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Introduction
Water-current MHK turbines are receiving a growing interest in many parts of the world with available
hydrokinetic resources. Because of potentially reasonable investment and maintenance costs, reliability,
and environmental friendliness, this technology is considered worthy of research investment.
Furthermore, small-scale MHK energy from river or tidal currents can be a solution for power supply in
remote areas. However, little is known about the potential effects of MHK device operation in coastal
embayments, estuaries, or rivers, or of the cumulative impacts of these devices on aquatic ecosystems
over years or decades of operation. This lack of knowledge affects the actions of regulatory agencies, the
opinions of stakeholder groups, and the commitment of energy project developers and investors. For
example, the power generating capacity of water-current MHK turbines will depend on the turbine type,
number, and current flow velocities, among other factors. In other words, each MHK-device array’s
footprint and performance will depend on the type of turbines and the characteristics of the local system.
There is an urgent need for practical, accessible tools and peer-reviewed publications to help industry and
regulators evaluate environmental impacts and mitigation measures and to establish best siting and design
practices.
This study focuses on the initial development of a hydrodynamic model of Cobscook Bay, ME. This is
the first deployment location of the Ocean Renewable Power Company (ORPC) TidGenTM units. One unit
is currently deployed with 4 more to follow in the coming years. Potential changes to the physical
environment imposed by operation of a five-MHK turbine array are evaluated using the modeling
platform SNL-EFDC [James et al., 2010a; James et al., 2010b; James et al., 2011; James et al., 2012].
Model results with and without an MHK array were compared to facilitate an understanding of how this
small 5-MHK turbine array might alter the Cobscook Bay environment. These simulations can assist costeffective planning before proceeding to detailed siting, engineering designs, and deployment of devices.

Model Configuration
The Cobscook Bay model was developed with Cartesian 100×100-m2 cells. Bathymetric data were
downloaded from National Oceanographic & Atmospheric Administration National Geophysical Data
Center (http://maps.ngdc.noaa.gov/viewers/bathymetry/), specifically data sets H12257, H12258, and
H12259 collected in 2010. These data were interpolated onto the model cells using the nearest neighbor
technique with results shown in Figure 1. It should be noted that the tidal boundary was extended
eastward for 300 m (3 cells) and the bottom elevation was ramped from −40 m to −30 m in increments of
5 m from east to west. Where bathymetry was lower than the specified elevation, the lower value was
maintained. This was done to ensure model stability at the inlet and to eliminate any velocity “hot spots”
that can arise from a uniform flow entering a variable-depth model domain. Specifically, this “entrance
length” allows the uniform-flow inlet to reorganize to a more natural flow distribution before entering the
true model domain.
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Figure 1: Cobscook Bay bathymetry showing locations of water-level collection stations.
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Circulation in the Bay was driven by data collected at Eastport Maine
(http://tidesandcurrents.noaa.gov/gmap3/). This collection point is less than 2 km from the actual model
boundary. To ensure that these water-level data are appropriate drivers for the model, data were requested
from the University of Maine FVCOM [Chen et al., 2004] model [Bao et al., 2012; Danya Xu and Xue,
2010; D. Xu et al., 2006]. Specifically, water levels at Eastport and at a transect coincident with the SNLEFDC model boundary were compared as shown in Figure 2 (these data are for July 6th to July 30th,
2004). The close match between all data sets (the average difference between the FVCOM model water
levels and data at Eastport is 1 cm) engenders confidence that data measured at Eastport can be used to
drive the SNL-EFDC model. All SNL-EFDC model outputs (water level, water velocity, dye
concentrations) are recorded on an hourly basis to manage data file sizes.
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Figure 2: Comparison of water-level data between NOAA (symbols) and FVCOM (black curve) at Eastport with the
water levels at the SNL-EFDC boundary from FVCOM for comparison (red curve). The inset is a close-up of days 16 to
18.

Water Level Verification
Using the Eastport water-level data to drive the model (July 6th−30th, 2004), various comparisons were
made at the three locations on Figure 1 where water level data are available from NOAA (Garnet, Coffin,
and Gravelly Points, see Table 1). NOAA data, SNL-EFDC data, and even FVCOM data for comparison
are presented on Figure 3 (insets are close-ups of day 16).As evident, water levels are extremely close
across both models and the data. The maximum simulated water-level range (amplitude) is 5% lower than
the NOAA data at Garnet Point, 10% higher at Coffin Point, and 15% higher at Gravelly Point. Relative
differences are harder to quantify because small changes in phase can yield significant difference in water
levels at a specified time, but they are generally within 10 cm. It is worth noting that modeling from the
University of Maine that used only tidal and wind forcing showed good agreement with available depth,
velocity, and tracer data near Cobscook Bay [D. Xu et al., 2006]. Conclusions from that work indicate that
temperature, and density gradients are not critical factors influencing hydrodynamic circulation in the
bay. Moreover, in a more recent model, Bao et al. [2012] force their Cobscook Bay model with only
water levels (no wind forcing) and concluded that, “the agreement between the magnitudes wasn’t as
good as in D. Xu et al. [2006],” but Bao et al. [2012, Figure 3] still showed quite reasonable agreement
with “the phase of the modeled tidal current [agreeing] better with observations than the speed.” This
suggests that temperature and salinity gradients are not very important for circulation models of Cobscook
Bay but that wind forcing plays a minor role.
Table 1: Locations of NOAA water-level data collection stations.

Site
ADCP
Coffin Point
Garnet Point
Gravelly Point
Eastport

UTM Easting (m)
654,267
649,429
647,581
646,107
659,343
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UTM Northing (m)
4,974,792
4,970,250
4,976,135
4,967,792
4,974,194

Figure 3: Comparison of the NOAA water level data (symbols) and the SNL-EFDC model results at Garnet Point (top),
Coffin Point (middle), and Gravelly Point (bottom). FVCOM data are also presented for comparison. All data compare
favorably and are within the data and model uncertainties.

Cross-correlation plots of the SNL-EFDC water levels (x axis) and the NOAA data (y axis) for Garnet
(left), Coffin (center) and Gravelly Points (right) are shown in Figure 4. Red lines represent the one-toone correlation indicating a perfect match between model and data The correlation coefficients are listed
on the plots and they are comparable to those between the FVCOM model and the NOAA data (Garnet,
Coffin, and Gravelly Points are R2 = 0.995, 0.979, and 0.958, respectively). Slopes less than unity for the
fit to the cross-correlation data indicate that the model tends to over-predict water levels for Coffin and
Gravelly Points (slopes of 0.87 and 0.86, respectively, indicate about 13% and 14% over-predictions).
The oval-shape trend in cross-correlations for Coffin Point indicates that there is a small phase shift
between the model and data.
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Figure 4: Cross-correlation plot between SNL-EFDC output and NOAA data for Garnet Point (left), Coffin Point
(center), and Gravelly Point (right).

Water Velocity Validation
Acoustic Doppler Current Profilometer (ADCP) data were collected by ORPC from July 5th through
August 5th, 2011, at UTM-NAD83 (654,267-E, 4,974,792-N, shown on Figure 1). Measured water-level
data for this timeframe at Eastport are shown in Figure 5 and were used to drive the SNL-EFDC model.

Figure 5: Measured water levels at Eastport, Maine, used to drive the SNL-EFDC model for July 5th through August 5th,
2011.

Figure 6 compares ADCP data to SNL-EFDC model results for depth-averaged water speed. SNL-EFDC
under predicts the ADCP data by about 5% on average over the period of record. In agreement with what
was reported by Bao et al. [2012], the phase and trend of the speeds are consistent between data and
model, but the magnitude is under predicted. Moreover, the eastward velocity component is somewhat
over predicted by the model while the northward velocity component is under predicted; this could easily
be a difference due to neglecting wind forcing in the model. It can also be due to the Cartesian grid, grid
resolution, and interpolated bathymetric resolution. To improve the model, a refined curvilinear grid
should be developed.
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Figure 6: Comparison of ADCP (symbols) to SNL-EFDC (red curves) speeds.

Snapshots of the vertical velocity profile from ADCP data and the SNL-EFDC model are shown in Figure
7. Note that ADCP data are not available for depths less that about 4 m from the sediment bed. Also, near
the water surface, there is some noise in the data. The SNL-EFDC velocity profiles replicate the ADCP
data fairly well.

Figure 7: Snapshots of the vertical velocity profile from ADCP data (symbols) and SNL-EFDC (curves). The dashed lines
show the approximate elevation of the MHK turbine. The velocity profiles do not reflect the presence of a turbine.
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The cross-correlation plot of SNL-EFDC to ADCP speeds is shown in Figure 8. The red line shows the
one-to-one correlation. The correlation coefficient (R2 = 0.717) is a bit lower for the speed data than for
the water-level data indicating more variability between the model and data, but there is not a large bias
as the data are fairly symmetric about the one-to-one line. In fact, the best fit line to the correlation data
has slope 1.05 suggesting that the model underpredicts the ADCP data by about 5%. The R2 would be
improved would be improved with a refined curviliear grid.

Figure 8: Cross-correlation plot of SNL-EFDC and ADCP speeds.

MHK Array
ORPC has a five-turbine array planned for Cobscook Bay; the locations of which are listed in Table 2.
The cells that contain turbines are colored red in Figure 9. The TidGenTM cross-flow turbines (Figure 10)
are each 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 assumed to occupy 3 m (9.8 ft) of the width and to extend from
the sediment bed to 11.2 m (36.7 ft) height. Thrust coefficients are specified as CT = 0.8 and drag
coefficients for the support structures are CD = 1.2. SNL chose a relatively high thrust coefficient to be
environmentally conservative; because physical environmental changes are expected to increase as more
energy is removed from the tidal channel. As additional turbines are included in this model analysis, more
accurate turbine representations will be implemented.
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Table 2: Turbine locations (latitude/longitude, UTM easting/northing, and EFDC cell I/J).

Turbine
1
2
3
4
5

Longitude
‒67.0458750
‒67.0445353
‒67.0472154
‒67.0442623
‒67.0464226

Latitude
44.9100591
44.9096565
44.9102783
44.9090942
44.908145

Easting
654256
654363
654150
654386
654213

Northing
4974818
4974775
4974839
4974713
4974789

Cell I
143
144
142
145
143

Cell J
130
129
130
129
129
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Figure 9: Turbine locations (red cells).

Figure 10: Schematic of the ORPC TideGenTM turbine.
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Because the turbines occupy only a fraction of a cell (30-m turbine in a 100-m cell), some discussion of
the model implementation is warranted. Power of a turbine is calculated as:

P

1
CT  Aflow facingU 3 ,
2

(1)

where  is the fluid density, U is the velocity, and Aflow facing is the flow-facing area of the MHK turbine. It
is assumed that the turbine is always aligned with the flow direction (although this may be impossible in a
three-dimensional, bi-direction flow). From the power equation, the local force, F, applied on the water
column is:

F

P 1
 CT  Aflow facingU 2 .
U 2

(2)

Given this formulation and the known turbine area, model-calculated velocities are used to specify the
force applied to the flow by the MHK device. This force is decomposed into vector components based on
the directional velocity components. Area-weighted forces are then applied to each vertical face of the
model cell in which the MHK (or support) resides. If the MHK device occupies only a portion of a
vertical (sigma) model layer, appropriate weighting is applied. An analogous computation applies for the
MHK support structures where CT is replaced by CD.
The five ORPC turbines generated a total of about 136 MW-hr over the 30-day simulation (July 2010
simulation). The support structures dissipated about 10 MW-hr over the same time period.

Results
Particle Tracking
Advective (no dispersion) Lagrangian particle tracks were calculated for the Cobscook Bay model.
A total of 25 particles were released 1 m from the sediment bed from the 25 cells surrounding the MHK
array as shown in Figure 11. This location was selected because it has the potential to have the greatest
velocity differences due to the presence of the MHK turbine. The model was forced with the July 2011
tidal data shown in Figure 5 (symbols). The particles were released 30 minutes into the simulation
because starting earlier resulted in the particles quickly exiting the system through the tidal boundary
because of the ebb tide.
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Figure 11: Particle release locations 1 m from the sediment bed.
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After 18.5 days of simulation, no particles remained in the system with no MHK array; all exited through
Coffin Point
Track Length: To Current Time
the tidal boundary. Each particle’s travel history is shown in Figure 12 for
a system without the MHKDS-INTL
DS-INTL
array (left) and with the MHK array at 10.35 days (right). While differences are noted in the particle
tracks for simulations with and without the MHK array (the last particle exited the system with MHKs in
it at 10.35 days), they were not considered significant and qualitatively resulted in the same sort of
particle tracks. Specifically, because particle tracks follow advective flow paths, even the slightest of
deviations early in the simulation result in different particle tracks (because trajectory changes early in the
simulation are amplified). Overall, the 5-turbine MHK array does not seem to significantly change the
general particle track characteristics when seeded from this location and time.
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Figure 12: Particle tracks in a system with no MHK array after nearly 18.5 days of simulation when all 25 particles have
left the model domain (left). Particle tracks with the MHK array after 10.5 days when the last particle exited the system
(right).

Tidal Range
Tidal ranges over the 25-day simulation in July 2011 are shown in Figure 13. Tidal ranges in cells that
wet and dry are represented as zero (hence the dark blue cells around the model domain). The ranges in
the Bay are significant and go from 6.3 to 7.3 m in non-drying cells. When comparing tidal ranges with
and without the five MHK devices, there was less than a 2-mm decrease when turbines were present (not
shown for this reason). This is within the error tolerance of the model indicating effectively no change in
tidal range for the investigated 5-turbine MHK array.
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Figure 13: Tidal range over the 25-day simulation.

The change in tidal range due to the operation of the 5 MHK turbines is shown in Figure 14. These results
are for the July 2010, 30-day simulation. The maximum difference is about 1 cm, but these occurred in
the regions that wet and dry. These regions are most susceptible to numerical error because of the
challenges associated with simulating this effect. Differences in tidal range of 1 cm or less are within the
uncertainty of the model and the conclusion is that the 5-turbine MHK array does not affect tidal range in
Cobscook Bay. There are only extremely small (<1cm) changes in tidal range in regions of the model that
are continuously wet.
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Figure 14: Change in tidal range (with MHK minus without MHK) in Cobscook Bay for the 30-day July 2010 simulation.

Flushing
Maximum changes in dye concentration over the course of the 30-day simulation are shown in Figure 15.
Specifically, the figure reflects the depth-averaged dye concentrations from the simulation with the MHK
array minus the depth-averaged dye concentrations from the simulation without the MHK array. Positive
differences (higher dye concentration in the simulation with the MHK array) indicate that there is less
flushing in the model with the MHK array. Given that dye concentrations begin at unity, the maximum
differences of 0.0007 are within model uncertainty and considered insignificant. Also, these maximum
differences are in the far reaches of the Bay where dye stays most concentrated because of minimal
flushing there (higher dye concentrations here lead to increased absolute differences). Again, it is
concluded that the 5-turbine MHK array does not affect dye concentration, which is a surrogate for tidal
flushing in the Bay.
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Figure 15: Maximum change in dye concentration over the 30-day July 2010 simulation.

The e-folding time is the time it takes dye concentration to dilute to 1/e (about 37%) of its original
concentration through mixing with un-dyed waters; it is a measure of the flushing rate in the system.
Assigning unit dye concentration in the system and running the model for two days where water that
enters is dye-free results in Figure 16. A plot of system-averaged dye concentrations used to estimate the
e-folding time is shown in Figure 17. A system-averaged dye concentration of 0.37 is first achieved
around 2 days indicating quite a rapid flushing rate for Cobscook Bay. Again, differences between efolding simulations with and without the MHK array were so small as to be within model uncertainty
(average difference in dye concentration was 0.25% and the curves essentially overlie each other). Water
age was also simulated both in the presence and absence of the five MHK devices; differences between
these simulations were insignificant (within the uncertainty of the model).
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Figure 16: Depth-averaged dye concentrations after two days of simulation. Water that enters the system has no dye in it.

Figure 17: Dye concentration to calculate the e-folding time for Cobscook Bay.
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Discussion and Future Work
This preliminary modeling effort was designed to evaluate the potential for the operation of 5 MHKturbines to alter Cobscook Bay regional hydrodynamics. Large changes in system-wide hydrodynamics
can significantly alter the local ecosystem and specifically aquatic habitat. Although the present effort
considers only a small five turbine array, the SNL-EFDC software can be used to optimize array
configurations of any size to maximize electricity generation while minimizing deleterious environmental
effects. This and ongoing studies at Sandia National Laboratories can help provide early guidance on
optimal array configurations, identify potential environmental concerns, and also help specify mitigation
controls that are site- and technology-specific.
Overall, the present model does a good job of simulating flow in Cobscook Bay and it adequately
reproduces available data sets for three water-level locations and an ADCP measurement. This work
demonstrates that there are no significant changes in tidal range, flow rate, or velocity upon operation of
the five ORPC tidal turbines. Therefore we conclude that the operation of 5tidal turbines in Cobscook
Bay will have little to no effect on regional aquatic habitat as regional processes are unchanged. While
there are several additional features that could be included in the model (e.g., exchange of groundwater,
wind and wave forcing, temperature and salinity transport), this version serves as a good baseline with
which to compare system behavior with and without MHK arrays.
Ongoing work at Sandia will facilitate optimization of multiple device configurations while concurrently
ensuring minimal environmental impact. In particular, SNL will work towards model grid refinement to
more accurately investigate near-field hydrodynamics and potential for environmental alterations within
and around the array. SNL will also consider additional data sets for more thorough model validation of
baseline hydrodynamics to support more accurate analyses of potential change due to the operation of
MHK turbines. Further simulations will include adding various array configurations and estimating their
effects on system hydrodynamics. If hydrodynamics are significantly affected, the analyses will be
extended to include the effects on sediment dynamics and water quality.
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