HYDRODYNAMIC IMPACTS OF TIDAL POWER LAGOONS IN THE BAY OF FUNDY
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The Bay of FundyBoF) in easterrCanadaas long been recognisedasn e of t he worl dés premier | ocat
devel opment of tidal power generating systems, since it has s
proposals have been made in recent years to find economical ways to harness the thesereatnmely hightides

including constructing one or matieal powerlagoonsin theupper part of th®ay. Thetidal powerlagoon concept

involves temporarily storing seawater behind an impoundment dike and generating power by gradually releasing the

impoundedseawater through conventional khead hydroelectric turbines. A tigadwerlagoon will inherently

modify the tides and tidal currents in the vicinity of the lagoon, and possibly induce effects that may be felt

throughout the entirBoF and Gulf of MaineThe nature of these hydrodynamic impacts will likely depend on the

size of the tidal lagoon, its location, and its method of operdtianimportant to have reliable estimates of these

potential impacts, sinceng changes in tidal hydrodynamics caubgdh tidal lagoon may upset ecosystems that are

well adapted to existing conditioriBhe scale and character of the potential hydrodynamic impacts due faotigkl

lagoons operating in tHeoF have not been previously investigat&tis papempresentshe results oftudy in which

a 2D (depthaveragedhydrodynamic moddbased on the TELEMAC modelling system vivelopedand appliedo

analyze predict and quantify the potential changes in tidal hydrodynamics (water levels;atidye, circulation

paterns and tidal currentf)roughout the Bay of Fundy and Gulf of Maihee to the presence of a single tidal

lagoonandmultiple lagoons operatinat various locations theupperBoF. Thesensitivity to changes in lagoon

type, size, location, the numbef lagoons, and theaperating modevas alsanvestigatecand established he final

purpose of this novel study toassiswith decisions concernintipe development of the vast tidal energy resources

available in theBay of Fundy Canada
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INTRODUCTION

The Bay of FundyBoF), located on the Atlantic coast of North America, between the Canadian
provinces of Nova Scotia and New Brunswitkyrenowned for ts large tides, which are among the
wo r | d 6 qFigura I) Bhe Buhdy tides are semdiurnal; twice each day roughly 115 billion toas
of seawater flow in and out of the 2k long Bay. The tidatangenear BurntcoatHead, located in
Minas Basin, can excedd m during spring tidesThe natural geometry and bathymetry of By of
Fundyare the main factors responsible for produdingsevery large tides. ThdoF, together with
Gulf of Maine (GoM), forms a funnel wth a natural period of approximately h8urs, close to the
12.42 hour period of the Midal forcing. The large tides are a result of the meaonant response of
the BoFGoM system to the Mtidal forcing (Garrett1972) Because of the large tidal rangad the
strong tidal currents that arise in certain locations, the Bay of Fundy has long been recognized as an
ideal site for tidal renewablenergy projects.

In the early 1970s, a series of technical and economic assessments were perfonvestigae
the feasibility and environmental impacts of a potential lagae tidal barrage in the Bay of Fundy
(BFTPRB1977) From these studies, it has been shown that small changes in the geometry of the Bay,
associated with the construction of a tidal barrageuld produce significant changes in tidal
amplitudes as far away as Boston. It was concluded that the development ofscédegidal barrage
was considered potentially hazardous to the surrounding ecosystem and with inadequate funds to start
the prgect, the project was never implemented. Although a laogde tidal barragevas not
constructeda smallerscale tidal barrage was completed at Annapolis Royal, Nova Scotia in 1984. The
AnnapolisRoyaltidal barrage remains one of three tidal power glaperating worldwide.

Tidal Power Lagoon Concept

Presently, there is considerable interiesthe idea ofimplemening tidal power lagoons in the
upper Bay of FundyThe tidal lagoon conceji amorerecent approach to tidal power conversion that
attempts tosolve some ofthe environmental problemassociated withtidal barrage. Rather than
blocking off a section ofthe Bay with a barrage, the tidal lagoaoncept involves constructing a
circularimpoundment structur@ rubblemounddike or caisen) and a powehouse containing sluices
and conventional lovinead hydroelectric generating equipment, situated a mile or more offshore in an
area with shallow depths and high tides. A tiplalverlagoon may also be attached to the shore, so that
the shoréne forms a part of the impoundme(fitigure 2) Although tidalpowerlagoons are generally
thought to beechnically feasible, their environmental impacts have not been investigated in detail
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Figure 1. Map of the Gulf of Maine and Bay of Fundy showing Spring tidal range.
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Figure 2. Conceptual layout of offshore and coastal tidal power lagoons.

In 2006,Delta Marine Consultants (DMGyasretained byTidal Electric CanadalEC) to assess
the feasibility of constructing tidal power lagoons in tgper Bay of FundyDMC 2007) DMC
proposed constructing a tidal lagoon on the tidal flats along the northern shore of Minas Basin between
Five Islands and Economy Pointarious plant layouts were investigated, including lagoons with
single and multipldasins and lagoons with direct and rectifflmiv through the power station. They
concluded that a single basin with dirlow through the power station would be most cost efficient
for the Minas Basin site. DMC developed conceptual designs for two Hatypes: a) an offshore
lagoon comprising a power station and akf# circular impoundment enclosed by a 1K@ long
dike detached from the shore; and b) a coastal lagoon comprising a power station akoh’a 24
impoundment formed between a 1812 long dke and the existing shoreline. According to DMC, a
12 km? offshore lagoon fitted with fourteen 7ns diameter bulb turbine generators (up toV\¥ each)
and 15 sluice gates (56° area each) would havemeak output of 28MW and anaverage power
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output d approximately 128MW. The larger coastal lagoon, equipped with twefotyr 20MW bulb
turbines and 15 sluices, is estimated to have an average power output of approximatély ,22d
peak output oi80 MW .

Any large tidal power lagoon operating in thpper BF will likely modify the tides and tidal
currents near the lagoon, and could perhaps create effects that are felt throughout the e@o& BoF
region. The nature of these hydrodynamic impacts will likely depend on the size of the tidal lagoon, its
location, and its method of operation. Changes to the tidal hydrodynamics may also affect the
movement of sediments aiod alter natural ecosystems that are presently well adapted to existing
conditions.

Previous Investigations

Severaluthors have devahed numerical models to simulate tidal hydrodynamics in the GoM and
BoF over the yearsGreenberg (1979%stimated changes in the tidal range throughout the BoF and
GoM associated with various proposals to construct largé lim@ages in the upper part of the BoF.
Because of the neaesonant state of the existing system, it has been shown that small changes in the
geometry of the Bay, associated with the construction of a tidal barrage, could produce significant
changes initlal amplitudes as far away as Boston.

Karsten et al. (2008applied a thregimensional model to investigate the energy that could in
theory be extracted from the tidal flows at Minas Passage, knbwide channel located dhe
entrance to Minas Basin in the upper part of the BoF. They showed that the energy that could (in
theory) be recovered exceeds the kinetic energy associated with the undisturbed flow through the
Passage by a factor of three or more. They also devetetsibnships between the amount of energy
dissipated at the Passage and the change in the tidal range at various locations throughout the BoF and
the GoM.

Cornett et al. (2010dleveloped detailed twaand threedimensional mdels of the tidal flows in
the BoF and applied these models to delineate and assess the considerable kinetic energy resources
around the Bay associated with the energetic tidal currents.

Xia et al. (2010cpandFalconer et al. (2009)ave examined the potential hydrodynamic impacts on
the Severn Estuary due to several different proposed renewadlgy projects, including a large
coastal lagoon. The Severn Estuary is another idieafasi tidal renewablenergy projects, since it has
the third highest tidl range in the world, with a spring tide amplitude approaching Theyuseda
two-dimensional finite volume numerical model and applied it to forecast the hydrodynamic impacts
due to several different power projects. Theyodelled a large coastal lagoon with an area of
approximately 8&m? and an installed capacity of 1,580W, and concluded that the lagoon would
have little influence on the hydrodynamic processes in the Severarigst

Xia et al. (2010agxamined the impact of constructing a very large tidal barrage across the Severn
Estuary. They refined a twdimensional hydrodynamic model and used the model to simulate the tidal
hydrodynamics with r@d without the barrage. They concluded that discharges, water levels, and tidal
currents would all decrease significantly above the barrdge.et al. (2010b)also discused the
influence of alternative operating modes the hydrodynamic impacts of a large tidal barrage across
the Severn Estuary. After considering various factors, they conclude that, for efficient electricity
generation and reduced flood risk, ejgmneration or bdirectional generation are preferreceo¥lood
generation.

Present Study Objectives

Previous studies have suggested that large tidal barrages locateduipp#reBoF could have
important impacts on the tides and tiddated processes in the BoF and GoM. However, recent studies
from the UK sggest a large tidal power lagoon located in the Severn Estuary would have little
influence on the hydrodynamic processes in the Estudmg. scale and character of the potential
hydrodynamic impacts due to tidal lagoons operating inufger Bay of Fundyhave not been
investigated and remain unknown.

This paper presents results from a study undertaken to addredsstiésThe study uses
numerical model to investigate the changesydrodynamics throughout the BoF and GalMe to
several hypothetical development scenarios involving the presence of a single tidal lagoon, or multiple
lagoons, operating in the upper BoF. The extent of the changes due to different scenarios involving
several number, size and location of lago@swell as their operating mode is also investigated. The
final purpose of this novel study is to assist with decisions concerning the development of the vast tidal
energy resources available in the BoF.
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MODEL DEVELOPMENT AND CALIBRATION

In this study, idal hydrodynamics in the BoF and GoM have been simulated using a numerical
model based on the TELEMA@odelling system, developed by Electricité de Frarfekervouet
2007) Most phenomena of importance in fre@rface flows can be included in this modelkis as the
friction on the bed and lateral boundaries, wind stress on the free surface, Coriolis force, turbulence,
and density effects. The dynamic wetting and drying of the tidal flats influences the tidal
hydrodynamics in the upper part of the Bay, #mekse processes were included in the TELEMALL
simulations.

TELEMAC-2D employs finiteelement methods to solve the Saitgnant equations over a
computational domain subject to initial conditions and boundary conditions. Since the computational
domain isrepresented by a flexible unstructured triangular mesh, a higher spatial resolution can be used
in areas of special interest and where spatial gradients are large (i.e., near shorelines), while a lower
resolution can be used in areas of lesser interestSaimtVenant equations can be written as:

%+&i§(h)+h®iv(®:$1 (1)
WL Geslu)=- g¥Z + s, + Ldivfhybu 2
L HU()=-gtles o vihvBu) @)
W G =- g v s+ Laiihuey 3
L UOW)=-gt s e vihyev) 3

where h = total water depth (m)x, y = horizontal space coordinates (mj; v = depthaveraged
velocities inx, y direction, respectively (m/s)y = gravity acceleration (s v, = momentum
coefficients (Mf/s); Z = free surface water elevation (m) time (s);S, S andS, = source term (mfs

In this study, the effects of bed friction and Coriolis force actuged in the source terms. The eddy
viscosity was calcutad using the Smagorinsky mod&magorinskyl963) The wetting and drying of
inter-tidal flats was also included in timeodelling

Computational domain

The computational domain spans a 235,@88 area extending from Providence, Rhode Island, to
Halifax, Nova Scotia, and it includes the Bay of Fundy and the entire Gulf of MainEi(gee 3. The
offshore boundary was set beyond the edge of the continental shelf so that the model could be used to
assess the hydrodynamic impacts along the entire -BoM coastlineln general, smaller elements
were used to provide a higher resolution in shallow coastal areas and in the upper Bay of Fundy, while
coarser elements were used further away from the cdast. @lements were also generated along the
continental shelf to accurately reflect the bathymetric variability in this red@eweral different
unstructured model grids were developed for this study, representing both existing conditions without
lagoonsand hypothetical future conditions with one or more lagoons operating in the upper part of the
Bay. The grid of existing conditions consists of 108,993 nodes and 205,148 triangular eleménts vary
in size from 50m to 10km.

The elevation of the seabed svapecified at each node. The intieial areas up to the highest
astronomical tide (HAT) shoreline were included in the model domain. The elevations were derived
from an integration of data from the following sources:

Geobase Canadian Digital Elevationt®a

USGS National Elevation Dataset,

CHS Multibeam Bathymetry,

CHS Nautical Charts,

NOAA Soundings and Electronic Navigational Charts, and
BODC Gridded Bathymetric Chart of the Oceans.

The first two datasets were used to define the elevations whthimtertidal zone. 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 tdlifferent tidal datums and were adjusted to Universal Transverse Mercator
North American Datum (NAD) 83 (Zone 19) coordinates in the horizontal plane and referenced to
North American Vertical Datum of 1988 (NAVD 88) in the vertical plane.

oukhwnE
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Figure 3. Computational domain and variable mesh resolution.

Boundary Conditions

Many previous researchers considered only the tMal constituent when studying the
hydrodynamic impacts due to tidal power projects in the Bay of F(@dyenberdgl979; Sucsy et al.
1992;Greenberg et al. 1997)he M, constituent is certainly dominant and contributes over 80% of the
total tidal energy in the uppeBay (Zhang et al. 2003)However, in order to achieveealistic
predictions other constituents must be lmded as well.Hence, he tidal flows due to the M
constituent and nine other leading constituents have been considered in the present study. Sea surface
elevations and initial deptaveraged currents were interpolated along the open ocean boundary using
harmonic constants for ten leading constituents, (Nb, S, Ky, 05, Ky, Ly, 2No, NU,, My). The
boundary conditions were calculated from model results produced by aidigfated finiteelement
tidal circulation mode(Dupont et al. 2005)This 2D tidal model has a domain covering the GoM,
BoF and part of the Scotian Shelf, and assimilates tidal constituents derived from sea level observations
made by the TOPERoseidon altimeter. Freshwater inflofksm rivers are insignificant relative to the
tidal flows, and wereeglectedn the present study.

Model Calibration and Validation

The model was calibrated by adjusting the bottom roughness in different parts of the domain to
minimize the error in tidrange and timef-t i de bet we en tiohseandwater Eeveldise pr edi ¢
histories for 150 NOAA/DFO tidal stations distributed throughoutcttraputationalomain. For each
tidal station, model results were compared to predictions synthesized from harmonic constants
established by DFO and NOAA. Thensa set of 10 constituents (MN\,, S, Ky, 01, K, Ly, 2N,, NU,,
M,) used to drive the numerical model were also used to generate the target water level time histories
for each tidal station. The Stri cklusteddvshvaluesu ghness c
ranging from 20 to 40 in order to minimize the calibration errors throughout the domain. The
characteristics of the seabed were taken into consideration when selecting the bottom roughness
coefficient for each area. A model time stepteri seconds was chosen to ensure numerical stability.
Tides were simulated fqreriodsof 28-days in order to capture two full sprimgap tidal cycles.

The model was first calibrated for the,¥dal constituent alone, and then for all 10 constituents
combined together. The model was calibrated to predict tides over a 28 day period in 2007, carefully
selected to include average spring and neap tides. Once successfully calibrated, the model was
validated by predicting the tides over 3 different 28 day peribigure 4 shows two examples of the
results obtained. 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 timing, are predicted
with good preision. The depth averaged tidal currents predicted by the model were also compared with
available ADCP data for several sites in Minas Passage. The agreement between the measured and
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modelledcurrents was satisfactogee Figure 5)Based on these resylit was concluded that the

calibrated model is able to predict tidal fluctuations throughout the Bay of Fundy and Gulf of Maine
with good accuracy.
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Figure 4. Simulated and observed water levels at two sites.
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NUMERICAL SIMULATIONS OF TIDAL POWER LAGOONS

In addition to the grid of existing conditions, thirteen other grids have been developed to represent
various hypothetical scenarios inding one or more tidal lagoons. The lagoons melled by
refining the mesh locally to a resolution of 1®0along the impoundment dike and around the
powerhouse. The mesh is only refined near the lagoon and remains unchanged away from the lagoon.
The dke and powerhouse are idealized in the model as vertical stdetturesSimilar to Xia et al.
(2010b) the interior of the lagoon isodelledas a suldlomain that is disconnected from the main
domain outside the lagoon. Multiple pairs or sources and sinks are defined to transfer seawater between
the two domains, simulating the flows through the sluices and turbines within the powerhouse. For

each lagoon layout, the powerhouse was assumed to have turbines located centrally between the sluices
as shown in Figuré.
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Figure 6. Domain decomposition and grid refinement near the dike.

In these simulations, the discharge through each sée given by:

Qs =CsA{2gDH 4

where C is the discharge coefficient for a sluicd;is the crossectional area (5619); g is the
acceleration due to gravity (9.866<); and His the difference in water level across the powerhouse.
Although not entirely realistic, a constant discharge coeffigBaat0.75was assumed in this study for
simplicity.

The performance of a turbine is often defined as
speed and efficiency. These charts based largely on physical and computational fluid dynamics
models. However, detailed information on the performance of turbines and generators for tidal power
schemes is difficult to obtain due to the desire by manufacturers to maintain confidentiality. An
idealized but realistic turbine performance curve has been developed for use in this study, based on
data fromBaker (1991) which hasbeen adapted to suit the case where the maximum power output to
the generator is 20IW, the minimum operating head is, and the normal operating head im6
The turbine performance curves employed in this study are plotted in Figiirean be seen from the
figure that the power increases with increasing water head up to a head, @n@then the power
remains constant at 20W for heads above 8. The discharge through the turbine also reaches its
maximum value when the water head is arouna &nd decreases for both smaller and larger heads. In
this study, efficiencies of 90% on lagoautflow and 80% on lagoon inflow were assumed. The
turbine performance curves were employed in the numerical simulations to regulate the discharge
through each turbine asfunction of the water head across the powerhouse, and to compute the power
outputat each time step.

Operating modes

Tidal lagoons can be operated in several different modes, including ebb genefiatain,
generation and twway generation. Ebfeneration is used at the Annapolis Royal Tidal Generating
Station. For eblgeneration, thesluices are used to fill the lagoon during flood tide, and power is
generated only during ebb tide. For flood generation, power is generated during flood tide only, and the
lagoon is drained during ebb tide. For tway generation, power is generated wfillimg the lagoon
during the flood tide and when draining the lagoon during the ebb tidewkayaeneration requires
that the turbines are operated in both forward and reverse directions. Theaywpmwer generation
protocol is depictedin Figure 8. Each tidal cycle comprisesight stages: holding, generating,
generatingeleasing,releasing, holdinggenerating,generatingfilling, and filling Each generating
stage begins when the head difference across the powerhouse exceeds a minimum valuetcassumed
2 m in this study; and ends when the head difference falls below a miniewai &lso assumed to be
2m.



