yields higher energy and vertical shape trapezoidal
basin with slope, s=0.5 or vertical shape rectangular basin also yields higher energy in

compare to other vertical shapes.
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CHAPTER 6
APPLICATION OF THE MODEL

6.1 Introduction

6.1.1 General

Application of any new model is very important. The RTA model (described in Chapter
3) is tested and verified in Chapter 4 and found the model is useful, flexible and more
accurate than other methods. In this chapter the RTA model is applied for Sandwip
Channel, one of the promising sites having higher tidal range (7.05m) than that of other
channels in the coastal areas of Bangladesh considering dynamic water head and basin
characteristics to see whether tidal barrage power could be generated in the channel

and what would be the capacity and energy generation.

6.1.2 Flow-chart /procedure to assess tidal barrage power of Sandwip
channel.

(1) Collect observed tidal data
For this study purpose 20 years observed data (1996-2015) for Sandwip was taken from
Bangladesh Inland Water Transport Authority (BIWTA).
(2) Sort, verify and rectify tidal data
(1) Data were sorted and verified as per historical memory.
(i1) Avoid/delete unrealistic tide data.
(3) Analyze observed tide data to find the tidal constituents
(1) Sorted and rectified data used to find out tidal constituents with amplitudes
and phase angles using GeoTide Analyzer 3.0 X 2015 of Payra Port Authority,
Ministry of Shipping, Bangladesh.
(i1) Collected standard tidal speeds from scientific report (Simon & John, 2017).
(4) Form an equation to find the water level of the sea with respect to time.
Form an equation using identified tidal constituents having different amplitudes,

phase angles and speeds to compute water level at sea.

Y(t) = ap+ iy cos(— 0;) (6.1)
where,

Y(t) = water level at sea due to tidal effect;
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)

(6)

()

(8)

a, =mean sea level above chart datum;

n= number of tidal constituents;

a;= amplitude of i'" tidal constituent;

T;= tidal period of i tidal constituents; and

@;= is the phase angle of i tidal constituent.

Collect bathymetric data

Bathymetric data of Sandwip Channel having longitude, latitude and bed level
hg (using GPS and single bean echo sounder) (data taken from BIWTA, CEGIS,
Bangladesh Navy and Goggle Earth Pro) (see Appendix CS5).

Prepare contour map of the tidal basin.

Contour map developed using HYPACK ® Windows ® based Software is used
with the help of BIWTA and CEGIS officials.

Analyze bathymetric data

HYPACK ® Windows ® based Software is used with the help of BIWTA and
CEGIS. The intention was to develop a relation between water surface area and
level of the basin. The relation is like Equation. 6.2:
Ap = apZ" + a1 2"+ ay 72"+ ay 323 4

et @ Z + ag (6.2)

where,

Av= surface area (m?) of the basin at level Z;
Z(t)= level of the basin in (m) at any time, t; and
n= polynomial order.

an, An_1 An_o etc...are the coefficient and can be get from trend analysis.

Plot a curve having relation between water surface area and corresponding

water level.

Putting data in excel sheet we got a graph and a trend-line with equation.
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(9) Calculate dynamic water head, h

Calculate dynamic water head, h. Take absolute value at any time (t).
h (t) = ABS[Y(t)-Z(1)] (6.3)

(10) Define nature of tide (either flood tide or ebb tide) of sea.
If Y; 41 > Y; ; consider flood tide and expressed (+ 1) sign in the model; and

If Y; ;1 <Y;; consider ebb tide and expressed (-1) sign in the model.

(11) Define nature of tide (either flood tide or ebb tide) for the basin.
If Y, 1 > Z; ; consider flood tide and expressed (+ 1) sign in the model; and

IftY;,1<Z,; consider ebb tide and expressed (- 1) sign in the model.

(12) Fix minimum head for turbine operation
Minimum head for turbine opening is h (t) min=2.0 m is taken and once the turbine

started it will not be closed until h(t) <1.8 m.

(13) Turbine and gate operation: either closed or opened.

(a) For two-way generation

(1) If turbine is opened, it is expressed in the model as (1) sign.

(1) If turbine is closed, it is expressed in the model as (0) sign.

(111) If gate is opened, it is expressed in the model as (1) sign.

(iv) If gate is closed, it is expressed in the model as (0) sign.

(v) When tides are similar in nature (either flood or ebb) at both sides of the barrage
and head difference is zero (0) both turbines and gates are closed. It will remain
continue until head reaches to a minimum head (in this case 2 m). When h
reached to >2 m, turbines will be opened but gates will remain closed. Turbines
will remain opened and gates will be remained closed until h falls to 1.8 m.
When h=1.8 m turbine will be closed but gates will be opened until h=0.

(vi) Again, turbine will not be opened until head reaches to h>2.0 m.
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(b) Ebb generation

(1) During flood tide at the basin, turbines will remain closed but gates are

opened.

(i1) During ebb tide at the basin, gates remain closed, but turbines will be opened
when h> 2.0m and it will continue until h>1.8. When h reaches to <1.8m

turbines will be closed.
(c) Flood generation

(1) During flood tide at the basin, gates will remain closed, but turbines will be

opened when water head difference reaches to h>2 m and will continue until

head h falls to 1.8 m.

(i1)) During ebb tide at the basin, turbines will be closed but gates will remain

opened.

(14) Calculate Velocity of water through turbine

From Equation (3.42), we get velocity of water through turbine will be equals to:
Vp = 87 Cpr \/ZTh (6.4)
where,
V1= Water velocity through turbine
0= zero when turbine is closed;
6,=1 when turbine is opened;
Cpr =Coefficient of discharge through turbine;
g=acceleration due to gravity; and

h= Water head.

(15)  Calculate velocity of water through gate

From Equation. (3.43) we get, velocity of water through gate
Ve = 86 Cpg \/2gh (6.5)
Where,
V= Water velocity through gate;
0= zero when gate is closed;

0,=1 when gate is opened;
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Cpc =Coefficient of discharge through gate;
g=acceleration due to gravity; and

h= Water head.

(16) Calculate discharge through turbines
Qr=Nr Vr At (6.6)

where
Qr= discharge passed through turbines;
Nt = Number of turbines;

V1= Velocity of water through turbines;
. nD?
A1= Area of turbines = - and

D= Diameter of turbine.

17) Calculate discharge through gates

QG: No 0 CDG 1/ Zgh Bg Hg (67)

Where

Qqg= discharge passed through gates;

Ng = Number of gates;

V= Velocity of water through gates;

Bs= Horizontal width of the gate; and

Hg= Height of the submerged gate opening.

(18) Calculate total discharge through turbines and gates,

Q=Q1*Qq¢ (6.8)
where,
Q= volume of discharge passed through turbines and/or gates.
Qr= volume of discharge passed through turbines; ang

Qg= volume of discharge passed through gates
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(19) Water volume inflows/outflows
Inflow in the basin could be occurred from rivers, tributaries or through rainfall
precipitation and also by pumping. Similarly, water outflow could be happened

through spillway or by pumping other than sluice gates.

Vio=0 .Qijo. At (6.9)
where,

Vi - volume of water inflow/outflow to the basin, m?
Qi/o= discharge inflow or outflow to the basin, m?®/s
At = duration of inflow or outflow, seconds.

6= <1, for inflow (+) sign and for outflow (-) sign.

(20) Calculate incremental increase/decrease water level in the basin.
Incremental increase/decrease of basin water level between time t; and t; can be

calculated using following equations:

Vl == \/ Zghl
Q1 =V1.4
VZ == \/ Zghz
Q,=V,.4, (6.10)
( )
Vw = %(tz —t)* Vi/o
Vi
022 = (Ap1+Ap2)/2

(21) Power (kW) Calculation

Electrical Power:

P (kW) =npgQrh/1000 (6.11)
g=acceleration due to gravity in m/s?; and

Qr= discharge passed through turbines m?®/s

h= Water head.

p = density of sea water in kg/m?

n = efficiency of turbine system.
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(22) Energy (kWh) Calculation

(P1+P3)/2

Energy, E(kWh) = (t1-,) 3600

(6.12)

where,
E =Electrical energy in kWh;

P1 and P» are the electrical power at time t; and t2;and t in hours.

6.2 Tidal Characteristics in the Study Area of Bangladesh

6.2.1 General

Bangladesh has about 710 km long coast line along the Bay of Bengal with the
continental shelf up to 50 m depth with an area of about 37,000 km? (Quader, 2010) in
which tidal height varies from 2 to 8 m rise and fall (Mahbubuzzaman, et al., 2010).
Bangladesh, an emerging economy of South Asia, needs electricity growth rate of at
least 10% each year to maintain the yearly economic growth more than 7% (CPD,
2011). Power sector of Bangladesh has the installed power generation capacity of
22,787 MW as of 30 January, 2020 including captive and renewable energy (Power
Cell, 2020). At present, 96% of the people of Bangladesh have access to electricity
(Power Cell, 2020) with per capita generation is 510 kWh including captive and
renewable energy (BPDB, 2020). In the year 2018-2019, per unit cost of electricity in
Bangladesh was BDT 5.95/kWh (BPDB, 2020).

In our country most of the power stations are run by natural gas (11025 MW)
accounting for 56.34% of the total installed capacity 19570 MW as of November 2019
(BPDB, 2019). In order to come out from this problem a quick solution envisaged by
the government has started to use rental power plants which were temporary and quick
and also thought out to be advantageous for the government. Bangladesh has many
available spots that are suitable for constructing medium to large tidal power plants at
coastal areas such as Hiron Points, Mongla, Char Changa, Cox’s Bazar, Golachipa,
Patuakhali, Sandwip, Barisal etc. Table 6.1 shows the tidal data for Bangladesh coasts

where Sandwip, has higher tidal range, is an island along the south-eastern coast of
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Bangladesh and among which Sandwip is the most emerging area for a tidal barrage.
Sandwip is a Upazila (Sub-division) of Chittagong district located at 22° 49'51.30" N
and 91°42°11.85" E which is situated at the Meghna estuary on the Bay of Bengal and
separated from the Chittagong coast by the Sandwip Channel (Roy, et al., 2015).

6.2.2 Tides at some locations of Bangladesh

Bangladesh Inland Water Transport Authority (BIWTA) through its department of
Hydrography has been maintaining 53 Nos. water level recording stations to monitor
water levels in the inland and coastal areas.

Table 6. 1: Tides in some locations of Bangladesh.

Station Hiron | Mongla Khal Sadar | Sandwip | Khepupara | Chandpur
Point No.10 Ghat
LAT -0.256 -0.261 -0.444 | -0.423 -0.583 -0.323 +0.019
MLWS 0.225 0.325 0.261 0.239 0.238 0.195 0.256
MLWN 0.905 1.194 1.231 1.1 1.634 1.025 0.493
ML 1.7 2.31 2.664 2.481 3.243 2.06 2.172
MHWN 2.495 3.427 4.097 3.861 4.851 3.096 3.852
MHWS 3.175 4.296 5.067 4.722 6.248 3.925 4.088
HAT 3.656 5.772 5.772 5.385 7.070 4.445 4.326
Tidal Range 3.912 6.033 6.216 5.808 7.653 4.768 4.307

Source: (BIWTA, 2019).

From Table 6.1, it is clear that maximum tidal range is located at Sandwip and it is
7.653 m which is the highest among the mentioned coastal areas. Based on tidal range
Sandwip, Khal No. 10, Mongla and Sadar Ghat, Chittagong etc. are some locations
where tidal barrage power could be established. In this study, RTA model is applied

for Sandwip Channel to assess tidal power potential.
6.2.3 Tidal data for Sandwip

6.2.3.1 Sources of tidal data
20 (Twenty) years’ tidal data from 1996 to 2015 is taken from BIWTA for Sandwip

location.
6.2.3.2 Data analysis technique

Data were sorted and unusual data are deleted and rest data are taken for analysis using

Excel sheet. Sorted data were taken for analysis (Appendix C1). GeoTide Analyzer
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3.x.2015 is used for tidal analysis with the help of Payra Port Authority (PPA) working
under Ministry of Shipping of Bangladesh.

6.2.3.3 Software used.
GeoTide Analyser 3.0.15 is used to analyse the tidal data of Sandwip channel.

6.2.3.4 Tidal constituents

By running the Software “GeoTide Analyser 3.x,2015” for Sandwip gauge location
with the sorted data shown in Appendix C1, 214 tidal constituents are identified with
phase angles and amplitudes. The tidal analysis report generated from the software is
attached in Appendix C2. Standard tidal speeds of each constituents are taken from
the standard list of Tidal Constituents which was prepared by Mr Bernard Simon of
SHOM and Cdr John Page of the UKHO on behalf of the IHO Tidal Committee, now
the Tide, Water Level and Current Working Group (TWCWG). (Simon & Page, 2017).
The name of constituents, phase angles, tidal speeds and amplitudes are shown in (see

Appendix C3).
6.2.3.5 Resultant constituent

The resultant constituent is a summation of 214 tidal constituents (Appndix-C3) each
with individual tidal amplitudes (a), phase angles (@)and speeds (o). Predicted tide can
be calculated using Equation (6.13) which is time variable:

Y(t) = ap+ XL a; cos(at —@;) (6.13)

Equation (6.13) is used in the RTA model to calculate time series predicted tidal data

for sea.
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6.3 Basin Characteristics of the Study Area

6.3.11dentification of a basin and its area

A tidal barrage utilizes the potential energy of the tide, built across a bay or estuary that
experiences a tidal range in excess of 5 m. The tidal range of Sandwip channel is 7.5m
which is the most promising site for Bangladesh in terms of tidal range and water
surface area. From Equation (2.6), it clear that the tidal power is the product of square
of tidal range, i.e. PooR? and also product of impounded area, i.c. higher the
impounded area higher the tidal energy. As the tidal range of the channel is more or
less same, so energy will be higher as the impounded area is higher. Based on these,

the impounded area is selected as shown in the Figure 6.1.

Figure 6. 1: Google Earth Photo of Sandwip Channel.
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Figure 6. 2: Potential land reclamation in the coast (NWRD, 2011).
Bed profile of Sandwip Channel from Sandwip point to Hathazari point along the

barrage alignment is shown in Figure 6.3 and Appendix C4. Bed profile is taken from
google map from the point (22°26'27.14" N, 91°31'59.60" E) to (22°29'34.72" N,
91°42'31.06" E). Water level at Highest Astronomical Tide HAT is 7.07 m. If the top

level of the barrage is considered 10 m, then the barrage length will be at least 18.9 m.
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Figure 6. 3: Cross section of Sandwip Channel.
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From Figure 6.1, it is clear that, if we would like to impound the water of the basin, we
between point 1 (22°35'18.83" N,
91°25'35.28" E) to point 2 (22°37'09.06" N, 91°23'24.99" E) and between point 3

will require to construct another 2 embankments
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(22°40'59.45" N, 91°18'53.05" E) to point 4 (22°43'02.60" N, 91°16'27.20" E). The

length of the first embankment

will be 5.05 km and the length of the second

embankment is 4.91km. The vertical cross-section of the first embankment and second

embankment are shown in Figure 6.4 and Figure 6.5 respectively.
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Figure 6. 4: Vertical cross-section of the first embankment (point 1 to point 2).
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6.3.2 Sources of data collection

To assess tidal power potential at Sandwip, the most important task was to collect
bathymetric data (both water & land part’s) elevation data. In this connection water
part’s bathymetry was collected from BIWTA (surveyed in 2018) and land part’s data
was collected from USGS (SRTM) (collected through CEGIS). Both data were
measured from Chart Datum (CD) reference in meters. Tidal data of 20 years of

Sandwip Gauge station was collected from BIWTA hydrography department.

6.3.3 Data analysis technique

Land & water part’s data available was not covering full area. Some gaps were found
in between water & land part. For batter computation these gaps were filled up by TIN
(Triangulated Irregular Network) modeling & also made a general surface with 300
meters x 300 meters gridded soundings with respect to CD ( Chart Datum). In this study
one of the most challenging parts was area-volume calculation for the desired area.
Since study area is looks like a reservoir, contour has been generated for 1(one) m
interval at that area. Area and volume were calculated with the help of TIN model using
HYPACK 4.0 Software used by BIWTA for hydrographic survey solution shown in
Appendix C5.

6.3.4 Area elevation relation of the impounded basin

Then area and volume of the basin impounded is shown in Table 6.2.

162



Table 6. 2: Wetted area and volume of the impounded Sandwip basin.

Level from | Volume Volume Total Area Area Total

CD (m) | Above Below Volume Above Below area

(above +ve) | (Mm3) (Mm3) (Mm3) (Mm?) (Mm?) (Mm?)
15 0.00 9062.90 | 9062.90 0.00 782.55 | 782.55
14 0.52 8280.87 | 8281.40 1.56 781.00 | 782.55
13 4.98 7502.78 | 7507.75 12.38 770.17 | 782.55
12 38.63 6753.88 | 6792.52 69.82 712.73 | 782.55
11 153.21 6085.91 | 6239.12 | 144.29 638.26 | 782.55
10 320.69 5470.84 | 5791.53 | 195.74 586.81 | 782.55
9 542.66 4910.25 | 5452.91 | 242.41 540.14 | 782.55
8 798.59 4383.63 | 5182.22 | 266.71 515.84 | 782.55
7 1073.93 3876.42 | 4950.36 | 283.71 498.84 | 782.55
6 1364.49 3384.44 | 4748.93 | 297.05 485.50 | 782.55
5 1668.23 2905.62 | 4573.84 | 310.28 472.27 | 782.55
4 1984.75 2439.59 | 4424.34 | 322.92 459.63 | 782.55
3 2314.71 1987.01 | 4301.72 | 337.90 444.65 | 782.55
2 2663.30 1553.04 | 4216.34 | 360.71 421.84 | 782.55
1 3037.27 1144.46 | 4181.72 | 386.77 395.78 | 782.55
0 3436.80 761.43 | 4198.23 | 412.43 370.16 | 782.60
-1 3866.06 408.14 | 4274.20 | 447.86 334.69 | 782.55
-2 4360.32 119.86 | 4480.17 | 577.78 204.77 | 782.55
-3 5043.54 20.53 | 5064.08 | 743.54 39.01 | 782.55
-4 5807.75 2.18 | 5809.93 | 776.12 6.43 | 782.55
-5 6588.17 0.06 | 6588.23 | 782.36 0.19 | 782.55
-6 7370.67 0.00 | 7370.67 | 782.55 0.00 | 782.55

The area of the impounded basin between -2 mCD to 10 mCD is plotted shown in
Figure 6.6.
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Figure 6. 6: Area-elevation curve for proposed Sandwip tidal basin (above CD
+ve and below CD is -ve).

The area of the impounded basin which could be expressed in terms of elevation

between (-2 m) to (10 m) from CD as Equation (6.14):
Ap =-0.0041Z° + 0.1205Z° - 1.2507Z* + 5.5573Z> - 10.765Z* + 28.899Z + 375.67 (6.14)

where,
Ap= Area of the impounded basin in Mm? and

7= water level elevation of the basin (in m) from Chart- Datum (CD).

6.4 Power Generation Assessment

6.4.1Data input in the model
The following data are used in the RTA model for power assessment for Sandwip
channel. These input data are changeable and model has the flexibility to use different

values of the parameters.
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Table 6. 3: Different parameters for power generation for Sandwip channel.

S1. No. Different parameters Value Unit
1 Area of basin, Ap from Equation. (6.14) | km2
2 Acceleration due to gravity, g 9.807 | m/s2
3 Density of sea water, p 1025 | kg/m3
4 Threshold h to start turbine, h; 20 | m
5 Threshold h to stop turbine, h> 1.8 | m
6 Turbine tunnel diameter, D 6.0 | m
7 Turbine discharge coefficient, Cd 0.90
8 No. of turbines 200
9 Turbine efficiency, 1 0.40
10 Width of single gate, Bg 12.0 | m
11 Gate discharge coefficient 0.65
13 Number of gates 500
14 | Gate Opening 6.0 | m

Some authors mentioned that minimum 5 m tidal range is required for tidal power
generation (Haque & Khatun, 2017), (www.iclei, 2016). Actually, a minimum head
(hg) is required for turbine starting and at a certain head (h.) turbine should be closed.
Angeloudis (2015) used value 1.5 m for hg (Angeloudis, et al., 2015) to improve the
performance for two way generation. Angeloudis (2016) used value 4.0 m for hg and
1.0 m for (h;) for ebb-only generation and value 2.5 m for hg and 1.0 m for (h;) for
two way operation (Angeloudis & Falconer, 2016). Actually, minimum turbine
starting and closing head is required for the protection of turbine, minimum tidal range
is not a requirement. For the study purpose, value 2.0 m for hg and 1.8 m for (h;) is

taken.

6.4.2 Results from Sandwip channel
The input of 214 tidal constituents with phase angles, speeds and amplitudes Appendix
C3 and also area elevation relation of the impounded basin Appendix CS5 is put in the

RTA Model. Power and energy calculation is shown in Appendix C6. The results are

shown in Table 6.4.
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Table 6. 4 : Capacity and energy variation of Sandwip channel as a function of

gates.

Turbine Gates Capacity Energy

(Dia. 6m) | (12mx6m) | Max. (MW) | Avg. MW) | Min. MW) | (GWh)
200 500 1440 454 219 1361
200 600 1469 460 219 1432
200 700 1496 465 219 1486
200 800 1514 469 219 1529
200 900 1534 472 219 1564
200 1000 1532 475 219 1591
300 500 2051 647 328 1697
300 600 2102 656 328 1791
300 700 2142 662 328 1865
300 800 2168 668 328 1925
300 900 2197 672 328 1971
300 1000 2194 676 328 2008
400 500 2588 827 438 1928
400 600 2664 838 438 2044
400 700 2722 846 438 2131
400 800 2757 854 438 2203
400 900 2795 859 438 2257
400 1000 2792 863 438 2301
500 500 3062 994 547 2091
500 600 3165 1007 547 2221
500 700 3240 1017 547 2321
500 800 3284 1027 547 2402
500 900 3331 1032 547 2464
500 1000 3327 1038 547 2513

From Table 6.4, it is observed that 500 turbines and 1000 gates can produce maximum
annual energy (2513 GWh) and average & maximum capacity will be 1038 MW and
3327 MW respectively. Similarly, 400 turbines and 1000 gates can produce maximum
annual energy (2301 GWh) and average & maximum capacity will be 863 MW and
2792 MW respectively. From Table 6.4, it is also clear that as the number of gates

increases for a particular number of turbines, energy generation is also increases.
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6.5 Optimization of Sandwip Tidal Barrage Power Plant

6.5.1 Optimization based of energy generation

From Table 6.4, it is also clear that as the number of gates increases for a particular
number of turbines, energy generation is also increases. Cost of turbines, generators,
sluice gates, barrage and embankments for Sandwip channel is shown in Appendix-
C7. Energy generation variation as a function of gates for different number of turbines

is shown in Figure 6.7.
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Figure 6. 7: Energy generation as a function of gates with different number of
turbines for Sandwip channel.

From Figure 6.7, it is also evident that energy generation increases, as the gate number
increases and theoretically, the maximum energy can be generated with 500 turbines
and 1000 gates. But, the number of turbines and the number of gates should be
considered in such a way so that all turbines and gates should be housed within the

barrage length and tidal prism.
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6.5.2 Optimization based on duration of supply

Tidal power is not continuous, rather it is intermittent. In most of the cases many
authors assumed generation period is 1/3™ period of the day. From RTA model it is
observed that it depends on basin area, effective areas of turbines and gates. Taking
Sandwip tide and bathymetric data as input for the RTA model, four sets of turbines
and gates namely; (200, 1000), (300, 900), (400, 800 and (500, 700) are taken and the

results are shown in the Table 6.5.

Table 6. 5: Results (Ebb-generation) for Sandwip Basin for four sets of turbines

and gates.

Elements Turbines 200 | 300 | 400 500
Gates 1000 | 900 | 800 700
Energy (GWh) 1591 | 1971 | 2203 | 2321
Max 1532 | 2197 | 2757 | 3240
Power output (MW) | Avg. 4751 672 | 854 | 1017
Min (>0) 219 | 328 | 438 547
Basin WL (m CD) | Max 5.89 | 5.86| 5.80 5.74
Min 298| 2.74| 2.45 2.15
Max 6.59 | 639 6.14 5.89
Head (m) Min 0.00 | 0.00 | 0.00| 0.00
Avg. 1.63 | 148 | 1.37 1.29
Tidal range basin (m) | Max 291 | 3.12| 3.35 3.59
Tidal range sea (m) | Max 743 | 743 | 743 7.43
Production period 38% | 33% | 29% | 26%
Non-production 62% | 67% | 71% | 74%

period

From Table 6.5 it is also clear if turbine numbers increases generation period
decreases. Generation period is 38% of a year for 200 turbines and 1000 gates. On the

other hand, generation period is 26% of a year for 500 turbines and 700 gates.
6.5.3 Optimization based on levelized cost of energy

Another way to optimize the capacity of a power plant is to calculate levelized cost of

energy. Levelized cost of energy (see Appendix C8) for the economic life time (say,
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50 years) of the plant, considering 5% maintenance cost of the plant cost with 2%
growth and 4% discount factor for different turbines and gates is shown in Table 6.6.
Table 6. 6: Levelized cost of energy for Sandwip tidal barrage power plant.

SINo.  Turbines Gates Plant Cost Energy LCOE
(BDT Crore) (GWh)

(BDT/kWh)

1 200 500 8483 1361 7.41

2 200 600 8526 1432 7.08

3 200 700 8568 1486 6.85

4 200 800 8610 1529 6.69

5 200 900 8652 1564 6.58
6 200 1000 8694 1591 6.49
7 300 500 11560 1697 8.10
8 300 600 11602 1791 7.70
9 300 700 11644 1865 7.42
10 300 800 11686 1925 7.22
11 300 900 11728 1971 7.07
12 300 1000 11770 2008 6.97
13 400 500 14636 1928 9.02
14 400 600 14678 2044 8.54
15 400 700 14721 2131 8.21

16 400 800 14763 2203 7.96
17 400 900 14805 2257 7.80
18 400 1000 14847 2301 7.67
19 500 500 17713 2091 10.07
20 500 600 17755 2221 9.50
21 500 700 17797 2321 9.11

22 500 800 17839 2402 8.83
23 500 900 17881 2464 8.62
24 500 1000 17923 2513 8.48

Plotting levelized cost of energy (LCOE) in excel sheet, we get the Figure 6.8.
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Figure 6. 8: Energy generation cost as a function of gates.

From Figure 6.7 it is already observed that, for Sandwip basin, as the number of
turbines and gates increases, energy generation is also increases. But from Figure 6.8,
it is also clear that as the number of turbines increases for a particular number of gates,
energy generation cost increases. It should be kept in mind to select a set of turbines

and gates.

From Figure 6.8, it is seen that LCOE is BDT 9.11/kWh for 500 turbines & 700 gates
to produce 2311 GWh, BDT 7.96/kWh for 400 turbines & 800 gates to produce 2203
GWh, BDT 7.07/kWh for 300 turbines and 900 gates to produce 1971 GWh and BDT
6.49/kWh for 200 turbines and 1000 gates to produce 1591 GWh annually. If we base
only on LCOE, then BDT 6.49/kWh is acceptable than other sets of turbines and gates.
But, if install 400 turbines (each 6 m dia.) and 800 gates (12 m x 8 m), levelized cost
will be BDT 7.96/kWh. If we compare this price (BDT 7.96/kWh) with other sources,
it is evident that BDT 7.96/kWh is acceptable which is shown in the Table 6.7.
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Table 6. 7: Cost comparison of energy generation from different energy systems.

Energy System Fuel cost for | Investment Total cost
each kWh | and OMC | for each
(BDT) cost (BDT) kWh (BDT)
Gas 1.11 1.95 3.06
Oil 17.89 2.75 20.64
Coal 7.00 2.50 8.50
Bio-gas [according to IDCOL] 0.50 3.50 4.00
Wind - 7.66 7.66
Solar PV (seems to be high) - 80.86 80.68
Tidal  Barrage | 200 turbines + - 6.49 6.49
power at | 1000 gates
Sandwip 300 turbines + - 7.07 7.07
900 gates
400 turbines + - 7.96 7.96
800 gates
500 turbines + - 9.11 9.11
700 gates

Source: (Samrat, et al., 2014)

If we compare energy generation cost of tidal power with other sources, BDT 7.96/kWh
is acceptable in compare to oil and coal power. So, 400 turbines and 800 gates can be
installed which will generate 2203 GWh annually and average power and maximum

power will be 854 MW and 2757 MW respectively and will supply 29% time of a day.

6.5.4 Optimization based on housing of turbines and gates

Plant capacity can be optimized based on the minimum length requires for housing of
proposed set of turbines and gates. Proposed barrage having 18 km can house 400

turbines and 800 gates easily.
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6.6 Time Series Power Generation

RTA model calculates real time power and energy over the period. Energy is the

product of power and time interval.

6.6.1 Time series power from observed tide data

2000 -
1800
1600
1400

21200

= 1000

800

600

400

200

Powe

0 1000 2000 3000 4000 5000 6000 7000 8000
Tmie (hr)

Figure 6. 9: Time series power generation (ebb mode) from observed data for
the year 1996 using RTA model.

The data collected from BIWTA for the year 1996-2015 after 1-hour interval. It is
observed that for each year data is discontinuous and night time data was not collected.
Comparing with other years, it is observed that data for the year 1996 is better, though
it is also discontinuous. From Figure 6.9, it is seen that power is variable and dynamic
with respect to time, though it is discontinuous due to non-availability of tide data.
Considering turbine minimum starting head (hy) 2.0 m and turbine closing head
(h¢) 1.8 m, duration of power generation is 29% of the year. Model can calculate
power and energy for any time interval. The average power, minimum power (>0) and
maximum power for Sandwip Channel (identified basin) are 854 MW, 438 MW and
2757 MW respectively for 400 turbines (each 6 m dia.) and 800 gates (each 12 m x 8
m). From the model, it is also observed that annual energy output 2203 GWh.
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6.6.2 Time series predicted power

Observed tide data was analyzed to get harmonic constants (discussed earlier, also see
Appendix C2). Putting the harmonic constants (of Sandwip area) in the RTA model as
input, time series predicted tide data for the year 2010 is generated, based on which

time series power is calculated which is shown in Figure 6.10.
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Figure 6. 10: Time series annual predicted power (ebb mode) from RTA model
for Sandwip Channel for the year 2010.
From Figure 6.10, it is seen than power is variable with respect to time. Power is not
static, rather it is dynamic. The average power, minimum power (>0) and maximum
power for Sandwip channel (for the identified basin) are 854 MW, 438 MW and 2757
MW respectively. Considering turbine minimum starting head (hg) 2.0 m and turbine
closing head (h.) 1.8 m, from the model, it is also observed that annual energy output

2203 GWh and duration of power generation is 29% of the year.

6.6.3 Discussions

It could be mentioned here that for prediction purpose, 6 minutes (0.1 hrs.) time interval
was taken for running the RTA model, but observed data were taken after 1 hour
interval. However, model can predict data for any time interval. Results will be more
accurate, if time interval is smaller and if other things are remain same such as basin

area vs, elevation relation, turbine and gate’s efficiency etc.
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Figure 6. 11: Time series power (Predicted for 2010 and observed 1996).

Power from predicted data and power from observed data are not similar. There may
be many reasons such as (i) observed data may not be collected with due care and
cautions; (2) data collection interval was 1 hour and it was manual. So, if it is collected
within the interval but put the value at the interval, then whole thing would be

jeopardized; (3) gauge station was at a remote area.

On the other hand, RTA model predicts tide data using harmonic constants. Once the
harmonic constants are assessed properly using (i) observed data and (ii) the Software
(GeoTide Analyser 3.0.15), then RTA model can predict more accurate time series
data. These data are calculated taking small time interval which gives more accurate

water level vis-a vis, dynamic head, power and energy.

Actually, accuracy of the result depends on accuracy of the observed data, accuracy of

the bathymetric data, efficiency of the turbine, gate and generator efficiency.

So, before implementing any tidal power plant, a detailed feasibility study should be

conducted.
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6.7 Summary

Bangladesh has been awarded the rights of 118,813 km? of territorial sea (Prothom-
Alo, 2014). With an exclusive economic zone of 200 nautical miles and access to open
sea, Bangladesh has about 710 km long coast line along the Bay of Bengal and a
continental shelf (depth down to 50 m) with an area of about 37,000 km? (Quader,
2010), in where the tidal range varies from 2 to 8 m (Mahbubuzzaman, et al., 2010).

Bangladesh has some potentials sites for tidal barrage power generation. A tidal barrage
power plant can be established at Sandwip Channel having more than 7 m of tidal
range. From previous discussions, it was concluded that the RTA Model can be used
to assess tidal power generation. In this chapter, the RTA model is applied for Sandwip
Channel using necessary inputs from Figure 6.3. It is seen that energy generation
increases with the increase of turbines and gates. It is also seen that energy generation
increases with the increase of gates for a particular number of turbines. Again, it is also
clear (from Figure 6.8) that, for a particular number of gates, energy generation cost
increases as the number of turbines increases. Theoretically, 500 turbines and 1000
gates can generate the maximum energy (2513 GWh). But the number of turbines and
the number of gates should be selected in such a way that all turbines and gates could
be housed within the barrage length and within the tidal range. Considering all these
factors and the Sandwip tide and bathymetric data as input to the RTA model, four sets
of turbines and gates (200, 1000), (300, 900), (400, 800) and (500, 700) are selected
and the results are shown in Table 6.5. It is observed that the lower the turbine capacity
the higher the generation period. For example, for a combination of 200 turbines and
1000 gates, the generation period is 37% whereas for a combination of 400 turbines

and 800 gates the generation period is 29%.

Figure 6.8 shows that the energy generation cost (LCOE) per unit (kWh) for the
economic life time (say, 50 years) of the plant, considering 5% maintenance cost with
2% growth and 4% discount factor, is: (i) BDT 9.01/kWh for 500 turbines and 700
gates to produce 2321 GWh, (i1) BDT 7.96/kWh for 400 turbines and 800 gates to
produce 2203 GWh, (ii1) BDT 7.96/kWh for 300 turbines and 900 gates to produce
1971 GWh, and (iv) BDT 6.85/kWh for 200 turbines and 1000 gates to produce 1591
GWh annually. If 400 turbines and 800 gates are installed, the levelized cost will be
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BDT 7.96/kWh. This cost is more economical than power generation from other
sources such as oil (BDT 20.64/kWh) and coal (BDT 8.50/kWh). Therefore, 400
turbines and 800 gates can be installed to generate 2203 GWh annually with an average
power and maximum power of 854 MW and 2757 MW, respectively, and a supply of
29% time of a day. The approximate total cost of the plant is BDT 14763 crore or 1678
mUSD (BDT 88 = 1 USD).

A tidal barrage power plant may thus be constructed at Sandwip Channel to produce
large scale power to fulfil the country’s electricity demand and to fulfil the target of
10% renewable energy. The barrage will not only produce electricity, but also establish
road communication to the island which will create a huge opportunity for the tourism

industry.

In this study the social, environmental and ecological impacts of the power plant have
not been explored. However, in general a tidal power plant is pollution free unlike coal,
gas and diesel power plants. Unlike hydropower plants, tidal power plants allow water
to go back to the basin during high tides which reduces the impacts on ecology,
wildlife, migratory birds, fish habitats, etc. The effect of the plant on marine life would
not be extreme because of the aquatic expanse of the Bay of Bengal with alternative
connectivity. Compared to coal power, tidal power generation of 2203 GWh per year
will reduce 1.9 million tonnes of carbon emission per year. However, detailed studies
on the environmental and social impacts with appropriate mitigating measures should
be undertaken during the feasibility and detailed design phases to minimize the threats

and adverse impacts.
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CHAPTER 7
CONCLUSION AND RECOMMENDATION

7. 1 General Discussion

In order to achieve the global carbon emission reduction commitments, scientist have
emphasised on green energy or renewable energy such as hydropower, wind power,
solar power and tidal power as an attempt to lessen the climate change impacts (Owusu
& Asumadu-Sarkodie, 2016). Tidal power is a reliable, predictable, pollution free,
green, renewable and inexhaustible source of energy. Tidal power can be harnessed
either using water velocity of tides called stream power or using potential energy called
range power or barrage power. In general, barrage power can contribute more energy

than stream power.

Tides create water mass movement which is the resultants of a series of harmonic
motions with different tidal amplitudes and velocities from which tidal power can be
generated. Tidal barrage power directly depends on square of the tidal head or range.
The current approaches and practices for the assessment of tidal barrage power
generation do not consider the continuous changes in the head differences between the
sea and basin, rather a static overall estimate using an arbitrary reduction in efficiency
and head difference is used. This study considered the real-time changes in water levels
inside and outside the basin to compute the actual power generation potential based on
dynamic water head, and developed a new analytical model to represent the water level

variations and basin configuration.

A major outcome of this study is a Real Time Analytical (RTA) model developed for
computing real-time water head, power and energy potential in a tidal barrage. The
model is useful in assessing time series tidal power potential more accurately and to
optimize the plant capacity. As the Sandwip Channel has higher tidal range compared
to other coastal locations in Bangladesh, the RTA model is applied for Sandwip
Channel to assess the tidal barrage power potential. It is found that the Sandwip

Channel has a high potential for tidal barrage power generation.
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7.2 Conclusion

Now-a-days, tidal power is considered to be an important source of renewable energy.
Tidal barrage power depends on tidal head difference between the inside and outside
of the basin. However, water levels at these two sides vary with respect to time due to
tidal fluctuations and barrage operation. The current approaches and practices for the
assessment of tidal barrage power generation do not consider this continuous changes
in the head difference between the sea and basin. In most cases, the tidal range, tidal
amplitude, average range, average head, etc., are used instead of the dynamic head
which represents the actual and real-time water level difference between the basin and
sea. The RTA model developed under this study would provide more accurate time
series results than previous approaches to calculate power and energy based on

dynamic heads.

In the simplified base case considered for model development, the minimum head
requirements for turbine operation to avoid cavitation were not considered. The base
case considered continuous generation irrespective of water heads and also did not
consider provision of gates. Since the theoretical base model was developed for
continuous generation, it is not applicable for (i) flood-ebb generation with gate; (ii)
flood generation with gate; or (iii) ebb generation with gate. These simplifications were
upgraded in the RTA model by modifying and improving equations to assess these more
practical modes of operation. The base case considered a very simple case with a single
tidal constituent and a simple relation of the basin’s area vs. elevation. These
simplification were also upgraded in the RTA application where the observed tide is a
superimposition of a series of tidal constituents having different tidal amplitudes,
speeds and phase angles. Also, in the real cases the basin water surface is not always
in a linear relation with elevation. This relation is represented by higher order

polynomial equations.

The tide and basin data for the original base model is also used for the RTA model to
test and verify its accuracy and suitability. The results have been found to be reasonably
close. The maximum peak power found after running the original model was 980kW,
whereas the maximum peak power was 983kW after running the RTA model. The RTA

model with real-time operation shows 0.31% higher power than that of the original
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base model. Similarly, the average peak power found after running the original model

was 408kW whereas it was 403 kW after running the RTA model.

The RTA model yields 1.23% higher power than that of the base case using the same
inputs. The RTA model is also validated using the actual data of Severn barrage, UK.
For the Severn barrage, from UKAEA (1980, 1984) study, the annual energy output
was assessed to be 15.09 TWh. This was further assessed to be 11.12 TWh using
“Turgency and Generation” 2006-2008: MATLAB based routines (0D approach)
model. Using the RTA model (ebb generation), the annual energy output was assessed
to be 10.77 TWh, which is only 3.15% less than the results from “Turgency and
Generation” model. It was about 28.62% less than the results from the original UKAEA
(1980,1984) study. These comparisons and validations show that the RTA model can

reasonably assess the power generation potential for tidal barrage power plants.

Although this study assumes horizontal water level variation in the RTA model, it is
discussed (in Chapter 5) that the water levels at the sea and the basin do not remain
exactly horizontal during tidal fluctuation, rather they varies non-linearly. This non-
linearity depends on the aspect ratio (width/length ratio) of the basin. It is observed that
the mean power and energy decrease with a decrease of the aspect ratio. This
conclusion was made based on two dimensional nao.99b model (Matsumoto, et al.
2000) experiments which employs non-linear shallow water equations. The structure
and configuration used for the nao.99b model, however, is not exactly suitable for a
tidal barrage. A tidal barrage has turbines, gates (submerged or open flow) and
generation is intermittent. But the nao.99b model assumes gate operation and water
flow to be continuous. Vertical cross-section shape of the tidal basin has influence on
power and energy generation. Different types of vertical shape tidal basins having the
same cross-sectional areas within the same tidal range and the same length would
produce different amounts of energy. It is observed that a trapezoidal basin having a
side slope s = 0.5 would yield more energy than a trapezoidal basin having s = 2.0, or
a rectangular basin or a parabolic basin with similar tide data (same tidal range) and

the same area of cross sections (within high tide and low tide) irrespective of the shape.

By analyzing the tidal data from ‘Tide Table 2020’ published by BIWTA, it is observed
that the HAT (highest astronomical tide) and the LAT (lowest astronomical tide),
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MHWS, MLWS, MHWN and MLWN are different at different places of the coastal
area of Bangladesh. These variations suggest different plant capacity at different places
along the coast. Many authors suggest that a tidal range of at least 5.0 m is required for
tidal barrage power generation. In reality, however, the minimum heads for turbine
starting (hs) and closing (h¢) are the prerequisites for turbine operation and protection.
In this study, hs= 2.0 m and he = 1.8 m were assumed. Turbine starting head (hs) and
closing head (h¢) depend on several factors such as turbine configuration, quality,

strength, tidal fluctuations, volume of the basin, etc.

This study identifies some areas such as the Sandwip Channel, Chattogram (Khal No.
10 area), Mongla and Chattogram (Sadar Ghat area) are promising sites for tidal
barrage power development with different plant capacities. This study presents an
application of the RTA model for the most promising site at Sandwip Channel (having
a tidal range more than 7 m) to assess the potentials for power generation. Using the
past 20 years’ tidal data, 214 tidal constituents (each of which is considered as a simple
harmonic motion with different amplitude, speed and phase) were generated using the
‘GeoTide Analyzer 3.0.x, 2015° software. GeoTide Analyzer converts observed tide
gauge data directly into tidal harmonic constants which can then be used to make tidal
predictions for any future date. Water level at the sea side was determined by summing
up all constituents of simple harmonic motion. On the other hand, water level at the
basin side at any particular time depends on basin configuration, area of the basin,
water volume in the basin, water passed though turbines, etc. In the study a generalized
equation is developed to calculate water surface area/volume in terms of water level.
By calculating the difference in water levels, the dynamic water head is calculated at a
particular time. Real-time power and energy are calculated using the dynamic water
head. On the basis of these calculations, the analytical (RTA) model is developed to
assess real-time water head, power and energy. The RTA model is flexible in
introducing turbines and gates as well as their dimensions (diameter and size). The
optimum capacity of the plant is assessed by calculating the least levelized cost of

energy (LCOE).

Based on the analysis and discussions, it is concluded that the RTA Model can be used

with reasonable reliability to assess tidal power generation. It is seen that energy
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generation increases with the increase of turbines and gates. It is also seen that energy
generation increases with increase of gates for a particular number of turbines. For a
particular number of gates, energy generation cost increases as the number of turbines
increases. Theoretically, 500 turbines and 1000 gates can generate the maximum
energy (2364 GWh). But the number of turbines and the number of gates should be
considered in such a way that all turbines and gates are housed within the barrage length
and tidal range. Considering the Sandwip tide and bathymetric data as input in the RTA
model, four sets of turbines and gates (200,1000), (300, 900), (400, 800) and (500, 700)
are selected. It is observed that the lower the turbine capacity the higher the generation
period. For a combination of 200 turbines and 1000 gates, the generation period is

38% whereas for 400 turbines and 800 gates the generation period is 29%.

The per unit (kWh) energy generation cost for the economic life time (say, 50 years)
of the plant (see Figure 6.8), considering 5% maintenance cost with 2% growth and 4%
discount factor is BDT 6.49/kWh for 200 turbines and 1000 gates to produce 1591
GWh. The energy cost is BDT 7.07/kWh for 300 turbines and 900 gates to produce
1971 GWh, BDT 7.96/kWh for 400 turbines and 800 gates to produce 2203 GWh and
BDT 9.11/kWh for 500 turbines and 700 gates to produce 2321 GWh annually. If 400
turbines and 800 gates are installed, the levelized cost will be BDT 7.96/kWh. A
barrage system having a perimeter of 18 km for Sandwip Channel can house 400
turbines and 800 gates. The corresponding energy price will be BDT 7.96/kWh. If we
compare tidal energy generation costs at Sandwip Channel (i.e. BDT 7.96/kWh) with
the same from other sources, it is better in comparison to oil (BDT 20.64/kWh) and
coal power (BDT 8.50/kWh). Therefore, a combination of 400 turbines and 800 gates
can be installed which will generate 2203 GWh annually with an average and
maximum power of 854 MW and 2757 MW, respectively, and will supply 29% time
of a day. This plant will cost BDT 14763 crore equivalent to 1678 million USD (BDT
88 =1 USD).

In this study the social, environmental and ecological impacts of the plant are not
considered. However, in general a tidal power plant is pollution free, unlike coal, gas
and diesel power plants. Also, unlike hydropower plants, tidal power plants allow
water to go back to the basin during high tides which reduces the impacts on ecology,
wildlife, migratory birds, fish habitats, etc. The effect on marine life would not be
extreme since the Bay of Bengal is wide. Compared to coal power, 2203 GWh per year
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tidal power will reduce 1.98 million tonnes of carbon emission per year. Proper
mitigating measures during feasibility study and detailed design phases should be

considered to reduce the threat and negative impacts.

7. 3 Recommendations

The following specific recommendations are made based on this study:

1) This real time analytical model can be used for tidal barrage power assessment;

2) The real-time analytical model is developed based on some assumptions such
as water levels at sea and the basins are considered as horizontal, but it is in
reality non-linear. So, a further study could be taken up to quantify the reduction
of power generation due to non-linearity of water levels;

3) Tidal barrage can be established at the southern coastal part of Bangladesh
having a 5-m tidal range;

4) The Sandwip channel could be developed for tidal barrage power generation as
a promising site; and

5) Further a detailed feasibility study could be taken up for the development of a

tidal barrage for power generation.

A tidal barrage may be constructed in the Sandwip Channel to produce large scale
power to fulfil the country’s electricity demand and to fulfil the target of 10%
renewable energy. The barrage will not only produce electricity, but also establish
road communication to the island which will contribute to local economy and
support the tourism industry. Power Division of Bangladesh declared a target of
10% electricity generation from renewable resources by 2020. GOB is also eager
to develop infrastructure on a Public-Private Partnership (PPP) basis. Government
has already enacted the Bangladesh Public-Private Partnership Act, 2015,
formulated Rules for Viability Gap Financing (VGF) for Public-Private Partnership
Projects, 2018 to fill the gap of viability of a PPP project and Rules for Public-
Private Partnership Technical Assistance Financing (PPPTAF), 2018 for the
financing for feasibility studies. GOB can establish a tidal barrage at Sandwip from
self-financing and/or taking project aid from development partners or even under

PPP basis with viability gap financing.
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APPENDICES

Appendix Al: The Base Case of Isle of Whithorn Tidal Barrage

Appendix A2: Water level, head, power and energy variations at different
modes

Isle of Whithorn Model: Tidal Barrage Calculation spread sheet
With this model it is possible to estimate the optimum tunnel diameter ta calculate the power output and the water level behaviour inside the basin. Values highlighted
in green are site specific and should be adapted before calculation. A discharge coefficient Cd of 0.9 has been chosen for a optimized, stream lined duct without an
operating turbine. Later the power output is multiplied by different efficiency rates for the turbine nturb, the transmission ntr and the generator ngen —> ntot
Site specific details Coefficients Basin area Calculation
Tidal Range w 0.00013956 rad/s Linear functio y=mx+n
g 9.81
MEAN &m p 1025 m 15864.3548
MAXIMUM 6m ntot 0.4 n 40617.9516]
MINIMUM 175 m Cd 0.9
Basin area 12
Area Vs, Elevation
Basin Area at MHWS 150082 m? AN 250000
Basin Area at MLWS 51723 m? 10 V= 15864x+ 40615
MHWS 6.9 m
MLWS 0.7 m / 200000
8 //"
Sea level . .// \\ ,E
£ A = 150000
Mean sea level Z m T 6 \\ E
3 U/ £
VARIABLE & T £ 100000
4 / . E
Amplitude range a 4m  gea : S
High Water level M1m 71 — 50000
Low Water level 300m N
Discharge coeff. 0.9
Turbine tunnel diameter 26m 0 T T 1
Turbine tunnel area 531 m? o 0 5 10 15
Time ‘Water level [m]
Time step tins | zlinm | zZ2inm | v m's | Q in m¥s | Binm? I decide +/- | dzinm | Head in m | Power in KW |RESULTS
0 0 7 7 0 0 0 0 0
1 300 716741775 7 163114571  5.6602262 151668.435 1 0.01712992  0.167417748  5.831545862 |Power P
2 600 7.33454209  7.017129922 224596919 11.9245053 151940191 1 0.02354447  0.317412164 1522358025
3 900 7.50108012  7.040674394 270496947 14.3614717 152313.709 1 0.02828663  0.460405724  26.59454251 |\ean P 261.12] KW
4 1200 7.66673998 7.068961024 3.08221068 16.3643552 152762.458 1 0.03213667  0.597778952  39.34525658
5 1500 7.83123133 710109789  3.40638029 18.0854662 153272.288 1 0.0353887  0.730133442  53.11104098 [Max P 65444 KW
6 1800 7.9942659  7.13649659  3.69213237 19.6026073 153833.566 1 0.03822814  0.857769313  67.6296609
7 2100 B.15555796 7174724728 394811321 209616842 154440331 1 0.04071803  0.980833234  82.69404031 |Min P 583 KW
8 2400  B8.31482483 7.215442753 4.17990429 221923307 155086.296 1 0042929  1.099382081  98.13059525
9 2700 847178739 7258371751 4.39133739 23.3148907 155767.337 1 00449033 1213415643 113.7878356 |Power per C 0.00] kW
10 3000 862617056 7.303275049 458516303 24.3439675 156479698 1 0.04667181  1.322895507  129.5298208
1 3300 877770375 7.349946856 4.76342295 252904014 157220117 1 0.04825795 1427756898  145.2321789 |Flow rate Q
12 3600 B8.92612142 7.398204805 4.92767251 26.1624502 157985.698 1 0.04968004  1.527916611  160.7795952
13 3900 9.07116343  7.44788484  5.07912079 26.9665333 156773.84 1 0.05095273  1.623278591  176.0641943 |Mean Q 2782 m3s
14 4200 9.2125756 7498837567 52187228  27.707721 159582.172 1 0.052088  1.713738038  190.9844934
15 4500 9.3501101  7.550925568 5.34724232 28.3900687 160408.514 1 0.05309561  1.799184535  205.4447353 |Max Q 4177 miis
16 4800 948352589 7.604021382 546529611 29.0168506 161250.845 1 0.05398456  1.879504506  219.3544803
17 5100 9.61256914 7.658005937 5.57338561 29.5907283 162107.275 1 0.05476138  1.954583203  232.6283798 |Min Q 3.95| mifs
18 5400 9.73707367 7.712767321 5.67192043 30.11387894 162976.029 1 0.05543247  2.024306348 2451860786
19 5700  9.85676131 7.768199791 5.76123575 30.5880805 16385543 1 0.05600317  2.088561516  256.9522112 |Head H
20 6000  9.97144229 7.524202965 5.84160568 31.0147879 164743.884 1 0.05647819  2.147239329  267.8564645
2 6300  10.0809156 7.880681155 5.91325347 31.3951869 165639.874 1 0.05686165  2.200234491  277.8336887 |Mean H 196 m
22 6600 10.1849895 7937542802 597635946 31.730235 166541.947 1 005715719 2.2474467  286.8240432
23 6900  10.2834815 7.994699997 6.03106731 320206949 167448.709 1 005736807 228878147  294.7731658 |Max H 3900 m
24 7200 103762189 8.052068062 6.07748382 322671603 168358.817 1 0.05749713  2.324150867  301.6323558
25 7500 104630394 8109565188 6.11570783 324700761 169270.971 1 005754692 235347417 307.3587679 |Min H 003 m
26 7800 10.5437906 8.167112107  6.1457631 32.6297545 170183.916 1 0.05751969 237667849  311.9156071
27 8100 10.6183311 8.224631798 6.16775068 32.7463868 171096.429 1 0.05741742  2.3936993256  315.2723243
28 8400 10.6865303 8.262049221 6.18162553 32.8200524 172007.319 1 0.05724184 2404481081  317.4048063 ;::‘HHHQE ‘ 4.74‘ m
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Water level , head, power and energy at different modes for 24.8 hrs

Time SEA Basin at Flood-Ebb Mode | Basin at Ebb Mode Basin at Flood Mode
t(hr) |y (mCD)|z(m CDH (m) Pt(kWEt(k‘Mz(mCD H (m) |Pt (kW)[Et (kW|z (m CIH (m) [Pt (KVEt (kWh)
- 00| 7o0] - 700 - 00| - .
00| 720 700] 020 700 020 7.00| 020 120 Power at different modes 1600
020 40| 700] 040 702] 039 7.00| 040 sﬁm ey e =
030] 760| 700] 060 705 053 7.00| 060 7N N 1400
00| 780| 700] 080 710| 070 7.00] 080 oo
050 so0| 700] Lo 716| 084 7.00| 100 / \ / \ / \ / \ 1200
060 820 700] 120 122 0w 7.00] 120 ~ 80
00| s3] 700 139 129 L1 7.00] 139 g 1,000
080| s83s8| 700| 158 736 12 700| 158 £ /
090| 876 700 176 14| 12 700| 176 £ o0 800
L00| 94| 700] 194 751|143 00| 194 P K\ X m X
L] o] 7o 21| 21| 13| 19| L% o] 2ul 26| B|F,, A~ 600
0] 9x| 707 2| me| w| qer| 16l 704 225 286 | 27 \
130 943| 7.5 230] 96| 29| 776] 169 11| 23] 303 29 7 / \)(\ // \”Y e
140 90| 722 238 32| 0| 78| L7 T19] 24| 39| 31| 20 -
10| 95| 730 245 3| m| 13| 1w 726| 249 34| B :
Lao | sw| 737 23] 3] 3| soz] Lss T Y T \ , ‘ ” \ ]
170 1003 745| 258 33| 35 811 182 742| 261 360 35 .00 12.00 18.00 24.00
180 1006 753 263 363| 36| 20| 19 750 266 30| 36 Time (i)
10| 1028| 76| 267] 3n| w| s29| 1w 757 271 ] w
200 1039] 7es| 27| 3] 3| s3] 765] 274 386 ] 38
210 1049 776] 273 385| 38| s46| 203 17| 276 391 B Head variations
220 1059 784 275 3s8| | 55| 2m 781 | 278 | 304] 39| 70
230 1067] 791] 276] 30| | se| 203 789 | 279 36| 40
240 1075] 199] 276] 30| | sm| 796| 279 395] 40 0 ) /\
250 10s1] 806 275 3ss] 3| s8] 2m s04] 277 3] 3 —rwooﬁnb S\-Eh: Fioa / \
260 1087 84| 27| 38| | se0| 1w g12] 275 | | 30
o] el saf 2] | 3| | 1w sl am[3s3] Blg,, //\ \ / p— \
280 1093| s29] 267] 30| 37| s07| 18 827] 269] 375| 38 % // \ \ A / / \
200 10ss| s36] 262 361] 3| eis]| 1w 334] 264] 365] 37 \
300 1099| s43] 256] 9] 35| em| 176 s ase] 3] 3]s Fany ] \ ‘/ \ / \ {
30| 1o0| sso| 250] 16| 34| 93| Lew 48| 252| 0| 35| 20 -
320 1on| ss7] 243] 32| 33| 939 Lel 855|244 25| B / \\ l \ A /_\\ \
330] 098] s64] 234] 35| 31 o4 132 62| 236 308] 3| 10+ \v ——
340 1096| 80| 225] 288] 30| 953 14 869 227 291 30 ‘ V v \X} v
350 09| 877] 215] 28] 28| 960 132 875|217 1| 2
12.00 18.00 24.00

360 1088| 883 ] 205] 249] 26| o967 121 882 206 251 26
0] ws| sse] 1] - | 12| em| o9 538 | 194 20| 2 Time, brs.
330] 1076] 906] L7 919| 097 594 132] 8] »
I e E e I R
410 1050] ess] L2 295 056 9.02| 148
420 1040] 9e39] 081 999] 041 9.02] 13
430 1029] 970] 060 1003 026 502 | 107 100 A /}:"‘\
40| 1017] ers| 039 1006 | 011 .02 115 / / J \ i ~
4350 1004| 985[ 019 1008 | 004 9.02 | 1.02 =80 ! \ h! 7 h
460 991 es0] on 1007] 016 9.02| 089 B / i s N
470] 97| 9s1] 014 1007 031 502 04 g N 2" S
480 96| 90| 02 1007| 046 902 | 059 5o \ 7 \
400 946 91| 045 1007] 06l 0.02| 044 % Vi \ ) /
s00] 93| 991 nsl 1007] 078 9.02| 027 £ -
510 93] 91| 0 1007] 094 9.02] 01 NS N2
s20|  896| 981 095 1007] 112 5.02| 0.07
530 s78| 991 L3 1007] 130 501 03 20
540 359 991 132 1007 143 396 | 037 ——3ea Wk =—=r=Basin WL flood-etb | ====Basin WL Ebb Basin Wi Flood
s30] 84| 99| 130 1007] 167 590 049 0
5.60 821 991 L70 1007 | 1.8 - - $382| 061 6.00 1200 18.00 24.00
sa0| so| 991 1w 1007] 205 250 25| s;] om Time ()
ss0] 78| 99| 20e] 257 13| w007 224 26| 2] se4] 08
so0] 76| 9se| 223] s3] 27| w005 23] 32| ] s:3] 0w
600 74| 9s0| 237] 31| 30| 1004| 261 360| 36| s42] 099
610 722| oma| 252] ;o] 33| w002 280 3| a0 s30] 107
620 70| 968] 266] 68| 35| 1001] 299 ae| 44| s17] L1s
630 68| 961] 279] 7] 38| 99| 3a7| as| 48| sm| 12
640] 66| 9s3] 2m3] a7] 41| eor| 336] sm| 2| 790] 128
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Appendix B1: Cost Calculation of Severn Barrage, UK.

Nos. Turbine 200 224 248 300 200 224
Nos. of caissons r‘equlred to house 50 56 62 75 50 56
turbines
Nos. Sluice gates 200 200 200 200 250 250
Nos of sluice Cassissons required 50 50 50 50 625 625
for gates
Costs of Barrage Elements
Caissons construction €M (1988)
Construction yards 339 339 339 339 339 339
Turbine-generator Caissons
(54 Nos. 4.3km) 1002 1122 1242 1503 1002 1122
Sluice Cassissons (46
Nos. 4.1 km) 355 355 355 355 443 443
Plain Cassions 270 270 270 270 270 270
Lock Caissons 81 81 81 81 81 81
Breakwater Caissons 86 86 86 86 86 86
Steelwork fabrication and
installations 580 580 580 580 580 580
Dredging 380 380 380 380 380 380
Foundations 377 377 377 377 377 377
Caisson Installation 148 148 148 148 148 148
Embankments and breakwaters 382 382 382 382 382 382
Substations 65 65 65 65 65 65
Service roads 141 141 141 141 141 141
Contingencies 639 639 639 639 639 639
CIVIL WORKS TOTAL 4845 4965 5085 5346 4933 5053
54 Turbine -generator caissons
would house 216 turbine-
generator sets
gﬁi’t‘n"s’ge“erat"r and  ancilary 2131 2387 2642 3197 2131 2387
Contingencies (5% above cost) 107 119 132 160 107 119
TURBINE/GENERATORS
TOTAL 2238 2506 2775 3356 2238 2506
Total cost of the Plant 7082 7471 7860 8702 7171 7559
TGh 10.517 11.206 11.757 12.562 11.029 11.753
Turbine 200 224 248 300 | 200.000 | 224.000
Gates 200 200 200 200 250 250
MW 7469 6000 6793 7444 5005 6000
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Appendix B2: Levelized Cost of Energy (LCOE) for Severn Barrage

Inititial Mainten Discount Present Energy
Year ance | Fuel cost value ergy
Cost, €m factor GWh/year
cost, 5% cost (GWh)
5008 5% 4% 8008 12,9460
2%
1 408.00 - 0.96 39231 12.45
2 408.00 - 092 377.22 11.97
3 408.00 - 0.89 362.71 1151
4 408.00 - 0.85 348.76 11.07
5 408.00 - 0.82  335.35 10.64
6 408.00 - 0.79 32245 10.23
7 408.00 - 0.76  310.05 9.84
8 408.00 - 0.73 298.12 9.46
9 408.00 - 0.70  286.65 9.10
10 408.00 - 0.68  275.63 8.75
11 408.00 - 0.65 265.03 841
12 408.00 - 0.62  254.84 8.09
13 408.00 - 0.60  245.03 7.78
14 408.00 - 0.58  235.61 7.48
15 408.00 - 0.56  226.55 7.19
16 408.00 - 0.53 217.83 6.91
17 408.00 - 0,51 209.46 6.65
18 408.00 - 0.49 201.40 6.39
19 408.00 - 0.47  193.65 6.14
20 408.00 - 0.46  186.21 5.91
21 408.00 - 044 179.04 5.68
22 408.00 - 042 17216 5.46
23 408.00 - 041 165.54 5.25
24 408.00 - 0.3% 159.17 5.05
25 408.00 - 0.38  153.05 4.86
26 408.00 - 0.36  147.16 4.67
27 408.00 - 0.35 141.50 4.49
28 408.00 - 0.33  136.06 4.32
29 408.00 - 032 130.83 4,15
30 408.00 - 031 125.79 3.99
31 408.00 - 0.30 120.96 3.84
32 408.00 - 0.25  116.30 3.69
33 408.00 - 0.27 11183 3.55
34 408.00 - 0.26  107.53 341
35 408.00 - 0.25 103.39 3.28
36 408.00 - 0.24 99.42 3.15
37 408.00 - 0.23 95.59 3.03
38 408.00 - 0.23 91.92 2,92
39 408.00 - 0.22 88.38 2.80
40 408.00 - 0.21 84.98 2.70
41 408.00 - 0.20 81.71 2.59
42 408.00 - 0.19 78.57 2.49
43 408.00 - 0.19 75.55 2.40
44 408.00 - 0.18 72.64 2.30
45 408.00 - 0.17 69.85 2,22
46 408.00 - 0.16 67.16 213
47 408.00 - 0.16 64.58 2.05
43 408.00 - 0.15 62.10 1.97
43 408.00 - 0.15 59.71 1.89
50 408.00 - 0.14 57.41 1.82
16772.72 278.11
LCOE 0.06031 £/kWh
6.031 p/kWh

192

—o— 230 gates 300 gates
—o— 400 gates —o—300 gates
200 220 240 260 280 300

Number of Turhines

200 torbines —a— 124 ghurhines

248 torbines 300 turbines
—e—Series)
250 300 350 400 450 500

Number of gates

—a—100 gates —a— 150 gates
550 200 gates —a— 250 gaes

5.00
150 170 150 210 230 250 270 290

Nos. Turbines



Appendix C1: 20 Years Tidal Data of Sandwip Channel (Sample)

Tide Data from 2015 to 1996

Date Time Height{ | Height ‘ Date Time Height( | Height ‘ Date Time Height(| Height
cm) (m) cmy) {m) cmy) {m)

01/01/1996  0:00 473 4.73 02/01/1996  18:00 107  1.07  05/01/1996 2:00 526 5.26
01/01/1996  23:00 172 1,72 03,/01/1996 1:00 430 4.3 05/01/1996 3:00 505  5.05
01/01/1996 0:00 445 4.45 03/01/1596 13:00 e 4.44 05/01/1996 23:59 301 5.01
01/01/1996 22:00 421 4.21 03/01/1996  12:00 439 433 05/01/1996  13:59 484 434
01/01/1996 11:00 414 4.14 03/01/1996 14:00 405 4.05 05/01/1996 12:59 470 4.7
01/01/1996 12:00 405 4.05 03/01/1996  11:00 390 3.9  05/01/1996  14:59 405 4.05
01/01/1996 10:00 392 3.92 03/01/1996 2:00 385 3.85 05/01/1996 3:39 399 3.99
01/01/1996  1:00 388 3.88 03,/01/1996 0:00 350 3.5  05/01/1996  11:59 390 3.9
01/01/1996 13:00 332 3.52 03/01/1996 15:00 321 3.21 05/01/1996 15:59 335 3.35
01/01/1996 21:00 350 3.5 03,/01/1996 3:00 305  3.05 05/01/1996  10:59 320 3.2
01/01/1996 9:00 325 3.25 03/01/1996 10:00 301 3.01 05/01/1996 4:59 288 2.88
01/01/1996  14:00 287 2.87 03/01/1996  16:00 246 2.46  05/01/1996  22:59 270 2.7
01/01/1996 2:00 280 2.8 03/01/1996 23:00 245 2.45 05/01/1996 16:59 255 2.55
01/01/1996  8:00 259 2.59 03,/01/1996 4:00 225  2.25  05/01/1996 5:59 220 2.2
01/01/1996 20:00 238 2.38 03/01/1996 22:00 186 1.86 05/01/1996 9:59 188 1.88
01/01/1996 15:00 215 2.15 03,/01/1996 9:00 180 1.8  05/01/1996  17:59 168  1.68
01/01/1996  3:00 201 2.01 03,/01/1996 5:00 172 172  05/01/1996 6:59 154 154
01/01/1996 19:00 192 1.92 03/01/1596 17:00 14 1.64 05/01/1996 8:39 125 1.25
01/01/1996  7:00 172 1.72 03/01/1996  21:00 140 1.4  05/01/1996  18:59 122 1.22
01/01/1996 16:00 167 1.67 03/01/1996 6:00 125 1.25 05/01/1996 21:59 120 1.2
01/01/1996  4:00 160 1.6 03/01/1996  18:00 122 1.22 05/01/1996  19:59 78  0.78
01/01/1996 5:00 132 1.32 03/01/1996 2:00 120 1.2 05/01/1996 739 74 0.74
01/01/1996  6:00 132 1.32 03,/01/1996 7:00 103 1.03  05/01/1996  20:59 68  0.68
01/01/1996 13:00 129 1.29 03/01/1996 20:00 101 1.01 06/01/1996 0:59 330 3.3
01/01/1996 17:00 128 1.28 03/01/1996  19:00 96  0.95 06/01/1996 1:59 525  5.25
02/01/1996 0:00 436 4.86 04/01/1996 000 489 4.89 06/01/1996 13:59 500 5
02/01/1996  23:00 458 4.58 04,/01/1996 1:00 470 4.7 06/01/1996  14:59 485  4.85
02/01/1996 12:00 432 4.32 04/01/1996 13:00 465 4.65 06/01/1996 12:59 480 4.8
02/01/1996  13:00 416 4.16 04/01/1996  14:00 456 456  06/01/1996 2:59 460 4.6
02/01/1996 1:00 415 4.15 04/01/1996 23:00 430 4.3 06/01/1996 15:59 391 3.91
02/01/1996 22:00 402 4.02 04/01/1996  12:00 425 425 06/01/1996 3:59 370 3.7
02/01/1996 11:00 380 3.8 04/01/1996  15:00 408  4.08 06/01/1996  23:59 362 3.62
02/01/1996 2:00 351 3.51 04/01/1996 2:00 395 3.95 06/01,/1996 11:59 357 3.57
02/01/1996  14:00 347 3.47 04/01/1996  11:00 358  3.58  06/01/1996 4:59 315 3.15
02/01/1996 10:00 341 3.41 04/01/1596 3:00 348 3.48 06/01/1996 16:59 285 2.85
02/01/1996 21:00 321 3.21 04/01/1996  22:00 340 3.4  06/01/1996  10:59 275 2.75
02/01/1996 3:00 303 3.03 04/01/1996 16:00 291 2.91 06/01/1996 22:59 275 2.75
02/01/1996 15:00 287 2.87 04/01/1996 4:00 285  2.85 06/01/1996  17:59 208 2.08
02/01/1996 9:00 232 2.52 04/01/1996 10:00 250 2.5 06/01/1996 3:539 200 2
02/01/1996  4:00 250 2.5 04,/01/1996 5:00 222 2.22  06/01/1996  18:59 149  1.49
02/01/1996 20:00 220 2.2 04/01/1996 17:00 205 2.05 06/01/1996 6:59 145 1.45
02/01/1996  16:00 202 2.02 04,/01/1996 6:00 152  1.52  06/01/1996 9:59 128 1.28
02/01/1996 3:00 182 1.82 04/01/1996 21:00 145 1.45 06/01/1996 21:59 125 1.25
02/01/1996  5:00 180 1.8 04/01/1996  18:00 140 1.4 06/01/1996  19:59 100 1
02/01/1996 17:00 140 1.4 04/01/1996 9:00 128 1.28 06/01/1996 7:59 84 0.84
02/01/1996  7:00 138 1.38 04/01/1996 7:00 117 1.17  06/01/1996 8:59 62  0.62
02/01/1996 6:00 116 1.16 04/01/1996 8:00 84 0.84 06/01/1996 20:59 59 0.59
02/01/1996  19:00 115 1.15 04/01/1996 19:00 80 0.8 07/01/1996 1:39 220 2.2
02/01/1996  18:00 107 1.07 04/01/1996  20:00 75 075 07/01/1996  14:59 499 4.99
03/01/1996 1:00 480 4.8 05/01/1396 1:00 2327 5.27 07/01/1996 2:39 430 4.9
03/01/1996 13:00 444 1.44 05/01/1996 2:00 526  5.26 07/01/1996  13:59 489  4.89
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Appendix C2: Tidal Analysis Report on Sandwip Channel.
Tidal Analysis Report

Compare: C:\Users\Hp\Desktop\Rafiq Tide Test - 2\Sandip Tide 1996 to 2015.rec

With: C:\Users\Hp\Desktop\Rafiq Tide Test - 2\Sandip Tide 1996
2015 UKHOTotalTidePlus20191109162744.tcl

Duration of source points: 7299 Days

Number of source points in total: 33307

Number of Source points meeting DTG matching criteria: 33307

Number of Source points not meeting DTG matching criteria: 0

DTG Source: DateTime from A

DTG Match: Exact Match

Residual Statistics

Mean of Observed (A): 2.797m

Mean of Predicted (B): 2.797m

Mean Difference (A-B): :0.000m

Mean Absolute Difference |A-BJ: :0.554m

RMS Difference (A,B): 0.862m

Maximum Positive Difference: 4.818m on Wednesday, October 1, 2003 11:59:00, Point 19649
Maximum Negative Difference: -6.126m on Monday, June 8, 2009 13:59:00, Point 21677

Analysing Tidal Predictions

to

Generated from Harmonic Constants File: C:\Users\Hp\Desktop\Rafiq Tide Test - 2\Sandip Tide 1996

to 2015_UKHOTotalTidePlus20191109162744.tc1
Number of harmonic components: 231 in 214 groups
Prediction Scan from Friday, January 1, 2010 to Friday, August 11, 2028

Tidal Statistics

Maximum: 6.802m at 13-Jul-10 14:54:00

Minimum: -0.846m at 21-Apr-19 22:12:00

Maximum Rise from Low Tide to High Tide: 5.989m at 06-Jul-27 12:30:00
Maximum Fall from High Tide to Low Tide: 6.887m at 08-May-12 18:45:00
Fastest Rate of Rise: 2.659m/hr at 29-Sep-19 13:09:00

Fastest Rate of Fall: -2.322m/hr at 26-Aug-25 1:51:00

Number of Spring Tides found. High Waters: 450 Low Waters: 452

Number of Neap Tides found. High Waters: 445 Low Waters: 460

Tidal Levels
HAT: 6.802m
MHWS: 4.736m
MHHW: 5.179m
MHW: 3.909m
MHWN: 3.514m
ML: 2.641m
MLWN: 2.692m
MLW: 1.297m
MLLW: 0.722m
MLWS: 0.588m
LAT: -0.846m
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Listing of Harmonic Constants
Filename: C:\Users\Hp\Desktop\Rafiq
2015 UKHOTotalTidePlus20191109162744.tcl

#ANALYZER 3.0.15

Tide  Test - 2\Sandip Tide

#FILENAME C:\Users\Hp\Desktop\Rafiq Tide Test - 2\Sandip Tide 1996 to 2015.rec

#IMP_FILE C:\Users\Hp\Desktop\Rafiq Tide Test - 2\Sandip Tide 1996 to 2015.txt|27 Aug 2019

12:10:33

#LOCATION Sanwdip

#GAUGE_ID Sanwdip

#TIMEZONE +0600

#POSITION 22°29.03'N,091°26.22°E

#SCHEMENAME UKHOTotalTidePlus.sch|14 Feb 2015 02:36:18

#MODE HEIGHT
'User:User:09-Nov-19 , 16:27:38
"Number of Input Points:33307
'Input Duration: 7299.6 Days
'Matrix Inversion

'RMS Error: 0.861847

#MEAN 2.638998

#GROUP Sa,057.703,0.06965
#GROUP Ssa,264.323,0.19025
#GROUP Mnum,195.856,0.00767
#GROUP Mm,189.181,0.05147
#GROUP Msf,247.476,0.16365
#GROUP Mf,342.096,0.02690
#GROUP 2Q1,251.215,0.00807
#GROUP sigl1,110.005,0.03172
#GROUP Q1,256.164,0.01845
#GROUP rho1,296.168,0.00729
#GROUP 01,336.785,0.19084
#GROUP MS1,357.527,0.27674
#GROUP MP1,125.634,0.09921
#GROUP NO1,163.622,0.02984
#GROUP chil,242.664,0.01003
#GROUP pil,282.812,0.14080
#GROUP P1,357.197,0.29460
#GROUP S1,244.914,0.70762
#GROUP K1,104.617,0.24025
#GROUP psil,110.306,0.19294
#GROUP phil,311.653,0.03974
#GROUP th1,121.553,0.01909
#GROUP J1,179.764,0.01328
#GROUP 2P0O1,173.361,0.04237
#GROUP SO1,268.638,0.05952
#GROUP 001,225.017,0.02593
#GROUP KQ1,247.183,0.00783
#GROUP 2MN2S2,133.781,0.00611
#GROUP 3M(SK)2,289.222,0.00552
#GROUP 2NS2,129.140,0.01282
#GROUP 3M2S2,056.907,0.01992
#GROUP MNK2,142.692,0.02048
#GROUP MNS2,136.001,0.05591
#GROUP MnuS2,175.808,0.01843
#GROUP MNK2S2,188.180,0.00555
#GROUP 2MK2,130.411,0.01956
#GROUP 2N2,021.678,0.05173
#GROUP mu2,157.365,0.19056

#GROUP SNK2,171.481,0.02417
#GROUP NA2,331.131,0.07514
#GROUP N2,034.403,0.21856
#GROUP NB2,066.617,0.05922
#GROUP nu2,034.320,0.08862
#GROUP 2KN252,151.875,0.00972
#GROUP MSK2,130.803,0.10697
#GROUP MPS2,107.875,0.19788
#GROUP M2,046.384,1.28770
#GROUP MSP2,310.846,0.31817
#GROUP MKS2,238.627,0.08649
#GROUP M2(KS)2,183.158,0.02502
#GROUP lambda2,060.360,0.07740
#GROUP L2,056.968,0.15263
#GROUP 28K2,117.356,0.05794
#GROUP T2,031.638,0.15551
#GROUP S2,089.069,0.39198
#GROUP R2,000.320,0.13775
#GROUP K2,057.361,0.07145
#GROUP MSnu2,353.939,0.00564
#GROUP MSN2,253.798,0.03675
#GROUP KJ2,101.413,0.01713
#GROUP 2KM(SN)2,240.256,0.00427
#GROUP 25SM2,227.363,0.07499
#GROUP 2MS2N2,136.238,0.01455
#GROUP SKM2,277.289,0.03940
#GROUP 3(SM)N2,184.101,0.00441
#GROUP SKN2,201.447,0.00709
#GROUP NK3,207.025,0.01412
#GROUP MP3,038.941,0.24825
#GROUP 2MP3,144.361,0.08637
#GROUP M3,077.091,0.01806
#GROUP MQ3,116.415,0.01959
#GROUP MO03,330.030,0.08953
#GROUP 2NKM3,114.502,0.01142
#GROUP 2MS3,027.970,0.13663
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#GROUP MS3,102.614,0.40669
#GROUP MK3,079.348,0.18919
#GROUP 2MQ3,243.500,0.01044
#GROUP SP3,117.381,0.03267
#GROUP S3,275.088,0.07035
#GROUP SK3,202.180,0.03589
#GROUP K3,132.627,0.01132
#GROUP 4M$S4,147.698,0.00720
#GROUP 2MNS4,090.917,0.03494
#GROUP 3MK4,126.921,0.01114
#GROUP 2N4,082.579,0.01676
#GROUP 2NKS$4,352.699,0.00869
#GROUP MSNK4,181.371,0.01526
#GROUP MN4,066.939,0.01474
#GROUP Mnu4,359.811,0.01163
#GROUP MNKS$4,144.790,0.01643
#GROUP 2MSK4,167.915,0.05249
#GROUP MA4,065.827,0.11614
#GROUP M4,267.333,0.11507
#GROUP 2MRS4,305.347,0.12449
#GROUP 2MKS4,224.419,0.02171
#GROUP SN4,142.855,0.03340
#GROUP 3MN4,194.844,0.03328
#GROUP NK4,237.521,0.01866
#GROUP M2SK4,180.256,0.00695
#GROUP MT4,058.183,0.05531
#GROUP MS4,040.948,0.14273
#GROUP MR4,001.158,0.10470
#GROUP MK4,215.792,0.02332
#GROUP 2SNM4,284.303,0.02446
#GROUP 2MSN4,255.824,0.03650
#GROUP S4,171.574,0.12032
#GROUP SK4,228.492,0.01423
#GROUP 35SM4,059.581,0.04204
#GROUP 2S5KM4,117.234,0.01547
#GROUP MNO5,090.508,0.01530
#GROUP 2NKMSS5,105.531,0.00111
#GROUP 3MK35,056.580,0.05855
#GROUP 2NK35,146.882,0.01332
#GROUP 3MS5,099.721,0.06356
#GROUP 3MP5,224.290,0.00954
#GROUP M5,351.496,0.00864
#GROUP MNK35,259.345,0.02460
#GROUP MB5,144.962,0.01100
#GROUP MS05,032.962,0.10134
#GROUP 2MS5,109.075,0.20143
#GROUP 3MO05,177.693,0.09144
#GROUP 3MQ5,064.348,0.00759
#GROUP 2(MN)S6,354.577,0.00875
#GROUP 3MNS6,074.248,0.00426
#GROUP 4MK6,281.457,0.00443
#GROUP M2N6,102.360,0.00639
#GROUP 4MS6,009.214,0.01201
#GROUP 2NMKS6,261.687,0.00502
#GROUP 2MSNK6,169.434,0.01161
#GROUP 2MN6,154.012,0.02542
#GROUP 2Mnu6,242.861,0.00560
#GROUP MA6,138.726,0.04383
#GROUP M6,230.479,0.04245

#GROUP MSN6,133.985,0.03619
#GROUP 4MN6,161.254,0.00360
#GROUP MNK6,176.538,0.02329
#GROUP 2(MS)K6,092.761,0.00387
#GROUP 2MT6,340.736,0.02583
#GROUP 2MS6,278.897,0.01373
#GROUP 2MK6,219.962,0.03358
#GROUP 25N6,282.016,0.02113
#GROUP 3MSN©6,225.844,0.00867
#GROUP MKL6,142.985,0.01030
#GROUP 25M6,238.314,0.05555
#GROUP MSK6,301.181,0.00832
#GROUP S6,071.870,0.03055
#GROUP 2MNO7,101.028,0.00960
#GROUP 4MK?7,066.362,0.01123
#GROUP 2NMK7,159.466,0.00229
#GROUP M7,197.968,0.00459
#GROUP 2MNK?7,294.878,0.02121
#GROUP 2MS07,086.028,0.05773
#GROUP MSKO07,231.760,0.02125
#GROUP 5MK38,052.368,0.00156
#GROUP 2(MN)8,134.349,0.00682
#GROUP 5MS8,230.767,0.00564
#GROUP 2(MN)KS8,323.130,0.00360
#GROUP 3MN8,011.471,0.00499
#GROUP 3Mnu8,359.048,0.00181
#GROUP 3MNKSS8,122.127,0.01245
#GROUP 4MSK28,081.633,0.00239
#GROUP MAS8,301.354,0.00133
#GROUP M8,065.068,0.00807
#GROUP 2MSN8g,149.873,0.02385
#GROUP 2MNKS8,180.869,0.00899
#GROUP 3MS8,141.635,0.05637
#GROUP 3MK8,234.162,0.02117
#GROUP 2SNM8,277.214,0.01493
#GROUP MSNKS,159.306,0.01725
#GROUP 2(MS)8,149.497,0.00805
#GROUP 2MSK8,252.665,0.00856
#GROUP 35SM8,144.672,0.03767
#GROUP 2SMK8,254.433,0.00376
#GROUP S8,316.647,0.01339
#GROUP 3MN09,139.505,0.00736
#GROUP 2(MN)K9,209.451,0.00724
#GROUP MA9,039.935,0.00227
#GROUP 3MNK9,295.151,0.01313
#GROUP 4MK9,264.689,0.00681
#GROUP 3MSK9,043.206,0.00825
#GROUP 3M2N10,202.391,0.00910
#GROUP 6MS10,318.937,0.01015
#GROUP 3M2NKS10,358.412,0.00969
#GROUP 4MSNK10,150.341,0.00159
#GROUP 4MN10,281.089,0.00928
#GROUP 4Mnul0,057.612,0.00121
#GROUP 5MSK10,049.466,0.00250
#GROUP M10,292.142,0.00556
#GROUP 3MSN10,202.400,0.00731
#GROUP 6MN10,327.232,0.00503
GROUP 3MNK10,076.009,0.01045
#GROUP 4MK10,264.531,0.00491
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#GROUP 2MNSK10,145.372,0.01034 #GROUP M12,348.898,0.00203
#GROUP 3M2510,004.316,0.02114 #GROUP 4MSN12,221.535,0.01864
#GROUP 4MSK11,293.795,0.00864 #GROUP 5MS12,223.226,0.01855
#GROUP 4M2N12,187.963,0.00926 #GROUP 5MK12,288.160,0.00936
#GROUP 4M2NKS12,326.742,0.00751 #GROUP 3MNKS12,162.636,0.00416
#GROUP 5SMSNK12,011.156,0.00476 #GROUP 4M2512,306.843,0.01142
#GROUP 5MN12,280.151,0.00763 #GROUP 5MSN14,239.466,0.01017
#GROUP 5Mnul2,136.622,0.01127 #GROUP 5MNK14,258.300,0.00493
#GROUP 6MSK12,047.915,0.00249 #GROUP 6MS14,235.784,0.01019
#GROUP MA12,298.584,0.00105

Report created automatically by GeoTide Analyzer 3.0.15 on Saturday, November 9, 2019 16:30:12.
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Appendix C3: 214 Tidal Constituents for Sandwip Channel Tide

Name of th Tidal Peiod, T |  Ph Tidal Peiod, T| Ph )
ame.o e Name Speed idal Peio ase Amplitude (m)| Name of the | Name Speed | Tidal Peio ase Amplitude (m)
constituents (Deg/hr) (hrs.) (degree) constituents (Deg/hr) (hrs.) (degree)
I3
£ Sa 0.041089| 8765.8210896 57.703 0.06965 T2 2995893 120164492 | 31.638 0.15551
-
= Sea 0.082137| 43820052087 264.323 0.19025 52 30| 12.0000000 | 89.069 0.39198
(-]
S (“;1”\“”’:') 0471521\ 7634865121 195.856 0.00767] " R2 30.04107|  11.9835958 | 0.13775 0.13775
£
E Mm 0.644375| 6613092043 189.181 0.05147 S K2 30.08214| 11.9672348 | 0.07145 0.07145
= =
> |wst 1.015896| 3543670522 247.476 0.16365 % ?Q'IS;\.ZQ} 3047182 11.8143101 | 353.030 0.00554
Q o
3 WF 1008033 327 6580088 342.096 0.0269 g MSN2 | 3054437 117861300 | 253.798 0.03675
21 12.85429|  26.0062225 51215 0.00807 g K1z 30.62661| 117546217 | 101413 0.01713
=
sig 1 12.92714|  27.8483875 110.005 0.03172) & PV 30 708s5| 117230815 | 240258 0.00427
Qi 13.39366]  26.0683567 256.164 0.01845 § |z 31.0153]  11.6069516 | 227.363 0.07439
{hol) | 1347161| 267230533 206.168 0.00729 OMS2NZ | 3108875 115797517 | 136.238 0.01455
o1 13.04304]  25.8103417 336.785 0.19084 SKM2 | 31.09803| 115762940 | 277.289 0.0394
Y 139841 25 7435153 357.527 0.27674 ISVNZ | 3148742| 114331386 | 184.101 0.00841
P 14.02517| 266681328 125.634 0.09921 SKN2 | 31642841 113771367 | 201447 0.00709
NOT 14.49668| 24 8332484 163.622 0.02984 MQ3 | 42.38277| 54940187 | 116415 0.01959
" (cuil) | 1456085 247030720 242,664 0.01003 MO3 | 42.92714| 5.3862030 | 330.03 0.08953
£ (i) 1491786 241321400 282.812 0.1408 ONKM3 | 42.93642| 5.3644897 | 114.502 0.01142
! P1 1405803 24 0658902 357.197 0.2946 OMS3 | 42.06821| 8.3782874 27.97 0.13663
z 1 18] 23.9999968 244,914 0.70762 ) OMP3 | 43.00928| 8.3702872 | 144.361 0.08637
S K1 15.04060 239350785 104,617 0.24025 E 3 33476156 B.2804008 | 77.091 0.01806
g pei 15.08214]  23.6692992 110.306 0.19294 £ NK3 43.4808| 52796168 | 207.025 001412
=l w
5 phi1 1512321 23.8044764 311.653 0.03974 g NP3 43.94304] 81924245 | 38941 0.24825
[#]
th 15.61250| 232069569 121.553 0.01600 E MS3 42.0811| BA84TTS1 | 102614 0.40669
M 15.68544] 230084768 179.764 0.01328 z K3 34.02517] BAT71399 | 79.348 0.18919
.
oPO1 | 15.97483| 225354552 173.361 0.04237 z OMQ3 | 44.56955| 6.0772639 243.5 0.01044
[_|
01 16.06696|  22.4201780 268.638 0.05952 sP3 4495893 6.0073078 | 117.381 0.03267
001 16.1391| 223060742 225.017 0.02503 s3 45| 8.0000000 | 275.088 0.07035
Ka 16.68348| 215782365 247.183 0.00783 K3 15.04107| 7.0927056 | 202.18 0.03589
OMN252 | 26.40794] 13.6322647 133.781 0.00611 K3 45.12321] 79781565 | 132.627) 001132
IM(SK)2 | 2667018 133877540 289,222 0.00552 AMSA | 65.03642| 64350788 | 147.698 0.0072
ONS2 | 26.67946) 13.3931266 120.14 0.01282 OMNS4 | 56.40794| 63820805 | 90.917 0.03434
3252 | 26.95231| 13.3660241 56.907 0.01992 KA | 5687018 6.3302073 | 126021 001114
MNKZ | 27.3417| 131667031 142.692 0.02048 Fm §6.67946| 6.3291741 | sz.579 0.01676
MINS2 | 27.42383| 134272674 136.001 0.05501 ONKSI | 56.9616| 6.3200476 | 352.609 0.00859
(“l\"n”\“g;) 7.49660|  12.0824862 175.608 0.01843 MSNK4 | 573417 62781540 | 181371 0.01526
MNK2S2 | 27.50897|  13.0880673 188.18 0.00555 NN 6742383 6.2691739 | 66.939 0.01474
oms2K2 | 27.80393)  12.9478081 330315 0.01036 mf'j) §7.49669| 6.2612303 | 359.811 0.01163
. |k2 | 2788807 128096708 130411 0.01856 2 MNKS4 | 5750897| 62602195 | 14479 0.01643
- =
= 7
R T 2789535 120053745 21678 0.05173 £ OMSKA | 67.88607| 62191127 | 167.915 0.05249
- W
z mu2 (u2) | 27.96821| 12.8717576 157.365 0.19056 g MA4 £7.00714| 62147035 | 65.827 0.11614
[} o
3 SNK2 | 28.35759| 12.6950129 171481 0.02417 3 M4 §7.96821|  6.2103006 | 267.333 0.11507
2 NAZ 28 30366| 12 6766532 331131 0.07514 g OMRSA | 5800928| 52089041 | 305.347 0.12449
E N2 2843973 126583482 34.403 34.403 = OMKS4 | 68.05035| 6.201514 | 224.410 0.02171
wh =
NB2 26,4508  12.6400961 §6.617 0.05922 S SN §543973| 6.1601926 | 142.895 .03
nu2(v2) | 2351258| 12 6260044 3432 0.08862 NG| 5851258| 61526278 | 194.844 0.03328
DKN2S2 | 20.604| 12.5856506 151675 0.00972 Nih £8.52187| 61518467 | 237.521 0.01856
MSK2 | 2390197 12425839 130.803 0.10697 M2SKA | 5890197 61118502 | 180.256 0.00685
MPS2 | 25.94304| 124382254 107.675 0.19788 NIT4 £5.04304| 61076076 | 58.183 0.05531
Mz 28.9641| 124206012 46.384 1.2877 NS4 55.9541) 61033393 | 40.048 0.14273
MSP2 | 29.02617| 124030260 310.846 310.846 MR £9.02677] 5.0990629 1.158 0.1047
MKS2 | 29.06624| 12.3855023 238.627 0.08649 MK £9.06624| 6.0048520 | 215.792 0.02332
M2(KS)2 | 29 14838| 12 3506015 183.158 0.02502 2SN | 5045563 60549350 | 284.303 0.02445
'(azg”}bdag 2945563  12.2247742 60.36 0.0774 OMSN4 | 5052848 6.0475265 | 255.824 0.0365
L2 29.60848| 121816202 56.968 0.15263 54 60| 6.0000000 | 284.303 0.02446
0SK2 | 20.01786 120329451 117.356 0.05794 KA §0.08137| E.0918737 | 255.824 0.0355
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Name of the | Name Speed | Tidal Peiod, T| Phase |Amplitude| | Name of the | Name Speed | Tidal Peiod, T| Phase |Amplitude
constituents (DegAir) (hrs.) (degree) (m) constituents (Deg/hr) (hrs.) (degree) (m)

L= |3sm4 61.0159] 59001018| 171.574| 0.12032 US4 5 geag|  3.4178307| 359.048) o0.00181

£ T (3MvB)

3 2 |eskma | 6109803 58921700 228.482| 0.01423 IVNKSB | 115.4742|  3.1175801| 122.127| 0.01245
MNOS | 71.36687| 5.0443575| s0.581| 0.04204 AMSK8 | 115.8543| 3.1073513| s1.633| 0.00230
INKMSE | 7145365 5.0382312| 117.234| 0.01547] g [mAs 115.8953| 3.1062506| 301.354] 0.00133

=

2 |aMKs | 71.91124| 50061712 o0.508| 0.0153 s |ms 115.9364| 31051503 65.068| 0.00807

= =

g |aks 71.92083|  5.0065250| 105.531] 0.00111 €  [2MSNs | 1164079] 30925726] 149.873] 0.02385

¥ [Wss_ | 7195231 50033138] 5658 0.05855 S  [2WMNKB | 116.4901| 3.0903920] 180.869] 0.00899

=

8 [awPs | 7199338| 50004597 146.882| 0.01332 E  |aMss | 1169523 30781777 141635 0.05637

m —

£ |ws 72.46026| 4.9682406| 09.721] 0.06356 8  [WKs | 117.0345] 3.0760174] 234.162] 0.02117

&  |wnks 724649 4.9679222| 224.29] 0.00954 £ [25uMe [ 1174238] 30668171] 277.214] 0.01493

£ |ves 7260133| 4.9664262| 351.496 0.00864 &  [MSNK8 | 117.506| 3.0636741| 159.306] 0.01725

= [MSO5 | 72.92714] 4.0364338| 250.345| 0.0246 2(MS)8 | 117.9682| 3.0516696| 149.497| 0.00805
OMS5 | 72.06821| 4.9336555| 144.062]  0.011 2MSK8 | 118.0503| 3.0495463| 252.665| 0.00856
3MO5 | 73.00928| 49308802 32.962 0.10134 3SMB | 118.0841| 3.0266142| 144.672| 0.03767
3MQ5 | 73.56365| 4.8943865| 108.075 0.20143 2SMKB | 119.0662| 3.0236270| 254.433| 0.00376
2(MN)S6 | 8484767 4.2428980| 177.693| 0.09144 58 120] 3.0000000| 316.647| 0.01339
3VINS6 | 85.39204| 42158495 64.348] 0.00759 3MINO9 | 129.3351| 2.7834676| 139.505| 0.00736
AMKG | 8585428) 41931515| 354.577| 0.00875| | = . |2(MNJK9 | 120.8887| 2.7716029| 209.451| 0.00724
M2N6 | 85.86356| 41926981 74.248 0.00426 £ |mas 130.3874| 2.7610030| 39.935| 0.00227]
amSs | 5593642 41891a37| 2st457] 000443 | B 2 [SMNKS | 1304331 27600364] 295151 001313
INMKSS 85;;372: #VALUE! | 102.36| o.00e39|| B 5 |awko 130.9775| 27485640| 264.689| 0.00681

- =
2MSNKE %S'gﬁf BVALUE! |  0.214| 0.01201 3MSKI | 131.9934| 27274095 43.206| 0.00825
OVING | 86.40794| 4.1662839| 261.687| 0.00502) 3V2N10 | 143.8318| 2.5029240| 202.391]  0.0091
émf':} 86.48079| 4.1627741| 160.434| 0.01161 BMS10 | 143.9046| 25016569| 318.037| 0.01015
IMNKS6 | 8649008 4.1623273| 154.012| 0.02542) gMENKm 143.9139| 2.5014955| 358.412| 0.00960

w

T |3mske | 86.87018| 4.1441150| 242.861| 0.0056 & |aMSNK10| 144294 24949061| 150341 0.00159

= =

£ [was 86.91124| 4 1421568| 139.501] 0.01313 2 [0 | 14a3761] 24934867| 281.089] 0.00928

= —
S |ws 86.95231|  4.1402004| 238.515| 0.01753 g ‘(‘4“;1””1100} 144.449| 24922291 s7.612| 0.00121
= S v
E |WsNe | e742383] 41178702| 138.726] 0.04383 O [sMSK10 | 1446384] 24856290] 49.466| 0.0025
&  [aVNs | 8749669 4.1144415| 230.478] 0.04245 £ [wi0 144.9205| 2.4841202| 292.142| 0.00556
£ [WKN6 | 67.50507] 4.1140050] 133.985] 0.03619 &  [3MSN0 | 145392] 24760640] 2024 0.00731
3 |2(MS)K6 | 67.88607| 4.0962122| 161.254| 0.0036 £  [6MIN10_ | 1454643] 24748239] 327.232 0.00503
2NIT6 B7.92714] 4.0942989] 176.538] 0.02329 & [3WINK10 | 146.4742] 2.4746660] 76.008] 0.01045
oMS6 | 87.96821| 4.0923875| 92.761| 0.00387] AMKA0 | 146.0185| 2.4654403| 264.531| 0.00401
IVMK6 | 88.05035| 4.0885700| 340.736| 0.02583 2MNSK10| 146.4901| 24575044 145.372| 0.01034
25N6 88.43973| 4.0705688| 282.016 0.02113 IM2S10 | 146.9523| 24497743|  4.316| 0.02114
3MSNG | 66.51258| 4.0672183| 225.844] 0.00867| |Eleventh-Di(d4MSK11 | 160.9775| 2.2363376) 293.795| 0.00864
MKL6 | 86.50472| 4.0634476| 142.985| 0.0103 ANZNAZ | 172.8159] 2.0831413| 187.963| 0.00926
2SM6 83.9841| 4.0456664| 238.314| 0.05555 ;WNKm 172.898| 2.0821523| 326.742| 0.00751
SKM6 | 89.06624| 4.0419354| 301.181| 0.00832 £ |5MSNK12| 1732781| 20775849| 11.156| 0.00476
']

S6 90| 4.0000000] 7L.87| 0.03055 2 [BMNAZ | 173.3503| 2.0766006| 280.151] 0.00763
£

SMNO7 | 100351 3.5874091| 101.028| 0.0086 £ ?5“;1’1?1122} 173.4331| 2.0757283| 136.622| 0.01127,

= L%

€ £ |[MK7_ | 1008953] 36680536 66.362] 0.01123 T [6MSK12 | 1738225] 20710784] 47.915] 0.00249

8 2 |2WWK7 | 1009046] 36677252] 150.46] 0.00229 5 [WA12Z | 173.8635| 2.0705892| 298.584] 0.00105

£% |w 1014444 3.6487431| 107.068| 0.00450 2 w2 173.9046| 2.0701002| 348.808| 0.00203

¢ & [oWNK7 | 101443] 36485808 294.878] 0.02121 T [aMSN12 | 1743761] 20645026] 221.535] 0.01864

A OMSO7 | 101.9112| 3.5324856| 86.028| 0.05773 ®  [5mST2_ | 1749205] 20580776| 223.226] 0.01855
MSKO7 | 103.0093| 34948309 23176 0.02125 ¥ [6MKi2 | 175.0027] 2.0571116] 288.16] 0.00936
EMKS | 114.8384| 3.1348404| 52.368| 0.00156 IMNKS12| 175.4742|  2.0515839| 162.636| 0.00416

y: 2(MN)3 | 114.8477| 3.1346869| 134.340| 0.00682 AN2S12 | 175.9364| 2.0461933| 306.843| 0.01142

8 £ |swss | 1149205 31325998| 230767 00564l | & £ |sMSN14 | 2033603 17702575| 230.466| 0.01017

1 =

£ = S _ =

B g [PMKS ) nesass| 31323467| 32313 00036 | £ F § |swNk14 | 2034424 17695427 2583 0.00493

= C 3 5 €

&8 [3vms 115392| 31197992] 11.471| o.o0499| | © & S [6MS14 | 203.9046] 17665313] 235.784| 0.01010
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Appendix C4: Location of Sandwip Channel.
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Appendix C5: Bathymetric Data of Sandwip Channel.

Bathymertic Data of Sandwip Channel for the Impounded Area

E!;::;}]l]u;ﬂf_:;m Volume Above ;::::E Total Volume |Area Above Area Below |Total area
(m) (Million m¥ | (Million m¥ | (Million m® | (Million m¥ | (Million m¥ | (Million m®
15 0.00 206290 206290 0.00 78255 78255
14 0.52 8280.87 8281.40 1.56 781.00 78255
13 493 750278 750775 12.38 77017 78255
12 38.63 675388 679252 69 82 71273 78255
11 153.21 608591 623912 144 29 638.26 782.55
10 320.69 547084 5791.53 195 74 586.81 78255
9 34200 491025 345291 242 41 54014 78255
3 79859 4383.63 518222 266.71 51584 782.55
7 107393 3876.42 4950.36 28371 498 84 78255
6 1304 .49 3384 .44 474893 297.05 48550 78255
5 166823 2905 .62 4573 84 310.28 47227 78255
4 198475 243959 4424 34 32292 45963 78255
3 2314.71 1987.01 4301.72 337.90 444 65 78255
2 2663.30 155304 4216.34 36071 421 84 78255
1 303727 1144 46 4181.72 386.77 39578 78255
0 3436.80 761.43 419823 412.43 370.16 782.60
-1 386606 40814 427420 447 &6 334 .69 78255
-2 4360.32 11986 4480.17 577178 20477 78255
-3 S043.54 20.53 506408 74354 39.01 782.55
-4 5807.75 218 580993 776,12 6.43 78255
-5 6388.17 0.06 6388.23 78230 019 78255
-6 737067 0.00 737067 78255 0.00 78255
o Water surface area vs. elevation
vvvvv »
T
500.00 B S e
P %
apooo | E T
uuuuu = 'F__‘___-—qr
300.00 ﬂ .-""
b K
200.00 &
A = 0004125+ 0120527 - 1.2507z* + 5.5573z% - 10.765z* + 28.899z + 375.67
o Elevation from CD, above CD [+ve] and below CD{-ve), m
4 -2 0 2 4 B 8 10 12
Volume of water vs. elevation
000
"E 5000
=
[T
£
2 3000
S o0c
% 1000 v =-0.3562z3 + 14.039z2 + 363.59z+ TT2.07
= Y R:=1
i 4 -2 0 2 4 B B 10 12
Elevation from CD, above CD (+ve) and below CD (-ve), m
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Appendix C7: Cost Calculation of Sandwip Tidal Barrage Power Plant
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Appendix C8: Calculation of Levelized Cost of Energy for Sandwip Tidal
Barrage Power Plant.

Meintonarce Encrgy | Dresert - = |5 o=
cost 5% of total| Fuel | Discoun| oSt value | - |:n:tj:}t Discoutt | (. e of sl vy S_ElER s B E
Year , .| ofcost, BDT | Year - Facter Z = 2% - 2 2|oE
cusl wilh cust | Factor Crore fye, Encrgy, zo £l =T & 2le &0 H E
erowth 2% 4% ¥ GWh | 004 | GWh s 8| B m
0 14763 100 14763 ] 2205 L.an - 00 500 2483 1361 711
1 TR 13 - 09 708 74 1 220% nan | 211860 ) il #ah 1447 200
2 75290 - 092 696.05 2 2205 092 203712 200 700 8308 1485 G.85
3 THTHS - 03y 6¥171 3 1103 DEY | 18sETT 200 200 2610 1523 6.68
4 &3 - [1E5] 669 48 4 105 N&S | 188343 2N Eii BTy 1402 Bk
5 798.98 - 0.82 656.7C 5 2203 082 |1810.59 200 1000 8654 1391 G5
6 g14.95 - 07% 644.07 6 21103 079 1174134 200 500 11560 1697 a.10
7 83125 - 076 631 69 7 205 nTa | 167434 £l i TR 1M1 1.0
8 84788 - 0.73 619.54 § 2203 073 | 160357 300 700 11644 1363 743
£ 264 81 - 070 60763 9 21103 070 | 154804 200 200 11686 1925 722
1 88214 - 068 95 a4 10 205 nag | 1488 40 £l i 11758 14941 10
11 89978 - 0.65 58448 11 2205 065 | 1431125 300 1000 11770 2003 6.57
12 91778 - 0.62 57324 12 2103 .62 | 137510 A00 500 11636 1923 9.02
13 91613 - 060 6222 13 205 nan |[132327 A0 i 1404 Al H.5d
14 954 85 - 0.58 55140 14 2205 058 | 127238 400 700 14731 3131 8.21
15 97395 - 056 54080 15 2103 036 | 122344 100 200 11763 1203 7.9¢
16 993 43 - 043 23040 16 105 n4s3% (117539 A0 i TS ey 1R
17 101350 - 051 52020 17 2205 051 113114 400 1000 14547 2301 7.67
1% - 048 51020 1¥ 1103 049 | 10¥7.€3 500 500 17713 2091 10.07
19 - 047 400 39 19 2205 n47 [ 104580 S i 17155 PN il
20 - 046 | 4507¢ 20 2203 D46 | 100558 500 700 17757 2321 9.11
21 - 044 481,52 a1 2103 44 966.90 500 200 17339 10 8.83
22 - 041 47207 22 2205 n42 920 71 S ] T/K1 Jaha M
23 - 041 46295 25 2205 D41 | 89396 500 1000 17923 2513 .48
14 116346 - 0z 45404 ! 1105 039 | ¥sU 37
14 1187 24 - nag 445 34 25 203 n3g | 82651
26 1210.99 - 03¢ 436.75 26 2203 036 | 79472
17 123511 - 03 418 5Y 7 1103 035 | Ted 1o
15 129991 - n43 42014 1% 05 N33 | 7477
29 1285.11 - 032 41207 29 2203 032 | 706.51
30 1310.%1 - 0=1 404,15 30 1103 D31 | 67933
i1 133707 - 040 390 38 Ell 05 N30 | 64321
32 1363.77 - 025 38875 32 2203 029 | 628.03
33 13910 027 3¥12¥ 33 2203 D27 | sU=92
34 1418 §6i - 026 37394 4 203 n2a | SR0OTN
35 1447.24 - 025 366.75 35 2203 025 | 538.36
36 1176.1¢% 0.1 EL 36 2103 D21 | 5:6.89
37 1505 71 - 013 35278 37 105 n23 16 24
38 1535.62 - 0.23 346.00 38 2203 023 | 49633
34 1566.51 021 33941 349 2103 021 177.19
40 1597 87 - 011 33282 40 205 n2 448 93
41 1629.83 - 0.20 32642 4 2203 020 | 441.28
12 166212 0.1% 32011 12 2103 .19 12131
43 1695 67 - 019 31398 43 205 n19 407 99
44 1729.59 - 0.18 30795 44 2205 018 | 392.30
15 1761.1% 0.17 302.02 135 2203 .17 377.21
46 1799 46 - 016 296 22 46 205 nia IR TN
47 1835.45 - 0.1¢ 29052 47 2205 016 | 34873
18 187216 0.15 28193 18 2203 015 | 33534
44 1909 &0 - 014 279 44 49 105 nis 32244
50 1947 80 - 0.14 27408 50 2205 014 | 310.04
PV Cost, BDT Crore 37691 PV Encrgy, GWh 47332
Levelized cost of Enerey ~ 7.96  DDTEWh

204




Appendix D: Thesis Proposal Approval by CASR, BUET.
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