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Abstract

Among sources of renewable energy, development of tidal energy has traditionally been plagued
by relatively high costs and limited availability of sites with sufficiently high tidal amplitudes or
flow velocities. However, many recent technology developments and improvements, both in
design (e.g. dynamic tidal power, tidal lagoons) and turbine technology (e.g. new axial turbines,
crosstlow turbines), showed that the economic and environmental costs may be brought down

to competitive levels comparing to other conventional energy sources.

It has long been identified that the Bay of Fundy is one of the world’s premier locations for the
development of tidal power generating systems, since it has some of the world’s largest tidal
ranges. Consequently, several proposals have been made in the recent years to find economical
ways to harness the power of tides. Presently, there is considerable interest in installing tidal
lagoons in the Bay of Fundy. The lagoon concept involves temporarily storing seawater behind
an impoundment dike and generating power by gradually releasing the impounded seawater
through conventional low-head hydroelectric turbines. A tidal lagoon will inherently modify the
tides and tidal currents regime in the vicinity of the lagoon, and possibly induce effects that may
be felt throughout the entire Bay of Fundy. The nature of these hydrodynamic impacts will like-
ly depend on the size of the tidal lagoon, its location, and its method of operation. Any changes
in the tidal hydrodynamics caused by a tidal lagoon may also impact on the transport of sedi-
ments throughout the region and upset ecosystems that are well adapted to existing conditions.
The scale and character of the potential hydrodynamic impacts due to tidal lagoons operating in
the Bay of Fundy have not been previously investigated. The present study endeavours to inves-
tigate these potential impacts to help the development of sustainable, science-based policies for

the management and development of clean energy for future generations.

After outlining fundamental aspects of tidal power projects taken in consideration in the Bay of
Fundy, an analysis of present knowledge on tidal lagoons was conducted in order to provide a
focus for subsequent investigations. Hydrodynamic modeling was used to quantify any of the

potential hydrodynamic changes induced in the Bay of Fundy due to the presence of tidal la-
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goons. In the last part of the thesis, new relationships were derived in order to describe the

amount of energy removed from tidal lagoons associated with its hydrodynamic impacts.

Keywords: Bay of Fundy, Tidal renewable energy, Tidal power, Hydrodynamics, Numerical
model, 2D hydrodynamic model
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Chapter 1

Introduction

11  Background

Over a century, the world’s energy usage has been dominated by the use of fossil fuels, a non-
renewable energy known for producing tremendous amounts of greenhouse gases. These gases
are often pointed to as being partly responsible for climate change. To alleviate the effects of
climate change, there are increasing calls and search for alternative energy sources. Alternative
energy sources are producing little to no greenhouse gas emissions while still contributing to the
current and future energy needs of the world. Renewable energy has been the main focus in re-
search and development during the past few decades. Some of these alternatives include solar
energy, wind energy, hydroelectric energy, tidal energy, and geothermal energy. One type of this
renewable energy, i.e. tidal energy, is not yet widely used but has the potential for future electrici-

ty generation.

It has long been identified that the Bay of Fundy (BoF), which is located on the north-eastern
coast of North America, mainly between the Canadian provinces of New Brunswick and Nova
Scotia, is one of the world’s premier locations for the development of tidal power generating
systems since it has some of the world’s largest tidal ranges. The tidal range in the Minas Basin,

located in the upper part of the Bay of Fundy, exceeds 16 m during spring tides.

Considerable research has been undertaken in recent years to find economical ways to harness
tidal energy. In the early 1970s, a series of technical and economic assessments were performed
to look into the feasibility and environmental impacts of a potential large-scale tidal barrage in
the Bay of Fundy. From these studies, it was concluded that the development of a large-scale
tidal barrage was considered potentially hazardous to the surrounding ecosystem and with inade-
quate funds to start the project, the project was never implemented. Although a large-scale tidal
barrage has not been successful, a smaller-scale tidal barrage was completed at Annapolis Royal,

Nova Scotia in 1984 instead. The tidal power station has the capacity to generate 20 MW of elec-
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tricity and supplies 1.0% of the power demand of Nova Scotia. The Annapolis tidal barrage re-

mains one of three tidal power plants operating worldwide.

Tidal energy has traditionally suffered from relatively costly and limited availability of sites with
sufficiently high tidal ranges or tide-induced flow velocities. However, many recent technology
developments and improvements, both in design (e.g. dynamic tidal power, tidal lagoons) and
turbine technology (e.g., new axial turbines, crossflow turbines), indicate that economic and en-

vironmental costs may be brought down to competitive levels.

Presently, there is considerable interest in installing in-stream turbines to extract energy from the
strong currents flowing through Minas Passage, in the Upper Bay of Fundy. These devices gen-
erate power from tidal currents, much as wind turbines generate power from air currents. The
tidal lagoon is another option that is being presently considered. The lagoon concept involves
temporarily storing seawater behind an impoundment dike and generating power by gradually
releasing the impounded seawater through conventional low-head hydroelectric turbines. Tidal
lagoons are intended to achieve high efficiency while diminishing some of the environmental

problems associated with tidal barrages.

1.1  Significance and novelty of the study

Tidal lagoons are generally huge and challenging engineering projects, costing several billions of
dollars and requiring substantial funds. Their development can be separated into five main task
areas that required parallel consideration. These tasks, shown in Figure 1.1, are: (1) Feasibility
and technical design, (2) hydrodynamic analysis, (3) market and systems analyses, (4) socioeco-

nomic analysis, and (5) environmental analysis.

Commissioned by Tidal Electric Canada (TEC), Delta Marine Consultants (DMC) (2007) pet-
formed a feasibility study to construct a tidal lagoon in Minas Basin. Although they have studied
the technical aspect of tidal lagoons, the potential hydrodynamic impacts due to this new tech-
nology have not been investigated. A tidal lagoon operating in Minas Basin or other regions in
the Upper Bay of Fundy has the potential to modify the characteristics of the tides and tidal cur-
rents near the lagoon, and possibly create effects that are felt throughout the entire Bay of Fundy
and even in the Gulf of Maine (GoM). The nature of these hydrodynamic impacts will likely

depend on the size of the tidal lagoon as well as its location and method of operation. Any
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Figure 1.1: Organizational framework of tidal power project.

changes in the tidal hydrodynamics caused by a tidal lagoon could potentially impact on the
transport of sediments throughout the region, and upset also the local ecosystems that are pres-

ently well adapted to existing conditions.

In this study, a numerical model was constructed and deployed to study the hydrodynamic ef-
fects of a single and/or multiple tidal lagoons operating in the Upper Bay of Fundy. The devel-
opment on the technical design aspect was further assessed to develop these tidal lagoons. Rela-
tionships between extractable energy from tidal lagoons associated with their hydrodynamic im-
pacts were studied. Such studies aim to help the development of sustainable, science-based poli-
cies for the management and development of Nova Scotia’s tidal energy resource for future gen-

erations.

This study is the first study to employ a two-dimensional hydrodynamic numerical model to
assess the change in hydrodynamics in the Bay of Fundy and Gulf of Maine due to the imple-

mentation of tidal lagoons.
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1.2 Main objectives

The present study focuses on the technical design aspect and the hydrodynamic analysis of tidal
lagoons in the Bay of Fundy. In summary, this thesis aims to answer the following question:
‘How will tidal lagoons impact the hydrodynamic in the Bay of Fundy? More specifically, the

objectives of the thesis are:
1. To assess the design and operation regime of tidal lagoons.
2. To develop hydrodynamic models with and without the presence of tidal lagoons.
3. To quantify hydrodynamic changes induced by the presence of tidal lagoons.

4. To describe relationships between extractable energy from tidal lagoons associated with

their hydrodynamic impacts.

1.3 Thesis outline

This thesis is divided into seven chapters.

Chapter 1 describes the significance and novelty of the study, explains the main objectives, and

describes the general framework of the thesis.

Chapter 2 starts with an overview of the hydrodynamic characteristics in the Bay of Fundy and
previous studies on tidal power projects. This chapter concludes with an analysis of present

knowledge on hydrodynamic modeling as well as of tidal lagoon design and modeling

Chapter 3 discusses the implementation of various tidal lagoon designs in the Upper Bay of
Fundy in order to study their effects on the complex hydrodynamics of the Bay of Fundy and

Gulf of Maine.

Chapter 4 describes the development of the hydrodynamic modeling and analysis. It consists of
studying the hydrodynamics with and without tidal lagoons in the Bay of Fundy and determining
the hydrodynamic impacts in the region of the Bay of Fundy and the Gulf of Maine. Finally,
relationships were developed between different tidal lagoon characteristics and their hydrody-

namic impact.

Chapter 5 discusses the developments and findings of all preceding chapters in order to provide

a detailed understanding of the hydrodynamic impacts of tidal lagoons in the Bay of Fundy.
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Chapter 6 summarizes the principal findings and provides the most significant conclusions de-

rived from this work. Finally, recommendations for future work are also made.

Chapter 7 lists all references consulted during this study.



Chapter 2

Literature Review

2.1 Introduction

An overview of the hydrodynamic characteristics in the Bay of Fundy and previous studies on
tidal power projects is provided herein. The main focus lies on finding and describing different
techniques of harnessing the power of the tides, and determining their advantages and disad-
vantages. Finally, an analysis of present knowledge on design and modeling tidal lagoons follow-
ing by hydrodynamic modeling is presented. This analysis serves to identify techniques of hy-

drodynamic modeling with tidal lagoons. Figure 2.1 shows a schematic layout of the content of

Chapter 2.

For ensuing parts of the present chapter, basic knowledge on the aspects of tide is very useful.

Readers who are not familiar with this topic are directed to read Appendix A.

— 2.1 Introduction

2.2 Hydrodynamic
— characteristics in the Bay of
Fundy

2.3 Tidal power projects in the
Bay of Fundy

Literature review

2.4 State-of-the-art knowledge
= - Design and modelling tidal
lagoons

2.5 Hydrodynamic modelling -
A brief review

Figure 2.1: Layout of Chapter 2.
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2.2 Hydrodynamic Characteristics in the Bay of Fundy

2.2.1 Introduction

The Gulf of Maine (GoM) is a large, semi-enclosed body of seawater located on the north-
eastern coast of North America (Figure 2.2). The GoM has an area of around 200,000 km* and
interconnects with the Atlantic Ocean through a series of shoals, banks and channels. The Bay
of Fundy covers around 20,000 km® and is located northeast of the state of Maine, between
New Brunswick and Nova Scotia, Canada. Bay of Fundy can be divided up of two sections in its

upper zone: Chignecto Bay and Minas Basin (Figure 2.3).

2.2.2 Tidal water levels

Bay of Fundy is well-known for having the highest tidal range in the world: tides rise and fall
over 12-16 meters, twice daily. Wolfville, located on the southern shore of Minas Basin, offers
the most dramatic views of the tidal rise and fall, including vast areas of the sea bottom uncov-
ered by the falling tide. The primary cause of the very large tidal range at the Bay of Fundy is a
resonance of the Bay of Fundy-Gulf of Maine system at the tidal period. The area is bounded to
the south by the edge of the continental shelf and gradually increases in depth towards the
ocean. The bay’s shape and bottom topography also have a secondary influence on the tides.

The bay is shaped like a large natural funnel, as it becomes narrower and shallower towards the
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Figure 2.2: Region of the Bay of Fundy and Gulf of Maine.
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Figure 2.3: Tidal range in the Bay of Fundy.

upper end of the bay, forcing the water higher up onto its shores.

2.2.3 Tidal currents

Tidal bores form as the incoming tide flows upstream against the freshwater of the river, and
even pushes upstream in some of the rivers which flow into Minas Basin (e.g., the Meander Riv-
er near Windsor, east of Wolfville, and the Shubenacadie River and Salmon River near Truro).
The most significant tides or current activities are found around Cape Split. This is located on
the southern side of the entrance to Minas Basin, and, at its maximum flow, it experiences sig-
nificant turbulence of the waters surging over some submarine ridges for a considerable dis-
tance. This maximum tidal cutrent exceeds eight knots (4 m/s), and the flow rate through the
deep, five kilometer-wide channel on the north side of Cape Split is about 4 km’/hr. This kind
of current reappears about three hours later in the opposite direction. In total, almost 14 billion
tons (equivalent to 14 cubic kilometers) of muddy sea water flow in and out of the Minas Basin

every six hours.

2.2.4 Numerical studies of flow characteristics in the Bay of Fundy

Several numerical studies have been conducted over the past decades to study the unique tidal
behaviour in the Bay of Fundy. Rao (1968) and Garrett (1972) found that the natural wave peri-
od of the Bay of Fundy is close to the period of M2 tide. They concluded that the BoF together
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with the GoM form a funnel with a natural period of approximately 13 hours, which is close to
the 12.42 hours period of the M2 tidal forcing. These large tides are a result of the near resonant
response of the BoF-GoM system to the M2 tidal forcing. This characteristic explains the signif-

icant tidal range in this region.

Greenberg et al. (1997) successfully developed a 3D finite element model for Passamaquoddy
Bay to accurately predict flows. Sankaranarayanan et al. (2003) generated a 3D hydrodynamic
model to simulate tidal circulation in the Saint John Harbour region. The model included five
tidal constituents (M2, N2, S2, O1, K1) and achieved errors of less than 0.2 m in amplitude and
7° in phase for M2, except for the Minas Basin where the etrors increased to 0.3—0.5 m (relative
to an amplitude of 4.5-6 m). The errors in N2 (the next largest component) were 0.1-0.3 m in
Minas Basin (relative to an amplitude of 0.7-1 m) with phase errors as large as 20° (roughly a
40-minute error in timing). Their model grid resolution ranged from 50-100 m in Saint John

Harbour to 2-3 km in the Bay of Fundy.

Dupont et al. (2005) developed a high resolution model of the Upper Bay of Fundy to simulate
both the the tides and the sea level. The model included the wetting and drying of the extensive
tidal flats in Minas Basin and achieved a root-mean-square (RMS) error for the M2 tidal harmon-
ic of less than 0.3 m (relative to tidal amplitude of 3 m at Saint John). The system can also simu-
late the series of total water level in Minas Basin with an RMS error of 0.3—0.5 m (relative to an

amplitude of 4.5-6 m). Overall, the system is capable of an accuracy of ~10% in Minas Basin.

2.3 Tidal Power Projects in the Bay of Fundy

2.3.1 Introduction

Tidal energy is a form of hydropower that exploits the rise and fall in sea levels due to the tides,
or the movement of water caused by the tidal flow. Tidal energy is classified as a renewable en-
ergy source because tidal forces are caused by gravitational attraction between the Earth, the
Moon, and the Sun. Tidal power projects can be classified into two schemes: (1) the dam or bar-
rage scheme which makes use of the potential energy from the difference in water level between
high and low tides; and (2) the #dal stream scheme which makes use of the kinetic energy from the

moving water currents.
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Given the significant tidal range, the Bay of Fundy is considered a premier location for the de-
velopment of tidal power. Other than the 12-16 meter tidal range, the surrounding environment
and the social economic development of the region are also encouraging the use of the tidal
power. Several proposals have been presented over the years to find economical ways to harness
the power of the tides. They can be classified as #da/ barrage projects, tidal lagoon projects, and in-

Stream current turbine projects.

2.3.2 Tidal barrage

Tidal energy has been harnessed in the past by the installation of barrages (dams), which resem-
ble low head hydro-electric dams. Instead of impouding water on one side like a conventional
dam, a tidal barrage first allows water to flow into the upstream bay or river during high tide,
and then releases the water back at low tide. This operational cycle is performed by measuring
the tidal flow and controlling the sluice gates at various times within the tidal cycle. Turbines are
then placed within these sluices to capture the energy of the in and out flowing water. There are
barrages that can capture energy only in one direction, either on the ebb or flow alone. There
are also two-way tidal barrages that can capture energy in both flow directions. To read in more
detail about the different power generation modes, the reader is directed to Section 2.4. The

world’s first constructed tidal power station, L.a Rance, is located on the estuary of the Rance

Figure 2.4: Aerial view of LL.a Rance (France) tidal barrage. (www.wikipedia.org)
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River in France (Figure 2.4). The tidal power station, built in the 1960s, has a two way genera-
tion system that has an installed power of 240 MW of electricity and which supplies 0.012% of

the total power demand of France.

Lawton (1970) argued that a tidal barrage would be feasible under some conditions at two eco-
nomically viable sites: the Minas Basin and the Cobequid Bay. Both sites had the potential of
producing up to 6,000 MW. In the early 1970s, a committee entitled the Bay of Fundy Tidal
Power Review Board (1974, 1977), was created to look into the feasibility and the environmental
impacts of a potential large-scale tidal barrage in the Bay of Fundy. The Committee completed
Phase I and Phase II of the assessment project. Phase I consisted of a series of technical and
economic assessments aimed at determining the competitiveness of tidal power for this location.
Phase II consisted of more in-depth technical, environmental, economic, as well as financial

assessments of the projects selected based on the Phase I conclusions.

Previous modeling studies conducted by Garrett (1972), Greenberg (1977, 1979), DeWolfe
(1986), and Sucsy et al. (1992), have focused on the potential impacts of constructing a tidal
barrier in the Bay of Fundy. Garrett (1972) used the “resonance iteration” numerical method of
Platzman, which neglects friction, with a grid size of approximately 25 km to determine the
normal mode frequencies of the gulf and to estimate changes to the tides by tidal dam construc-
tion. He concluded that a tidal barrier placed in the Bay of Fundy would raise the M2 tide in the
Gulf of Maine because the new system would be in closer resonance with the tide, and because
of a change of shape of the normal mode. Garrett estimated an increase of 25% in the M2 am-
plitude at Boston if an impermeable barrier would be placed across Minas Basin. Greenberg
(1977, 1979) used a conventional two-dimensional tide model with a nested finite-difference grid
of 2.3 to 21 km scale to simulate the natural and post barrier installation tides. An accuracy of
0.15 m and 5° in phase was achieved in the Bay of Fundy, except for the Minas Basin where the
phases and amplitude were greater than the ones observed. Greenberg estimated that an imper-
meable barrier placed across Minas Basin would increase the M2 tide at Boston by 33% or 40
cm. The model was extended by DeWolfe (19806) to include other constituents (N2, S2, O1, K1)
and he found similar results to those of Greenberg (1979). Sucsy et al. (1992) used a two- and
three-dimensional tide model to simulate the M2 tide with and without a tidal barrier in the Up-
per Bay of Fundy. Tidal amplitudes in the presence of a barrier increased 30-50 cm for both

models, corroborating the results of previous studies by Greenberg (1979). The three-
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dimensional model with tide barrier uniformly produced water levels of 3.5 cm (or 7%) less than

the two-dimensional model.

Gordon et al. (1979) stated the changes in tidal amplitude could influence flooding and drainage
of waters along the coast. They also indicated that the change in circulation pattern due to the
construction of a tidal barrage will not only alter the transport and resuspension of sediment but
also the erosion and deposition characteristics in both the tidal basin and seawards of it. Conse-
quently, the impacts could damage land property along the coast and change the existing coast-
line. Some of the environmental impacts of the tidal barrages on marine life are similar to those
induced by hydroelectric dams: a decrease in the tidal current speed as well as the prolonged
high tide inside the catch basin. The result is that water quality could decrease, significantly af-

fecting wildlife in the area.

For the reasons mention above, the development of barrages in the Bay of Fundy for the gener-
ation of tidal power was considered potentially hazardous to the surrounding ecosystem, it was
never pursued. Although the development of a large-scale tidal power plant was not successful, a
smaller-scale tidal power plant was completed at Annapolis Royal in 1984. The tidal power sta-
tion has the capacity to generate 20 MW of electricity and supplies 1.0% of the power demand

of the province of Nova Scotia.

2.3.3 Tidallagoon

The concept of the offshore tidal lagoon is a recent approach to tidal power conversion that
partially solves the environmental and economic problems of a tidal barrage (Figure 2.5). Rather
than blocking an estuary with a barrage, the tidal lagoon uses an impoundment structure, making
it completely self-contained and independent of the shoreline. The coastal tidal lagoon is an-
other type of tidal lagoon, which operates similarly to tidal barrages in that they exploit the dif-
ference in tidal amplitude to generate electricity. However, the structures do not fully obstruct

the estuary, but it uses the shoreline to form part of the lagoon’s edge.
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Tidal lagoon can be built in the form of a closed dike (rubble mound type, with an impermeable
element). The lagoon holds water at high tide and creates power by releasing the water back into
the sea at low tide through conventional hydroelectric turbines and then repeating the cycle at
high tide by refilling the lagoon. Tidal lagoons could have benign or minimal impacts on marine
environment and could potentially foster biodiversity by creating new habitats for fish, birds and
marine wildlife. Although tidal lagoons are generally thought to be achievable from an engineer-
ing perspective, there are currently no examples of tidal lagoon development anywhere in the

world.

Commissioned by Tidal Electric Canada, Delta Marine Consultants (DMC) (2007) studied the
feasibility of constructing a tidal lagoon in Minas Basin. DMC proposed constructing a tidal
lagoon on the tidal flats located along the northern shore of Minas Basin, between Five Islands
and Economy Point (Figure 2.5). Various tidal plant layouts were investigated, including tidal
lagoons with single and multiple basins as well as tidal lagoons with a direct and rectified flow
through the power station. They concluded that a single basin with a direct flow through the

power station would be most cost efficient for the analyzed Minas Basin site.

DMC developed conceptual designs for two lagoon types: a) an offshore lagoon comprising a

power station and a 12 km® circular impoundment enclosed by a 11.9 km long dike detached
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Figure 2.5: Examples of offshore and coastal tidal lagoons.
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from the shore; and b) a coastal lagoon comprising a power station and a 24 km” impoundment
space formed between a 10.2 km long dike and the existing shoreline (Figure 2.5). According to
DMC, a 12 km? offshore lagoon fitted with fourteen 7.5 m diameter bulb turbine generators (up
to 20 MW each) and 15 sluice gates (56 m” area each) would have an average power output of
approximately 124 MW. The larger coastal lagoon, equipped with twenty-four 20 MW bulb tur-

bines and 15 sluices, was estimated to have an average power output of approximately 220 MW.

Although DMC’s study intended to assess the technical feasibility study of a tidal power plant in
the Minas Basin, the scale and character of the potential hydrodynamic impacts due to the pres-
ence of a single or multiple tidal lagoon(s) operating in the Upper Bay of Fundy have not been
previously investigated and remain unknown. Tidal lagoon operating in the Upper Bay of Fundy
would modify the tides and tidal currents near the lagoon, and possibly create effects that would
be felt throughout the entire Bay of Fundy and Gulf of Maine. The nature of these hydrody-
namic impacts would likely depend on the size of the tidal lagoon, its location, and its method of
operation. Any changes in the tidal hydrodynamics caused by a tidal lagoon may also impact on
the transport of sediments throughout the region, and possibly upset ecosystems that are pres-

ently well adapted to existing conditions.

2.3.4 In-stream tidal current turbine

In-stream tidal current turbine is a relatively new technology which makes use of the kinetic
energy of the moving tidal currents to generate electricity (Figure 2.6). The concept is similar to
wind turbines except a single generator can provide significant power since the water density is
832 times higher than the density of air. The location of the tidal stream system is critical for a
tidal stream power generator: the system needs to be located in areas with fast currents to make
it economically feasible. On the other hand, safe installation, operation and maintenance could

also be difficult if the flows are excessively strong.

The kinetic energy resources due to tidal currents throughout the Bay of Fundy have been inves-
tigated by Cornett (20006), Hagerman et al. (2006) and Cornett et al. (2010). Tidal current re-
sources are best characterized by the mean power (calculated as mean of instantaneous power),
which represents an integration or averaging of temporal fluctuations over time. The mean pow-
er density characterizes the average intensity of the flow at the site. Cornett (2006) has estimated

an average power density of 6 kW /m” in Minas Passage.



Literature Review 15

Nova Scotia Power has partnered with Irish firm OpenHydro to explore a new source of tidal
energy for Nova Scotia. As part of a test project that will help to determine the feasibility of
harnessing tidal energy on a commercial scale, NS Power has deployed a 10-metre, 1 MW in-

stream tidal turbine in the Minas Passage.

Sutherland et al. (2007) mentioned that harnessing the power from tidal currents is cheaper and
more ecologically sustainable. While the environmental impact may not be as noticeable in a
single water turbine, water turbine farms could change the nature of the tidal current overtime.
Karsten et al. (2008) used hydrodynamic modeling to show that over 5,000 MW of power could
be extracted from Minas Passage, and that the scale of the associated impacts would be propor-
tional to the amount of energy removed from the natural system. As for marine life, Allard
(2004) stated that fish in the area, which rely on the current to orient themselves, could get diso-

riented and even struck by the blades of the turbine depending on the design.

The physical and ecological impacts of removing energy from natural tidal flows must be care-
fully assessed before reliable predictions can be made concerning the size of the extractable ki-
netic energy resource at any site. Good information on the physical and ecological impacts of
removing various amounts of energy from particular locations must be collected before such an

assessment could be made.

Figure 2.6: In-stream tidal current turbine. (Courtesy of OpenHydro)
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Nova Scotia is in the process of assessing potential environmental impacts of in-current tidal
technology and is working with technology developers from around the world to select the best
devices for the region. All of this process is initiated by FORCE (Fundy Ocean Research Centre

for Energy), which is Canada’s leading research centre for in-stream tidal energy.

2.4 State of knowledge — Design and modeling tidal la-
goons

2.4.1 Design components

idal lagoons are very similar to hydro-electric dams. Instead of damming water on one side like a
conventional dam, a tidal lagoon first allows water to flow into the lagoon during high tide, and
releases the water back in the surrounding ocean during low tide. This release is controlled by
measuring the tidal flow and controlling the sluice gates at key intervals. The design of a tidal

lagoon has three main components: dikes, sluices, and turbines/generators.

2.4.2 Dikes

Dikes are impoundment structures designed to separate the tidal lagoon from the surrounding
ocean. These structures must be able to dissipate and protect against wave attack to maintain
their structural and functional integrity. This is done either by using massive self-supporting
structures (e.g. concrete caissons) or by using a revetment slope protection (e.g. with rock or
concrete armour units). Caisson breakwaters typically have vertical sides and are often used
where it is desirable to berth one or more vessels on the inner face of the breakwater. They use
their own mass (the caisson and the fill within it) to resist the overturning forces induced by
waves. They are relatively expensive to construct in shallow water, but in deeper locations they
can offer significant savings over rouble mound breakwaters. Rubble mound breakwaters use
the voids in the structure to dissipate the wave energy. Rock or concrete armour units on the
outside slope of the structure absorb most of the energy, while gravel or sand is used to prevent
the wave energy being transmitted through the breakwater core. The slopes of the revetment are
typically between 1:1 and 1:5, depending upon the materials used, as described by Baker (1991).
In shallow water, revetment breakwaters represent a preferred solution due to cheaper costs, but
as water depth increases, the design requirements become more complex and, hence, costs in-

crease significantly.
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2.4.3 Sluices

Sluices, flow openings fitted with control gates, are designed to control water levels in the tidal
lagoon. Unlike conventional hydroelectric sluices, tidal-electric sluices must open and close in
accordance to the operation mode. They must be capable of rapid, frequent operation and be as
free as possible from maintenance and operating problems. As explained by Baker (1991), it is
also essential that the gate setting ensures adequate submergence at all times to avoid damages
or operational difficulties through wave impact and corrosion of the gate mechanisms or ice

jamming and freezing in regions where this occurs.

2.4.4  Sluice modeling for tidal power projects
To simulate adequately the hydrodynamic processes caused by the sluices, Falconer et al. (2009)
and Xia et al. (2010a, 2010b, 2010c) applied the orifice equation, Equation (2.1), to approximate

the discharge-water head relationship.
Q = C4A{ZgbH e

where Q is the discharge (m’/s), Cy is the discharge coefficient, A is the wet flow-through area
(m?), g is the gravitational acceleration (m/s’), and AH is the water head difference (m). Severn
Barrage Committee (SBC) (1981) and Severn Tidal Power Group (STPG) (1993) performed
physical model studies on tidal sluices and determined an averaged discharge coefficient of 3.0
and 1.8, respectively. In previous hydrodynamic modeling, Falconer et al. (2009) and Xia et al.
(2010a, 2010b, 2010c) applied a constant discharge coefficient of 1.0 to 1.2.

The orifice equation is a simple equation, easy to implement, and computationally efficient. Alt-
hough this type of equation provides quick results, they must be treated with caution. The extent
to which the results will differ from the realistic results depends largely on the dimensions and
the position of the sluices. If sluices are positioned well below the water level, they will most

likely behave like an orifice. Otherwise, they will behave similar to a culvert.
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A typical longitudinal section of a culvert is shown in Figure 2.7. Culverts are structures that
allow water to pass underneath a road, railway, or embankment. In fact, they are very similar to
sluices. As explained by Normann (1985), the discharge through a culvert is controlled by either
inlet or outlet conditions. Inlet control means that flow through the culvert is limited by culvert
entrance characteristics. Outlet control means that flow through the culvert is limited by friction
between the flowing water and the culvert barrel. The term "outlet control" is a bit of a misno-
mer because friction along the entire length of the culvert is as important as the actual outlet
condition (the tailwater depth). Inlet control most often occurs for short, smooth, or greatly
downward sloping culverts. Outlet control governs long, rough, or slightly sloping culverts. The
type of control also depends on the flow rate. For a given culvert installation, inlet control may

govern for a certain range of flows while outlet control may govern for other flow rates.

The equations below, Equation (2.2) to Equation (2.5), are solved simultaneously to determine
the headwater depth (V) for known flowrate (Qp,) and tailwater depth (Y;). The headwater depth
is computed independently, based on inlet and outlet control equations. The equation that gives

the larger value of Y}, is considered to be the controlling condition.

For non-submerged inlet control, the equation suggested by Normann (1985) is:

Upstream Downstream

Figure 2.7: Culvert diagram.
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2

= ve 4Qp \* 2.2
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where Y is the critical water depth (m), V is the velocity based on critical depth (m/s), D is the
diameter (m), Cy, C3, C3 are non-submerged inlet constants, Sy, is the longitudinal slope (m/m),

A, is the flow area based on critical depth(m?). The critical depth is given by:

2
1:Qp 'g_Ag
c

where
T, =2-r-sinf,

A.=(6,—cos@,-sinb,) r?
6. = arccos (1 — Yc/r)

T, is the top width of flow based on critical depth (m), A, is the flow area based on critical
depth (m®), 6, is the partially full angle based on critical depth, and 7 is the radius. Since Q,, is
known, the above equations are solved numerically for Y. For submerged inlet control, the

equation proposed by Normann (1985) is:

4 2
Y, =D lc4 (nD—%’jZ) +Co+ cgspl fory, =D 2.3)

where C4, Cs are submerged inlet constants. For non-submerged outlet control, the equation

proposed by Chow (1959) is:

1.49A./S, /A\%/3
_ L4945, (—) forY, < 0.93D (2.4)
n, P

p
where A is the flow area(m’), S, is the slope of the culvert (m/m), n,, is the Manning coeffi-
cient, 6 is he partially full angle (rad), P is the wetted perimeter (m). The flow atea, the partially

full angle, and the wetted perimeter equations are:

A= (6 —cosOsinb) r?
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6 = arccos (1 — Yh/r>

P=r-0

Since @, is known, the above equations are solved numerically for ;. For submerged outlet

control, the equation proposed by Normann (1985) is:
Y, =Y,+H—E; forY, >0.93D 2.5)

whete Y, is the water outlet depth (m), H is the head loss computed from outlet control equation
(m), Ej is the elevation of culvert inlet invert relative to culvert outlet invert (m). The water out-

let depth, head loss and Ej are :
Y, = Max(Y;, Yay,)

8Q§
gm?D*

1.33
H= [1 + K, +29n7L, (5> l

E; = L,S,

where Ygp,4 is the average water depth (m), K, is a minor loss coefficient, Ly, is the length of cul-

vert (m), and Sy, is the slope of the culvert (m/s). The average water depth can be expressed as:

Y.+ D
Yavg =CT forY, <D

Yowg =D forY. =D

2.4.5 Turbines and generators

Turbines and generators are designed to convert potential energy of the difference in water lev-
els into electricity. The first turbines considered for tidal power were based on the vertical axis
Kaplan’s turbine. This design offered the advantages of good efficiency over a wide range of
flows and heads, with the generator mounted in the dry above the turbine, easy cooling and
good access for maintenance. Figure 2.8 shows a typical arrangement of this type of turbine. The
main disadvantage lies in the water passing through the turbine having to turn through 90°

bends twice and wasting potential energy. In order to reduce these losses, other types of turbine
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were considered, namely the straight-flow (Straflo) or rim-generator turbine, the tubular turbine,

and the bulb turbine.

Bulb Turbine

Upstream |§‘

Cl= | —=a

Vertical Kaplan Turbine

Generator
I / Turbine

Generator,

/Turbine

Upstream

S

Tubular Turbine Straflo Turbine

Generator
Upstream Turbine Upstream Generato
Turbine

Figure 2.8: Types of turbines.

Bulb turbine: Bulb turbines operate in a straight water passage with the generators enclosed in
watertight steel bulbs upstream of the Kaplan type runners. Figure 2.8 shows a typical arrange-
ment of a bulb turbine with directly-driven generator. The assembly is made up of stay vanes,
adjustable wicket gates, and variable-pitch runner vanes on a horizontal shaft, thereby providing
double regulation. Bulb turbines have been significantly advancing in the field of low-head hy-
dro developments, enabling the exploitation of heads between about 1.5 to 20 m. Its characteris-
tics are well developed and almost all recent installations for large, low-head, river schemes have
used bulb turbines. The success of these machines combined with the great amount of experi-
ence with all sizes on non-tidal projects, means that this type is generally favoured for large tidal

power schemes.

Tubular turbines: Figure 2.8 shows a typical outline design of a tubular turbine. The purpose of
the design is to move the generator from the water passage into a dry enclosure. This is achieved

by a long shaft connecting the Kaplan’s runner at an angle through the wall of the water passage.
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No serious consideration is being given to the use of tubular turbines for tidal power because of

the general superiority of the bulb type.

Straight-flow (Straflo) turbine: The concept is illustrated in Figure 2.8. The turbine runner is of
Kaplan’s propeller type, mounted horizontally. The generator rotor is supported on the tips of
the runner blades and outside the rotor is the stator. Most straight-flow turbines were developed

for relatively small runner diameters of the order of 1 m.

2.4.6 Turbine and power modeling for tidal power projects

Turbines and generators for tidal power schemes are a commercially sensitive subject where
manufacturers are reluctant to disseminate their design. The designer of a tidal power project
has to approach manufacturers directly to assess the most appropriate design for the particular
circumstances of tidal range, water depth and available volumes of water that apply to that site.

The standard formula for computing the generating power, P, can be expressed as

P = pgQHn (2.6)

where p is the density (kg/m’), H is the water head (m), and 7 is the efficiency. To calculate the
power, Xia et al. (2010a, 2010b, 2010c) applied the orifice equation, Equation (2.1) , with a dis-
charge coefficient of 1.0 to calculate the discharge. Although the power can be directly calculat-
ed from Equation (2.6), the performance of a turbine is often defined as a hill chart, relating
specific discharge, unit speed and efficiency. These are based largely on physical and computa-

tional fluid dynamics models.
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As proposed by Baker (1991), turbine performance curves can be developed based on the sim-

plified relationship between the water head, discharge and potential maximum power, as shown

in Figure 2.9. This figure was derived from Table 2.1 given by Baker (1991). The relationship is

based upon a double-regulated bulb turbine with a runner diameter of 8 m, a maximum power

output to the generator of 13.4 MW, which would be suitable for a maximum head of 5.5 m and

a normal operating head around 3.5 m. The maximum turbine efficiency considered is 80%.

Table 2.1: Example of turbine performance, Baker (1991).

H@m  Qm3/s) n(k)  PMW)
0.74 198 10 0.15
1 262 32 0.85
2 395 58 4.63
3 483 64.5 9.44
3.71 527 67 13.2
4 440 74 13.2
5 332 79 13.2
5.5 299 79.5 13.2

As shown in Figure 2.9, the power increases with an increase in head up to a maximum value of

3.71 m. The power remains constant after reaching the maximum head at a value of 13.2 MW.

The flow discharge through the turbine also reaches its maximum value when the head is around
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3.71 m and decreases for higher water head. Table 2.2 summarises theoretical turbine perfor-

mance relationships.

Table 2.2: Turbine performance relationships.

Output Relationship Flow conditions
©) 2) (3)
Power MW) P =0 H < Honn
P =0.462-H?+2372-H - 1921 Hpin < H < Hypprma
P =132 H > Hpormal
Discharge (m3/s) Q =0 H < Hpin
Q = —24.777 - H?> + 217.270 - H 4+ 59.204 Hpin < H < Hyorma
Q =3270-H~ 1416 H > Hyormal

Notes: Hppin: Minimum operating head; Hyormai: Normal operating head.

2.4.7 Different tidal power project operating modes
A tidal power plant can be designed to operate under various modes which usually include the

modes of ebb generation, flood generation, two-way generation, single-basin, and multi-basins.

Ebb generation: The mode of ebb generation represents the operation of the turbines such that
power is only generated when the direction of flow is the same as that of the ebb tide, usually
from the tidal lagoon (basin) towards the ocean. A full operating process of ebb generation in-
cludes the four stages: (i) holding, (ii) generating, (iii) holding, and (iv) filling, as shown in Figure

2.10. These stages can be described as:

@) Turbine and sluices gates are kept closed until the sea level falls to create sufficient

head (i.e., the starting head) across the tidal basin (holding stage 1 to 2);

(i) Turbine gates are opened so that the turbines generate power until the head is again
low, with the low water head being often defined as the minimum head required for

turbine operation (generating stage 2 to 3);

(i)  Sluices and turbine gates are closed again due to the low head until the sea level is

greater than the basin level (holding stage again 3 to 4); and

(iv)  Tidal basin is filled through the sluices until high tide, and then the sluice gates are

closed (filling stage 4 to 1).

Flood generation: The mode of flood generation means that power is generated when the discharge

direction through the turbine is in the same direction as the flood tide, i.e. from the ocean to-
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wards the enclosed basin. The sketched operating mode is as shown in Figure 2.11. Therefore,
flood generation is virtually a mirror image of ebb generation. However, the former is generally
much less efficient than the latter, because the volume contained in the upper half of the basin
(which is where ebb generation operates) is greater than the volume of the lower half (filled first
during flood generation). Therefore, the available level difference between the basin side and the

seaward side reduces more quickly than it would for the mode of ebb generation.
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Two-way generation: The mode of two-way generation is relatively complicated compared with the
other operating modes. The sketched operating mode is shown in Figure 2.12. A full operating

process of two-way generation includes 8 stages:

(@) Both the turbine and sluices gates are kept closed until the sea level falls to create

sufficient head (i.e. the starting head) across the tidal basin (holding stage 1 to 2);

(i) The turbine gates are opened and operate in a mode of ebb generation (ebb generat-

ing stage 2 to 3).

(i) ~ Towards the end of the ebb generation, the sluices are opened in order to draw
down the water level in the basin by allowing enough water to flow from the basin
to the ocean. This process has to be included if a reasonably large difference in the
water levels is to result during the next flood generation phase (generating and re-

leasing stage 3 to 4).

(iv)  Turbine gates are closed due to the low head but sluices gates are kept opened (re-

leasing stage 4 to 5).

v) Following low tide, at the instant when the ocean and basin levels are equal, the
gates are closed and the basin level remains constant until the optimum difference in

levels is reached for the next phase of generation (holding stage 5 to 6).

(vi)  The turbine gates are opened and operate in the flood generation mode (flood gen-

erating stage 6 to 7).

(vil)  Towards the end of the flood generation, the tidal basin is filled through the sluices

until high tide, and then the sluice gates are closed (filling stage 7 to 8).

(viii)  Turbine gates are closed due to the low head but sluices gates are kept opened (fill-

ing stage 8 to 1).

For this scheme, the tidal range within the tidal basin is much closer to the natural range and is

generally regarded as being more acceptable in terms of minimizing environmental changes.



Literature Review 29

3 Generating [ Releasing
B Holding =1 Filling @ -
v Hmin
Hmin
2

—— —>+

Water level

— Sea level

Basin level

= Power generation

Power output

—_ 4

@

High Tide

Low Tide

!

Gates
close

I

Gates

Ocean Turbines Tidal basin Sluices  Ocean
t Power Generation Cycle
>
@ Gates @ Gates
open close

‘ Holding

- Generating/Filling => Generating/Releasing

Figure 2.12: Two-way generation of tidal lagoons.



Literature Review 30

Single basin: 'The single-basin scheme is less complex and less expensive compared to the multi-
basins scheme. However, the single-basin concept cannot produce constant, stable power
throughout the day since it varies depending on the tidal cycle. It is possible, depending on the
time and day, that such a system could generate power at a low peak demand. The problem of
discontinuous energy output from a single-basin scheme can be overcomed by using a multi-

basin layout.

Multi-basins: There are many possible multi-basin designs to generate continuous electric power.
An example for such design would involve constructing two basins where one is larger than the
other. Both basins would have a set of gates link with the ocean and one set of gates linked to
each other. The power would be generated with the set of gates between the two basins where
the larger basin would fill during high tide, and the smaller basin would empty during low tide.
Thus, the larger basin would act like a reservoir. The water level in the larger basin must always
remain higher than one in the smaller basin in order to make the system work. A major draw-
back of multi-basins, however, is that the energy production is less than that resulting from a

single-basin scheme using either of the basins separately.

2.4.8 Impact of different operating modes

Xia et al. (2010b) used an existing two-dimensional hydrodynamic model with the integration of
a new algorithm to estimate the tidal power output. The algorithm accounted for three barrage
operating modes, including ebb generation, flood generation, and two-way generation. Predicted
results indicated that the mode of flood generation would produce the least electrical energy and
cause a larger reduction in the maximum water levels upstream of the tidal barrage. Two-way
generation would provide an improvement, and would produce an equivalent amount of elec-
tricity to that obtained from ebb generation, with a low installed capacity and a small loss of
intertidal zones. Therefore, the mode of ebb generation or two-way generation would appear to
be a preferred option for power generation, because both would offer benefits of acceptable

electrical energy and reduced flood risk.

2.5 Hydrodynamic modeling — A brief review
2.5.1 Hydrodynamic models

Hydrodynamics is the study of motion of liquids, and in particular case, of water. A hydrody-

namic model is a tool able to describe or represent in some way the motion of water. Prior to
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the advent of computers, the effects of marine projects on tidal flows have been investigated
with the help of physical models. Although physical models are still widely used, for example in
port developments, their use for tidal power projects has been limited. One reason is that the
tidal power operation, particularly that of the turbines, is difficult to model accurately at the
small scale needed. Another reason is that the time needed to set up and carry out a test is much

longer, and therefore, inherently more expensive.

There are four basic types of hydrodynamic numerical models for tidal lagoons:
1. Box-type (0-D) models

2. One dimensional (1-D) dynamic models

3. Two-dimensional (2-D) dynamic models

4. Three-dimensional (3-D) dynamic models.

Each type is described and discussed below.

Box-type models: This type of model is the simplest. Such a model does not describe the motion of
fluids. The model is based on the assumptions that a volume of water let into the basin will raise
the level of the basin by an amount equal to the volume let in divided by the area of the basin at
the time, i.e., the water would spread uniformly over the basin. Thus, the basin is defined by a
simple depth curve. The tide on the seaward side is assumed to be unaltered by the flows into or
out of the tidal basin. This type of model is quick to operate. Although important simplifying
assumptions are built in, a large number of tests can be carried out quickly. This type of model is
therefore very useful at the start of a study, enabling alternative tidal basin arrangements, differ-
ent numbers and sizes of turbines, their generator capacity, different types of turbines, different
operating principles and different sluice areas to be tested and compared. Although this type of
model provides quick results, they must be treated with caution. The extent to which the results
will differ from the real world depends largely on the size and location of the tidal lagoon. Large
dynamic effects due to power extraction could alter the tide characteristics. This type of model

was used by Delta Marine Consultants (DMC) (2007) in their study.

3-D dynamic models: These hydrodynamic dynamic models use the Navier-Stokes equations that
describe the motion of fluids. These equations are derived from Newton’s laws of motion and
describe the action of forces applied to the fluid; that is, the resulting changes in flow character-

istics as a result of these forces. This is the conservation of momentum represented by Newton’s
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second law: the acceleration is dependent upon the force exerted and is inversely proportional to
its mass. These equations also involve the continuity principle: mass and energy are conserved,
unless they pass out of the domain. Such models are used in coastal modeling when vertical ac-

celerations cannot be ignored.

2-D dynamic models: For 2-D depth-integrated hydrodynamic models, the Navier-Stokes equations
are simplified in the form of the shallow water (or Saint-Venant) equations, called as such since
the scale of features in horizontal direction is much greater than in the vertical one. This type of

model is the extensively used for coastal and ocean modeling.

1-D dynamic models: For 1-D depth-integrated and width—integrated hydrodynamic model, the
Navier-Stokes equations are further simplified such that flow velocities do not vary with depth

or width. One-dimensional models are rarely (if ever) used in coastal and ocean modeling.

Previous modeling studies, Greenberg (1979), Sucsy et al. (1992), Sankaranarayanan et al. (2003),
and Dupont et al. (2005), have used both 2-D and/or 3-D models to simulate the hydrodynam-
ics in the Bay of Fundy. Sucsy et al. (1992) developed a two-dimensional and three-dimensional
finite element model to simulate the effects of a tidal barrier in the Upper Bay of Fundy using
the tides in the Gulf of Maine. The study shows tidal amplitudes in the presence of a barrier
increased 30-50 cm for both models. The three-dimensional model with tide bartier produced
water levels of 3.5 cm (or 7%) less than the two-dimensional model. The study demonstrates
that the vertical circulation due to the tide is less significant than the horizontal movement in the
Bay of Fundy. Therefore, a two dimensional model is assumed sufficient to describe the hydro-

dynamics of such tidal bays for tide-generation purposes.

2.5.2 Computational grids

Most numerical methods reproduce the physical domain by separating it into numerous compo-
nents through a discretization process that produces in a model grid. Two types of computa-
tional grids are commonly used in hydrodynamic dynamic models: structured grids (primarily
finite difference algorithms) and unstructured grids (including finite element and finite volume

methods).

Structured grid models tend to use quadrilateral grid cells that limit the grid’s flexibility in resolv-

ing the complex shoreline but they are characterized by their straightforward and efficient algo-
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rithms. The work presented by Greenberg (1979) and Sucsy et al. (1992) are typical examples

that made use of regular rectangular grid.

Unstructured grid models have much more flexibility in varying their grid resolution by employ-
ing variable triangular elements, but tend to be more time consuming to run and more sensitive
to numerical errors. Recent studies such as the ones of Xia et al. (2010a, 2010b, 2010c) and
Falconer et al. (2009) used an unstructured grid to represent the natural topography, as well as

irregular boundaries, tidal barrages and tidal lagoons.

2.5.3 Boundary condition

Most estuarine and coastal models have two types of boundaries: landward boundaries and sea-
ward boundaries. The seaward boundary is usually an open boundary, where water levels are
specified at each time step, while the landward boundary is a solid boundary. In the study pet-
formed by Falconer et al. (2009), an open boundary was specified at some landward boundary

along the Severn Estuary to represent a river inflow.

2.5.4 Hydrodynamic impacts of different tidal power projects

Two versions of the hydrodynamic model are required to investigate the potential impacts gen-
erated by tidal lagoon projects. The first grid represents the existing conditions without the pres-
ence of tidal lagoons. The model is calibrated by adjusting the value of the roughness coefficient
throughout the computational domain and by subsequently comparing predicted tidal water
levels and current velocities at different sites with observed (field) data. The second model is
developed to account for the implementation of tidal lagoons. Usually, the computational grid is
refined in the vicinity of the lagoons in order to ensure it a higher resolution and a more detailed

investigation of the flow and water levels at locations of interest.

Garrett (1972) used the “resonance iteration” numerical method of Platzman, which neglects
friction, with a grid size of approximately 25 km to determine the normal mode frequencies of
the Gulf of Maine and to estimate changes to the tide levels induced by tidal dam construction.
He concluded that a tidal barrier placed in the Bay of Fundy would raise the M2 tide component
in the Gulf of Maine because the new system would be in closer resonance with the tide, and
because of a change of shape of the normal mode. Garrett estimated an increase of 25% in the

M2 amplitude at Boston if an impermeable barrier would be placed across Minas Basin.
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Greenberg (1977, 1979) used a conventional two-dimensional tide model with a nested finite-
difference grid of 2.3 to 21 km grid scale to simulate the existing and post barrier tides. An accu-
racy of 0.15 m and 5° in tide phase was generally achieved in the Bay of Fundy, except for the
Minas Basin where the differences in phase and amplitudes were greater than the ones observed.
Greenberg estimated that an impermeable tidal barrier placed across Minas Basin would increase
the M2 tide at Boston by 33%, equivalent to a change in level of 40 cm. The model was extend-
ed by DeWolfe (19806) to include other tidal constituents (N2, S2, O1, K1) and he found similar
results to those of Greenberg (1979).

Sucsy et al. (1992) used two- and a three-dimensional tide models to simulate the M2 tide with
and without the presence of a tidal barrier in the Upper Bay of Fundy. Tidal amplitudes in the
presence of a barrier increased 30 to50 c¢cm in the case of both models, corroborating well the
results of previous studies by Greenberg (1979). The three-dimensional model with the presence
of a tidal barrier uniformly produced water levels of 3.5 cm (or 7%) less than the two-

dimensional model.

Falconer et al. (2009) used a two-dimensional to assess the potential hydro-environmental im-
pacts and power outputs of a barrage placed across the Severn River Estuary. The results
showed that the Severn Barrage has the potential to reduce the tidal currents in a highly dynamic
estuary. The maximum water levels were predicted to decrease by up to 0.5 m downstream of
the barrage. In the region upstream of the barrage, the maximum water levels were predicted to
decrease by 0.5—2.0 m due to the construction of the barrage. Falconer et al. (2009) estimated a
reduction of suspended sediment loads (particularly upstream of the barrage), an increase of
light penetration within the water column and, hence, an increase in the benthic bio-diversity
and the level of aquatic life in the estuary. The results also show that the barrage will reduce
markedly the risk of tidal flooding upstream of the barrage and to a lesser extent the one down-

stream of the structure.

Xia et al. (2010a, 2010b, 2010c) used a two-dimensional hydrodynamic model to assess the hy-
drodynamic impact of constructing tidal power projects in the Severn Estuary. The model was
applied to predict the water levels and velocity distributions in the Severn Estuary, both with
and without the proposed tidal power projects. Three projects were considered: the Cardiff—
Weston Barrage, the Fleming Lagoon and the Shoots Barrage. The model-predicted hydrody-

namic processes have been analysed in detail, both without and with the presence of the struc-
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tures, including the discharge processes at key sections, the contours of maximum and minimum
water levels, the envelope curves of high and low water levels, the maximum tidal currents, the
local velocity fields around the structures and the mean power output curves. For the barrage
scheme, Xia et al. estimated a 50% decrease in the peak discharges entering the upstream region
and a reduction of maximum water levels upstream of the barrage by 0.3—-1.2 m. As for the con-
struction of the Fleming Lagoon, it was estimated to have little influence on the hydrodynamic
processes in the Severn Estuary. Due to the construction of the Shoots Barrage, Xia et al. esti-

mated a decrease in maximum water levels upstream by between 0.3 and 1.0 m.

In studies performed by Falconer et al. (2009) and by Xia et al. (2010a, 2010b, 2010c¢), they have
provided different roughness coefficients for spring and neap tides to accurately calibrate their

model to the observed (field) data.
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Chapter 3

Design of Tidal Lagoons

3.1 Introduction

This chapter discusses the implementation of various tidal lagoon designs in the Upper Bay of
Fundy in order to study their effects on the complex hydrodynamics in the Bay of Fundy and
Gulf of Maine. The proposed types of tidal lagoons will be analyzed in the next chapter (Chapter

4) using a numerical model.

3.1.1 DMC tidal lagoon design

Delta Marine Consultants (DMC) (2007), commissioned by Tidal Electric Canada, conducted a
conceptual design study for a tidal lagoon in the Minas Basin. DMC proposed constructing a
tidal lagoon on the tidal flats along the northern shore of Minas Basin between Five Islands and
Economy Point. Various plant layouts were investigated by DMC, including lagoons with single
and multiple basins and lagoons with a direct and rectified flow through the power station. They
concluded that a single basin with a direct flow through the power station would be most cost

efficient for the Minas Basin site.

DMC developed conceptual designs for two lagoon types: coastal and offshore lagoon. The
coastal lagoon comprised of a power station and a 24 km® impoundment formed between a
10.2 km long dike and the existing shoreline (Figure 2.5). The offshore lagoon comprised a pow-
er station and a 12 km’ circular impoundment enclosed by a 11.9 km long dike detached from
the shore. A rubble mound structure was recommended for the tidal containment dike since it is
more cost efficient and more sustainable than monolithic structure (caisson or cofferdam). Ac-
cording to DMC, a 12 km® offshore lagoon fitted with fourteen 7.5 m diameter bulb turbine
generators (up to 20 MW each) and 15 sluice gates (56 m” area each) would have an average
power output of approximately 124 MW. The larger coastal lagoon, equipped with twenty-four
20 MW bulb turbines and 15 sluices, is estimated to have an average power output of approxi-
mately 220 MW. For further details, please refer to the report prepared by Delta Marine
Consultants (DMC) (2007).
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3.1.2 Proposed design of the tidal lagoon

In this study, the tidal lagoon design was based on the study performed by Delta Marine
Consultants (DMC) (2007). Since DMC only studied two tidal lagoons on the tidal flats along
the northern shore of Minas Basin between Five Islands and Economy Point, other potential site
in the Upper Bay of Fundy were studied based on tidal lagoon capacity and efficiency. Tidal la-
goon capacity and efficiency was based on basin design and power plant design, respectively.
Each design has different components as shown in the schematic figure, Figure 3.1, for which

each component design are found in a section as indicated in the figure.

3.2.1 Site selection
— 3.2 Basin design —[

] 3.2.2 Basin layout
o
=
g =
op = 3.3.1 Sluices
_Té
& 3.3 Power plant 3.3.2 Turbines and
design generators
I a 3.3.3 Plant
configuration

Figure 3.1: Diagram of tidal lagoon design.

3.2 Basin Design

3.2.1 Site selection

Elevation and tidal range data were used to determine potential sites for tidal lagoons. Elevation
data came from three sources: (1) Geobase Canadian Digital Elevation Data, (2) CHS Multibeam
Bathymetry, and (3) CHS Nautical Charts. The first dataset was used to define the elevations on
tidal mudflats. Sources (2) and (3) covered the rest of the Bay of Fundy. The three datasets were
originally referenced to different tidal datum and were therefore adjusted to the Universal
Transverse Mercator North American Datum (NAD) 83 (Zone 19) coordinates in horizontal
plane and referenced to the North American Vertical Datum of 1988 (NAVD 88) in vertical
plane. The tidal range was calculated from the highest astronomical tide (HAT) and the lowest

astronomical tide (LAT), derived from the harmonic constituents obtained by Dupont et al.
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Figure 3.2: Potential site selection.

(2005). For further information on bathymetric and topographic data, and tidal range, please

refer to Annexe A.

Elevation between -16.0 and 0.0 m was assumed to be a suitable location for implementing a
tidal lagoon. Figure 3.2 shows different elevation ranges in the Upper Bay of Fundy. The site
recommend by DMC (Site A) and five other sites, as indicated in the figure, were considered in

this study:

Site A: This site is along the northern shore of Minas Basin between Five Islands and

Economy Point. Site A was the only site recommended by DMC.

Site B: Site B is also along the northern shore of Minas Basin but further to the east from

Site A beside upper Economy.
Site C: This site is along the southern shore of Minas Basin near Cambridge.
Site D: This site is along the western shore of Chignecto Bay near Mountville.
Site E: Site E is on the eastern shore of Chignecto Bay near Ragged Reef.

Site F: Site F is on the south-western shore of Chignecto Bay between Alma and Cape En-

rage.



Design of Tidal Lagoons 39

3.2.2 Tidal lagoon layout
As investigated by DMC, a single basin with a direct flow through the power station would be
the most cost efficient for the Minas Basin site. Single basin was also assumed to be the most

cost efficient in the Chignecto Bay.

As shown in Figure 3.3 and Figure 3.4, 16 other basin layouts were proposed based on the six
sites. Each site has at least one coastal lagoon and one offshore. A sensitivity analysis with re-
spect to the hydrodynamic impacts and the size of lagoon will be further performed for Site A.
Site A has 3 different coastal lagoon layouts and 3 different offshore lagoon layouts including the

two tidal lagoons designed by DMC.

3.3 Power Plant Design
3.3.1 Sluices

Sluices are considered in order to maximise the capacity of the tidal power plant. As proposed by

DMC, sluices with cross-sectional area of 56m” were considered in this study.

To simulate adequately the hydrodynamic processes caused by the sluices, Falconer et al. (2009)
and Xia et al. (2010a, 2010b, 2010c) applied the orifice equation to approximate the water head-
discharge relationship. The orifice equation, Equation (2.1), is a simple equation, quick to imple-
ment, and computationally efficient. Although this type of equation provides rapid results, they
must be treated with caution. The extent to which the results will differ from the realistic results
depends largely on the dimensions and the position of the sluices. If sluices are positioned well
below the water level, they will most likely behave like an orifice. Otherwise, they will behave like
a culvert. The hydrodynamic processes of culverts are given through Equation (2.2) to Equation

(2.5). These relationships are more complex and consequently take more time to compute.

The orifice equation is only applicable if the sluices are positioned well below water surface and
behaves like an orifice. Figure 3.5 illustrates the highest invert elevation of a sluice that behaves
similar to an orifice. The invert elevation is positioned at -20 m below the mean sea level. The
figure shows the upstream water head-discharge relationship with a downstream water head of -
8 m and 0 m. The dotted lines represent the orifice equation and the solid lines represent the
culvert equations. During this process, the sluice was assumed to have a circular cross-sectional

area of 56m” where tidal range fluctuated 16 m. A discharge coefficient of 0.75 was applied for
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the orifice equation. Further details on the application of these formulas are provided Appendix

C.1.
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Figure 3.3: Coastal basin layouts place in the Upper Bay of Fundy.
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Figure 3.4: Offshore basin layouts place in the Upper Bay of Fundy.
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Figure 3.5: Flow-stage for a sluice for an invert elevation of -20 m using the orifice equation

and the culvert equations.
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3.3.2 Turbines and generators
As proposed by DMC, bulb turbines with a diameter of 7.5 m and 20 MW generators are con-
sidered in this study. It was assumed that turbines can operate in the a two-way mode described

in Section 2.4.7.

The performance of a turbine is often defined as a hill chart, relating specific discharge, unit
speed and efficiency. These are based largely on physical and computational fluid dynamics
models. Turbines and generators for tidal power schemes are a commercially sensitive subject
where manufacturers are reluctant to disseminate their design. The designer of a tidal power
project has to approach manufacturers directly to assess the most appropriate design for the
particular circumstances of tidal range, water depth and available volumes of water that apply to
that site. The performance of turbines will be based on Figure 2.9 provided by Baker (1991). The
turbine performance chart was developed based upon a maximum power output of the genera-
tor of 20 MW, a minimum operating head of 2.0 m, and suitable for a normal operating head of

6.0 m.

In this study, efficiencies of 90% on direct flow direction (ebb tide) and 80% on the reverse flow
direction (flood tide) were assumed. Figure 3.6 shows the turbine performance chart. As shown
in the figure, the power increases with water head up to a maximum value of 6.0 m. The power
remains constant after the maximum head of 20 MW. The flow discharge through the turbine
also reaches its maximum value when the water head is around 6.0 m and then decreases for

higher water head. Table 3.1 summarises the theoretical turbine performance relationships.
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Figure 3.6: Theoretical turbine performance chart.

Table 3.1: Theoretical turbine performance relationships.

Output Relationship Flow conditions
) ©) )
Power (MW) P=0 H < Hpin
P =0.6638-H?> —0.3376-H — 1.7601 Hpin < H < Hyormat
P =20 H> Hnormal
Discharge (m3/s) Q =0 H < Hpin
Q = —14.45-H? +196.94- H — 215.81 Hpin < H < Hyormal
Q =11185- H 1822 H > Hyormal

Notes: Hyyin: Minimum operating head(= 2 m); Hyormai: Normal operating head(= 6 m).

3.3.3 Plant configuration

A box type model approach was applied to optimize the number of turbines and sluices to gen-
erate maximum power. The model is based on the assumptions that a volume of water allowed
into the basin will raise the level of the basin by an amount equal to the volume allowed in, di-
vided by the area of the basin at the time, i.e. spread uniformly over the basin. Thus the basin is
defined by a simple depth/area curve. Depth/area curves for all the sites are shown in Appendix

C.3.1.

The sluice water-head relationship and turbine performance chart are included in the model as

described in Section 3.3.1 and Section 3.3.2, respectively. The model provides a good realistic
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description of water level variations inside the basin, head differences, time varying discharge of
turbines and sluices, and resulting energy generation. Flow processes inside the basin and leakage

through the closure dam are neglected in the model and they will be investigated at a later stage.

The model was applied for the assessment of the effect of the turbine configuration on plant
capacity and for the effect of sluice capacity on plant efficiency. For each of the 16 tidal lagoon
layout, the model was applied to optimize the number of turbines and sluices for two-way gener-
ation, ebb generation and flood generation. The model applied constant wave amplitude of 6 m

for one tidal cycle.

Figure 3.7 is an example of the resulting power output with different number of turbines and
sluices for tidal lagoon layout B_C7. For a relatively small number of turbines (1-10 turbines),
the capacity of the tidal power plant is increasing rapidly with an increasing number of turbines.
For a larger number of turbines (20-25 turbines), the capacity of the tidal power plant is stabilis-
ing. The maximum capacity is reached at 29 turbines for 31 sluices. Additional turbines will re-

sult in a lower plant capacity.

The capacity of the tidal power plant is increasing steadily with an increase in the number of
gates. However, the efficiency of an individual sluice (i.e. the increase in power generation for

each additional gate) is decreasing, when the total number of gates is increasing.

Figure 3.7 also shows that an infinite number of sluices would produce the highest power gener-
ation since the filling and releasing stage would be negligible. Since it is unrealistic to have an
infinite number of sluices, 31 sluices (or 80% of the maximum power generation) were consid-

ered in this study.

Figure 3.8 illustrates the two-way generation with sea level and basin level for tidal layout B_C7.
Table 3.2 summarises the tidal lagoons characteristics with respect to area, dike length, and plant

configuration.
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Figure 3.7: Optimization of turbines and sluices with power output for B_C1:two-way genera-

tion.
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Figure 3.8: Two-way power generation for B_CI.



Table 3.2: Tidal lagoon characteristics.
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Dike Two-way generation Ebb generation Flood generation
Lagoon Area length Number of = Number of = Numberof = Numberof  Numberof  Number of
Scenario (km®) (km) turbines sluices turbines sluices turbines sluices

A_C1Y 26.66 10.92 24 15 20 26 16 17
A_O19 12.01 12.44 14 15 10 12 10 12
A_C1 26.66 10.92 22 31 20 26 16 17
A_C2 35.10 13.92 30 41 26 34 22 25
A_C3 57.65 19.00 52 72 45 54 41 47
A_O1 12.01 12.44 12 23 10 12 10 12
A_O2 17.98 15.20 19 29 14 17 15 19
A_O3 23.99 17.52 23 39 20 23 20 25
B_C1 34.16 14.43 29 31 26 32 18 19
B_O1 12.01 12.44 12 22 10 12 10 12
C_C1 33.96 16.32 31 40 26 32 24 28
C_0O1 12.01 12.44 12 24 10 12 10 13
D_C1 28.95 14.90 25 32 22 27 19 22
D_0O1 12.01 12.44 12 23 10 12 10 12
E_C1 22.13 10.63 21 31 18 21 17 20
E_O1 12.00 12.44 12 23 10 12 10 12
F_C1 32.94 12.38 32 48 26 31 26 31
F_O1 12.01 12.44 12 23 10 12 10 12

' Recommended by Delta Marine Consultants (DMC) (2007)
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Chapter 4

Hydrodynamic Analysis

4.1 Introduction

This chapter focuses on studying the hydrodynamics with and without the presences of tidal
lagoons in the Bay of Fundy. As previously stated, the main goal of this thesis is to understand
the hydrodynamics impacts of tidal lagoons in the Bay of Fundy and further away in the Gulf of
Maine. Relationships between tidal lagoon characteristics and hydrodynamic impacts were stud-

ied to fulfill these objectives.

The hydrodynamic analysis is divided into several sections: model development, tidal lagoon
hypothetical scenarios, model development with tidal lagoons, results, analysis of results, and

relationships development. Figure 4.1 shows a schematic figure of the hydrodynamic analysis.

== 4.1 Introduction

— 4.2 Model development

4.3 Hypothetical
scenarios

4.4 Model development

with tidal lagoons

Hydrodynamic analysis

= 4.5 Results

— 4.6 Analysis of results

= 4.7 Relationships

Figure 4.1: Schematic layout of Chapter 4.
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4.2 Model Development

4.2.1 Description of the numerical model

In this study, tidal hydrodynamics in the BoIF and GoM have been simulated using a numerical
model based on the TELEMAC System, developed by Electricité de France as described by
Hervouet (2007). The TELEMAC System is a suite of programs which are able to simulate the
flow of water and the movement of water pollutants and sediments through lakes, rivers, canals,
estuaries, and oceans. The propagation of waves (due to winds and tides) and their effects can
also be simulated. TELEMAC uses an unstructured triangular mesh enabling complex shorelines
and bathymetries to be represented in a highly realistic manner. Areas of particular interest can
be modelled with very high resolution while regions of lesser interest can be represented with
coarser resolution. TELEMAC can be applied to a wide range of phenomena, from small eddies
behind bridge piers to pollutant transport in large coastal areas. TELEMAC has numerous appli-
cations in both river and maritime hydraulics including studies of hydrodynamics (i.e. river, estu-
aries and coastal waters), tidal circulation, failure of dams and dikes, pollutant dispersion, water
quality planning, environmental impact of reclamations and dredging, dredged material disposal,
port and harbour design, wave action including harbour resonance, and navigation and design

of shipping channels.

TELEMAC-2D employs finite-element methods to solve the Saint-Venant equations over a
computational domain, subject to initial as well as boundary conditions. The Saint-Venant equa-

tions can be written as

oh

S+ i-V(h) + hdiv(@) = Sy, 4.1)
ou _ - dz 1 . —
Fr +u-Vu)=—g T + S, + Edlv(hvtVu) “4.2)
o _ = dz 1 . -
Fr +u-Viv) =—g @ +5, + Edw(hvth) 4.3)

where h is the total water depth (m), x, ¥ are horizontal space coordinates (m), u, v are depth-
averaged velocities in x, ¥ direction, respectively (m/s), g is the gravitational acceleration (m/s’),
v, is the eddy viscosity (m®/s), Z is the free surface water elevation (m), t is the time (5), and Sy,

Sy, Sy are source terms (m/s”). In this study, the effects of bed friction and Coriolis force are
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included in the source terms. The effect of bed friction and the Coriolis force are explained in
Section 4.2.1.1 and Section 0, respectively. The eddy viscosity was calculated using the Sma-
gorinsky model (Smagorinsky , 1963) as described in Section 4.2.1.3. The wetting and drying of
inter-tidal flats was also included in the modeling. Linear interpolation is used to calculate the

free surface slope where there are semi-wet elements.

4.2.1.1 Strickler’s equation

The bottom shear stress acting on a fluid is equivalent to

du

Y fudad 44
Han 9

T =

Based on the velocities in the vicinity of the bottom, the two-dimensional bottom shear stress is

expressed by the following formula:

- 1 .
T= —EpCf\/ u? + viu (4.5)

where p is the water density (kg/m’), Cy is the friction coefficient, and U, V are depth-averaged
velocities in X, Y direction, respectively (m/s). The Cf coefficient is rarely used and it is tradition-

ally replaced by other coefficients among which the most common is the coefficient of Chézy

denoted by C. C and Cf are linked by

2
c= |2 4.6)
Cr
where g is the gravitational acceleration (m/s’). The friction at the bottom is equal to
Fe-—ii, Fo——9 [tvi @
ph "’ cos @ h(C? '

where 7 = \/1 + (0Z/0dx)? + (0Z/ddy)? = 1/ cos @ is the normal vector at the bottom

which is the reciprocal of the cosine of the steepest slope on a given surface, and h is the water

depth (m). The empirical law of Manning-Strickler defines the value of the coefficient of Chézy
C = KR'/¢ 4.8)

where K is the Strickler’s coefficient (m'/s), and R is the hydraulic radius (m). The Strickler’s

coefficient was adjusted spatially during the calibration of the model where it ranged between 20
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and 40. For very wide channels when R = h, the equation, also known as Stricklet’s equation,

can be simplified as

F 1 g

x cos 6 h*/3K2 u* +viu (#9)
1 g

F = ——— = 2 2

Y cos @ ht/3K2 ut+viv (410)

The equations above were added in the source terms, S, and S,,, to the momentum equation.

4.2.1.2 The Coriolis force

The Cortiolis effect is caused by the rotation of the Earth and the inertia of the mass experienc-
ing the effect. Since the Farth completes only one rotation per day, the Coriolis force is quite
small, and its effects generally become noticeable only for motions occurring over large distances
and long periods of time, such as large-scale movement of air in the atmosphere or water circula-

tion in the ocean. The rotation vector, velocity of movement, and the Coriolis acceleration ex-

0 Ve
sin ¢ Uy
v, Sin @ — v, coS @

a. = —20Xv=2w —v, Sin @
U, COS @

pressed are

where v, is the northing velocity (m/s), v, is the easting velocity (m/s), vy, is the upward veloci-
ty (m/s), and w is the angular velocity of the earth, 7.27x107(rad/s). To get a better visual un-

derstanding of each parameter, please refer to Figure 4.2.

When considering oceanic dynamics, the vertical velocity is small and the vertical component of
the Coriolis acceleration is small compared to the gravity. For such cases, only the horizontal

components are considered. Thus, the equations can be simplified as
Ve _
v=( ),f=2wsmq)
UTL

a, = (_”;e)f (@.11)
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Figure 4.2: Coriolis effect(Courtesy of Brews Ohare).

The Coriolis force expressed below were added in the source terms, S, and S,, to the momen-

tum equation.
E, = fv, =2wsingv (4.12)
F, =—-fv, = —2wsinpu (4.13)

4.2.1.3 Smagorinsky model

The presence of a turbulence model is related to finding the average of the Navier-Stokes equa-
tions over time. This averaging introduces additional terms which form the Reynolds tensor, due
to the energy transfers between the average movement and the eddies caused by the turbulence.
Large eddy simulation (LES) with the Smagorinsky subgrid-scale model (SGS model) was used

in this study:

Smag 1
Tii —§Tkk5ij = =2vu7S

ij vr = (c;0)?|S] 4.14)

ij

S:ij = 0.5(0u/0dy + 0v/0x) is the strain rate tensor and |.§| = Zgij.gij is its magnitude, A is

the local grid size, and ¢y is the Smagorinsky coefficient. Although ¢ is not a universal constant,
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csvalue of around 0.1 has been found to yield the best results for a wide range of flows (Sma-

gorinsky, 1963), and is the default value in TELEMAC.

4.2.1.4 Numerical model

Two numerical methods are common in hydrodynamic models: structured grid approaches
(primarily finite difference algorithms) and unstructured grid approaches (including finite ele-
ment and finite volume methods). The objective of the numerical method is to separate the do-
main into components through a discretization process that produces a model grid. Structured
grid models tend to use quadrilateral grid cells that limit the grid’s flexibility in resolving complex
shorelines but which are characterized by straightforward and efficient algorithms. Unstructured
grid models have much more flexibility in their grid resolution by employing variable triangular

elements, but tend to be more time consuming to run and more sensitive to numerical errors.

A finite element method, based on a flexible unstructured triangular mesh was applied in this
study, to provide a detailed representation of the complex and irregular land boundaries in the

Bay of Fundy and the Gulf of Maine.

4.2.2 Model grid

The areas of interest include the Bay of Fundy and the entire Gulf of Maine since the hydrody-
namic impacts of tidal lagoons may affect both of these regions. Accuracy and computational
costs are directly related to the size of the grid. Because of the large domain, the model requires
different grid sizes over different areas depending on its level of interest. Figure 4.3 shows the
two level of impact, high and low, in the Bay of Fundy and Gulf of Maine, respectively. Finer
grid resolution was develop in high level of impact while coarser grid resolution was develop in
areas low level of impact. The model grid development is divided in three components:

depth/elevation, shorelines and grid resolution.
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Figure 4.3: Level of impact in the Bol" and GoM.

4.2.2.1 Depth / Elevation

The depth/elevation of each node was populated with topographic and bathymetric data from
six sources: (1) Geobase Canadian Digital Elevation Data, (2) USGS National Elevation Dataset,
(3) CHS Multibeam Bathymetry, (4) CHS Nautical Charts, (5) NOAA Soundings and Electronic
Navigational Charts Bathymetry, and (6) BODC Gridded Bathymetric Chart of the Oceans. The
first two datasets were used to define the elevations on tidal mudflats. Sources (3), (4) and (5)
cover the GoM, the BoF and the Nova Scotian continental shelf. Deep ocean areas not covered
by datasets (1) — (5) were populated with the BODC bathymetric dataset. The six datasets were
originally referenced to different tidal datums and were adjusted to Universal Transverse Merca-
tor North American Datum (NAD) 83 (Zone 19) coordinates in horizontal plane and referenced
to North American Vertical Datum of 1988 (NAVD 88) in vertical plane. The procedure is de-

scribed in Annexe A.

4.2.2.2 Model boundaries

The model grid was developed to have two types of boundaries: land boundaries and ocean
boundaries. The land boundaries were developed to include inter-tidal flats up to the highest
astronomical tide (HAT) shoreline in the higher level of interest (Upper Bay of Fundy). To re-
duce computational time during simulations, inter-tidal flats were excluded in areas of lesser in-

terest (Lower Bay of Fundy and Gulf of Maine) by developing the boundary to the lowest astro-
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nomical tide (LAT). The HAT and LAT were calculated from model results produced by a

depth-integrated finite-element tidal circulation model performed by Dupont et al. (2005).

4.2.2.3 Computational grid resolution

Elements size in the model varies throughout the domain depending on various criteria. In areas
judged as potentially high level of impact, elements have a grid resolution of 100 m (near the
shoreline). In areas of lower level of interest, elements have a grid resolution of 1,000 m near the
shoreline. A relatively fine grid resolution of 1,000 m was also generated along the continental
shelf to accurately reflect the bathymetric variability. The size of grid elements was increase by a

maximum factor of 1.1 from the shorelines to a maximum element size of 10,000 m.

4.2.2.4 Grid characteristics

The unstructured model grid developed for this study consists of 109,214 nodes and 205,601
triangular elements, varying in size from 100 m to 10 km. The computational domain spans an
area of 235,289 km®, extending from Providence, Rhode Island, to Halifax, Nova Scotia. The
domain includes the Bay of Fundy and the entire Gulf of Maine (see Figure 4.4).

4.2.3 Boundary conditions
Land boundaries are considered to be solid boundaries where the flux of energy is set equal to
zero. The ocean boundaries are considered to be open boundaries where the sea surface eleva-

tion is specified at each time step.

Many previous researchers, such as Greenberg (1979), Sucsy et al. (1992) and Karsten et al.
(2008), considered only the M2 tidal constituent when studying the hydrodynamic impacts due
to tidal power projects in the Bay of Fundy. While the M2 constituent is certainly the dominant
one and contributes over 80% of the total tidal energy in the Upper Bay of Fundy as explained
by Greenberg (1983), Lynch et al. (1993) and Zhang et al. (2003), in order to achieve better accu-

racy and refine the results, other constituents must be included in the model as well.
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Figure 4.4: Computational domain of the Bof and GoM.

The tidal flows due to the M2 constituent and nine other leading constituents have been consid-
ered in the present study. Sea surface elevations and initial depth-averaged currents were interpo-
lated along the open ocean boundary using harmonic constants for ten leading constituents (M2,
N2, 82, K1, 01, K2, 1.2, 2N2, NU2, M4). The boundary conditions were calculated from model
results produced by a depth-integrated finite-element tidal circulation model from Dupont et al.
(2005). This 2D tidal model has a domain covering the Gulf of Maine, Bay of Fundy and part of
the Scotian Shelf, and assimilates tidal constituents derived from sea level observations made by
the TOPEX-Poseidon altimeter. According to Dupont et al.(2005) the 9 constituents, excluding
M4, account for 88% of the sum of the amplitudes of the 67 official tidal constituents at Saint
John. Freshwater inflows from rivers are insignificant relative to the tidal flows, and were there-

fore ignored in the present study.

4.2.4 Model Calibration and validation

The model was calibrated by adjusting the bottom roughness in different parts of the computa-
tional domain (see Figure 4.5) to minimize the error in tidal range and time-of-tide between the
model’s predictions and water level time histories recorded at 142 NOAA/DFO tidal stations
distributed throughout the domain. For each tidal station, model results were compared to syn-

thesized predictions from harmonic constants established by DFO and NOAA. The same set of
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10 constituents (M2, N2, S2, K1, 01, K2, L2, 2N2, NU2, M4) used to drive the numerical model

was also used to generate the target water level time histories for each tidal station.

The model was first calibrated for the M2 tidal constituent alone, and then for all 10 constituents
combined together. A sensitivity analysis was conducted with respect to the model time step and
its influence on the model numerical stability. It was finally concluded that a model time step of

10 seconds was sufficient to ensure the numerical stability.

Tides were simulated for 7-days periods during the calibration process. Once successfully cali-
brated, the model was validated by predicting the tides at various locations over a different 28-
day period in order to capture two full spring-neap tidal cycles. Predicted depth-averaged current
velocities from the model were also compared with available ADCP data (see Section 4.2.4.3).

Three different time period, as shown in Table 4.1, were simulated during validation.

Table 4.1: Calibration and validation simulation period.

Simulation without tidal lagoons

Simulation period Calibration Validation
10/08/2007 00:00 - 17/08/2007 00:00 C1

17/08/2007 00:00 - 14/09/2007 00:00 Vi1
07/01/2009 00:00 - 04/02/2009 00:00 V2
17/07/2009 00:00 - 15/08/2009 00:00 V3

4.2.4.1 Bottom roughness

The Strickler’s roughness coefficient for different areas was adjusted with values ranging from 20
to 40 in order to minimize the calibration errors throughout the domain. Strickler’s coefficient
usually ranges from 20 to 40 for natural river beds and from 50 to 90 for a concrete-lined chan-
nel (Hervouet, 2007). The characteristics of the seabed were taken into consideration when se-
lecting the bottom roughness coefficient for each area. Figure 4.5 shows the calibrated bottom

roughness values throughout the domain.
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Figure 4.5: Strickler’s coefficient for various regions in the computational domain.

4.2.4.2 Water level validation and error analysis

Figure 4.7 shows the water level fluctuation during the simulation of validation 3, V3, for two
stations (Five Islands and Boston). Only the last 10-days of simulation are shown for clarity and
brevity. It can be seen that the numerical model predictions agree very well with astronomical
tide projection. Both the minimum and maximum water levels, as well as their phase, are accu-

rately predicted.

Table 4.2 shows the RMS relative error and the RMS phase difference in minutes of high tides
and low tides at selected stations for simulations V1, V2, and V3. The selected stations, as indi-
cated in the table, are shown in Figure 4.7. They cover the Bay of Fundy and most of the Gulf of

Maine. The relative error was calculated by:

e =1m Mo @.15)
Mo

where 1), is the computed water level while 7, is the observed one.
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Figure 4.6: Modelled and observed water level data at two stations (Boston and Five Islands) during validation V3.



Table 4.2: Error analysis of the validation simulations.

Hydrodynamic Analysis

vi V2 V3
High tide Low tide High tide Low tide High tide Low tide
RM RM RM RM
RMS 13}11\;1 sSe RMS Phasse RMS Phasse RMS Phasi RMS Phasi RMS Iljli\;[ sse
Relative . Relative  differ | Relative differ | Relative differ- | Relative differ- | Relative .
error déff:: error fer- error fer- error fer- error fer- error d;flf::
ence ence ence ence
ID Station (%) (min) (%)  (min) (%)  (min) (%)  (min) (%)  (min) (%) (min)
5 SEAL COVE 4.42% 14 4.78% 13 4.69% 1 5.09% 16 4.85% 1 5.32% 13
14 SOUTH LUBEC 4.70% 13 4.94% 14 4.03% 15 5.21% 6 3.99% 14 5.17% 12
42 BLACKS HARBOUR 3.51% 16 2.89% 16 4.52% 15 4.07% 12 4.85% 16 4.37% 12
65 SAINT JOHN 6.15% 15 7.37% 14 7.71% 15 9.22% 11 7.07% 16 8.49% 13
140  HERRING COVE 10.20% 21 9.99% 24 6.43% 16 6.96% 18 6.71% 19 7.43% 19
240 CAPE D'OR 9.70% 16 6.12% 15 8.95% 15 3.41% 17 9.21% 15 3.50% 19
247 DILIGENT RIVER 7.46% 21 6.02% 20 7.76% 19 7.10% 11 7.16% 18 6.53% 13
260 FIVE ISLANDS 6.67% 19 6.07% 19 8.18% 16 7.49% 16 7.45% 15 6.82% 15
270 BURNTCOAT HEAD 7.26% 23 8.13% 30 7.57% 21 7.28% 29 6.83% 23 6.41% 32
282  HANTSPORT 6.99% 18 6.84% 27 7.36% 22 6.23% 22 7.69% 24 6.57% 24
325 DIGBY 9.67% 15 9.88% 14 9.53% 1 9.85% 11 9.91% 13 10.11% 14
365 YARMOUTH 7.32% 18 6.90% 13 4.21% 18 4.19% 13 3.40% 16 3.30% 12
425 SHELBURNE 4.45% 1 5.03% 18 4.82% 11 5.14% 19 4.70% 10 5.09% 15
490 HALIFAX 7.85% 17 6.78% 19 7.39% 21 7.36% 20 6.92% 20 7.66% 19
40139 CHIGNECTO (RAY .4) 7.02% 15 6.43% 17 6.85% 20 6.19% 21 6.76% 20 6.20% 22
8410140 EASTPORT 10.23% 16 ¢+ 10.24% 14 | 10.48% 12 ¢ 10.98% 10 | 10.71% 14 10.97% 13
8413320 BARHARBOR 5.31% 13 6.23% 1 5.00% 1 6.38% 10 5.13% 13 6.55% 11
8418150 PORTLAND 3.72% 11 2.93% 18 2.40% 8 2.42% 18 2.71% 11 2.58% 18
8441551 ROCKPORTHARBOR 6.66% 14 4.53% 13 5.90% 7 4.42% 14 6.00% 13 4.45% 15
8443970 BOSTON 4.08% 14 3.80% 11 3.41% 11 3.70% 9 3.61% 9 3.72% 8

59
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Figure 4.7: Observed and measured water level and velocity stations (I)
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4.2.4.3 Tidal currents velocity comparison

Although the velocity from tidal currents can also be predicted from synthesized harmonic con-
stants, it was not considered in this study. The records of current velocities in the Bay of Fundy
are not sufficient to perform a harmonic analysis and obtain velocity harmonic constituents.
Instead, velocities from simulations were compared directly with Acoustic Doppler Current Pro-
filer (ADCP) measurements which were obtained by DFO. These ADCP measurements were
collected at a fixed point and only captured spatial averages of velocity in individual “bins”
throughout a vertical column of water. Table 4.3 shows different values of velocity data collected
at different locations and at different time periods. The locations of the ACDP collection data

are shown in Figure 4.7.

Table 4.3: Current velocity measurements.

1D Longitude Latitude Start End
1658  -64.40383 45.35648 17/08/2007 19:15 28/08/2007 14:30
1659 -64.40335 45.35615 28/08/2007 16:30 14/09/2007 16:45
1708  -64.40330 45.35760 07/01/2009 14:43 07/02/2009 15:00
1709 -64.42103 45.33210 07/01/2009 15:19 20/02/2009 00:00
1710  -64.32438 45.33525 07/01/2009 14:16 12/02/2009 06:46
1711 -64.33605 45.31007 07/01/2009 13:52 15/02/2009 14:14
1715 -64.25802 45.24182 28/01/2009 14:35 18/02/2009 10:14
1737 -64.25968 45.24060 17/07/2009 11:57 27/08/2009 10:50
1738 -64.29440 45.24967 17/07/2009 12:12 27/08/2009 11:19
1739 -64.47642 45.33508 17/07/2009 13:22 23/08/2009 13:00
1740 -64.47026 45.35777 17/07/2009 13:48 14/08/2009 13:49

Since the hydrodynamic numerical model is two-dimensional vertical (2DV), only depth-
averaged velocities can be obtained. In order to compare the modelled results with the ADCP
velocity measurements, the latter were transformed into depth-averaged velocities. The trans-
formation is divided in two steps. The first step is to calculate the unit discharge, g, of each bin

as:

n
q= z V; - H; (4.16)
i=0
where V; is the averaged-velocity of the bin and H; is the depth of bin. It was assumed that the
velocity at the water surface was 0.8 smaller than the closest velocity near the water surface cap-
tured by the ADCP. In addition, the velocity near the bed was assumed to be null (non-slip con-

dition). The second step was to determine the depth-averaged velocity, V, as
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_ q
V== 4.17
D @17)

where V is the depth-averaged velocity, and D is the water depth. Figure 4.8 shows an example
of depth-averaged velocities in x and y directions for station 1737. Although the model overes-
timates the velocities, the results are comparable. Besides instrumental measuring errors from
the ADCPs and the method of converting velocity profile to depth-averaged velocity, the nu-
merical model does not include important factors such as the influence of wind waves, turbu-

lence, and storm surge that may influence on tidal currents.
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Figure 4.8: Modelled and measured depth-averaged velocities at station 1737 during V3.
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4.3 Hypothetical Tidal Lagoons Scenarios

A number of different hypothetical scenarios with one or more tidal lagoons located in Minas
Basin and/or in the Chignecto Bay have been considered to study the hydrodynamic effects of
tidal lagoons throughout the Bay of Fundy and Gulf of Maine. As such, the relationship between

the scale of lagoon development and the scale of potential impact could be ascertained.

The hypothetical scenarios are divided into two categories: (1) single tidal lagoon, and (2) multi-

ple tidal lagoons.

4.3.1 Single tidal lagoon
A single tidal lagoon scenario consists of implementing one tidal lagoon in the Minas Basin.

Four group scenarios were considered to assess different relationships. They are based on:
A. Coastal and offshore tidal lagoon design by DMC
B. Operation mode
C. Lagoon size
D. Lagoon location
Each group scenario is described below.

4.3.1.1 Coastal and offshore tidal lagoon design by DMC

For this group scenario, two simulations are considered and they are based on the coastal and
offshore lagoons proposed by DMC, as explained in Section 3.1.1. Lagoon layout A_C1? with
24 turbines and 15 sluices, as defined in Table 3.2, was selected for the coastal design simulation.
As for the offshore design simulation, lagoon layout A_O1% with 14 turbines and 15 sluices was
selected. The power operating mode - the two-way generation - was selected for each simulation.

The scenarios characteristics are summarized in Table 4.4.

Table 4.4: DMC’s coastal and offshore lagoons simulation scenarios.

Lagoon Impoundment Operating Number of  Number of
Simulation layout area mode turbine(s) sluice(s)
_ (m®) [] []
S1 A_C19 26.66 Two-way 24 15
S2 A_O1Y 12.01 Two-way 14 15

' Recommended by Delta Marine Consultants (DMC) (2007)
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4.3.1.2 Operating mode

Xia et al. (2010b) concluded that different operating modes have different hydrodynamic im-
pacts and power outputs, as explained in Section 2.4.8. For this reason, a simulation for two-way
generation, ebb generation, flood generation, as well as non-power operating mode such as
opened-gates, and closed-gates was considered in this study. Each power operating mode is ex-
plained in Section 2.4.7. In this study, the opened-gates mode is when sluices gates are opened
and turbines gates are closed throughout the entire simulation. As for the closed-gates mode, the

gates for turbines and sluices are always closed.

Lagoon layout A_C1 with 22 turbines and 31 sluices, as defined in Table 3.2, was selected for all

the simulations. The scenarios are summarized in Table 4.5.

Table 4.5: Operating mode simulation scenarios.

Lagoon Impoundment Operating Number of  Number of
Simulation layout area mode turbine(s) sluice(s)

(m?) [ [

S3 A_C1 26.66 Two-way 22 31

S4 A_C1 26.66 Ebb 20 26

S5 A_C1 26.66 Flood 16 17

S6 A _C1 26.66 Gates-opened - -

S7 A C1 26.66 Gates-closed - -

4.3.1.3 Lagoon size

The simulations in this group are to assess the relationship between the scale of lagoon devel-
opment and the scale of potential impact for both types of tidal lagoon: coastal and offshore.
Lagoon layout A_C1, A_C2, and A_C3 were selected for the coastal lagoon simulations and
A_O1, A_O2, and A_O3 was selection for the offshore lagoon simulations. The scenarios are

summarized in Table 4.6.



Table 4.6: Lagoon size scenarios.
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Lagoon Impoundment Operating Number of  Number of
Simulation layout area mode turbine(s) sluice(s)

| (m?) [ [
S5 A_C1 26.66 Two-way 22 31
S8 A_C2 35.10 Two-way 30 41
S9 A_C3 57.65 Two-way 52 72
S10 A_O1 12.01 Two-way 12 23
S11 A_O2 17.98 Two-way 19 29
S12 A_O3 23.99 Two-way 23 39

' Simulated in Section 4.3.1.2.

4.3.1.4 Lagoon location

In this section, the relationship between the lagoon’s location within the Minas Basin and the

scale of potential impact of a coastal tidal lagoon were studied. Lagoon layout A_C1, B_Cl1, and

C_C1 were selected for the coastal lagoon simulations. The scenarios are summarized in Table

4.7.

Table 4.7: Lagoon location scenarios.

Lagoon Impoundment Operating Number of Number of
Simulation layout area mode turbine(s) sluice(s)
, (m?) [-] [-]
S3 A_C1 26.66 Two-way 22 31
S13 B_C1 34.16 Two-way 29 31
S14 C_C1 33.96 Two-way 31 40

"Simulated in Section 4.3.1.2.

4.3.2 Multiple tidal lagoons

Multiple tidal lagoons involved implementing two or more tidal lagoons in the Minas Basin

and/or in Chignecto Bay. Three group scenarios were considered and they are based on the im-

plementation of tidal lagoons in the following locations:

A. Minas Basin

B. Chignecto Bay

C. Chignecto Bay and Minas Basin

Each group scenario is described below.
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4.3.2.1 Minas Basin

Two scenarios were considered in this group. The first consists of implementing three coastal
tidal lagoons in Minas Basin, lagoon layout A_C1, B_C1, and C_C1. The second simulation con-
sists of implementing three offshore tidal lagoons in Minas Basin, lagoon layout A_O1, B_O1,

and C_O1. These scenarios are summarized in Table 4.8.

Table 4.8: Minas Basin scenatrios.

Impoundment Operating Number of = Number of

Simulation = Lagoon layout area mode turbine(s) sluice(s)
(m?) [-] [-]
A_C1,B_C1, and 31, 31, and
S15 C_C1 94.78 Two-way 22,29, and 31 40
A_O1,B_0O1, 23,22, and
S16 and C_O1 36.03 Two-way 12,12 and 12 24

4.3.2.2 Chignecto Bay
Similar to the previous sections, one scenario with three coastal tidal lagoons in Chignecto Bay
and one scenario with three offshore tidal lagoons in Chignecto Bay were proposed and mod-

eled. The selected lagoon layouts for this scenario are summarized in Table 4.9.

Table 4.9: Chignecto scenarios.

Operating  Number of Number of

Simulation Lagoon layout Area mode turbine(s) sluice(s)
(m?) [-] [-]
D_C1,E_C1, and
S17 F C1 84.02 Two-way 25,21,and 32 32,31, and 48
F_O1,E_O1, and
S18 F_O1 36.03 Two-way 12,12, and 12 23, 23, and 23

4.3.2.3 Chignecto Bay and Minas Basin
Finally, the last scenario considered three offshore tidal lagoon in Chignecto Bay and three off-

shore tidal lagoons in Minas Basin. The selected lagoons layout for this scenario is summarized

in Table 4.10.
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Table 4.10: Chignecto Bay and Minas Basin scenarios.

Impoundment Operating Number of  Number of

Simulation  Lagoon layout area mode turbine(s) sluice(s)
(m?) ] [
A_O1,B_0O1,
C_O1, 23,22, 24,
F_O1,E_O1, 12,12, 12, 23,23, and
S19 and F_O1 72.06 Two-way 12,12, and 12 23

4.4 Model Development with Tidal Lagoons
4.4.1 Model grid

In addition to the existing grid without tidal lagoons, 13 grids with tidal lagoons have been de-
veloped to represent hypothetical scenarios. The grid is only refined near the lagoon and remains
unchanged elsewhere. The grid along the impoundment dike and the powerhouse has a resolu-
tion of 100 m. The dike and powerhouse are idealized in the model as vertical sided structures
having a width 50 m. Figure 4.9 shows details of the model grid development for the model grid
layout A_C1 and A_O1. A domain decomposition technique has been employed in order to
simulate the lagoons and the flows through the turbines and sluices. This technique was em-
ployed by several authors such as Falconer et al. (2009) and Xia et al. (2010a, 2010b, 2010c). This
approach involves subdividing the domain into non-overlapping sub-domains, each with its own
unstructured mesh. This technique is widely recognized as an efficient and flexible way of simu-
lating complex physical processes. As shown in Figure 4.9, the model domain was divided into
two sub-domains representing the outer ocean and the inner tidal lagoon basin, respectively. A
total of 13 different grids were created to accommodate all the hypothetical scenarios. For more

information on model development with tidal lagoons, refer to Annexe A.
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Figure 4.9: Model grid details.

4.4.2 Boundary conditions

The same boundary conditions, as explain in Section 4.2.3, were applied to the model except in
the vicinity of the tidal lagoon. Multiple pairs of sources and sinks were defined to transfer mass
between the two domains, simulating the flows through the sluices and turbines within the pow-
erhouse. Open boundary conditions were specified at the sources and sinks, and were linked
dynamically using a head-discharge relationship. The head-discharge relationship for the sluices

and turbines are explained in Section 3.3.1 and Section 3.3.2, respectively.

For each lagoon layout, the powerhouse was assumed to have turbines located centrally between
the sluices as shown in Figure 4.9. A similar powerhouse layout scheme was also employed by
Xia et al. (2010c). The turbine zone was assumed to have a length of 1000m and sluice zone of
500m on each side. The powerhouse length was assumed to have 2,000 m for each hypothetical

scenatrio.

Depending on the lagoon layout, the turbine zone engulfs 7 to 10 nodes and the sluice zones
cover 9 to 13 nodes. To accommodate the number of turbines and sluices for each tidal lagoon,
the total area of turbines and sluices were divided according to the number of nodes represent-

ing the powerhouse.

For example, lagoon layout A_C1 has 22 turbines and 31 sluices. Tutbine area is equal to 44 m’

and the sluice area is equal to 56 m’, as explained in Section 3.3.1. Therefore, the total areas of
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the turbines and sluices are 968 m* and 1736 m’, respectively. For model grid layout A_C1, there
are 10 nodes for turbines and 10 nodes for sluice. Therefore each turbine node and sluice node
would have an area of 96.80 m” and 173.60 m’, respectively. Table 4.11 summarizes the number

of nodes used for turbines and sluices at each tidal lagoon layout for two-way generation.

Predicted current velocity from the model might be higher at the powerhouse to realistic results
since multiple structures (sluices or turbines) are represented by one node. Nevertheless, current
velocities near the powerhouse (a few grid elements away from the powerhouse) should unify
and generated reasonable results. Although this is out of the scope of this study, a three-
dimensional model should be generated to investigate the hydrodynamics around the tidal la-

goons.

Table 4.11: Number of nodes used for turbines and sluices for two-way generation.

Turbine Sluice
Number of  Adjusted Number  Adjusted

Lagoon | Number turbine turbine Number of sluice sluice
layout | of turbines nodes area of sluices nodes area
. [-] [-] (m?) [-] [-] (m?)
A_C10 24 10 105.60 15 10 84.00
A_O19 14 8 77.00 15 11 76.36
A_C1 22 10 96.80 31 10 173.60
A_C2 30 10 132.00 41 10 229.60
A_C3 52 9 254.22 72 9 448.00
A_O1 12 8 66.00 23 11 117.09
A_O2 19 8 104.50 29 10 162.40
A_O3 23 8 126.50 39 12 182.00
B_C1 29 10 127.60 31 10 173.60
B_O1 12 9 58.67 22 11 112.00
Cc_C1 31 10 136.40 40 10 224.00
C_0O1 12 8 66.00 22 11 112.00
D_C1 25 10 110.00 32 10 179.20
D_0O1 12 8 66.00 23 11 117.09
E_C1 21 9 102.67 31 9 192.89
E_O1 12 8 66.00 23 10 128.80
F_C1 32 6 234.67 48 11 244.36
F_O1 12 7 75.43 23 13 99.08

4.4.3 Simulation period
For all the hypothetical scenarios, the simulations spanned over 14 days 18 hours and 30 minutes

to capture a spring and neap tide. The simulation period was from 28/08/2007 00:00 to
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11/09/2007 18:30. A warm-up simulation of 3-days was performed prior to the simulation to
obtain reasonable water level and current velocities throughout the domain. The flow through

the powerhouse was not calculated during the warm-up simulation.

4.5 Results

Every simulation was analysed in the aim to determine the following results:

o Water levels
o Maximum water levels
o Minimum water levels

o Maximum tidal range

e (Current velocities
o Maximum current velocities
o RMS current velocities

o Residual currents

e Shear stress
o0 Maximum shear stress

o RMS shear stress

e Average power outputs

In addition to modeling hypothetical scenarios S1 to S19 as described above, the tidal flows for
existing conditions without lagoons (scenatrio S0) were also modelled for the same 14.8 day peri-
od using the same boundary conditions. Changes in tidal hydrodynamics due to each hypothet-
ical scenario with lagoons were estimated by differencing the model results for each hypothetical
scenario from those determined for the existing conditions (no lagoons). The impact of each
hypothetical scenario on water levels, tidal range, depth-averaged tidal current speed and bed

shear stress have all been assessed in this manner.

4.5.1.1 Water level

A - Maximum water level
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The maximum water level was determined by obtaining the maximum water level during the
simulation. The analysis was done for every grid node. The maximum water level, N4y, 1s de-

fined as
Mmax = Max (1;) (4.18)

where 1 is the water level (m), i is the simulation step number, and n is the number of steps in

the simulation.

B - Minimum water level

Using the same approach, the minimum water level was determined by obtaining the minimum

water level during the simulation. The minimum water level, Ny, in, is defined as
Mmin = min () (4.19)

where 1) is the water level (m), i is the simulation step number, and 7 is the number of steps in

the simulation.

C - Maximum tidal range
The maximum tidal range at one node, @, 45,was determined by subtracting the minimum water

level from the maximum water level, as shown in Equation (4.20).

(4.20)

Drax = Mmax — Nmin
The maximum tidal range doesn’t correspond to the maximum difference in height between

consecutive high and low waters. It only corresponds to the maximum difference between the

maximum and minimum water level obtained from the simulation.

4.5.1.2 Current velocity
A - Maximum current velocity
The maximum current velocity, V4, was determined by obtaining the maximum current veloci-

ty during the simulation. It is defined as

Vinax = max (\/uiz + viz) (4.21)

i=1-n
where u;, v; are depth-averaged velocities at time step i in X, y direction, respectively (m/s), i is

the simulation step number, and 1 is the number of steps in the simulation.

B - RMS current velocity
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The RMS current velocity, Vpys, was calculated using the following equation

Venss = (4.22)

where V; is the depth-averaged velocity at time step 7 (m/s), i is the simulation step number, and

n is the number of steps in the simulation.

C - Residual currents

The residual currents were calculated by

2 2
Ve = (ﬁ) + (ﬁ) (4.23)
n n

where u;, v; are depth-averaged velocities at time step 7 in X, y direction, respectively (m/s), i is

the simulation step number, and 7 is the number of steps in the simulation.

4.5.1.3 Shear stress
A - Maximum shear stress

The maximum bottom shear stress, Tpqy, 1S defined as

uizviz
Tmax = Lglfi); P 2 (4.24)

where p is the density of water, U, v are depth-averaged velocities in X, y direction, respectively

(m/s), and C is the Chézy coefficient.

B - RMS bottom shear stress

2
n u v
i=1\P 2 (4.25)

n

TrMs =

where p is the density of water, U, v are depth-averaged velocities in X, y direction, respectively

(m/s), and C is the Chézy coefficient.

4.5.2 Power output and power generation results

Every simulation was analysed in the aim to determine the average power output and the power

generation for one spring-neap tidal cycle. Average power output, Fyy,g, is defined as
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P = ﬁl(z?ﬂ Pi,j) (4.26)
avg m

where P; j is the power output; defined in Table 3.1, { is the simulation step number, j is the turbine

number, n is the number of turbine, , and m is the number of steps in the simulation. Results

are given in megawatt (MW).

The power generation for one spring-neap tidal cycle, Ecy ¢ is defined as

m ,n
Ecycle = Z <Z Pi,j tstep) (4.27)
i=1

j=1
where tgtep is the time step. The power generation is given in gigawatt hour for one averaged spring-

neap cycle.

4.5.3 Hydrodynamic changes
Hydrodynamic changes were determined by subtracting the results from the model without a
tidal lagoon from the results with the presence of a tidal lagoon. The general change in a hydro-

dynamic variable, A, or the percentage difference, (A)y,, are defined as

AP =, — P, or (D), = lp”l/:—lpe x 100 4.28)

e

where 1 represents a hydrodynamic variable (e.g. maximum water level, minimum water level),
Y is a hydrodynamic variable from the model without the presence of tidal lagoons, and ¥, is a

hydrodynamic variable from a model with tidal lagoons.

4.6 Analysis of Results

Table 4.12 shows a summary table of the analysed results presented in this paper. SO to S2 are
presented Section 4.6 and S3 to S19 are presented in Annexe D. Table 4.14 shows a summary
table of the change in maximum tidal range and RMS current velocity for SO to S19. These
changes are based on the reference stations and sites as shown in Table 4.13. The first five
points of interest (1-5) were tabulated for maximum tidal range results, and the last five (6-10)
were tabulated for RMS velocity. As shown in Figure 4.10, they are located throughout the do-
main to have a good representation of the changes that may occur in the Bay of Fundy and the

Gulf of Maine.



Table 4.12: Simulation results presented herein.
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Water level Current velocity Shear Power
stress
Simulation | Max. | Min. | Max. | Max. RMS Max.
water | water | tidal | current | current 'Curre{lt shear Power
level | level | range | velocity | velocit circulation stress out./gen.
g Y Y
g SO X X X X
53 S X = -
% S2 X X X
S3 X X X X X
S4 X X X X X
S5 X X X X X
S6 X X X X
S7 X X X X
S8 X X X
m S9 X X X
'”'E S10 X X X
5 S11 X X X
& S12 X X X
< S13 X X X
S14 X X X
S15 X X X
S16 X X X
S17 X X X
S18 X X X
S19 X X X
Table 4.13: Reference stations and sites.
Longitude Latitude Distance
from
Name Site A
(km)
Boston -71.052 42.355 675
For maximum Ba.rHarbor -68.205 44.392 400
tidal range Salpt John -66.067 45.267 175
Chignecto -64.983 45.483 125
Five Islands -64.067 45.383 15
Minas Basin -64.211 45.314 25
Minas Passage -64.443 45.349 35
ii;%ﬁfﬁ; MB Entrance 64.784 45224 75
CB Entrance -65.043 45.450 115
Chignecto -64.652 45.636 150
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Figure 4.10: Reference stations and sites.

4.6.1 Simulation without tidal lagoons (S0)

A - Water level: Maximum tidal range
Figure 4.11 shows the maximum tidal range in the Upper Bay of Fundy for SO. Its amplitude
varies from 11 to 14 m in Minas Basin and 10 to 12 m in Chignecto Bay. The simulation period
was taken during an averaged spring and neap tides; therefore maximum tidal range values do
not reach extreme values of 15 to 16 m recorded in the Minas Basin. The highest tidal ranges

were found to be around 13 to 14 m in the middle of the Minas Basin in between Economy and

Highland Village.
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Figure 4.11: Maximum tidal range

B - Current velocity: RMS current velocity
The RMS velocity of depth-averaged currents is mapped in Figure 4.12. The most intense cur-
rent was found around Cape Split, located on the southern coast of Minas Passage. RMS veloci-
ties were estimated to be around 1.50 to 2.50 m/s. In other regions in the Upper Bay of Fundy,
such as Minas Basin and Chignecto Bay, RMS velocities were estimated to be around 0.5 to 1.5

m/s.

A - Shear stress: Maximum shear stress
The maximum shear stress of depth-averaged currents is mapped in Figure 4.13. There is a
strong correlation between shear stress and current velocity since water depth and bottom
roughness does not vary by much throughout the Minas Basin. Shear stress is a function veloci-

ty, water depth and bottom roughness.

As shown in Figure 4.13, significant current activities were found around Cape Split where max-
imum shear stresses were estimated to be around 14.00 to 25.00 Pa. In other regions of the Bay

of Fundy, maximum shear stresses were estimated to be around 2.00 to 8.00 Pa.
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Figure 4.12: RMS current velocity and circulation patterns for SO.
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Figure 4.13: Maximum shear stress for SO.

4.6.2 Coastal and offshore lagoons proposed by DMC (S1 and S2)
A - Water Levels: Maximum water level and minimum water levels
Figure 4.14.a and Figure 4.14.b shows the change in maximum water levels due to the coastal

and offshore tidal lagoon, respectively. These lagoons were proposed by DMC. For the coastal
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tidal lagoon, the high water levels will increase by 2 to 4 cm at the entrance of Minas Basin and
Chignecto Bay, and by 1 to 2 cm in the lower Bay of Fundy. As for the offshore tidal lagoon,
high water levels will only increase between 1 and 2 cm in some location in the Upper Bay of
Fundy. These two tidal lagoons show no change in high water levels in the Gulf of Maine. Fig-
ure 4.15.a and Figure 4.15.b show the change in minimum water levels due to the coastal and
offshore lagoon, respectively. The changes in minimum water levels are less than the changes in
high water levels for both cases. Results show a decrease in water levels by 1 to 2 cm in the Bay

of Fundy for the coastal tidal lagoon and no change for the case of the offshore tidal lagoon.

By far, the largest changes in water levels occur within the lagoon itself, where tidal range is re-
duced by several meters, relative to existing conditions. The exact tidal range reduction will de-
pend on the operation schemes and the characteristics of turbines and sluices. For S1 and S2, the
estimated reduction in tidal range is around 7.0 m for the coastal tidal lagoon and around 5.6 m

for the offshore tidal lagoon.
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Figure 4.15: Changes in minimum water level for S1 and S2.

B - Current velocities: Maximum current velocities and residual current
Predicted changes in the maximum velocities of the depth-averaged tidal currents due to the
studied coastal and offshore lagoons operating in Minas Basin are mapped in Figure 4.16.a and
Figure 4.16.b, respectively. The maximum tidal current in Minas Passage will be approximately 2
to 4 cm/s slower with the coastal tidal lagoon and from 1 to 2 cm/s slower with the offshore

tidal lagoon. This change represents a 1% to 2% reduction in the peak velocities in Minas Pas-
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sage. However, changes in the maximum tidal current due to both lagoon schemes remain below
1 cm/s throughout most of the Bay of Fundy and inside the entire Gulf of Maine. Hence, for
the lagoons considered in this study, tidal currents outside Minas Basin are very weakly affected,

if at all.

Figure 4.17.a and Figure 4.17.b shows the predicted flow field from residual currents near the
coastal and offshore lagoon, respectively. In these figures, the colour pattern denotes the change
in maximum current velocities while the black arrows indicate the average flow direction and its
magnitude at each node. The tidal lagoon will induce changes in the direction and strength of
tidal currents both within the lagoon and outside it, especially near the powerhouse and along
the external perimeter of the impoundment dike. The pattern of these local changes is rather
complex and depends on many factors such as the lagoon location, the local bathymetry, the
configuration of the impoundment dike and of the shoreline, and the configuration and location

of the powerhouse.

For these lagoons, velocities will increase near the powerhouse, on the seaward side, by 0.40 to
1.60 m/s. Inside the tidal lagoon, maximum velocities will not change near the powerhouse but
will decrease as low as 0.80 m/s. Velocities at the powerhouse were not investigated because the
predicted velocities might be higher at the powerhouse to realistic results since multiple struc-
tures (sluices or turbines) are represented by one node. Nevertheless, current velocities near the
powerhouse (a few grid elements away from the powerhouse) should unify and generated rea-

sonable results.

C - Shear stress: Maximum shear stress
Predicted changes in the bottom shear stress due to the studied coastal and offshore lagoons
operating in Minas Basin are mapped in Figure 4.18.a and Figure 4.18.b, respectively. The maxi-
mum shear stress in Minas Passage will decrease by 0.40 to 0.80 Pa in the presence of the coastal
lagoon, and by 0.20 to 0.40 Pa in the presence of the offshore lagoon. The change in shear stress
near the tidal lagoon is more pronounced because of the increase in current velocity. The maxi-
mum shear stress near the lagoon will increase by 15 to 25 Pa with the coastal lagoon, and by 10

to 20 Pa with the offshore lagoon.
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Table 4.14: Summary of simulation results.
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Maximum tidal range, ®nax

RMS current velocity, Vrms

Averaged
power output!

Power genera-
tion for one
spring-neap

tidal cycle
Boston Bar Saint Chignecto Five Min'as Minas MB En- CB En- Chignecto
Harbour John Islands | Basin  Passage trance trance
(m) (m)  (m) (m) (m) | m/s) (m/s)  (m/s)  (m/s) (m/s) MW) (GWh)

SO 3.60 3.89 7.32 10.14 12.76 0.22 2.01 0.37 0.58 0.70 0 0
S1 A| 04% 0.5% 0.5% 0.4% 0.0% -13.4% -2.2% -5.1% 0.2% 0.4% 202 71
2 A 0.3% 0.3% 0.2% 0.2% -0.1% -7.9% -1.4% -3.2% 0.2% 0.1% 123 42
S3 A| 04% 0.5% 0.5% 0.4% 0.1% -14.4% -2.4% -5.6% 0.2% 0.4% 203 72
S4 A| 0.5% 0.4% 0.5% 0.4% 0.0% -12.0% -1.9% -4.3% 0.3% 0.4% 168 60
S5 A| 04% 0.4% 0.5% 0.4% 0.0% -11.6% -1.9% -4.3% 0.3% 0.4% 108 37
S6 A| 0.3% 0.3% 0.2% 0.1% -0.7% -7.4% -1.4% -3.7% 0.0% 0.1% 0 0
S7  A| 04% 0.5% 0.5% 0.5% 0.4% -11.6% -1.8% -3.5% 0.5% 0.6% 0 0
S8 A| 0.7% 0.8% 0.7% 0.6% 0.2% -20.8% -3.5% -8.0% 0.3% 0.6% 288 102
SO A 12% 1.6% 1.2% 1.0% * -38.0% -6.4% -14.4% 0.7% 1.0% 508 180
S10 A | 0.3% 0.3% 0.2% 0.2% -0.1% -8.3% -1.4% -3.5% 0.0% 0.1% 109 39
S11 A | 04% 0.5% 0.4% 0.3% -0.1% | -13.9% -2.4% -5.6% 0.2% 0.3% 185 66
S12 A | 0.6% 0.7% 0.6% 0.5% -0.1% | -19.4% -3.3% -7.5% 0.3% 0.4% 230 82
S13 A | 0.5% 0.6% 0.8% 0.7% 0.9% -16.2% -2.4% -4.8% 0.7% 0.7% 282 100
S14 A | 0.6% 0.8% 0.5% 0.4% 0.0% -12.5% -3.9% -9.4% 0.2% 0.4% 295 105
S15 A | 1.7% 2.2% 1.7% 1.4% 0.8% -45.8% -9.0% -20.3% 0.9% 1.4% 774 274
S16 A | 0.7% 1.0% 0.7% 0.5% 0.0% -20.8% -4.6% -11.0% 0.2% 0.4% 320 114
S17 A | 24% 0.8% 0.0% -0.9% -0.4% -2.3% -0.5% -2.1% -12.0% -18.5% 533 189
S18 A | 1.3% 0.4% -0.2% -0.9% -0.6% -2.8% -0.6% -2.7% -8.2% -14.1% 223 79
S19 A | 2.0% 1.5% 0.5% -0.4% -0.8% | -23.1% -5.2% -13.6% -8.0% -13.6% 565 190

* Invalid data; 'Averaged power output for an averaged spring-neap cycle




Hydrodynamic Analysis 87

4.7 Relationships between tidal lagoon characteristics
and hydrodynamic impacts

The results from Table 4.14 were analysed to find relationships between tidal lagoon characteris-

tics and hydrodynamic impacts such as:
e Average power output and tidal lagoon’s impoundment area;
e Hydrodynamic impacts due to different operation modes; and,
e Hydrodynamic impacts due to different lagoon layout characteristics.

4.7.1 Power output and tidal lagoon’s impoundment area

Figure 4.19 shows the average power output with respect to tidal lagoon’s impoundment area.
The triangular and circular symbols stand for results from the proposed scenarios with coastal
and offshore tidal lagoons, respectively. Two equations were best fitted to the dataset; one for

coastal tidal lagoons and the other for offshore tidal lagoons. They are given as
A =0.1197 - P, + 0191 for coastal tidal lagoons 4.29)

A =0.1234"P,,; — 3.9672 for offshore tidal lagoons (4.30)

where A is the lagoon’s impoundment area at an elevation of +4 m above mean sea level (km?),
and Py is the average power output (MW). These equations are only applicable for a two-way

operation mode operating in Minas Basin. These equations were not developed for lagoons in

Chignecto Bay because of the lack of data.
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Figure 4.19: Tidal lagoon’s impoundment area versus average power output for ST to S18.

4.7.2 Hydrodynamic impacts due to different operating mode

4.7.2.1 Maximum tidal range

The graph shown in Figure 4.20 was prepared to illustrate the influence of the operating mode
on the changes in maximum tidal range induced by a 26.7 km” coastal lagoon in Minas Basin
located at site A. The changes in maximum water levels at the five reference stations mapped in
Figure 4.10 are plotted in Figure 4.20 as a function of the distance from site A. Different sym-
bols are used to represent the results from scenarios S3-S7. The water level at Five Islands, lo-
cated only 15 km from site A, is relatively sensitive to the operating mode, whereas the water
level at more distant sites, such as Bar Harbor and Boston, are fairly insensitive to changes in
operating mode. These results show that the far-field change in tidal range is minimized for sce-
nario S6, where the sluice gates are always open, and maximized for scenario S7, where the sluic-
es are always closed. The hydrodynamic impacts at each reference station are similar for the
three different power generating operating modes modelled in scenarios S3, S4 and S5 (2-way

generation, ebb-generation and flood-generation, respectively).

4.7.2.2 RMS of current velocity
The changes in maximum depth-averaged current speed at the five reference sites mapped in
Figure 4.10 are plotted in Figure 4.21 as a function of the distance from site A. Different sym-

bols are used to present the results from scenarios S3-S7. At each site, the impacts are smallest
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for scenario S6, where the sluice gates are always open, and largest for scenario S3, where a 2-
way generation scheme was modelled. The predicted changes in tidal flows at distant locations
are very small and quite insensitive to changes in operating mode. As expected, closer to the

lagoon, the changes are larger and more sensitive to the operating mode.

4.7.3 Hydrodynamic impacts due to different lagoon layout characteristics
4.7.3.1 Change in maximum tidal range at Boston and Saint John

The predicted impacts of the various hypothetical scenarios considered in this study on the max-
imum tidal range at Boston are plotted in Figure 4.22 (tidal range versus average power output).
Blue diamonds are used to denote results for scenarios with tidal lagoons in Minas Basin (scenar-
ios S1-S3 and S8-S16), violet squares denote results for scenarios S17 and S18, with tidal lagoons
in Chignecto Bay, and a red diamond denotes the result for scenario S19, where lagoons in Mi-
nas Basin and Chignecto Bay were modelled together. For tidal power lagoons located in Minas
Basin, these results reveal a strong linear relationship between the power output and the change
in amplitude of the Boston tides. Although lagoons in Chignecto Bay were only considered in
two scenarios, these results also suggest a linear relationship between power output and the
change in the amplitude of the tides at Boston. Greater power generation is clearly linked to
more significant hydrodynamic impacts. Moreover, for the same power output, the impact on
the Boston tidal levels due to the presence of tidal power lagoons in Chignecto Bay will be
roughly double the impact due to lagoons in Minas Basin. In other words, tides at Boston are
roughly twice as sensitive to power generation in Chignecto Bay compared to equivalent power

generation in Minas Basin.

The predicted change in the maximum tidal range at Saint John is plotted versus average power
output in Figure 4.23. Again, the results indicate a strong linear relationship between power gen-
eration in Minas Basin and the impact on the tidal range at Saint John. Greater power generation
is again clearly linked to stronger hydrodynamic impacts. However, results for scenarios with
lagoons in Chignecto Bay do not follow this rule. In fact, although only two data points are
available and they suggest that producing power in Chignecto Bay has virtually no impact on the

tidal range at Saint John.
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4.7.3.2 Change in maximum tidal range throughout the Bay of Fundy and the Gulf of
Maine

The variation in hydrodynamic impacts (change in maximum tidal range) with distance for sce-
narios S3 and S8-S14 is plotted in Figure 4.24. All these scenarios feature a single tidal power
lagoon operating in Minas Basin. Coastal lagoons at site A were modelled for scenarios S3, S8,
and S9. Offshore lagoons at site A were modelled for scenarios S10-S12, and coastal lagoons at
sites B and C were modelled for scenarios S13 and S14, respectively. In all cases, the magnitude
of the hydrodynamic impacts attenuates with increasing distance from the lagoons. The pattern
of attenuation is similar for all lagoons at sites A and C. However, the pattern for site B is differ-
ent: the near-field change in tidal range for scenario S13 (coastal lagoon at site B) is significantly
larger than for all other cases. Figure 4.24.a and Figure 4.24.b also highlight the strong depend-
ence of far-field hydrodynamic impact on lagoon size. The magnitude of the change in tidal

range increases linearly with increasing lagoon size (area).

4.7.3.3 RMS current velocity in Minas Passage

The predicted change in RMS current speed at Minas Passage for each of the various hypothet-
ical scenarios considered in this study is plotted in Figure 4.25 as a function of average power
output. These results reveal the presence of a strong linear relationship between power genera-
tion from tidal lagoons in Minas Basin and reductions in current velocities in Minas Passage.
They also show that flows at Minas Passage are not sensitive to power generation from tidal

lagoons installed in Chignecto Bay.
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Figure 4.26 shows the changes in RMS current velocity with respect to average power output for

scenarios at site A. This figure shows that the linear relationship between power output and hy-

drodynamic impacts is virtually identical for both the offshore lagoons and coastal lagoons. The

diamond and circular symbols represent coastal and offshore tidal lagoons, respectively. The

relationships are given as follows:
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AVgys = —0.0263 - Py, + 0.5069 for coastal tidal lagoons (4.31)

AVgys = —0.0309 * Fyyg + 0.5587 for offshore tidal lagoons (4.32)

where AVgy is the change in RMS current velocity (cm/s), and Pyy,g is the average power out-

put (MW).

0 : . . | |
: # 83 (26.66 km?2)
s 5. +58 (35.10 km2)
4 Offshore S9 (57.65 km2)
£ ©510 (12.01 km2)
iz ® 511 (17.98 km2)
5% $12 (23.99 km2
S E 6 [AVys =-0:0309P,  +0.5587 (23.99 km?2)
gy R> = 0.9865
£ ¥ g
=]
[SEY]
w Ql
Z 10 -
=
%)
an 12 -
§ AVyys = -0.0263P,, + 0.5069
S R? = 0.9997

14 -

0 100 200 300 400 500 600

Average power output (MW)

Figure 4.26: Changes in maximum tidal range with respect to average power output in the Mi-
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Chapter 5

Discussion

5.1 Introduction

In this chapter, the developments and findings of preceding chapters are discussed in order to
provide a solid understanding of the hydrodynamic impacts induced by the presence of tidal
lagoons proposed to be installed in the Bay of Fundy. The discussion focuses on analysing the
technical design of tidal lagoons and the numerical model development, and provides also a dis-

cussion on the hydrodynamic results.

5.2 Technical Design of Tidal Lagoons and Model De-
velopment

5.2.1 Site selection

Delta Marine Consultants (DMC) (2007), commissioned by Tidal Electric Canada, performed a
conceptual design study for a tidal lagoon in the Minas Basin. DMC proposed constructing a
tidal lagoon on the tidal flats along the northern shore of Minas Basin between Five Islands and
Economy Point. In this study, it was concluded that performing an analysis of the impact in the
presence of other tidal lagoons designs was essential in order to identify the extent of possible
changes over a wide range of constructions scenarios in the Bay of Fundy. Five other sites were
selected in the Upper Bay of Fundy to implement hypothetical tidal lagoons. In this study, the
sites were selected based on favourable bathymetry and available tidal range. Although the selec-
tion of a site could (and should) also be based on many factors such as geological properties,
cost, material availability, environmental impacts and others this was not within the scope of this
exploratory investigation. The purpose was to determine reasonable sites, well distributed in the
Upper Bay of Fundy, and to study the general hydrodynamic impacts induced by the presence of
tidal lagoons in the Bay of Fundy and the Gulf of Maine.
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5.2.2 Tidal lagoon layout

The selection of a tidal lagoon layout is an iterative process that takes into account its potential
capacity and efficiency, as well as its hydro-environmental impacts. Various lagoon layouts were
investigated by DMC, including lagoons with single and multiple basins with a direct and recti-
fied flow through the power station. DMC concluded that a single basin with a direct flow
through the power station would be most cost efficient in the Minas Basin. In this study, it was
assumed that a single basin with a direct flow would also be cost efficient in the Minas Basin and
the Chignecto Bay. In order to ratify this assumption, further studies on tidal lagoon layouts

would need to be undertaken.

Both types of tidal lagoon, coastal and offshore type, were placed at each site to analyse the dif-
ference between their hydrodynamic impacts. The impoundment layouts of the coastal tidal la-
goon varied from site to site. However, the impoundment layouts of the offshore tidal lagoon

were always circular for every site.

5.2.3 Sluices

Sluices are important features of tidal lagoon since they maximize the capacity of the power
plant. Falconer et al. (2009) and Xia et al. (2010a, 2010b, 2010c) applied the orifice equation to
simulate adequately the hydrodynamic processes caused by the sluices. Although this method is
computationally efficient, it is only valid if the sluices behave like an orifice. In the study per-
formed by DMC, they proposed positioning the sluices near the water level where the orifice
relationship is no longer applicable. For computational time cost purposes, sluices were posi-
tioned at a certain depth in order to apply the orifice equation. The sluice’s rectangular cross-
sectional area was selected based on the study performed by DMC. A sensitivity analysis on the
C4 parameter for each operating mode should be considered in future studies to understand its

importance towards power generation.

5.2.4 Turbines and generators

The turbine performance chart was developed based upon the studies performed by Baker
(1991) and Delta Marine Consultants (DMC) (2007). However, the performance of a turbine is
often defined as a hill chart, relating specific discharge, unit speed, and efficiency in which they
are based largely on physical and computational fluid dynamics models. Future studies should
approach manufacturers directly to assess the most appropriate design for turbines and genera-

tors depending on the site characteristics in the Bay of Fundy.
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5.2.5 Plant configuration

In the relatively limited previous studies, information on determining the plant configuration of
a tidal lagoon was either limited or simply absent. In this study, a box model was developed to
optimize the number of sluices and turbines maximum power generation for three different op-
eration modes. The operation modes include the two-way generation, ebb generation, and flood
generation. The model provides a good preliminary realistic description of the water level varia-
tions inside the tidal basin, available head differences at various times within the operation cycle,
time varying discharge of turbines and sluices, and resulting available energy generation. Flow
processes inside the basin and leakage through the impoundment are neglected in the present

model as these aspects could be considered in future studies.

5.2.6 Power generation and the scale of lagoon development

The power generation was calculated and compared to the scale of lagoon development. In the
Minas Basin, the power generation was found to be linearly related to the impoundment area for
both types of tidal lagoons: coastal and offshore. Results also show that the offshore tidal la-
goons require less impoundment area compared to the coastal tidal lagoons for equal amount of
power generation. This is natural since offshore tidal lagoons are place deeper in the ocean and

requires less area to obtain the same volume in a flatter coastal impoundment.

5.2.7 Operation protocol

The three operating modes such as two-way generation, and ebb generation produce similar
power generation from the box model and from the hydrodynamic model. The output of elec-
trical energy from the mode of flood generation was only about 65% of that obtained using the
two-way generation and ebb generation. Although the two-way generation needs turbines to
generate power at both ebb and flood tide, it produces equivalently more power generation out-
put from the mode of ebb generation. In addition, there are two periods of power generation
per tidal cycle instead of one, and thus power generation is much constantly added to the local
grid. Menint (1986) has shown from the experience at La Rance tidal power plant in France that
two-way generation produces less energy overall compared with ebb generation due to inherent
turbine inefficiencies. Although modern turbine technology is thought to overcome it, the
modes of ebb generation and two-way generation are considered to be virtually comparable in

terms of power production.
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5.3 Hydrodynamic Analysis

5.3.1 Tides

5.3.1.1 Near- and far-field

Results indicate that the scale of the changes in tidal hydrodynamics increases with larger lagoon
development. While multiple lagoons or larger lagoons located in the Upper Bay of Fundy will
generate more electrical power, they also induce larger perturbations to a near resonant system,
and can therefore be expected to induce more significant changes in tidal hydrodynamics. Fur-
ther investigation on the potential impact on communities and ecosystems must be taking into

consideration.

5.3.1.2 Local changes

Results indicate that tidal lagoons will generally decrease tidal range in the vicinity of the tidal
lagoon. These changes are most noticeable when tidal lagoons are implemented in Chignecto
Bay. By far, the largest changes in tidal range occur within the lagoon itself, where tidal range is
reduced by several meters, relative to existing conditions. The exact tidal range reduction will
depend on the operation schemes and the characteristics of turbines and sluices. This change
could cause an adverse impact on the ecological systems of local mudflats, which warrant further

investigation.

5.3.2 Tidal currents

5.3.2.1 Near- and far-field changes

Tidal currents in remote locations such as the lower Bay of Fundy and Gulf of Maine will remain
virtually unchanged. However, depending on the scale of lagoon development, tidal currents will
noticeably be reduced at the mouth of Minas Basin and particularly in Minas Passage. This de-
crease in velocity could lead to reduction in suspended sediment concentrations and turbidity
levels. Positive and negative impact associated with the environmental and ecological aspects

require further investigations.

5.3.2.2 Local changes

A tidal lagoon will induce local changes in the direction and strength of the tidal currents, both
within the lagoon and outside it. These changes are particularly important near the powerhouse
and along the external perimeter of the impoundment dike. During the flood phase, seawater
flows into the lagoon mainly through the turbines (some water flows through the sluices near the

end of the flood stage). Within the lagoon, velocities are highest near the powerhouse, and de-
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crease with increasing distance away from the powerhouse. Outside the lagoon, as expected,
relatively strong currents occur near the powerhouse and along the perimeter of the impound-
ment dyke. During the ebb phase, seawater flows out of the lagoon mainly through the turbines,
although some water passes through the sluices near low water. The peak velocities near the
powerhouse tend to be larger during the ebb than during the flood, due to the shallower water
depths outside the lagoon near the end of the ebb phase. Depending on seabed conditions,
scour protection may be required in these areas to mitigate potential erosion due to the high
energy flows emerging from the turbines and sluices. Scour protection may also be required to
stabilize and protect the toe of the impoundment dike. There are also areas in tidal lagoon where
speeds are reduced significantly. It is possible that fine sediments may accumulate in this area
because of these lower velocities. Increased sedimentation is obviously undesirable, as this may
cause the lagoon to silt up over time. If significant sediment deposition occurs, some interven-
tion may be required to either prevent sediment from settling, or remove the sediment after it

has deposited.

5.3.3 Influence of lagoon operation protocol

Results indicate that each operation mode will have a different influence on the hydrodynamics
of the affected areas. For the three power generation modes (two-way, ebb, flood), tidal ranges
and the tidal currents were predicted to be very similar near- and far-field. The change in tidal
range and velocities due to different operation mode were predicted to be dissimilar near the
powerhouse and inside the tidal lagoon impoundment. The operating mode of two-way genera-
tion may have a relatively small impact on the loss of intertidal habitats, but would also have
some significant environmental impacts in terms of reduced water body exchange and changes
to some marshes. Due to the nature of the operation of the ebb generation, there’s excessive
lowering of the maximum water level in the tidal lagoon’s impoundment. This would minimize
the loss of intertidal zones, and may cause adverse impacts on the aquatic environment consid-
erably. As expected, the non-power operational protocol, opened-gates, has the least amount of
hydrodynamic impacts since the hydrodynamic processes are similar to natural flow condition.
However, the other non-power operational protocol, closed-gates, has the largest hydrodynamic

impact towards the change in tidal range and tidal currents.
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Chapter 6

Conclusions

Presently, there is considerable interest in constructing tidal lagoons in the Bay of Fundy to ex-
tract potential energy from tides. Although there have been studies on the technical aspects of
tidal lagoons, the potential hydrodynamic impacts due to this new technology have not been
investigated. The aim of this study was to develop a numerical model and attempt to partially
understand the impacts on tidal hydrodynamics throughout the Gulf of Maine and the Bay of
Fundy due to the presence and operation of man-made tidal lagoons implemented the Upper

Bay of Fundy.

A detailed two-dimensional (depth-averaged) hydrodynamic model has been developed and ap-
plied to investigate the changes in water levels and tidal currents for various hypothetical lagoon
development scenarios. The model was successfully calibrated and validated against water level
observations for many tidal stations throughout the region, and can be used to predict tidal hy-
drodynamics with good accuracy. Lagoons are simulated by partitioning the model domain into
sub-domains, and using source-sink pairs to simulate the exchange of seawater through sluices
and turbines. This modeling approach is able to provide a reasonable simulation of the hydrody-

namic processes at man-made tidal power lagoons.

The model was subsequently applied to predict tidal hydrodynamics for present conditions
without lagoons, and for 19 different hypothetical scenarios with from one to six individual la-
goons. The numerical results indicate that any tidal power lagoon will induce some large changes
in the pattern and strength of the local tidal currents, particularly near the powerhouse and pos-
sibly along portions of the impoundment dyke. Numerical results indicate that the changes in
water levels and tidal current velocities are largest near the lagoons and generally diminish with
increasing distance. Notably, however, some change is predicted throughout the entire Gulf of
Maine, even for the smallest development scenario. In addition, the scale of the hydrodynamic
change is also found to be proportional to the scale of the lagoon development, with multiple
lagoons inducing larger change. While the changes may represent a small fraction of the tidal

range, their potential impact on communities and ecosystems warrants further investigation and
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careful consideration. Hence, without further study, it is difficult to comment at this point in
time on whether the potential benefits of tidal power lagoons might outweigh the drawbacks

associated with these changes in tidal hydrodynamics.

In terms of power output for the different operating modes, the mode of flood generation pro-
duced the least electricity among the three power generation modes considered and two-way and
ebb generation produced similar levels of power output. The operating modes were found to
have some influence on local velocities, particularly within the lagoon. However, the operational
protocol appears to have little influence on the scale of far-field impacts. Therefore, the modes
of ebb generation and two-way generation were considered to be virtually comparable in terms
of overall advantages and disadvantages, particularly when trying to balance uniformity of power

production and hydrodynamic impact.

A future direction for this research is to investigate the implications of the velocity changes on
sediment transport and on the associated morphodynamics of the seabed near and within a la-
goon. The new numerical model can also be applied to simulate and assess the hydrodynamic
impacts of other tidal energy developments, including tidal barrages and arrays of in-stream tur-

bines.
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Annexe A
Tides

A.1 Introduction
The aim of this section is to provide a brief explanation on the aspects of tides and tidal constit-

uents.

A.2  Origin of tides

Tides represent the periodic rise and fall of sea levels caused by the combined effects of celestial
gravitational and centrifugal forces. These effects are the gravitational attraction of the Earth, the
centrifugal force generated by the rotation of the Earth, the gravitational attraction of the Moon,

and the gravitational attraction of the Sun.

If the gravitation attraction of the Sun was neglected and the Earth was completely covered by a
very deep ocean, the gravitational force of the Moon would produce two bulges. One bulge
would be produce on the side facing the Moon and the other one on the opposite side of the
Earth. Figure A.1 shows the Earth and Moon as viewed from above the North Pole. An observ-
er under the water on the Earth at position 1 is beneath one of the water bulges and would be
experiencing a high tide. A quarter of a revolution later, at position 2 where the original water
level has been depressed, a low tide would be seen. The high-low tide sequence repeats as the

observer moves around through points 3 and 4.
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Original water level

Moon
Tidal bulge

Figure A.1: Tidal bulges.

The Earth-Sun system is also subject to similar gravitational and centrifugal forces but due to the
Sun's greater distance this system has less than half the strength of the lunat-related forces. Con-

sequently, the solar-related residual forces and resulting bulges are correspondingly smaller.

When the Sun, Moon, and the Earth are lined up, the Sun and Moon are exerting their strongest
force together and tidal ranges are at their maximum. This is known as spring tides. This occurs
twice each month, when the Moon is full and new. At the first quarter and third quarter Moon,
the Sun and Moon are at a 45° angle to each other, and their gravitational energy is diminished.

The lower than normal tidal range that takes place at these times is called neap tides.

Another factor having a substantial influence on tidal ranges is the elliptical shape of the Moon's
orbit. Since gravitational force is inversely proportional to the square of the distance, the Moon's

tidal influence is 30 to 48% greater at perigee than at apogee.

Tides usually experience two high tides and two low tides each day (semi diurnal tide) and are
most pronounced along the coastline of the oceans and in bays where the tidal range is increased
due to secondary effects such as coastal geomorphology, coastal water depth, ocean floor topog-
raphy and many more. All these secondary effects can be viewed as separate tide generators.

Each tide generator has its own strength, frequency and phase angle with respect to the others.
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The resulting tide is, therefore, a complex addition of effects of the moon, the sun and many

secondary causes. Each component is called a tidal constituent.

A.3 Tidal constituents

The Earth’s geography not only confines the water and moves it along with the surface of the
Earth, but it also causes certain tidal constituents to resonate locally in the various oceans, seas,
bays, and estuaries. Thus some constituents are magnified in certain locations, while others

simply disappear, making the tide at each location unique.

The tide is assumed to be represented by the harmonic summation

I

n() = 2 a; cos(w;t + a;) 7.1

i=1
where 7)(t) is the sea water level at time t, a; is the amplitudes, @; is the phase angles of the tidal
constituents and w; are their angular frequencies. For example, the semi-diurnal lunar constitu-
ent, identified as M2 has a period of 12.42 hours and therefore wy, = 2m/(3600 X 12.42) =
1.405 X 107> sec’. 'The period of important tidal constituents are shown in Table A.1. The
amplitudes, a; and phase angles, a; of tidal constituents are determined from tidal analysis. Tidal

analysis consists of separating measured tides into as many of its constituents as can be identified

from the length of record available.

Among all the tidal components, M2, S2, and K1 are the most significant, since the amplitudes

of these three tide components are usually greatest and dominate the observed tides.

Table A.1: Important tidal constituants.

Semi-diurnal Diurnal Long term

Tidal constituent Period Tidal constituent Period Tidal constituent Period

M2 12421 hr K1 23934 hr  Mf 13.661 days
S2 12.000 hr  O1 25819 hr  Mm 27.555 days
N2 12.658 hr  P1 24.066 hr  Lunar node 18.613 yr

K2 11.967 hr Sl 24.000 hr  Sa 1.000 yr
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Amnnexe B

Model Development

B.1 Depth / Elevation

The objective of this section is to describe the sources of different topographic and bathymetric
data and how data were integrated.

B.1.1  Raw Data

Topographic and bathymetric data were obtained from six sources (see Figure A.2): (1) Geobase
Canadian Digital Elevation Data, (2) USGS National Elevation Dataset, (3) CHS Multibeam
Bathymetry, (4) CHS Nautical Charts, (5) NOAA Soundings and Electronic Navigational Charts
Bathymetry, and (6) BODC Gridded Bathymetric Chart of the Oceans.

T S T

e S apwg Fod . — =
- (1) Geobase/ (2) USGS
 (3) CHS Multibeam

(4) CHS Natutical Charts

Figure A.2: Topographic and bathymetric data.

(1) Geobase Canadian Digital Elevation Data
GeoBase is a federal, provincial and territorial government initiative that is overseen by the Ca-

nadian Council on Geomatics (CCOG). Depending on the latitude of the Canadian Digital Ele-
vation Data section, the grid spacing, based on geographic coordinates, vary in resolution from a

minimum of 0.75 arc seconds to a maximum 3 arc seconds for the 1:50,000 N'TS tiles, and from


http://www.geobase.ca/geobase/en/about/organization.html#ccog
http://www.geobase.ca/geobase/en/about/organization.html#ccog
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a minimum of 3 arc seconds to a maximum 12 arc seconds for the 1:250,000 NTS tiles respec-
tively. Ground Elevations are recorded in metres relative to Mean Sea Level (MSL), based on the
North American Datum 1983 (NAD83) horizontal reference datum. All digital elevation maps

(DEMs) wete obtained from http://www.geobase.ca.

(2) USGS National Elevation Dataset
The National Elevation Dataset (NED) 1 Arc Second is a raster product assembled by the U.S.

Geological Survey (USGS). NED is designed to provide National elevation data in a seamless
form with a consistent datum, elevation unit, and projection. NED has a resolution of one arc-
second (approximately 30 meters) for the conterminous United States. All NED were obtained

from http://seamless.usgs.gov.

(3) CHS Multibeam Bathymetry
The Canadian Hydrographic Service (CHS) in collaboration with Natural Resources Canada

(NRCan) perform a continued multibeam mapping of the floor and water column of the Bay of
Fundy(Author). The resulting scale map is approximately 1:50,000.

(4) CHS Nautical Charts
The Canadian Hydrographic Service CHS is a division of the Science Branch of the Department
of Fisheries and Oceans Canada. CHS publishes and maintains nearly a thousand nautical charts
as well as hundreds of publications. All data was obtained from CHS's nautical digital charts.

(5) NOAA Soundings and Electronic Navigational Charts Bathymetry
NOAA's National Geophysical Data Center NGDC) provides scientific stewardship, products,
and  services for geophysical ~data. Bathymetric data was obtained from

http:/ /www.ngdc.noaa.cov/meo/bathvmetry/relief.html.

(6) BODC Gridded Bathymetric Chart of the Oceans
The British Oceanographic Data Center (BODC) has bathymetric and topographic data. BPOC

provides a Gridded Bathymetric Chart of the Oceans (GEBCO) gridded bathymetry data sets.
The GEBCO_08 Grid — global 30 arc-second grid was obtained from https://www.bodc.ac.uk.

B.1.2  Data integration
Bathymetric data points (3) CHS Multibeam Bathymetry, and (4) CHS Nautical Charts were in-

terpolated using the spline interpolation method to obtain a raster image. It was integrated with
the other raster images such as the (1) Geobase Canadian Digital Elevation Data, (2) USGS Na-

tional Elevation Dataset, (5) NOAA Soundings and Electronic Navigational Charts Bathymetry,


http://www.ngdc.noaa.gov/ngdcinfo/onlineaccess.html
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and (6) BODC Gridded Bathymetric Chart of the Oceans. The highest spatial resolution was
taken during the integration.

B.1.3  Analysis

Spatial resolution represents the level of detail in an image. A finer spatial resolution will show
more details than a coarser resolution. An example is shown in Figure A.3. The figure shows
four images with the same dimensions but with difference resolution. An image with 100x100
cells will show a lot more details than an image with 20x20 cells or even 10x10 cells. Table A.2

shows all the spatial resolution of each topographic and bathymetric dataset.

100x100 50x50 20x20

a) Fine to coarse resolution
10x10 20x20 50x50 100x100

(b) Coarse to fine resolution

10x10

Figure A.3: Image re-sampling example.

Table A.2: Topographic and bathymetric dataset spatial resolution.

Spatial resolution

Data (arc-second) (meters)
GeoBase 05-3 ~25
USGS 1 ~25
CHS Multibeam ) ~100
CHS Nautical Charts () ~500
NOAA 3 ~100

BODC 30 ~1000
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Each spatial resolution dataset were re-sampled to the highest resolution of 25 m. Re-sampling a
raster image is feasible but there's some limitation. A higher spatial resolution map can be
resampled to a lower spatial resolution map as shown Figure A.3.a. A lower spatial resolution
map can also be resample to a higher spatial resolution however; it won't generate a higher de-

tailed map as shown in Figure A.3.b.

B.2 Model boundaries

Two types of boundaries were developed in the study: land and ocean boundary.

B.2.1 Land boundary

Land boundaries are shorelines along the coast and along the islands. Land boundaries were
developed up to the highest astronomical tide (HAT) shoreline in areas of special interest to
include inter-tidal flats. To reduce computational cost, inter-tidal flats were excluded in areas of

lesser interest by developing the land boundaries up to the lowest astronomical tide (LAT).

The lowest tidal shoreline and the highest tidal shoreline are obtainable by comparing
depth/elevation with LAT and HAT, respectively. The LAT and HAT were calculated from
model results produced by a depth-integrated finite-element tidal circulation model develop by
Dupont et al. (2005). The HAT and LAT in the BoF and GoM are shown in Figure A.4 and
Figure A.5, respectively. For calculation simplicity, the shorelines were approximated to the
nearest natural number.

B.2.2  Ocean boundary

Ocean boundaries are imaginary lines created to enclose the numerical model. The ocean
boundaries were developed by determining the -1, 000m isoline along the continental shelf and

by creating arbitrary lines to link to continental shelf isoline and the coastline.
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B.3 Tidal lagoon grid model
Table A.3 summarizes each model grid scenario with different combination of tidal lagoon lay-

outs. Figure A.6 to Figure A.10 shows each model grid layout used in this study.

Table A.3: Model grid layouts.

Number Number Offshore
Simulati Model grid of Coastal la- of off- 1 lav-
imulation 1 1 lavout shore agoon lay
ayout coasta goon lay out
lagoon lagoon
S1, S3, S4, S5, S6, S7 A_C1 1 A_C1 0 -
S8 A_C2 1 A_C2 0 -
S9 A_C3 1 A_C3 0 -
S2, S10 A_O1 0 - 1 A_O1
S11 A_O2 0 - 1 A_O2
S12 A_O3 0 - 1 A_O3
S13 B_C1 1 B_C1 0 -
S14 Cc_C1 1 c_C1 0 -
A_C1
S15 m3_C1 3 B_C1 0 -
c_C1
A_O1
S16 m3_0O1 0 - 3 B_0O1
C_0O1
D_C1
S17 m3_C2 3 E_C1 0 -
F_C1
D_0O1
S18 m3_02 0 - 3 E_O1
F_O1
A_O1
B_O1
C_0O1
S19 mo6_0O1 0 - 6 D_O1
E_O1
F_O1
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Awnnexe C

Technical Design

C.1  Sluices

The water head-discharge relationships for a sluice were calculated for three invert elevation (-20
m, -16 m, -12 m) using the orifice equation and culvert equations. During this process, the sluice
was assumed to have a circular cross-sectional area of 56 m” where tidal range fluctuated 16 m. A

discharge coefficient of 0.75 was applied for the orifice equation.

Figure 3.5 shows the water head-discharge relationship for an invert elevation of -20 m. Figure
A.11 and Figure A.12 shows the water head-discharge relationship for an invert elevation of -16

m and -12 m, respectively.

An application was developed to simulate adequately the hydrodynamic processes using the ori-
fice equation and the culvert equations. The reproduction of the code required for the simula-
tions presented in this study would take up far too much space and would be of limited interest
to most readers. Those who are interested in the code may contact the author by e-mail (ju-

lien_cousineau@hotmail.com).
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Figure A.11: Hydraulic processes of a sluice for an invert elevation of -16m.
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Figure A.12: Hydraulic processes of a sluice for an invert elevation of -8m.
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C.3 Plant configuration

C.3.1 Depth / area curves
Figure A.13 and Figure A.14 illustrates the depth / area curves for coastal and offshore tidal

lagoons, respectively.
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Figure A.13: Depth / area curves for coastal tidal lagoons.
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Figure A.14: Depth / area cutves for offshore tidal lagoons.
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Annexe D

Project Simulation Log

D.1 Calibration

Date/Time characteristics

Name of simulation period | A

Cold start

Start time 2007-08-07 00:00:00
Duration 3 00:00:00
Simulation time step 10 seconds

Output time step 60 minutes

Hot start

Start time 2007-08-10 00:00:00
Duration 7 09:30:00

Simulation time step

10 seconds

Output time step

10 minutes

Simulation characteristics

Simulation name

MCD_1_A_1

MCD_1_A_2

MCD_1_A_3

MCD_1_A_4

Number of constituents

1

1

1

1

Steering file

MDC_1_A_1.cas

MDC_1_A_2.cas

MDC_1_A_3.cas

MDC_1_A_4.cas

Boundary conditions file

_grid_1.conlim

_grid_2.conlim

_grid_3.conlim

_grid_4.conlim

Formatted data file 1 ICF_1_A_1.dat ICF_1_A_2.dat ICF_1_A_3.dat ICF_1_A_4.dat
Fortran file MCD_1.f MCD_2.f MCD_3.f MCD_4.f
Geometry file _grid_1.slf _grid_2.slf _grid_3.slf _grid_4.slf
Liquid boundaries file 1_A_1lqd 1_A_2lqd 1_A_31qd 1_A_4.lqd

Results file

MCD__1_A_1.slf

MCD__1_A_2slf

MCD__1_A_3.slf

MCD__1_A_4.slf

Simulation name MCD_1_A_5 MCD_1_A_6 MCD_1_A_7 MCD_10_A
Number of constituents 1 1 1 10

Steering file MDC_1_A_5.cas MDC_1_A_6.cas MDC_1_A_7.cas MDC_10_A.cas
Boundary conditions file | _grid_5.conlim _grid_6.conlim _gtid_7.conlim _gtid.conlim
Formatted data file 1 ICF_1_A_5.dat ICF_1_A_6.dat ICF_1_A_7.dat ICF_10_A.dat
Fortran file MCD_5.f MCD_6.f MCD_7.f MCD.f

Geometry file _grid_5.slf _grid_6.slf _grid_7.slf _grid.slf

Liquid boundaries file 1_A_51qd 1_A_61qd 1_A_71qd 10_A.lqd

Results file MCD__1_A_5slf | MCD__1_A_6slf | MCD__1_A_7.slf | MCD__10_A.slf
D.2 Validation

Simulation name MVD_10_A MVD_10_B MVD_10_C MVD_10_D
Cold start

Start time 2007-08-07 00:00:00 | 2007-08-14 00:00:00 | 2009-01-04 00:00:00 | 2009-07-14 00:00:00
Duration 3 00:00:00 3 00:00:00 3 00:00:00 3 00:00:00
Simulation time step 10 seconds 10 seconds 10 seconds 10 seconds

Output time step

60 minutes

60 minutes

60 minutes

60 minutes

Hot start

Start time 2007-08-10 00:00:00 | 2007-08-17 00:00:00 | 2009-01-07 00:00:00 | 2009-07-17 00:00:00
Duration 14 18:30:00 29 13:00:00 29 13:00:00 29 13:00:00
Simulation time step 10 seconds 10 seconds 10 seconds 10 seconds

Output time step 10 minutes 30 minutes 30 minutes 30 minutes
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Number of constituents 10 10 10 10

Steering file MVD_10_A.cas MVD_10_B.cas MVD_10_C.cas MVD_10_D.cas
Boundary conditions file | _grid.conlim _grid.conlim _grid.conlim _grid.conlim
Formatted data file 1 ICF_1_A.dat ICF_1_B.dat ICF_1_C.dat ICF_1_D.dat
Fortran file MCD.f MCD.f MCD.f MCD.f
Geometry file _grid.slf _grid.slf _grid.slf _grid.slf

Liquid boundaries file 1_Alqd 1_B.qd 1_Clgd 1_D.lqd

Results file MCD__1_Auslf MCD__1_B.slf MCD__1_Cuslf MCD__1_Duslf

D.3 Hypothetical Scenarios

Date/Time characteristics

Name of simulation period | A

Cold start

Start time 2007-08-07 00:00:00
Duration 3 00:00:00
Simulation time step 10 seconds

Output time step

60 minutes

Hot start

Start time 2007-08-10 00:00:00
Duration 14 18:30:00
Simulation time step 10 seconds

Output time step 10 minutes

Simulation name

MDD_A_C1_10_A

MDD_A_O1_10_A

MDD_A_C1A_10_A

MDD_A_CI1B_10_A

Number of constituents

10

10

10

10

Steering file

MDD_A_C1_10_A.cas

MDD_A_O1_10_A.cas

MDD_A_C1A_10_A.cas

MDD_A_C1B_10_A.cas

Boundary conditions file

A_Cl_grid.conlim

A_O1_grid.conlim

A_C1_grid.conlim

A_Cl1_grid.conlim

Formatted data file 1

ICF_10_A.dat

ICF_10_A.dat

ICF_10_A.dat

ICF_10_A.dat

Fortran file MDD_A.f MDD_A.f MDD_A.f MDD_B.f
Geometry file A_Cl_grid.slf A_O1_grid.slf A_C1_grid.slf A_C1_grid.slf
Liquid boundaries file 10_A.lqd 10_A.lqd 10_Alqd 10_A.lgd

Results file

MDD_A_C1_10_A.slf

MDD_A_O1_10_A.slf

MDD_A_C1A_10_A.slf

MDD_A_C1B_10_A.slf

Simulation name

MDD_A_C1C_10_A

MDD_A_C1D_10_A

MDD_A_C1E_10_A

MDD_A_C2_10_A

Number of constituents

10

10

10

10

Steering file

MDD_A_C1C_10_A.cas

MDD_A_C1D_10_A.cas

MDD_A_C1E_10_A.cas

MDD_A_C2_10_A.cas

Boundary conditions file

A_C1_grid.conlim

A_Cl1_grid.conlim

A_C1_grid.conlim

A_C2_grid.conlim

Formatted data file 1 ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat
Fortran file MDD_C.f MDD_D.f MDD_E.f MDD_A.f
Geometry file A_C1_grid.slf A_C1_grid.slf A_C1_grid.slf A_C2_grid.slf
Liquid boundaries file 10_A.lqd 10_A.lqd 10_A.lqd 10_A.lqd

Results file

MDD_A_C1C_10_A.slf

MDD_A_C1D_10_A.slf

MDD_A_C1E_10_A.slf

MDD_A_C2_10_A.slf

Simulation name

MDD_A_C3_10_A

MDD_A_O1_10_A

MDD_A_0O2_10_A

MDD_A_0O3_10_A

Number of constituents

10

10

10

10

Steering file

MDD_A_C3_10_A.cas

MDD_A_O1_10_A.cas

MDD_A_O2_10_A.cas

MDD_A_O3_10_A.cas

Boundary conditions file

A_C3_grid.conlim

A_O1_grid.conlim

A_O2_grid.conlim

A_O3_grid.conlim

Formatted data file 1 ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat
Fortran file MDD_A.f MDD_A.f MDD_A.f MDD_A.f
Geometry file A_C3_grid.slf A_O1_grid.slf A_O2_grid.slf A_O3_grid.slf
Liquid boundaries file 10_A.lgd 10_A.lgd 10_A.lqd 10_A.lqd

Results file

MDD_A_C3_10_A.slf

MDD_A_O1_10_A.slf

MDD_A_O2_10_A.slf

MDD_A_O3_10_A.slf

Simulation name

MDD_B_C1_10_A

MDD_C_C1_10_A

MDD_m3_C1_10_A

MDD_m3_O1_10_A

Number of constituents

10

10

10

10

Steering file

MDD_B_C1_10_A.cas

MDD_C_C1_10_A.cas

MDD_m3_C1_10_A.cas

MDD_m3_0O1_10_A.cas

Boundary conditions file

B_C1_grid.conlim

C_C1_grid.conlim

m3_Cl1_grid.conlim

m3_01_grid.conlim
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Formatted data file 1 ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat
Fortran file MDD_A.f MDD_A.f MDD_A.f MDD_A.f
Geometry file B_Cl1_grid.slf C_Cl1_grid.slf m3_C1_grid.slf m3_O1_grid.slf
Liquid boundaries file 10_A.lqd 10_A.lqd 10_A.lqd 10_A.lqd

Results file

MDD_B_C1_10_A.slf

MDD_C_C1_10_Aslf

MDD_m3_C1_10_Aslf

MDD_m3_O1_10_A.slf

Simulation name

MDD_m3_C2_10_A

MDD_m3_02_10_A

MDD_m6_O1_10_A

Number of constituents

10

10

10

Steering file

MDD_m3_C2_10_A.cas

MDD_m3_02_10_A.cas

MDD_m6_0O1_10_A.cas

Boundary conditions file

m3_C2_grid.conlim

m3_02_grid.conlim

m6_0O1_grid.conlim

Formatted data file 1 ICF_10_A.dat ICF_10_A.dat ICF_10_A.dat
Fortran file MDD_A.f MDD_A.f MDD_A.f
Geometry file m3_C2_grid.slf m3_02_grid.slf m6_0O1_grid.slf
Liquid boundaties file 10_A.lqd 10_A.lqd 10_A.lgqd

Results file

MDD_m3_C2_10_A.slf

MDD_m3_02_10_A.slf

MDD_m6_O1_10_A.slf
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Amnnexe E

Results and analysis for S3 to S19

E.1 Operation mode (S3 to S7)

A - Water level: Maximum tidal range
Figure A.15 shows the change in maximum tidal range for different operation modes. All the
simulations, S3 to S7, were simulated with the coastal tidal lagoon A_C1. All the operation

modes are explained in Section 4.3.1.2.

As illustrated in the figure, the power generation modes (83 to S5) will have similar changes in
maximum tidal range. The tidal range will increase between 2 and 8 cm at the entrance of Minas
Basin and in Chignecto Bay, and between 2 and 4 cm in the lower Bay of Fundy. There is some

tidal range increase in the Gulf of Maine between 1 and 2 cm.

Scenario S0, where turbine gates are always closed and sluices are always opened, tidal range will
decrease in Minas Basin by 2 to 8 cm and increase by 1 to 2 cm for the rest of the Bay of Fundy
and the Gulf of Maine. If turbine and sluice gates are closed, S7, tidal range will increase by 4 to
8 cm in the Upper Bay of Fundy, 2 to 4 cm in the lower Bay of Fundy and 1 to 2 cm in the Gulf

of Maine.

By far the largest changes in water levels occur within the lagoon itself, where the tidal range is
reduced by several meters, relative to existing conditions. The exact tidal range reduction de-
pends on the operation scheme and the characteristics of the turbines and sluices. The estimated
reduction in tidal range is around 6.33 m for S3, 7.54 m for $4, 4.65 m for S5 and 2.98 m for S6.
The change in tidal range for S7 is not applicable since the water is still during the entire simula-

tion.
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Figure A.15: Changes in maximum tidal range for S3 to 7.



Results and analysis for §3 1o S19 132

B - Current velocity: Maximum and RMS current velocities
Figure A.16.a to Figure A.16.e shows the change in maximum current velocity in Minas Basin
for S3 to S7. There are minor differences in maximum current velocity between S3 to S7. The
maximum current velocity will be 2 to 4 cm/s slower to existing conditions. As illustrated, tidal

currents outside Minas Basin are very weakly affected, if at all.

The most noticeable velocity changes occur near the lagoons, both inside and outside the im-
poundment dikes. Within the lagoon, compared to existing conditions, peak velocities are gener-

ally higher near the powerhouse and lower in other regions within the impoundment.

The most significant velocity increases are shown to occur outside the powerhouse, adjacent to
the sluices and turbines. Higher velocities occur seaward of the powerhouse because of the de-
crease in water depth during the ebb tide as shown in Figure A.17. Outside the lagoon, com-
pared to existing conditions, peak velocities tend to amplify near the powerhouse and in certain

areas near the perimeter of the impoundment, while peak velocities are attenuated in other areas.
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C - Power output
The time-varying power outputs for scenarios S3, S4 and S5 are compared graphically in Figure
A.18. In this figure the power output computed from the finite-element modeling is compared
with the power output produced by the analytic model of plant operations (the “box” model)
described in Chapter 3. There are minor differences in power output between both models. As
illustrated in this time series, the maximum power output and the phase are not identical. The
phase difference between these models varies from 20 to 30 min at the start of the power gener-

ation and from 10 to 20 min at the end of the power generation.
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Figure A.18: Changes in maximum tidal range for S3, S8 and S9.

There are numerous reasons why these results are not identical. The water level from the box
model was simulated from 10 constituents from tidal station Five Islands which is located
around 50 km away from the site. This distance could potentially alter the power generation pe-

riod and alternate results. In addition, the box model is based on the assumptions that a volume
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of water let into the basin will raise the level of the basin by an amount equal to the volume let
in divided by the area of the basin at the time, i.e. spread uniformly over the basin. Furthermore,
large dynamic effects due to power extraction from the tidal lagoon is altering water level inside

Minas Basin, thus alternating results.

Table A.4 shows the average power output for both models. For S3, where the power operating
mode is two-way generation, the box model over-estimates the power output and the power
generation. As for S4 and S5, ebb and flood generation, the box model is actually underestimates

the power output and the power generation.

Table A.4: RMS power output and RMS power generation for S3 to S5.

Hydrodynamic Box model
model
Average power Average power
output output
Simulation (MW) MW)
S3 24291 260.62
S4 246.38 227.11
S5 171.98 166.89

E.2 Tidal lagoon size (S8 to S12)

E.21 Coastal lagoon
A - Water level: Maximum tidal range

Figure A.19.a to Figure A.19.c shows the change in maximum tidal range due to three different
coastal tidal lagoons. All of these lagoons are place approximately in the same location but have

different sizes.

The smallest lagoon, S3, has an area of around 26.66 km” and will increase tidal range between 2
cm and 8 cm at the entrance of Minas Basin and in Chignecto Bay, and between 2 cm and 4 cm
in the lower Bay of Fundy. There is some increase in tidal range in the Gulf of Maine between 1
cm and 2 cm. The coastal lagoon, S8, with an area of 35.10 m” will increase tidal range by 4 to 8
cm in the Bay of Fundy and 2 to 4 cm in the Gulf of Maine. The biggest coastal lagoon, S9, with
an area of 57.65 m” will increase tidal range by 8 to 16 cm in the Bay of Fundy and 4 to 8 cm in

the Gulf of Maine.
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Figure A.19: Changes in maximum tidal range for S3, S8 and S9.

D - Current velocity: RMS current velocity and residual currents
The RMS current velocity only changes in the vicinity of the tidal lagoon and in the Minas Pas-
sage. Figure A.20.a to Figure A.20.c shows the change in RMS current velocity in Minas Basin
for S3, S8 and S9. There is a decrease in current velocity by 1 to 16 cm/s in the Minas Passage
depending on the tidal lagoon layout and remains below 1 cm/s throughout most of the Bay of

Fundy and in the entire Gulf of Maine.
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Figure A.20; Changes in RMS current velocity for 83, S8 and S9.

Figure A.21.a to Figure A.21.c shows the change in RMS current velocity and shows residual
currents near the tidal lagoons for S3, S8 and S9. As mention before, the most significant veloci-
ty increases are shown to occur near the powerhouse, adjacent to the sluices and turbines. It’s
worth to note that although the number of turbines and sluices increases with respect to the
increase in lagoon size, the length of the powerhouse is always 2,000 m for all the simulations.
Hence, the flow concentration near the powerhouse will be higher for bigger lagoons compared
to smaller lagoons. Therefore, the magnitude of current velocity along the power house should

be taken with precaution.
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‘ Figure A.Zlg Changes in RMS current velo-citsf and residual currents for S3, S8 and S9.
E.2.2 Offshore lagoon
A - Water level: Maximum tidal range

Using the same approach as the coastal lagoon scenarios, Figure A.22.a to Figure A.22.c shows
the change in maximum tidal range due to three offshore tidal lagoon with different sizes. The
largest lagoon, S12, has an area of around 23.99 km” and will increase tidal range by 4 to 8 cm at
the entrance of Minas Basin and in Chignecto Bay, and between 2 cm and 4 ¢cm in the lower Bay
of Fundy and Gulf of Maine. The offshore tidal lagoon will have mixture of increases and de-
creases in tidal range in the Minas Basin. Although local change patterns are different, far-field

pattern changes are very similar to the coastal lagoon.
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Figure A.22: Changes in maximum tidal range for S10 to S12.

B - Current velocity: RMS current velocity and residual currents

The patterns in current velocities are very similar to the coastal simulations. Figure A.23.a

to

Figure A.23.c shows the change in RMS current velocity in Minas Basin for S10 to S12. There is

a decrease in current velocity by 1 to 8 cm/s in the Minas Passage depending on the tidal lagoon

layout and remains below 1 cm/s throughout most of the Bay of Fundy and in the entire Gulf of

Maine.
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Figure A.23; Changes in RMS current velocity for S10 to S12.

Figure A.24.a to Figure A.24.c shows the change in RMS current velocity and shows residual
currents near the tidal lagoons for S10 to S12. As explain in Section E.2.1, although the size of
the lagoon increases, the powerhouse length remains 2,000 m. The magnitude of current velocity

along the powerhouse should be taken with precaution.
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Figure A.24: Changes in ms cﬁrrent Velbcify and
E.3 Tidal lagoon location (S13 to S14)
A - Water level: Maximum tidal range

Figure A.25.a to Figure A.25.c shows the change in maximum tidal range due to three coastal

tidal lagoons at different location in the Minas Basin.

As shown in the figure, the hydrodynamic behaves very differently for each scenario. Scenario
S13, where the tidal lagoon is place on the north-eastern coast of Minas Basin, will increase tidal
range by 8 to 16 cm in Minas Basin, and it will increase by 4 to 8 cm in Chignecto Bay and lower

Bay of Fundy. In addition, tidal range will increase in the Gulf of Maine by 1 to 4 cm.

Scenario S14, where the tidal lagoon is place on the southern coast of Minas Basin, will increase
tidal range by 2 to 4 cm in Chignecto Bay, lower Bay of Fundy and Gulf of Maine. Tidal range

will generally decrease in Minas Basin by 1 to 2 cm.
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Figure A.25: Changes in maximum ﬂaal range for 83, S13 and S14.

B - Current velocity: RMS velocity
Figure A.26.a to Figure A.26.c shows the change in RMS current velocity in Minas Basin for S3,
S13 and S14.

The changes in velocity patterns from the Minas Passage towards to tidal lagoon are similar for
all the scenatios. Velocities have a tendency to dectrease by 8 to 16 cm/s in the vicinity of the
tidal lagoon and by 2 to 8 cm/s in the Minas Passage. The most significant velocity increases are
shown to occur near the powerhouse and along the impoundment depending on the tidal lagoon

layout and powerhouse configuration.
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Figure A.26: Changes in RMS current velocity and residual current circulation for S3, S13 and
S14.

E.4 Minas Basin (S§15 and S16)

A - Water level: Maximum tidal range
Figure A.27.a and Figure A.27.b shows the change in maximum tidal range due to three coastal
tidal lagoons and three offshore tidal lagoons, respectively. All the lagoons are place in Minas

Basin and their exact location and size are explained is Section 4.3.2.1.

By comparing the two figures, the scenario with the coastal tidal lagoons have larger impacts
than the offshore tidal lagoons. This is mainly due to the fact that the coastal lagoons are taken
2.63 more area than the offshore lagoons (coastal: 94.78 km? offshore: 36.03 km?). For the
coastal lagoons, the maximum tidal range will increase by 8 to 16 cm in the Bay of Fundy and 4
to 8 cm in the Gulf of Maine. As for the offshore lagoons, the maximum tidal range will increase
by 4 to 8 cm at the entrance of Minas Basin and in Chignecto Bay, by 4 to 8 cm in the Bay of
Fund, and by 2 to 4 cm in the Gulf of Maine.
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Figure A.27: Changes in maximum tidal range for S15 and S16.

B - Current velocity: RMS velocity and residual current circulation
Figure A.28.a to Figure A.28.b shows the change in maximum current velocity in Minas Basin
for S15 and S16, respectively. As illustrated, the pattern changes in current velocity at the en-
trance of Minas Basin are very similar. Only the magnitude and the extent of velocity changes

will differ. The maximum tidal cutrent in Minas Passage will be approximately 8 to 16 cm/s
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slower with the coastal lagoons and from 4 to 8 cm/s slower with the offshore lagoons. It’s also

worth to notice that there is an increase in velocity in Chignecto Bay by 1 to 2 cm/s.

a) S15 (Coastal) i SN

i

Changein

RMS current velocity

(m/s)
Above 0.16
0.08t0 0.16

| 0.04100.08

0.02 to 0.04

0.01 to 0.02

-0.01 to 0.01

-0.02 to -0.01
-0.04 to -0.02
-0.08 to -0.04
-0.16 to -0.08
Below -0.16

b) S16 (Offshore) L I

Changein

RMS current velocity

(m/s)
Above 0.16
0.08t0 0.16
0.04 to 0.08
0.02 to 0.04
0.01 to 0.02
-0.01 to 0.01
-0.02 to -0.01
-0.04 to -0.02
-0.08 to -0.04

‘Below -0.16

-0.16 10 -0.08

Figure A.28:

Changes in RMS current velocity and residual current circulation for S15 and S16.
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E.5 Chignecto Bay (S17 and S18)

A - Water level: Maximum tidal range
Figure A.29.a and Figure A.29.b shows the change in maximum tidal range due tidal lagoons in
Chignecto Bay. Different from S1 to S16, these lagoons are place in Chignecto Bay. More details

on the hypothetical scenarios in Section 4.3.2.2.

For the coastal lagoons, S17, the maximum tidal range will decrease by 4 to 8 cm in Minas Basin
and lower Bay of Fundy, and by 8 to 16+cm in Chignecto Bay. The maximum tidal range will
actually increase by 4 to 8 cm in the Gulf of Maine. As for the offshore lagoons, S18, the maxi-
mum tidal range impacts are smaller compared to the coastal tidal lagoons but the pattern
changes are similar. It will decrease by 4 to 16 cm in Chignecto Bay, and by 1 to 8 cm in the rest

of the Bay of Fundy. Maximum tidal range will increase by 1 to 8 cm in the Gulf of Maine.

B - Current velocity: RMS velocity
Predicted changes in the RMS velocity of the depth-averaged tidal currents coastal and offshore
lagoons operating in Chignecto Bay are mapped in Figure A.30.a and Figure A.30.b. The change
in velocity patterns differs from the S1 to S16. The change in velocity starts in Chignecto Bay
and spreads to the lower Bay of Fundy. Velocity tends to dectease by 8 to 16 cm/s in Chignecto
Bay and 1 to 4 cm/s in the lower Bay of Fundy. The RMS cutrrent velocity will decrease by 1 to

2 cm/s in Minas Passage and very weakly affected in the Minas Basin and Gulf of Maine.
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Figure A.29: Changes in maximum tidal range for S17 and S18.
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Figure A.30: Changes in RMS current velocity and residual current circulation for S17 and S18.

E.6 Chinecto Bay and Minas Basin (S19)

A - Water levels: Maximum tidal range
This scenario has six offshore tidal lagoons in the Bay of Fundy. More details on the hypothet-
ical scenarios are explained in Section 4.3.2.3. Figure A.31 shows the change in maximum tidal

range due offshore tidal lagoons in Minas Basin and Chignecto Bay. As illustrated, the patterns
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in tidal range change are a mixture between S16 and S18. The maximum tidal range will decrease

8 to 16+ cm in the Upper Bay of Fundy and increase 4 to 8 cm in the Gulf of Maine.
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Figure A.31: Changes in maximum tidal range for S19.

B - Current velocity: RMS velocity and residual current
Figure A.32 shows the change in RMS current velocity. As illustrated, the patterns in velocity
changes are a mixture between S16 and S18. Minas Passage will be approximately 8 to 16 cm/s
slower with the six offshore lagoons. The overall Upper Bay of Fundy will decrease RMS veloci-
ty by 4 to 8 cm/s. The most significant velocity increases are shown to occur near the powet-
house and along the impoundment depending on the tidal lagoon layout and powerhouse con-

figuration.
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Figure A.32: Changes in RMS current velocity for S19.



