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ABSTRACT
A modelling framework identifies deployment locations for current-energy-
capture devices that maximise power output while minimising potential
environmental impacts. The framework, based on the Environmental Fluid
Dynamics Code, can incorporate site-specific environmental constraints.
Over a 29-day period, energy outputs from three array layouts were
estimated for: (1) the preliminary configuration (baseline), (2) an updated
configuration that accounted for environmental constraints, (3) and an
improved configuration subject to no environmental constraints. Of these
layouts, array placement that did not consider environmental constraints
extracted the most energy from flow (4.38 MW-hr/day), 19% higher than
output from the baseline configuration (3.69 MW-hr/day). Array placement
that considered environmental constraints removed 4.27 MW-hr/day of
energy (16% more than baseline). This analysis framework accounts for
bathymetry and flow-pattern variations that typical experimental studies
cannot, demonstrating that it is a valuable tool for identifying improved
array layouts for field deployments.
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1. Introduction

Power generation with hydrokinetic current-energy converters (CECs), often in the form of under-
water turbines, is receiving growing global interest. Because of ongoing research aimed to improve
reasonable investment and maintenance costs, reliability, and environmental safety, the technology
may soon contribute to national and global energy markets. In remote areas, small-scale CEC energy
from river, tidal, or ocean currents can provide a local power supply. However, there is a clear inter-
est in understanding the potential environmental effects of CEC operation in coastal embayments,
estuaries, or rivers, or of the cumulative impacts of these devices on aquatic ecosystems over years or
decades of operation (DOE 2009a, 2009b; Javaherchi 2010; Hasegawa et al. 2011; Kartezhnikova and
Ravens 2014). In particular, there is an awareness that altered sediment dynamics, and changes to the
benthic environment must be considered before deploying arrays of CECs (Amoudry et al. 2009;
Neill et al. 2009; Robins, Neill, and Lewis 2014; Martin-Short et al. 2015; Thiébot, du Bois, and Guil-
lou 2015). There is an urgent need for practical, accessible tools and peer-reviewed publications to
help industry and regulators evaluate environmental impacts and mitigation measures, while estab-
lishing best siting and design practices (Inger et al. 2009).

This article describes a framework designed to maximise the power generation of tidal energy
converters (TECs) while simultaneously minimising potential environmental effects in the form
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of disturbances to the local benthic environment. TECs are a subset of CECs that are specifically
deployed in tidal channels. This framework was applied to a TEC array in Cobscook Bay, Maine.
Cobscook Bay is the first deployment location of Ocean Renewable Power Company’s (ORPC) Tid-
Gen® units. One unit was deployed, with four more units intended to follow. The developed frame-
work uses the Sandia National Laboratories Environmental Fluid Dynamics Code (SNL-EFDC)
hydrodynamic modelling platform (James et al. 2010, 2011). SNL-EFDC is suitable for modelling
the regional and field scale hydrodynamic trends investigated in this work, but it parameterises tur-
bulence and does not account for vertical fluid accelerations associated with nonhydrostatic pressure
gradients. Existing computational fluid dynamics (CFD) models are capable of partially resolving
turbulence and computing the nonhydrostatic pressure in turbine simulations (Kang et al. 2012;
Sotiropoulos, Kang, and Yang 2012; Yang et al. 2015), but they are computationally expensive.
Thus, SNL-EFDC was selected for this research. The developed framework can however be
implemented within any CFD model if increased flow resolution is required.

It is important to note that this framework is not a rigorous optimisation methodology. Rather, it
outlines an approach to place TECs within a designated site area such that they have improved
power-production potential with commensurately decreased impact to the benthic environment
through a reduction in bed shear stresses. If a rigorous approach to specifically optimising the
array layout for maximum power generation is sought, several different approaches have been pro-
posed and Vennell et al. (2015) provide a nice review. One of the first TEC optimisation studies used
the Fluent modelling package to simulate changes in power output of a central TEC subject to speci-
fied array layouts in a simplified (flat-bottomed) system (Bai, Spence, and Dudziak 2009). Power out-
put of the central TEC varied from −8% to +7% depending on the array layout and spacing. Lee et al.
(2010) conducted a similar study (flat-bottomed) with STAR-CD to estimate turbine efficiencies
subject to several specified lateral and longitudinal spacings. Gebreslassie, Tabor, and Belmont
(2015) also studied the effects of turbine spacing (turbines in a row in a flat-bottomed system) on
power generation using large eddy simulation in the open-source code, OpenFOAM. Both Vennell
(2011) and Divett (2014) demonstrated how ‘tuning’ (varying the number and placement of TEC
rows) impacted power generation in a flat-bottomed tidal channel. In the first published study
where TECs were not restricted to an array layout in rows, Funke, Farrell, and Piggott (2014) allowed
turbine locations to vary such that average turbine power was maximised. This study considered
three idealised cases (channel flow, flow around a 90° bend, and channel flow around a circular
island), as well as a flow through the Inner Sound of the Pentland Firth, yet all cases assumed flat
bottoms to avoid complication of the analysis. Most recently, González-Gorbeña, Qassim, and Ros-
man (2016) used surrogate modelling to vary the placement of TECs in a flat-bottomed irregular
channel where turbines were aligned in rows (either inline or staggered). While these studies provide
the groundwork for array optimisation, to the authors’ knowledge, we report the first array place-
ment framework that uses natural flow conditions and site bathymetry.

SNL previously built a coarse-grid (100 × 100 m2 cells), regional-scale hydrodynamic model (lar-
ger domain in Figure 1) that includes Cobscook Bay and all other landward embayments
(O’Donncha, James, and Ragnoli 2017). Model results with and without a TEC array were compared
to assess how the small, five-TEC array might alter the Cobscook Bay hydrodynamic environment.
No significant changes in regional tidal range, flow rate, or broader flow patterns were identified. The
coarse-grid size of the regional-scale model, however, is not sufficiently resolved to assess flow altera-
tions in close proximity to the devices; the model has limited applicability for assessing local flow
patterns and optimal device-placement locations. A refined-grid model was therefore created to
meet the resolution demands of this optimisation framework.

The previously developed regional-scale model encompasses outer, central, and inner Cobscook
Bay as shown in Figure 1 (Roberts and James 2012). The domain was gridded with 100 × 100-m2

cells, with bottom elevations defined with interpolated bathymetric data obtained from the National
Oceanographic and Atmospheric Administration National Geophysical Data Center. Circulation
was driven in the model by water elevations specified at the inlet boundary on the east side of the
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model domain (Figure 1). The specified water elevations were taken from a tidal station in Eastport,
Maine, from 5 July to 2 August 2011 (NOAA 2014).

Modelled water levels taken from subsequent simulations were compared to measured water
levels throughout the bay; the modelled values are typically within 14% of the observed values during
tidal peaks, relative to mean lower low water (MLLW). For further validation, modelled and
measured water velocities were also compared. ORPC measured velocities with a moored acoustic
Doppler current profiler (ADCP) from 5 July through 2 August 2011, at UTM-NAD83 654,267-
E, 4,974,792-N (red circle in callout of Figure 1). Depth-averaged velocity magnitudes computed
by SNL-EFDC are generally close to the measured velocities, with the modelled results being on aver-
age 5% lower than the measured results. Our results are similar to those of Bao and Xue (2012) in
that the model accurately reproduced the phase and trend of flows, but peak magnitudes were
slightly underpredicted.

The regional-scale model of Cobscook Bay adequately simulated regional-scale circulation and
reproduced available data sets for three water-level locations and ADCP-measured velocities.
Upon comparing simulations with and without the proposed array of TECs, no significant changes
were observed in tidal range, flow rate, or water velocity. Operations of this five-TEC array have little
to no effect on regional aquatic habitat or circulation (Roberts and James 2012). However, the rela-
tively large grid size of the regional-scale model (100 × 100 m2) can only resolve flow patterns on the
order of kilometres. The ORPC TidGen® units are approximately 30 m wide; so regional-scale grid
cells are roughly 3.3 times the size of the TEC device. While this is sufficient for investigating large-
scale environmental effects, near-field hydrodynamics important to fish swimming patterns and

Figure 1. Regional-scale domain with an inset showing the refined-grid domain. Proposed locations of TEC devices (black squares)
and ADCP deployment (red circle) are identified. The study region is outlined in the refined-grid domain with a solid black rec-
tangle, and the placement footprint is outlined with a dashed black rectangle.
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local benthic habitat are not resolved. Therefore, a local, refined-grid model was developed using a
resolution smaller than the individual turbines and their wakes. A brief preliminary effort of this sort
by Roberts et al. (2014) introduced some of the concepts that are fully developed here.

2. Model setup

2.1. The EFDC model

The hydrodynamic portion of EFDC solves the hydrostatic, free-surface Reynolds-averaged
Navier–Stokes (RANS) equations with Mellor–Yamada turbulence closure (Mellor and Yamada
1982) as modified by Galperin et al. (1988). This is similar to the model of Blumberg and Mellor
(1987) except for the solution of the free surface, which is solved with a preconditioned conjugate
gradient solver. As implemented here, EFDC uses a Cartesian grid with a sigma vertical coordinate
system (Hamrick 2007a, 2007b) with each layer assigned a constant, equal fraction of the flow
depth throughout the model domain. The thickness of each layer changes with the topology of
the model domain and water depth. EFDC’s time integration uses a second-order finite-difference
scheme with a mode-splitting procedure to separate internal waves (baroclinic mode) from the
external free-surface gravity wave (barotropic mode) for computational efficiency. EFDC has
been extensively applied, validated, and documented at numerous sites worldwide, including estu-
aries, wetlands, lakes, rivers, and coastal environments (Ji, Morton, and Hamrick 2001; Tuckey
et al. 2006; Ji 2008; Peng et al. 2011). The model has also been validated against analytical sol-
utions, laboratory experiments, and real flow systems (James, Shrestha, and Roberts 2006;
James, Janardhanam, and Hanson 2013).

2.2. Local domain size and parameters

The local model domain comprises 10 × 10-m2 grid cells and encompasses the entire site footprint
approved for ORPC. The local domain is 1120 m long, 430 m wide (4186 cells in the horizontal),
and uses five vertical (sigma) layers. To simplify boundary specifications and best capture flow pat-
terns, the domain was rotated 30°, approximately equal to the direction of net flow in the device-pla-
cement region. The inset in Figure 1 shows the refined model nested within the regional model,
where the study region is outlined with a solid black rectangle. The region available for device place-
ment, known as the placement footprint, is outlined with a dashed black rectangle. The potential
placement footprint is 30.5 m (100 ft) within the border of the study area. The southeast (leftmost)
boundary of the domain was extended past the relatively deep trench (∼45 m deep) on the east side
of the placement footprint to reduce numerical instabilities resulting from sharp bathymetry
gradients.

2.3. Forcing conditions

The refined-grid model was driven by water levels and flow rates extracted from the regional-scale
Cobscook Bay model (Roberts and James 2012; O’Donncha, James, and Ragnoli 2017). A time-var-
iant water level was specified on the northwest face, and flow rates were specified on the southeast
face. The two longer domain edges (northeast and southwest faces) were no-flux, slip wall
conditions.

2.4. Hydrodynamic model calibration

When flow rates were transferred from the regional-scale Cobscook Bay model to the refined-grid
domain, scaling was required. Flow rates were calculated within SNL-EFDC (Hamrick 2007a,
2007b) as a function of local, depth-averaged flow speed and water depth. Because of a factor of
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10 refinement in grid cell size, bathymetric features were more accurately represented in the refined-
grid domain. A combination of the approximate alignment of the local domain with the regional
flow, specification of the northeast boundary as a uniform water elevation, and the more accurate
depth representation led to discrepancies in calculated flow rates. The overall trends outputted
from the regional-scale domain with respect to relative flow magnitude and direction were accurate,
but the specified boundary flows required scaling to ensure a match between the regional model and
the higher resolution of the refined-grid model.

ADCP data collected by ORPC were used to calibrate a flow-scaling factor. Flow rates directly
extracted from the regional-scale domain were first used to drive the refined model. Velocity mag-
nitudes from the refined-grid domain at the location of the ADCP were then compared to actual
ADCP measurements. The modelled velocities were higher than the measured velocities; so a series
of simulations were run at various fractions (0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, and 0.90) of the
output flow rates from the regional-scale model. All other parameters (e.g. outlet water levels) were
held constant. Peak flood tides were often best matched by scaling the regional-scale flow predictions
by a factor between 0.70 and 0.85, while ebb tides were best matched using a scaling factor between
0.55 and 0.65. To calibrate the refined-grid domain, the scaling factor that best fit each tidal peak was
identified and applied to the specified-flow boundary. Simulated velocities from the calibrated
refined-grid model are compared to ADCP measurements in Figure 2. The calibrated velocities clo-
sely match the ADCPmeasurements for the entire deployment/simulation period of 5 July through 2
August 2011.

Consistent with the regional model, the dimensionless Smagorinsky (1963) constant, which
impacts the horizontal momentum transfer proportionally to the local horizontal strain rate, was
set to 1, and the vertical eddy viscosity was set to 10−7 m2/s. Bottom roughness was set to 2 cm

Figure 2. Comparison of velocities (m/s) between the measured ADCP data (black) and model-predicted values (red). Negative
velocities indicate ebb tide.
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everywhere. The model was spun up from rest for the two days preceding the commencement of
ADCP data collection to specify a restart file with appropriate initial flows and water levels. The
time step was set to 0.25 s. Wind waves were ignored.

2.5. Incorporation of TEC devices

The power generated by TEC turbines comes from energy removed from the flow passing through
the swept area of the turbine blades. This behaviour is represented in SNL-EFDC using momentum
sink and sources of turbulent kinetic energy and turbulent length scale at model cells containing tur-
bines. Momentum extraction and wake generation and dissipation depend on both the properties of
the turbines and the incident flow conditions. Power removed from flow by a turbine is given by
(James et al. 2011)

P = 1
2
CTrATU

3, (1)

where CT (–) is the thrust coefficient, ρ (kg/m3) is the fluid density, AT (m2) is the cross-sectional
flow-facing area of the TEC turbine, and U (m/s) is the incident velocity. Because the presence of
the TEC alters the model-calculated U, the thrust coefficient in the preceding equation was modified
as (Roc, Conley, and Greaves 2013)

C′
T = 4

1− ��������
1− CT

√

1+ ��������
1− CT

√ . (2)

Turbines were assumed to be aligned with the primary flow direction (although this may not
always be true in a three-dimensional, bidirectional flow). Given this formulation and the turbine
blade-swept area, the force, F, applied on the flow by the TEC device (F = P/U) was calculated.
This force was decomposed into vector components based on the incident flow direction. Area-
weighted forces were then applied to the flow at each vertical face of the model cell in which the
TEC resided. If the TEC device occupied only a portion of a vertical (sigma) model layer, appropriate
weighting was applied.

Corresponding changes to the turbulent kinetic energy and the turbulence length scale were
implemented using the same physics that describe flow through a vegetative canopy (Katul et al.
2004), which has also been used in the wind-energy community (Réthoré, Sørensen, and Zahle
2009). Source and sink terms SQ, Sk, and Sℓ (specific to device type) represent the rate of momentum
reduction, net change to turbulent kinetic energy, and the increase in turbulence length scale,
respectively. In addition to effects from the TEC rotor, the effects of affiliated support structures
were equivalently considered.

Momentum loss, SQ (m/s2), change in turbulent kinetic energy, Sk (m
2/s3), and increase in turbu-

lence length scale, Sℓ (m
3/s3) due to a TEC turbine were parameterised in the RANS and turbulence

closure equations (Katul et al. 2004; Batten, Harrison, and Bahaj 2013):

SQ = − 1
2
CTAdU

2, (3)

Sk = 1
2
CTAd(bpU

3 − bdUk), (4)

Sℓ = Cℓ4Skℓ, (5)

where Ad (m
2/m3) is the area density of a turbine within a cell, βp (−) is an empirical coefficient indi-

cating the fraction kinetic energy transferred into turbulence by the turbine (or support structure), βd
(−) is an empirical coefficient accounting for the fraction of turbulent kinetic energy, k (m2/s2), con-
verted into turbine motion (or dissipated as heat by the support structure). ℓ (m) is the turbulence
length scale computed as k3/2/ε, where ε (m2/s3) is the turbulent kinetic energy dissipation rate, and
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Cℓ4 (−) is a closure constant. Calibrating SNL-EFDC-simulated wakes to available data collected
from scaled three-bladed turbines in laboratory flumes (Myers and Bahaj 2009, 2010; Neary et al.
2012) yielded βp = 0.96, βd = 1.38, and Cℓ4 = 3.87 (James, Cardenas, and Hirlinger 2015). These
values were calibrated to flume experiments and should be revisited when full-scale turbine wake
data become available.

2.5.1. The TidGen® turbine
TidGen® cross-flow turbines are 30.28 m (100 ft) long and 4.3 m (14.1 ft) high, with blade bottoms
9 m (29.5 ft) from the sediment bed. The support structures are 3 m (9.8 ft) wide and extended from
the sediment bed to a height of 11.2 m (36.7 ft). Figure 3 is a schematic representation of a TidGen®
unit. Turbines were added to the refined-grid domain once the boundary-condition scaling was
determined. Each device spanned roughly three cells. An conservative (large) thrust coefficient of
0.8 was specified; physical environmental changes are expected to increase as more energy is
removed from the system. Different turbine properties can be implemented in future analyses as
device-specific data become available.

2.5.2. Effects of turbines on flow
The model was run for the entire 29-day time period for which ADCP data were available with and
without the preliminary ORPC-defined, five-turbine array layout. Momentum removed from the
flow by the devices resulted in a velocity deficit in the wake of each turbine. Figure 4 shows repre-
sentative velocity contours calculated during flood tide, where the turbine locations are indicated by
black squares; the location of the ADCP is labelled with a red circle. Bathymetry influences flow
direction and magnitude; velocities were general higher in shallower regions because of flow diver-
sion. When peak flows occur and the greatest amount of water flows through the turbine blades and
around the support structure, velocities are decreased within the TEC array.

The extent and recovery of the turbine wake was investigated by comparing model results with
and without turbines. Initial results indicate that during both ebb and flood tides, the velocity deficit
(difference between velocity with and without the turbines) reached its maximum roughly 15–25 m
behind the devices. The magnitude of the deficit depended upon the incident flow velocity; stronger
currents led to larger deficits. During peak flow events, the maximum velocity deficit was between
40% and 60%.

Flow that passes through the device loses momentum as kinetic energy from the flow is trans-
ferred to the rotational momentum of the blades, which are connected to an electricity generator.
Downstream flow then increases as momentum diffuses back into the wake from adjacent fluid.
Flow velocities typically recovered to 95% of their incident magnitude within 130 m. The extent
of the wake depended upon the incident velocity, bathymetry, and the proximity of other devices.

Figure 3. Schematic of the ORPC TidGen® turbine.
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3. Placement framework and application

The proposed array configuration for the five-TEC array was only one possible selection
among nearly an infinite number of possible layouts. As long as deployment locations fall
within the placement footprint and are in a water depth greater than 23 m (75 ft) MLLW,
the location can be considered for deployment. The depth restriction was provided by
ORPC (as defined in the Federal Energy Regulatory Commission permit) and chosen to ensure
sufficient clearance between the top of the devices and the water surface, allowing safe vessel
passage.

3.1. Methodology for improved array configuration

To narrow down the near infinite number of possible array configurations within the permitted pla-
cement footprint, a methodology was developed to sequentially identify improved device-placement
locations using SNL-EFDC. The procedure as applied to Cobscook Bay is:

(1) Assess the natural hydrodynamic patterns occurring within the placement footprint (no TEC
devices).

(2) Identify the region within the footprint with the highest velocities at turbine depth, spanning
the length (30 m) of the turbine. This region must be no less than 23 m (75 ft) below the
MLLW.

(3) Add a TEC device in the high-velocity region identified in Step 2, and run simulations to reassess
hydrodynamics in the placement footprint, given the TEC addition.

(4) Evaluate the hydrodynamic changes caused by the addition of the TEC turbine. Velocity and bed
shear stress changes were examined by calculating percent velocity recovery and bed shear stress

Figure 4. Contours of flow speed (m/s) during a typical flood tidal cycle. Wakes are seen behind the TEC devices. The centre
locations of the devices are marked by a black square, and the ADCP location is marked by a red circle.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 661



differences. Percent velocity recovery is defined as:

R% = 100
VTEC(i)
Vnatural(i)

, (6)

where R% is the percent velocity recovery in cell i, VTEC(i) is the velocity in cell i from a simu-
lation with the TEC(s), and Vnatural(i) is the velocity in cell i from a simulation without the TEC
(s). Bed shear stress was calculated using the quadratic stress law:

t = rCf v
2
B, (7)

where vB (m/s) is the water velocity at the bed and Cf (–) is the bottom friction coefficient (Par-
ker 2004):

Cf = k

ln (h/ks)

[ ]2
, (8)

where κ is von Karman’s constant (0.4) and ks = 0.05 (m) is the effective bed height roughness.
Finally, the change in bed shear stress due to the presence of the device was calculated as:

tdiff = tTEC(i) − tnatural, (9)

where τdiff is the difference in shear stress between natural conditions (τnatural) and with the
addition of a TEC device (τTEC(i)).

(5) If pertinent, establish thresholds for R% and τdiff that meet local environmental standards. Check
if R%(i) and τdiff(i) are acceptable for all cells within the domain. If they are not acceptable, go
back to Step 2 but choose the second-highest velocity location. To illustrate how these criteria
operate within this analysis, a minimum threshold was set at R%(i)≥ 70 (i.e. depth-averaged vel-
ocities cannot drop below 70% of what they are without the presence of a turbine), and τdiff≤
1 Pa.

(6) Repeat Steps 2 through 6 for each additional turbine.

This methodology identifies regions where velocities are largest, thereby improving the power
output of deployed TEC turbines. At the same time, environmental considerations are assessed to
avoid array configurations that could notably effect local sediment dynamics and ecology. In the
Cobscook Bay application of this methodology, arbitrary threshold values were assigned. However,
site assessments by regulatory agencies or device manufacturers might better define acceptable, site-
specific R% and τdiff values. Site assessments should consider local ecological systems and how
changes in velocities and bed shear stress could potentially change their natural state. Sediment prop-
erties should also be considered. Knowing critical shear stresses in the vicinity of the turbines would
provide insight into whether or not an increase or decrease in bed shear stress will increase or
decrease sediment mobilisation and τdiff limits could be defined accordingly.

For Cobscook Bay, velocity patterns were originally analysed over several tidal cycles. Multi-day
simulations were computationally demanding and required more than 24 hours of computing time.
The velocity contours showed spatial patterns during both ebb and flood tides that were similar
between events. Flow patterns predicted during ebb or flood tides are self-similar; only the magni-
tude of the velocities of these events changed. To demonstrate this commonality, velocity magnitudes
extracted during 10 peak tidal events (the five highest ebb and five highest flood tides from the 29-
day simulation period) were averaged and compared to the velocity contours created by averaging
velocities from two short simulations representative of typical maximum ebb and flood tides. The
spatial velocity patterns predicted by simply forcing the model by representative maximum con-
ditions closely matched those of the 10-peak average. The self-similarity allows this framework to
be applied using hydrodynamic results modelled during a typical maximum ebb and flood tidal
flow and not over the entire calibration period, thus significantly reducing computational demands.
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The optimisation analysis was started by modelling the flow patterns during a typical maximum
ebb and flood event (the same forcing conditions that were compared to the 10-peak average results)
around the turbine that was actually deployed in Cobscook Bay. The predicted velocities extracted at
roughly the depth of the turbine (sigma layer three) were averaged to identify high-velocity regions
within the placement footprint. Sigma layer three ebb- and flood-averaged velocity contours are pre-
sented in the left panel of Figure 5, where the placement footprint is outlined by a white rectangle and
the location of the deployed turbine is indicated with three adjacent grey cells. Because the velocity
contours plotted are the result of averaging an ebb and flood event, the wake created by the turbine is
depicted on both upstream and downstream sides of the device.

In the left panel of Figure 5, cells with depths less than 23 m (75 ft) were blacked out. This depth
threshold was applied to limit potential placement regions to those that are sufficiently deep to avoid
risks to shipping lanes. Next, the three adjacent cells with the highest average velocity were located
(circled in grey in the left panel of Figure 5). The R% and τdiff in each cell were then calculated and
checked to ensure R% was above 70% and τdiff was below 1 Pa throughout the domain (currently
specified constraints). Contour plots of R% and τdiff are presented in the middle and right panel
of Figure 5. Because the threshold criteria were met for both R% and τdiff, a second TEC was
added within the domain to the domain. This process was repeated until deployment locations
for all five turbines had been identified (Figure 6).

When locating the best placement location for the fourth and fifth TEC devices, several simu-
lations were run before identifying a deployment location that was in a region of high flow and
did not exceed the threshold criteria for R% or τdiff. Because the threshold criteria were chosen to
illustrate their functionality within the analysis, potential power gain resulting from no environ-
mental constraints was also modelled. The framework was applied a second time, ignoring R%

and τdiff criteria. The three five-TEC arrays analysed during the present study are shown in
Figure 7, including the preliminary ORPC-defined configuration, the configuration that
accounted for environmental constraints, and the configuration that did not consider environ-
mental constraints. Each panel in Figure 7 is contoured with R% calculated from sigma-layer-
three velocities.

Figure 5. Averaged ebb and flood velocity contours (m/s) (left panel), R% (unitless) (centre panel), and τdiff (Pa) predicted by simu-
lating one TEC device (right panel). The placement footprint is outlined by a white rectangle in the left panel, and the improved
deployment location of the next TEC device is marked by the grey oval. Cells with depths less than 23 m are blacked out.
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3.2. Array performance

Changes in placement locations of the TidGen® units altered the power removed from the water by
the array over the 29-day simulation period. Of the three configurations analysed, the array placed
without environmental constraints produced the largest amount of energy, at 4.38 MW-hr/day. This
output was roughly 19% higher than the output from the preliminary ORPC array configuration
(3.67 MW-hr/day). For the array with environmental constraints, 4.27 MW-hr/day was removed
(16% increase from the preliminary array).

The performance of a TEC is directly related to the fluid momentum normal to the device
blades. Accordingly, wake recovery is highly important to device performance. When assessing
the optimal placement of a TEC array in a real-world application, where bathymetry and flow
patterns significantly change both spatially and temporally, generalising wake recovery and the
appropriate spacing between devices is challenging. Wake recovery depends on several factors,
including water depth, turbulence (Blackmore, Batten, and Bahaj 2014), and local flow patterns.
Idealised flume experiments often do not account for these factors; however, this framework
does.

Figure 6. Averaged ebb and flood velocity contours (m/s) (left panel), R% (unitless) (centre panel), and τdiff (Pa) predicted by simu-
lating five-TEC devices (right panel).

Figure 7. The 3 five-TEC arrays investigated: preliminary ORPC-defined array (left panel), environmentally constrained array layout
(centre panel), and unconstrained array layout (right panel). All three plots are colour-contoured with R% (unitless).
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3.3. Environmental considerations

This framework facilitates straightforward implementation of environmental constraints. The analy-
sis considered arbitrary changes in flow and seabed shear stress where R% and τdiff were defined as
the primary constraints. However, this framework is flexible such that these constraints can be easily
modified to meet site requirements and needs. As studies progress at CEC deployment sites, environ-
mental constraints for a given site should be developed collaboratively with local stakeholders, other
scientists (i.e. biologists, ecologists, and geologists), device and project developers, and the modelling
team to best address site-specific concerns. For example, if an ecologist determines that the benthic
activity will change near a proposed deployment location if shear stresses increase by 25%, a percent
change constraint could be defined for bed shear stress and incorporated into the analysis instead of,
or in addition to, τdiff. Although the limited domain of the local-scale model facilitates trend inves-
tigations only near the array, once the array has been optimally configured, TEC locations can be
included in a regional-scale model to evaluate environmental impacts such as changes to tidal
range and flushing.

4. Conclusions

A framework was created to determine improved deployment locations for TECs by maximising
power output while minimising potential environmental impacts induced by deployed devices.
The framework is flexible and can be adjusted to incorporate site-specific environmental constraints.
To demonstrate the framework’s applicability, a five-TEC array in Cobscook Bay, Maine, was
investigated.

A coarse-grid, regional-scale model of Cobscook Bay previously demonstrated that the operation
of five ORPC tidal turbines would not cause significant changes in regional tidal range, flow rate, or
broader flow patterns. While the model was sufficient for investigating large-scale environmental
effects, near-field hydrodynamics were not resolved. Therefore, a refined-grid model with a resol-
ution smaller than the individual turbines was created and implemented in this framework.

The energy output of three array layouts was estimated over a 29-day period. This included the
preliminary ORPC-defined configuration (baseline), an improved configuration that accounted for
arbitrary environmental constraints as well as an improved configuration that did not consider
environmental constraints. Of the three layouts analysed, the array layout that did not consider
environmental constraints removed the largest amount of energy from the water, at 4.38 MW-hr/
day. This output was roughly 19% higher than the output from the preliminary ORPC array con-
figuration (3.68 MW-hr/day). The optimally placed array that accounted for environmental con-
straints removed 4.27 MW-hr/day of energy (16% increase from the preliminary array).

When assessing potential placements of TECs in an array in a real-world application, where
bathymetry and flow patterns change both spatially and temporally, generalising wake recovery
and the appropriate spacing between devices is challenging. The difficulties arise due to spatial
and temporal variations in turbulence and flow, which both affect wake recovery. The framework
presented accounts for these variations, making it a valuable tool for improving array layouts subject
to environmental constraints.
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