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Abstract

In this study, we employed a 3-D and two-way nested Regional Ocean
Modeling System (ROMS) to address several important outstanding issues
regarding tidal energy development in The Gulf of Maine. We investigated
the impact of projected sea-level rise (SLR) on the energy resources of the
region, and examined how tidal dynamics will be influenced by energy ex-
traction and/or SLR. Further, we assessed whether the effect of SLR on the
generation of tides in the ocean (hence at the boundary of the region) is
significant in these assessments. We find that the impact of SLR exceeds the
impact due to energy extraction in the Gulf of Maine - even when consid-
ering very large energy extraction, of order 3.0 GW, in the Minas Passage.
Although results showed that energy extraction does not significantly in-
crease the amplitude of the tides in the far-field, a drastic change in the Bay
of Fundy (e.g. full blockage) can lead to considerably higher amplitudes of
tides (around 35 cm, or 12 %). As a result of 1 m SLR, the theoretical tidal

energy resources in some areas, including the Bay of Fundy can increase no-
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ticeably while any significant change in extracted energy highly depends on
the turbine technology.

Keywords: Tidal energy, sea-level rise, ROMS, Gulf of Maine, Bay of
Fundy, Minas Passage

1. Introduction

Over the last decade, tidal-stream energy development has attracted
much interest in the offshore energy sector due to its predictability and lower
visibility compared with offshore wind. However, due to limitations of ex-
isting technologies, it is not yet technically feasible to exploit the majority
of the global tidal energy resource. Therefore, academic research and in-
dustrial research and development (R&D) have mainly focused on a few sites
around the world where tidal current speeds regularly exceed 2.5 ms~! during
a spring tidal cycle [1].

The Bay of Fundy in the Gulf of Maine (Fig. 1) is an example of a
region that is feasible for tidal energy development. The free mode oscillation
frequency of this bay is relatively close to that of semidiurnal lunar (M2) tidal
component (the dominant tidal harmonic in the region), which leads to tidal
resonance [2]. Consequently, tidal range and tidal current velocity reach
extreme values in the Bay of Fundy: about 16 m in the Bay of Fundy [3]

U'in Cape Sharp, Minas Passage [4], respectively. The

and exceeding 5 ms~
Annapolis Tidal Power Plant has been operating in this area since 1984 with
a capacity of 20MW (Fig. 1). Several research projects have been initiated
in this area to test tidal energy devices. The Fundy Ocean Research Centre

for Energy (FORCE) is the leading center assessing the performance of tidal



turbines operating in the Bay of Fundy. Several tidal energy devices have
been tested in the FORCE site to date. For instance, Cape Sharp Tidal
deployed a 2 MW tidal stream turbine in November 2016 and retrieved it in
June 2017 in this site.

An ideal goal of tidal energy development is generation of electricity at a
commercial scale using arrays of turbines with minimal hydro-environmental
impacts. Having an extreme tidal range of 16 m, the Bay of Fundy is among
a few sites around the world with such a potential. Therefore, several studies
have assessed the available tidal stream resource in the Bay of Fundy (e.g.
[5, 4, 6, 7, 8, 9]). In theory, it has been estimated that up to 22 kW /m?
of time-averaged tidal-stream energy density, corresponding to a peak of 7
GW of total available theoretical tidal power, resides in the Minas Passage
[5, 4, 10].

While the consensus among researchers is that there is minimal hydro-
environment impact associated with the deployment of a single tidal energy
device [11, 12, 13], there is a major concern about impacts of tidal energy
extraction at larger (array) scale (e.g. [14, 15]). Consequently, several stud-
ies have investigated the impact of large-scale energy extraction in the Bay
of Fundy [16, 17]. For instance, Karsten et al. [10] simulated an array of
tidal-stream turbines on a 10 km grid in the Minas Passage, using the Finite-
Volume Community Ocean Model (FVCOM [18]), to investigate the impact
of 7.0 GW of power extraction in the Gulf of Maine. Chen et al. [18] pre-
dicted up to 15% increase in the amplitude of tides in the far-field, along
the northeast coast of the US. A threshold of 2.5 GW of power extraction

was suggested to avoid significant adverse effects in tidal dynamics; partic-



ularly, an increase in the amplitude of tides which leads to increased flood
risk. Other researchers have also indicated that large amounts of energy ex-
traction in Bay of Fundy (around 7 GW) will result in an increase of far-field
tidal amplitudes [8].

In addition to tidal energy extraction, SLR can change the dynamics
(e.g., generation and propagation) of tides in the Gulf of Maine, and globaly
[19, 20, 21, 22, 23]. Wilmes [24] simulated changes in the amplitude of tidal
components (M2 principal lunar semidiurnal, and K1 lunar diurnal), and
amphidromic points using a global tidal model (see also Wilmes et al. [25]).
Wilmes et al. [25] estimated that the M2 amplitude will increase by around
10 ¢m in the North Atlantic Ocean, and reduce by around 7 cm in the Indian
Ocean, assuming 1 m SLR on average. Changes in the K1 component were
estimated in the range of -2.5 cm to 2.5 cm, and likely to occur in coastal
areas with a natural basin configuration (e.g., South East China Sea, Arafura
Sea, and Sea of Okhotsk). Because tidal energy extraction and SLR can
both change the dynamics of tides in the future, it is reasonable to consider
them together in any impact assessments, whereas the majority of studies
have ignored the effect of SLR in tidal energy resource/impact assessments
(e.g., [4, 8, 5, 10, 16, 17]). However, Pelling and Green [9] considered the
combined impact of SLR and power extraction of 7.1 GW in the Bay of
Fundy. The simulations were performed by increasing water level scenario
using a relatively simple 2-D depth averaged ocean model (which applies a
relatively simple current calculation method compared to a 3-D model) with
a resolution of 1-arc minute. Up to 0.5 m increase in the tidal amplitude was

predicted along the US coastline in the Gulf of Maine due to tidal-stream



energy extraction in combination with 2 m SLR. Pelling and Green [9] did
not include the impact of SLR on the global dynamics of tides, which affects
the open boundary of the tidal model, and did not assess the impact of SLR
on tidal energy resources. SLR can also impact the spatial and temporal
variations of tidal energy resources. Very few studies have investigated the
effects of SLR on tidal energy resources in other regions [26, 27].

As the Gulf of Maine is one of the most promising tidal energy sites in
the word, in this study we employed an three-dimensional (3-D) modeling
system to address a number of important unresolved issues regarding tidal
energy resources and the impacts of tidal energy extraction in this region.
We applied a 3-D ROMS (Regional Ocean Modeling System [28]) two-way
nested (to examine far-field impacts) model, and investigated, 1) the impact
of SLR on the energy resources of the Gulf of Maine, 2) how tidal dynamics
will be influenced by energy extraction, and 3) if the effect of SLR on the
generation of tides (at the boundary) is significant in these assessments, since

it was ignored in previous studies.

2. Numerical model of the Gulf of Maine

2.1. Study area

The study area is the Gulf of Maine, extending from 71° W to 63° W
and 41° N to 46° N, covering the Scotian Shelf, Georges Bank, Jordan
Basin, and the Bay of Fundy (Fig. 1). Eleven permanent tidal gauges
(tidesandcurrents.noaa.gov) and four offshore observation buoys (neracoos.
org) that were used for the model validation are shown in Fig. 1. Some im-

portant studies/projects regarding tidal energy development in the region
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Figure 1: Map of the Gulf of Maine and its bathymetry. The red line shows the approxi-
mate length of the Bay of Fundy, black triangles denote tidal-gauges, and red squares show
offshore observation buoys. The numbers show some of the sites that have been studied
previously: (1) Annapolis Royal Tidal Power station [29]; (2) FORCE site; (3) Brooks [6];
(4) Brooks [7]; (5) Hagerman and Bedard [30]; (6) Cornett et al. [31]; and (7) Cornett
et al. [4]



are also highlighted on this figure.

Tides in the Bay of Fundy are strongly semi-diurnal. It has long been
known [2, 3, 32] that the significant tidal energy potential of the Bay of Fundy
is due to tidal resonance. The natural oscillation period of the bay can be

approximated as [33],
4L

Var “>

where L is the length of basin, g is the gravity and h is the depth of basin.

,-Tn:

Assuming 250 km as the length, and 50 m ~ 55 m as the (mean) water
depth, the natural free oscillation period will be 12.25 hr which is (considering
oversimplification of Eq. 1) the period of the lunar semidiurnal tide (M2),
i.e., the main component of the tide in the region. As a quick estimate, one
can see that adding 3 m of water depth (e.g. due to future SLR) would
reduce the period by about 30 minutes, and therefore, will change the tidal

dynamics in the Gulf.

2.2. Tidal modeling

To simulate the tides and tidal energy extraction, ROMS (Regional Mod-
eling System) was applied. ROMS solves the three-dimensional Reynolds-
averaged Navier Stokes (RANS) equations with hydrostatic and Boussinesq
assumptions [28]. ROMS, unlike 2D depth averaged models, can capture
the vertical structure of the flow and other processes such as turbulence and
secondary flows [34]. The model applies a split-explicit time scheme on an
Arakawa-C horizontal grid combined with terrain following (sigma) layers in
the vertical. As a regional ocean model, ROMS has several capabilities in
simulating ocean physics, such as tides, barotropic/baroclinic currents, and

sediment transport.



2.83. Model implementation

ROMS has been used extensively for resource assessments and /or impact
analysis of tidal energy studies around the world (e.g. [34, 35, 36]). The
ROMS model of the Gulf of Maine was based on a two-way nested modeling
system [37], which can increase the accuracy in the regions ofd interest with
minimum additional computational cost. Two-way nesting is necessary to
examine how changes in the child domain affects far-field areas in the parent
grid.

A parent and a child domain with horizontal resolution of 1- and 1/3-
arc minute, respectively, were created (Fig. 2). Both grids have 11 sigma
layers in the vertical direction to provide sufficient details in current profile
calculations. The grid construction, and other preprocesses were carried out
using ROMS-AGRIF ([38]; www.croco-ocean.org). Model bathymetry was
based on the l-arc minute NOAA coastal relief model and 15 arc-second
USGS bathymetric dataset for parent and child grid, respectively. To save
the computational cost, wetting and drying [39] was not included in all
simulations while a sensitivity analysis to this process was carried out and
will be discussed later. The quadratic drag coefficient was set uniformly to
0.003. This selection was based on previous applications of ROMS at this
scale (e.g., [40]) and was examined in the validation stage. For the turbulence
closure model, the generic length closure model was set to the x — ¢ model
(p = 3, m = 1.5, and n = —1; [41]). Numerical time steps were set to
60 and 20 seconds for the parent and the child grid, respectively. The open
ocean boundary was forced with 10 tidal constituents extracted from TPXO7

global tidal datasct (volkov.oce.orst.edu; [42]). Chapman and Flather



boundary conditions, were applied at the open boundary of the domain for
water elevation and velocity, respectively. The tidal components included
M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm which were used to validate the
model against observed data. For simplicity, only the M2 component, which
is the main tidal constituent of the region, was included in the analysis for the
future scenarios (e.g., SLR and tidal energy extraction); however, for more
realistic localized simulations (e.g., SLR impacts on flooding), additional
tidal constituents and higher resolution models that simulate wetting and

drying should be employed.
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Figure 2: ROMS two-way nested domains for tidal simulations in the Gulf of Maine.
The blue line shows the open ocean boundaries of the parent grid (1-minute resolution)
and the red line denotes the nested 1/3 arc-minute child grid. Color scale represents the

bathymetry.

To represent an array of tidal-stream turbines in the regional ocean model,
we implemented a relatively simple methodology based on an additional drag
coefficient [5, 14, 43, 44]. The additional drag represents the total energy loss
caused by the installation of an array (i.e., extracted energy and dissipated

energy in wakes etc.). Further details about the evaluation of this additional

9



drag is discussed in Section 3.3. There are several alternative methods to
simulate turbines in regional ocean models such as quadratic Rayleigh friction
[8], and 3-D representation using the actuator disc theory [45, 46]. However,
because the far-field impact of tidal energy extraction was the focus of this
research, simple representation of turbines as an additional sink of energy
(i.e., enhanced bottom friction) seemed reasonable. Further, the energy flux
before and after implementation of the tidal-stream array was calculated
based on the ROMS model to make sure that the simulated energy extraction

was equal to the assumed energy extraction of the array.

2.4. Validation

Model results were compared with observed data at 11 water elevation
gauges and 4 offshore observation buoys that are shown in Fig. 1. Because
models and observed data are associated with several sources of uncertainty
(e.g., model resolution, model input data, missing physical processes and
simplifications in the model, and errors in measured data), discrepancies are
usually expected between model results and observations. However, a model
prediction should reasonably agree with the observed data within an accept-
able range for error (e.g., those previously reported in other studies). For
validation, the ROMS model was run for a duration of 30 days (about 1
month period is recommended by the International Electrotechnical Com-
mission (IEC) to assess current velocity at a tidal energy site [47]). The root
mean square error (RMSE) and scatter index (SI) were used to assess model
performance. Lastly, bias, and mean bias error (MBE) were also calculated

to determine the impacts of energy extraction and SLR with respect to the

10



present. The validation parameters are defined as follows:

» (Xobs _ Xsim)2
= 2
RMSE \/ ¥ (2)
RMSE
SI= Xobsv (3)
) (Xobs _ Xsim)
MBE = ~ (4)

where X and X*™ are observed and simulated data, respectively, and N
is the number of data points.

Rather than using time series, tidal harmonic analysis was carried out
to estimate the tidal constituents based on the observed and modeled data.
This method gives a better assessment of model performance, since tidal
components are not limited to the period of simulation. Tidal analysis was
performed using T_Tide MATLAB code [48]. Fig. 3 and Table 1 show the
comparison of simulated and observed data for the two major semi-diurnal
tidal constituents: M2 and S2. The corresponding MBE, RMSE, and SI for
the M2 amplitude are 8.7 cm, 19 cm with 7%, respectively. For the M2 phase,
the MBE, RMSE and SI are 4.4°, 11.8°, and 11%, respectively. The model
showed a larger error for the S2 component. However, the contribution of S2
in tidal signal is much less than M2. Therefore, based on these metrics, the
model performance was considered convincing, and comparable to previous
numerical tidal studies in the area, which estimated about 12 cm, or 10% for
the uncertainty of the M2 amplitude (e.g., [5, 49, 50, 51]).

Using the tidal current data at the observational offshore buoys, tidal
ellipse parameters (which represent tidal components for velocity [48]) were

calculated for the observed and the simulated depth averaged velocities at

11



NO1, M01, B01, and EO1 buoys (Fig. 1). The comparison of tidal ellipse
parameters, for observed and predicted data, is shown in Table 2. Fig. 4
also provides visual comparison of tidal ellipses. As can be seen, the model

performance in terms of predicting the magnitude of velocity is good. On
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vation data. Each point represents a tidal-gauge in the domain (see Fig. 1). a) Tidal

amplitude, b) Tidal phase, and c) time series of water elevation at Minas Basin.
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Table 1: Details of validation of model results based on the simulated tidal components.

Constituent Location Observed Simulated Bias

Amplitude Phase  Amplitude Phase  Amplitude Phase
(m)  (°) (m)  (°) (m)  (°)

M2 Portland 1.365 102.500 1.439 101.729 0.074 -0.771
Eastport 2.698  98.700 2.352  95.917 -0.335  -2.783
Nantucket 0.439 134.700 0.563 114.775 0.124 -19.925
Boston 1.398 109.400 1.424 108.108 0.026  -1.293
Chatham 0.841 132.800 0.964 118.929 0.123 -13.871
Cutler Farris 2.034  93.400 1.967  93.356 -0.004 0.044
Yarmouth 1.630  63.000 1.736  70.592 0.106 7.592
Grindstone 4.860 104.400 4.646 111.0 -0.214 6.578
Advocate Harbor 4.340 102.000 4.170 106.592 -0.170  4.592
Minas Basin 5.540 120.800 5.262 133.345 -0.278 12.545
Economy 5.920 125.400 5.578 137.626 -0.342  12.228

MBE 0.087  4.398
RMSE 0.199 11.887
SI 7% 11%

S2 Portland 0.206 138.500 0.229 157.912 0.023 19.412
Eastport 0.420 139.300 0.371 156.716 -0.049 17.416
Nantucket 0.047 166.700 0.078 170.044 0.031 3.344
Boston 0.213 146.200 0.227 164.040 0.014 17.840
Chatham 0.109 172.300 0.151 177.803 0.042 5.503
Cutler Farris 0.309 131.000 0.310 153.396 0.001  22.396
Yarmouth 0.275 104.227 0.203 117.473 0.072 -13.246
Grindstone 0.752 156.023 0.528 168.707 0.224 -12.683
Advocate Harbor 0.670 151.391 0.461 163.036 0.209 -11.645
Minas Basin 0.860 176.939 0.558 203.638 0.302 -26.699
Economy 0.919 184.027 0.597 206.811 0.322 -22.784

MBE 0.132  -9.746
RMSE 0.173 13.810
SI 40% 9%

average, the error associated with the inclination angle of the ellipse is around

7°, which is also acceptable. Nevertheless, performance of tidal models in
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predicting water elevation is often better than velocity (due to higher spatial
variability of the velocity field) as is the case here and elsewhere (e.g. Karsten

et al. [5], Hasegawa et al. [8]).

Table 2: Comparison of tidal ellipse parameters based on the observed and predicted

currents for the main tidal constituent, M2.

Buoy Observed Simulated Bias
Major Inclination Major Inclination Major Inclination
axis (m) angle (°) axis (m) angle (°) axis (m) angle (°)
NO1 0.429 151.330 0.533 140.532 -0.104 10.798
MoO1 0.211 95.545 0.205 92.860 0.006 2.685
BO1 0.048 120.483 0.059 122.408 -0.011 -1.925
EO01 0.053 68.643 0.083 78.145 -0.031 -9.502
MBE -0.035 0.514
RMSE 0.054 7.379
SI 29% %

3. Results

Through the application of the ROMS model, tidal dynamics and tidal
energy resources in the Gulf of Maine will be presented first. The impact of
SLR on tidal energy resources, and the effect of tidal energy extraction (com-
bined with SLR) on the dynamics of tides will be discussed, subsequently.
Some factors such as the significance of SLR on generation of tides (e.g.
boundary forcing) that were ignored in previous studies will be considered
in more detail. For simplicity, we limited these discussions to the M2 tidal
constituent which is the major component of the tidal energy resources in

the Gulf of Maine, similar to previous research (e.g. [5, 8, 9, 31]).
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Figure 4: Comparison of simulated M2 tidal ellipses with those from observed data (see

Fig. 1 for buoy locations).

3.1. Present Tides in the Gulf of Maine

A classical way to represent the dynamics of tides in a region is using
co-tidal charts, for water elevation, and tidal ellipses for tidal currents (e.g.
see Pingree and Griffiths [52]). The T_Tide MATLAB code was used to ana-

lyze the time series of water elevation and current velocities throughout the

15



computational domain. Using tidal constituents and tidal ellipse parame-
ters, co-tidal charts and tidal ellipse maps were generated; see Figs. 5 and 6
for the present (baseline) scenario. The results can be compared with those
from previous studies (e.g. [8]), which show a similar pattern. High current
velocities (> 1.5 ms™!) can be seen in several regions including Nantucket,
around the continental slope of the Gulf of Maine, Grand Manan Island, the
western side of Nova Scotia, and Minas Passage. Tidal ellipses are almost
rectilinear in the Bay of Fundy, which is an important characteristic for tidal

energy extraction.

3.2. Effect of sea-level rise on tidal energy resources

Tidal energy density was computed as an indicator of the theoretical tidal
energy resource:

1
b= §Pu3 (5)

where P, is the hydro-kinetic energy density, p is the water density, and wu is
tidal current speed. P, shows the average hydro-kinetic energy of tides per
unit square of a turbine swept area, assuming that 100% of the energy is
converted. The maximum efficiency of tidal turbines vary (e.g., around 45%
was reported for a Marine Current Turbine device [54]). The peak value of
tidal energy density was estimated to be 72 kW /m? during the spring tide
in Minas Passage (see [31] as a comparison), which is substantially larger
compared with other locations in the Gulf of Maine (less than 5 kW /m?),
because the power density is proportional to the cube of the velocity. The
time-averaged tidal energy density (for 30 days of simulation time) is another

indicator of tidal energy resources. For ‘technical’ tidal resource assessments,
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Figure 5: M2 co-tidal chart of the Gulf of Maine. Color scale denotes the amplitude of M2
constituent and dashed lines represent the corresponding tidal phase contours. Absence

of co-tidal (phase) lines in the Bay of Fundy is indicative of a standing wave system [53].

however, the cut-in speed and efficiency of a turbine lead to a larger difference
between the theoretical and the technical resource because “first generation”
tidal energy turbines cannot efficiently generate electricity at tidal current

speeds < 1 ms™![1, 55]. Nevertheless, we used the theoretical energy to avoid
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Figure 6: M2 tidal ellipse map of the Gulf of Maine. Color scale represents the peak of

maximum tidal currents, and the ellipses are represented by black lines.

limiting the analysis to any specific turbine technology. The time-averaged
energy density over the Minas Passage (spatially averaged) was calculated as

14.4 kW /m?.

The effects of SLR on the tidal energy resource was simulated by modi-
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Figure 7: The tidal energy density in the Gulf of Maine: a) Present resource; b) Change
in the available resources due to 1 m increase in bathymetry; ¢) Change in the available
resources due to change of bathymetry and the corresponding forcing at the boundary; d)

Difference between ¢ and b.

fying both water depth (bathymetry) and the boundary forcing of the tidal
model. Since SLR affects global tidal dynamics, it will change tidal com-
ponents at the boundary of the domain, and consequently open boundary
condition. According to a recent study by NOAA [56], sea level in 2050 will
rise in the range of 0.45 m to 1.03 m in the Gulf of Maine assuming an in-

termediate to an extreme scenario, respectively. Fig. 8 shows the high and
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Figure 8: Intermediate and high SLR scenarios at Boston and Easport gauges [56].

the intermediate SLR scenarios at Boston and Eastport gauges. Assuming
the intermediate scenario, sea level will rise by 1.02 m by 2090 in this area.
Therefore, a 1 m SLR was assumed as a likely scenario for this assessment.
The water depth was uniformly increased by 1 m assuming a negligible change
in the shape of the basin, e.g. due to sediment distribution or changes in the
coastline. To account for the change in the amplitude of tidal components
at the boundary, we used tidal constituent information produced for Wilmes
[24] interpolated to the present model boundary. It is true that SLR may
not be uniform over the domain. Wilmes [24] show, using 5 -12m SLR (5
m for a West Antarctic collapse and 7m for a Greenland collapse) that the
response in the Gulf of Maine is relatively insensitive to these changes along
the boundary. For simplicity, we therefore use the uniform case here.

Fig. 7 shows the impact of SLR on the tidal energy resources. The im-
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pact is more significant when the change in the forcing at the boundary is
implemented (Fig. 7 ¢) while no significant change is observed if only water
depth was changed (Fig. 7b). Generally, SLR leads to an increase in the the-
oretical tidal energy resource (due to propagation of more tidal energy from
the ocean to the Gulf of Main), particularly in the Minas Passage (around
0.81 kW/m2). This increase was estimated based on the tidal energy den-
sity, and regardless of the size of an array or the performance of turbines.
Alternatively, Annual Energy Production (AEP), for a more realistic anal-
ysis, can be evaluated by combining the time series of velocity over a year
and a power curve (see, for instance, IEC 62600-201 standard for tidal en-
ergy characterization). For example, if a 1.2 MW SecaGen turbine is deployed
in Minas Passage, the mean AEP of the single turbine will be around 7.10
GWh (assuming energy extraction in both ebb and flood currents and no
cut-out speed) with no SLR. The SeaGen 1.2 MW turbine has a published
curve with a cut-in speed of about 1 m/s and rated output speed of about
2.5 m/s [57, 34]. Adding 1 SLR, leads to an increase tidal energy, and AEP
of 7.2 GWh which is not a significant increase. This is because any increase
in the current velocity above the rated output speed (i.e., 2.5 m/s here) does
not lead to more power generation since the power remains constant in this
range of velocity (e.g., 1.2 MW for this example). Therefore, any increase in
extracted power due to SLR is highly dependent on the turbine technology

and the current speed range at a particular site of interest.
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3.83. The impact of SLR combined with tidal energy extraction on the Gulf of

Maine

As mentioned earlier, because we intended to assess the far-field and re-
gional impacts of tidal energy extraction in the Minas Passage, we used a rel-
atively simple methodology that represented energy extraction as additional
drag or friction in the model. The additional drag coefficient introduced by

turbines can be estimated as,

Fpudt Chulu| Ap)udt ul?dt IE]
L Fp _ J(pCululAp) _ pCsAh% = pCi A JufF  (6)

T T

P =

where P is the time averaged energy loss in a grid cell due to tidal energy
extraction, u is the depth averaged velocity, Fp is additional bottom drag
force representing a tidal energy energy array (i.e., useful energy extraction
and dissipation caused by turbine wakes etc.), T"is the period of a tidal cycle,
Ay, is the area of a cell that is covered by turbines in the model, and Cj is
the additional drag coefficient [21]. The additional drag where turbines are
installed was added to the 54 cells where the turbines would be located (see
Fig 9b). As the velocity before and after increasing the drag will change, a
reliable method is to apply the additional drag iteratively: 1) estimating an
additional drag coefficient based on Eq. 6 using undisturbed current averages;
2) examining the tidal energy flux before and after the enhancement of the
drag using each cell; 3) estimating the difference of energy flux, before and
after power extraction, as an indicator of the extracted power. The area
which was considered for the tidal array site in Minas Passage is shown in
Fig. 9 (a similar area was considered in other studies [4, 5, 8, 9]). Based on

the simulations, the time-averaged theoretical tidal energy density over this
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area is 19.9 kW/m? (see also Cornett et al. [4]). Using this simple method,
an additional drag coefficient of 0.0063 over 10 km? horizontal area in Minas
Passage (Fig. 9) was considered. The enhanced drag coefficient of 0.0093
was applied to the area covered by turbines. Consequently, the average tidal
energy flux (averaged over the cells and over time) reduces by around 3.0
GW. We should emphasize that this 3.0 GW energy loss does not necessarily
indicate the capacity of a tidal array; instead it represents the maximum
possible tidal energy loss in the development area. Many assumptions with
regard to the type of turbines, capacity factor, and power curve should be
made to compute the size of an array which leads to 3.0 GW time averaged
energy loss. Several other studies have considered 2.5 GW energy extraction
for their impact assessments [8, 10, 21].

Fig. 10 shows the contour lines of the change in tidal amplitude due to
energy extraction. Extraction of 3.0 GW results in around 1.0 cm to 1.5 cm
increase in far-field areas along the US coastline, and a reduction of 5 cm in
the Bay of Fundy.

The next question is whether SLR can significantly change the response
of the Gulf of Maine to tidal energy extraction. To address this question, 1
m SLR, in addition to tidal energy extraction, was concurrently implemented
in the simulations, and we compare tidal amplitudes in the Gulf with and
without energy extraction. According to the results (Fig. 11), the combined
impacts of tidal energy extraction leads to a 5 cm increase in tidal amplitude
in the far-field, covering the coastline of US and Canada, but the majority of
this change (around 4 cm) is due to SLR. Therefore, the impact of SLR on

tidal dynamics in the Gulf of Maine, particularly around the US coastline,
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significantly exceeds the contribution from large scale tidal energy conversion.
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4. Discussion

We showed that tidal energy extraction in the Gulf of Maine does not
significantly increase the amplitude of tides in far-field areas such as along
the neighboring US coastlines of Massachusetts, New Hampshire and Maine.
However, it can be shown that the tidal dynamics in the Gulf of Maine
are sensitive to the Bay of Fundy if the flow regime in the Bay is changed
drastically. As an extreme case, we investigated total blockage of the Bay to
conceptually examine the impact of the Bay on the far-field tides. Fig. 12 and
Table 3 show the results, which indicate a significant increase (35 cm) in tidal
amplitude along the US coastline, which would have negative consequences
in terms of flooding. Therefore, tidal stream development would have far less
impact on far-field areas, in contrast to tidal barrages.

We used a two-way nested model (1 minute resolution in the Gulf of Maine
and 1/3 minute resolution in the nested domain) to increase the accuracy of
the model in the Bay of Fundy. To investigate the importance of nesting, we
also ran a single grid model (parent grid covering the whole domain and com-
pared the results with the nested model. The results (which are not shown
for brevity) indicated that nesting does not significantly affect/improve the
simulations in the areas far from the Bay of Fundy in the Gulf of Maine. The
two-way nesting however improves the simulations in the Bay itself, provid-
ing better accuracy in currents calculation that is important for tidal stream
array positioning, and therefore is a preferred method to implement ROMS
model in similar studies. Further, as changes outside the child domain are
of interest, a two-way nested model should be implemented.

Wetting and drying was not included in simulations to reduce the com-

27



putational cost. Whereas including wetting and drying is important in the
study of SLR impacts on coastal flooding at local scales, this study was fo-
cused on regional impacts of tidal energy extraction and SLR in the Gulf
of Maine. Further, a sensitivity analysis was carried out and indicated no
significant change in the results, particularly in stations shown in Fig. 1.
The results of this sensitivity analysis was not shown for the sake of brevity.

Many marine current turbines have a cut-in speed of between 1 ms™! to
1.5 ms™! [55]. Therefore, suitable sites for tidal energy development require
a peak (spring) current velocity of at least 2.5 ms™! in water depths of 25 m
to 50 m. Also, for future generations of tidal stream devices, peak velocity
of 2.0 ms™! has been discussed in the literature [1]. Based on these criteria
several locations in the region have a potential for tidal energy development.
In addition to the Minas Passage with a peak spring velocity of 6.0 ms™!,
other potential sites include Grand Manan Island, Nantucket, Westport, Big
Tusket Island, and Shag Harbor.

In this research, energy extraction was simulated by enhancing the bot-
tom drag coefficient. This method was used as it is relatively simple, is
associated with low computational cost, and is suitable for examining the
impact of energy extraction in the far-field. Other methods, which are more
complex, require higher grid resolution, and could be implemented if the flow
field in the vicinity of the array is of interest [46, 45]. In IEC Technical Speci-
fication 201 [47], both methods are recommended for modeling tidal resource
characterization. These methods simulate a turbine in the water column (3-
D) as a sink/source in the momentum and turbulence equations, and require

much finer resolution (e.g. 20 m), which leads to much larger computational
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cost.

Results of this study showed that the combined impact of tidal energy
extraction and SLR is nonlinear to some extent. However, linear superposi-
tion of the impacts will lead to similar outcomes. For instance, in the Minas
Passage, 1 m SLR leads to a 10.9 cm increase in the amplitude of M2. Tidal
energy extraction at the scale of 3.0 GW leads to 13.5 cm decrease, sepa-
rately. Linear superposition of these impacts leads to 2.6 cm reduction in
the tidal amplitude. The nonlinear simulation results in 2 cm decrease in
amplitude, i.e. a relatively similar result, and one that would allow a larger

number of scenarios to be explored for the same computational cost.

Table 3: Summary of the impact study at selected locations in the Gulf of Maine

Calculated tidal amplitude from model scenarios (cm)

Location Present Blockage 2.5 GW 1m SLR 1m SLR + 3.0 GW
Boston, MA 142.3 182.0 143.9 146.7 148.1
Portland, ME 146.2 185.2 147.7 150.9 152.2
Minas Passage 486.1 - 472.5 497.0 484.1
Difference (cm)
Boston, MA - +30.0 +1.6 +4.4 +5.8
Portland, ME - +39.0 +1.5 +4.7 +6.0
Minas Passage - - -13.5 +10.9 -2.0

The impacts of tidal energy extraction on sediment transport has been
discussed in several research [58, 59, 16, 14]). Depending on the size of
array and other factors (e.g., tidal asymmetry) the impact can be significant.
Therefore, further research is necessary to investigate the combined impacts
of tidal energy extraction and SLR on sediment transport in this region.

Model uncertainty has an important role in the analysis that was pre-

sented here. In addition to the magnitude of SLR, there is always a dis-
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crepancy between model results and observations. In addition to model un-
certainty (due to input/forcing data [e.g., bathymetry, friction coefficient]
and model simplifications), observed data are also subjected to measurement
errors. Results of this study provide an insight into the magnitude and di-
rection of the changes due to SLR and/or tidal energy extraction in the Gulf
of Maine. While uncertainties can change the absolute values of the results
(e.g., tidal energy density at a site), our sensitivity analysis showed that the
direction and magnitude of the impact (i.e., relative changes in values) does

not vary within the range of uncertainties in the simulations.

5. Conclusion

In this study, the combined impact of tidal energy extraction and SLR on
the tidal dynamics of the Gulf of Maine was investigated using a 2-way nested
ROMS model. Simulation results demonstrated sensitivity of tidal dynamics
in the Gulf of Maine to flow disturbances in the Bay of Fundy. In general, it
was shown that the impact of SLR is much greater than the impact of tidal
energy extraction in the Bay of Fundy - even when considering a very large
tidal array of order 3.0 GW in the Minas Passage.

In order to investigate the effect of SLR on the dynamics of the tides in
the Gulf of Maine, it is important to consider the change in the amplitude of
the tides at the boundary (e.g., Continental Shelf Slope), as well as changes in
the bathymetry of the domain. Considering only changes in the bathymetry
leads to inaccurate results.

SLR is expected to increase the ‘theoretical’ tidal energy resources in

the areas of interest in the Gulf of Maine due to propagation of more tidal
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energy from the ocean to the Gulf of Maine. However, increase in extracted
power or ‘technical’ energy resource due to SLR is highly dependent on the
turbine technology and the current speed range at a particular site of interest.
Despite this possible slight gain in tidal energy resources, negative impacts
of SLR such as increase in flooding and coastal erosion should be considered
in a comprehensive assessment of SLR impacts in this region [60].

Although numerical simulations showed that tidal energy extraction does
not significantly increase the amplitude of the tides in far-field regions, par-
ticularly along the neighboring US coastlines, a drastic change in the Bay of
Fundy (e.g. full blockage) will lead to considerably higher tidal amplitudes
(around 35 cm). This shows that tidal stream energy development in general
is preferred compared with other methods such as tidal barrages or lagoons,

as has been recommended in other studies (e.g. [4]).
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