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Summary of Updates between Q2 and Q4 Reports
The Q4 report “SNL-EFDC Simulations of MHK-Related Changes to Tidal Range and Flushing” reflects
significant revisions from the previous version submitted in Q2. It has been revised according to
comments received by DOE and an independent reviewer, Dr. Brian Polagye of the University of
Washington. The report was augmented with a more thorough description of how the MHK devices
numerically withdraw energy (momentum) from the system. Also, a more complete list of assumption
that go into the model is now provided along with some discussion of potential environmental
consequences. Ultimately, all of the models were updated, rerun, and re-analyzed.
For the tidal reference model, all model runs were redone with an updated version of the MHK module
recently improved to yield more accurate power production estimates (n.b., the flow results were not
impacted by this improvement, only the estimated power removed from the flow was changed). All
reference model runs are 2D (single layer). Decreases in tidal range due to MHK power generation were
estimated. Scoping runs were conducted with a six-layer model to note the effects on power production
estimates. As expected, reduced power estimates resulted because multiple layers afford more opportunity
for flow around (above and below) the MHK turbines (no longer is there plug flow through the tidal
channel). All water age and e-folding calculations were updated and re-analyzed. E-folding times increase
with additional MHK devices because system flushing is decreased. Additional runs were performed
where various flow rates of the river into the bay were examined.
For the San Francisco Bay simulation, the entire model was rebuilt starting with a new grid. Also, runs
used the latest MHK module with improved power estimates. The cells are 250×250 m2 (up from
200×200 m2). An updated bathymetry was also applied. The new grid has the ocean tidal forcing
boundary much further from the throat of the San Francisco Bay to ensure that boundary effects do not
negatively impact the MHK power estimates. In addition, NOAA water-level data were used to drive the
model and the modeled water levels inside the Bay were compared to six available data sets to ensure that
consistent results were obtained. Deviations are noted and discussed. Decreases in tidal range are noted in
the Bay as the number of MHK devices increased. Also, water age and e-folding times were calculated.
As MHK devices increase power generation, increased water age and e-folding times are observed.

Introduction
The marine and hydrokinetic (MHK) industry in the United States faces challenges associated with siting,
permitting, construction, and operation of pilot- and full-scale facilities that must be addressed to
accelerate environmentally sound deployment of these renewable energy technologies. Little is known
about the potential effects of MHK-device operation in coastal areas, 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 stakeholders, and the commitment
of energy-project developers and investors. 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 report provides example assessments of changes to the physical environment (i.e., currents, tidal
ranges, and water age) potentially imposed by the operation of MHK turbine arrays in a marine estuary
environment using the modeling platform SNL-EFDC. Comparing model results with and without an
2

MHK array facilitates an understanding of how the turbines might alter the environment. By using models
to simulate water circulation, commensurate changes in water quality, benthic habitat quality, and aquatic
food webs may be predicted. Scenarios may be developed that examine the limits of environmental
changes that could occur in specific aquatic areas before unacceptable environmental degradation occurs.
These simulations and scenario analyses can provide cost-effective planning tools for use before
proceeding to detailed siting, engineering designs, and device deployment.

Background
For the MHK industry to succeed, it is imperative to understand the interrelationship between the number
of MHK devices installed and any subsequent environmental effects. In both marine and freshwater
environments, MHK turbines will remove energy (momentum) from the system and generate a distinct
turbulent wake that may interact with other nearby turbines thereby influencing power generation and
potentially altering flow regimes, sediment dynamics, and even water quality. Optimization is critical
because potential environmental effects are a function of the sensitivity of the waterway and the number,
size, and location of installed devices. Clearly, large MHK projects have the greatest potential to alter
system dynamics and require the most in-depth analyses, especially in areas with threatened or
endangered species. To characterize these potential effects, tools that allow virtual designs to optimize
array layouts have been developed. These tools simulate the flow through and around MHK arrays and
any environmental responses. Understanding MHK-driven changes to the physical environment will
facilitate evaluation of how these changes may affect the local ecosystem and aquatic life.

SNL-EFDC
Sandia National Laboratories’ (SNL) environmental assessment modeling tool helps optimize the design
of MHK-turbine array layouts within ocean, tidal, and river systems to balance energy generation
efficiency with environmental considerations. The new tool, SNL-EFDC, is an augmented version of US
EPA’s Environmental Fluid Dynamics Code (EFDC) and includes; (1) a new module that simulates
energy conversion (momentum withdrawal) by MHK turbine-like devices including commensurate
changes in the turbulent kinetic energy and turbulent kinetic energy dissipation rate, (2) new, advanced
sediment dynamics routines, and (3) augmented water-quality modules. SNL-EFDC has been verified and
validated against flume measurements of flow around sub-scale turbines and actuator disks [James et al.,
2011; James et al., 2012]. This tool to qualifies, quantifies, and visualizes the influence of MHK turbines
on the flow to maximize energy production and minimize potentially deleterious environmental effects.
Because a graphical user interface is available for point and click model development, SNL-EFDC is
relatively simple and easy to use. SNL-EFDC is and will remain open source so that all interested parties
will have free access to the tool for independent studies and to facilitate easy and common
communication of study results. SNL controls access to a free downloadable copy of the code on a public
website, which helps maintain version control between successive improvements to the code.

Large-Scale Tidal Studies
Tidal systems that are being targeted for MHK energy production are inherently large, extending from the
open ocean, often through one or more narrow constrictions where flow is accelerated and into an open
embayment, often containing marshlands, and fed by freshwater rivers. These domains can extend over
several miles and frequently over hundreds of square miles. To understand how MHK turbines may
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influence the “greater” tidal system, it is important to model the entire domain. A computationally
tractable model requires that the model grid be rather course, often comprising grid cells that are 10 to
100 times the diameter of the turbines.
Measurements of the generation and dissipation of turbulent wakes that occur behind underwater turbines
have been made for sub-scale turbines and actuator disks in unidirectional-flow flumes. These
measurements indicate that the velocity in the wakes recovers to ~90% of the incident velocity between
10 and 30 diameters downstream [Bahaj et al., 2007; Harrison et al., 2009; L Myers and Bahaj, 2009; L
E Myers and Bahaj, 2010; 2012]. Considering this, and the size of the grids often used to model large
tidal domains, wakes may recover within the same grid cell in which turbines are present. All simulations
demonstrate that large-scale environmental concerns in tidal systems (changes to tidal range, flushing
rates, etc.…) are insensitive to MHK-generated turbulent wakes (at least to first order). SNL-EFDC
always calculates wake properties in the course of a simulation, but due to the size of the grid cells,
effects may not be seen locally. Where possible, the model grid is refined in the region containing tidal
turbines so that turbine-turbine interaction can be more rigorously interrogated in the course of large-scale
studies.
Another option is to take a two-step approach to ultimately consider both power production and
environmental effects. First, a refined grid could simulate bidirectional flow in a smaller domain that
includes the channel containing MHK turbines. This array layout can be optimized for power production
based on tidal forcing and turbine-turbine interactions. The optimized array configuration would then be
imported into a larger domain model of the entire tidal system to evaluate far-field environmental
concerns. If environmental issues arise, then the array configuration can be altered to minimize
environmental changes and re-evaluated for power production.

Tidal Reference Model
A proof-of-concept simulation that demonstrates SNL-EFDC’s capabilities at evaluating environmental
and water-quality effects from MHK emplacement was developed for a reference tidal site where an
MHK energy installation could be built [Yang et al., 2013]. A curvilinear grid was developed as shown in
Figure 1; it has 20 rows and 129 columns. Depths range from –200 m in the open ocean, to –60 m at the
entrance throat to the bay, and –100 m in the bay itself. The model is roughly 25 km wide at the open
ocean (and 160 km long), approximately 6 km wide at the throat (and 30 km long), and 30 km wide in the
bay (and 150 km long). The model is run for 30 days subject to a standard 1-m-amplitude M2 semidiurnal (12.42-hr period) tidal forcing; this exceeds the standard 28-day tidal period and allows for a twoday model spin up.
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Figure 1: Curvilinear grid of the tidal reference model with bathymetry indicated by color.
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Verification
Before undertaking production runs where changes to tidal range and residence time can be studied as a
function of power generation, SNL-EFDC was verified through comparison to an analytical solution
describing the power potential of currents in tidal channels [Garrett and Cummins, 2005]. For a given
tidal prism, a maximum flow rate exists for a free-flowing channel; however, as MHK turbines are added,
to increase the power generated (momentum removed from the system), they introduce a resistance that
reduces the overall flow rate and hence the maximum power available. These two competing trends
dictate that the maximum power yield cannot occur when the flow rate is at its maximum. In fact, the
analytical solution predicts maximum power when the MHK resistance reduces the flow rate to 57.7% of
the maximum [Garrett and Cummins, 2005, p. 2569]. Because SNL-EFDC is used to optimize MHK
array layouts and minimize environmental changes, it is important to ensure that this analytical solution is
replicated. The two-dimensional grid (single layer in the vertical for the analytical solution) colored by
depth representing a tidally forced bay is shown in Figure 1. The dimensions of the system are listed in
Table 1; bottom roughness was set to 2 cm. The location of a single MHK “fence,” where the number of
turbines placed in each of the 20 cells across the channel is varied, is shown in Figure 2. In a single-layer
representation, turbines are treated as uniform, depth-averaged blockages; acceleration of flow around the
devices is not considered (they act equivalently to a uniform porous medium flow resistance). Turbines
are each 10 m in diameter with thrust coefficients of CT = 0.8. Support structures are not considered in the
analytical solution and are not included in the model. The turbine turbulence parameters were specified
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according to calibration results from flume data and are p = 0.05, d = 2.5, and C4 = 10 [James et al.,
2011; James et al., 2012]. Moreover, the Smagorinsky subgrid scale horizontal momentum diffusion was
set to 0.1; although this is not an important parameter for matching the analytical solution. For this model,
a sinusoidal tidal forcing with a 1-m amplitude was applied on the open-ocean boundary to the west
(12.42-hr period). This results in average and maximum throat velocities of 0.79 and 1.25 m/s,
respectively, which compare favorably to an analytical approximation of the tidal basin [Horikawa,
1978]. As shown in Figure 3, the SNLEFDC model closely replicates the Garrett and Cummins [2005]
solution and predicts maximum power generation when the flow rate is 58.3% of the maximum. The
slight (5%) decrease in power production compared to the analytical solution is consistent with the work
of Yang et al. [2013] and may be due to edge effects in the numerical model not present in the analytical
solution.
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Table 1: Approximate dimensions of the tidal channel system.

Location
Open ocean
Tidal channel
Semi-enclosed bay

Length (m)
165,000
30,000
150,000

Width (m)
260,000
6,000
30,000

← To the open ocean

Depth (m)
200
60
100

To the bay →

Figure 2: Location of the MHK fence across 20 cells in the throat of the tidal channel.
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Figure 3: Comparison of the Garrett and Cummins [2005] analytical solution to the SNL-EFDC simulation for power
withdrawal as a function of normalized volumetric flow rate.

Changes to the Flow Regime
The same horizontal grid used to compare to the analytical solution was used again to investigate effects
of power generation on the hydrodynamic flow regime as manifest in this system by decreased tidal
ranges and increased residence times. Ten fences of MHK devices were placed across the throat the tidal
embayment as shown in Figure 4. Cells are all roughly 1,100 m in the x direction and 300 m in the y
direction. As explained in the background section, although wake generation and dissipation are
calculated by SNL-EFDC, due to the size of the grid cells containing turbines, wakes are largely
dissipated within the cell in which the turbines reside and therefore turbine-turbine interactions are
minimal. Three MHK densities were considered with 10, 20, and 30 devices per cell (2000, 4000, and
6000 total turbines, respectively, because there are 200 cells with turbines). While this may be an
unrealistically large array, the size was warranted to help demonstrate the tidal and flushing effects of an
array. Turbines are each 10 m in diameter and 20 m from the ocean bottom with thrust coefficients of CT
= 0.8. Support structures are 1 m in diameter (per turbine) with drag coefficients of CD = 1.2. The
turbulence parameters were again specified according to calibration results from flume data as p = 0.05,
d = 2.5, and C4 = 10 with a partial blockage coefficient of Cpb = 10 to account for the physical
displacement of water by the device [James et al., 2011]. This partial blockage coefficient serves to
decelerate the flow into the swept area of the turbine blades and increase it above and below the device in
the vertical water column for the model cell with the turbines present. While Cpb serves to alter flow
specifically in the column of water in which the MHK device resides (accelerate flow above and below
the turbine and decelerate the flow through the blade-swept area), the rest of the model’s hydrodynamics
ensure that flow was also appropriately rerouted around the sides of the turbine (if the array did not span
the channel as a fence). Note that because the turbine level is fixed and because SNL-EFDC’s sigma layer
system has a constant number of (typically equally thick) layers, a turbine can variously occupy an entire
layer of a cell in the vertical or only a portion of the layer. Careful accounting of the fraction of a layer
occupied by a turbine in the vertical is ensured even as water levels change. In these simulations, the six
sigma layers yield approximately 10-m-thick layers (one turbine diameter) in the channel. These
simulations are for 30 days and no restart file was used (the system begins at rest).
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Figure 4: Location of MHK devices (200 red cells). Either none, 10, 20, or 30 turbines are assigned in each red cell.

Tidal Range
The maximum tidal amplitude with no MHK array in the system is 4.14 m in the easternmost portion of
Figure 5. The maximum amplitude decreased to 3.70 m when the 30-turbine-per-cell MHK array was in
place (see Figure 6). The largest changes in amplitude (≤ |−54| cm) occur toward the east of the bay where
tidal effects are amplified. One of the primary reasons these simulations were undertaken was to estimate
changes to system hydrodynamics (circulation) and to understand these can result in environmental
consequences. Decreases in tidal range in the throat are probably of little environmental concern. Toward
the back of the bay, however, where water levels are shallower, there could be impacts to tidal
marshes/flats that flood only under the highest of tides. If the maximum tidal range is reduced, these tidal
flats may no longer flood at all; this could have notable consequences for animal habitats. Table 2 lists the
decreases in tidal range and power dissipation/output (support/turbine) for three different device densities
in the MHK array (10, 20, and 30 turbines per cell). As expected, tidal range decreases as more power is
generated by the MHK array (and dissipated by the support structures). Because a model with six sigma
(vertical) layers behaves differently, especially in the vicinity of the turbines, the power generated from
the same model with multiple layers was estimated. Decreased power resulted because the flow can
bypass the turbines (above and below the turbines) when multiple layers are available (as opposed to a
2D, single layer model that results in plug flow).
DS-INTL
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Figure 5: Tidal range (maximum tidal amplitude) for the reference model (over the 30-day simulation) without MHKs.

Figure 6: Differences in tidal range between the model with the 30-turbine-per-cell MHK array and the model without it.
Table 2: Simulation characteristics for tidal reference model simulations with and without MHK arrays (30-day
simulations). Numbers in parentheses are for model runs with six sigma (vertical) layers.

Simulation

Device density
(m−2)*
3×10−5

Max decrease in
tidal range (cm)
22

MHK energy
(GW-hr)
322 (265)

Support energy
(GW-hr)
121 (103)

10 MHKs/cell
(2,000 turbines)
20 MHKs/cell
6×10−5
39
535 (424)
201 (179)
(4,000 turbines)
30 MHKs/cell
9×10−5
53
681 (550)
255 (240)
(6,000 turbines)
*
Because the turbines are 10 m in diameter, a rough estimate of the fraction of sediment covered
by turbines in a cell is the device density times 100.
Because the turbines occupy only a fraction of a cell (10-m turbines in a ~1,100×300-m2 cell), some
discussion of the model implementation is warranted, especially for multi-layer models. Power of a
turbine is calculated as:

1
P  CT  Aflow facingU 2U ,
2
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(1)

where  is the fluid density, U∞ is the upstream velocity (once model cell upstream), U is the velocity at
the turbine (in the MHK cell), 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 not be an accurate assumption 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 a vector 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.

Flushing
Flushing rate is important in natural systems from a water quality perspective to ensure that any
contaminants/nutrients are appropriately dispersed and that dissolved gas concentrations do not inhibit (or
exacerbate in the case of an algal bloom) local biota. There is typically no single metric that defines
flushing in a tidal system [Monsen et al., 2002]. The two approaches considered here (water age and efolding time) are both facilitated by simulation of an inert tracer (dye) in the system. For water-age
simulations, the initial fluid volume in the system is assigned a dye “concentration” that corresponds to
and increases directly as the simulation time. Volume influxes of water, no matter when they occur, are
assigned a dye concentration of zero. As this “new” water advects and disperses through the system, it
mixes with old water and reduces water age in that cell. The e-folding time is simply the time it takes dye
concentration to dilute to 1/e (one over natural base e or about 37%) of its original concentration through
mixing with undyed water.
Water Age
Water age was simulated for each model (with and without the 30-turbine-per-cell MHK array). The
water age for the entire system after 30 days without an MHK array is shown in Figure 7. Given the
distance of the tidal forcing boundary from the bay (purposefully located far away from the channel to
eliminate boundary effects), there is no exchange of water from the boundary to the bay. Nevertheless,
differences in water age suggest changes in the flushing rate (water age for simulation including MHK
arrays were subtracted from the simulation without MHKs). Negative numbers indicate a decrease in
flushing rate, or older water in the region for simulations with MHK arrays. It is not worth showing
differences in water age between MHK scenarios because there is little to no change in the bay over the
course of the simulation. This illustrates how water age is not an appropriate metric for flushing in this
specific system. Even longer model runs would not improve its utility. This is because water age cannot
be specified as a spatially variable initial condition and hence cannot be used to represent flushing in the
bay. However, dye concentrations can be specified to vary spatially and hence can be used as a surrogate
measure of flushing.
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Figure 7: Water age in the tidal reference model without an MHK array after about 30 days of simulation.

e-Folding
Water in the bay (x > 45,000 m) was assigned an initial unit dye concentration as shown in Figure 8; the
evolution of the dye concentration after 30 days is shown in Figure 9. The volume-averaged dye
concentration in the bay (x > 45,000 m) are shown as a function of time for a 30-day simulation without
and with 10, 20, and 30 MHK devices per cell in Figure 10 (diurnal fluctuations vary dye concentrations
by about 0.03). The dye is more concentrated when MHK devices are present indicating decreased
flushing. For this relatively large system (i.e. ~3,000 km2 area of bay) with no inflow to the bay and a
moderate 2-m-amplitude tidal forcing, flushing is fairly low. The e-folding time is the time required to
achieve an average concentration of 1/e. For the tidal reference model with no river input, e-folding times
are quite large because of slow flushing, requiring extensive computation time to reach e-folding
concentrations. As such, SNL estimated the percentage increase in e-folding times by extrapolating from
the 30 day simulations. The percent increase in e-folding times with the inclusion of 10, 20, and 30
devices per cell in the array was 20%, 44%, and 69% respectively.
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Figure 8: Initial dye concentration for e-folding calculations. Red is unit dye concentration; blue is the absence of dye.

Figure 9: Depth-averaged dye concentration after 30 days (no MHK array).

Figure 10: Dye concentrations without an MHK array (black curve) and with 10, 20, and 30 MHK devices per cell
(colored curve).

River Inflow Study
To make the reference model more realistic, specifically with regard to flushing, 5,000 m3/s of inflow was
specified at the eastern boundary. A snapshot of dye concentration after 30 days of simulation (no MHKs)
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is shown in Figure 11. The average dye concentration (x > 45,000 m) comparing the model without MHK
devices to the one with 30 devices per cell is shown in Figure 12. The inclusion of river inflow increased,
flushing for all scenarios as evidenced by modestly decreased dye concentrations when compared to the
results in Figure 10.

Figure 11: Dye concentration after 30 days (no MHK array) with 5,000 m3/s inflow from the east.

Figure 12: Average dye concentration in the bay (x > 45,000 m) for 30 days of simulation with 5,000 m3/s inflow from the
east. Decreased dye concentrations suggest increased flushing.

To extend this analysis, the inflow for the baseline (no MHK-turbines) was varied from none to
15,000 m3/s in 5,000-m3/s increments. As expected, dye concentration in the bay decrease significantly as
inflows increase as shown in Figure 13. E-folding times are 252 and 187 days for the 10,000 and
15,000 m3/s flows (other simulations did not reach 1/e concentrations, but a reasonable estimate for the
5,000 m3/s flow would be 371 days and for no flow 948 days). This indicates that flushing is greatly
enhanced by river inflow with decreases in e-folding times of 61%, 73%, and 80% respectively for the
5,000, 10,000, 15,000 m3/s inflows. For reference, maximum influx from the ocean due to the flood tide is
near 1,000,000 m3/s; with an average influx over the flood tide of about 670,000 m3/s.
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Figure 13: Baseline (no MHK-turbines) bay-averaged dye concentrations subject to varied inflow rates.

Reference Model Discussion
The purpose of the reference model was threefold: (1) to afford a verification to the Garrett and Cummins
[2005] analytical solution, (2) to provide the SNL-EFDC-equivalent to the Yang et al. [2013] FVCOM
model of the system, and (3) to offer a test bed with which to develop and test the SNL-EFDC MHK
methodology. The reference model behaved admirably in these regards and leant confidence model
simulations of real systems like San Francisco and Cobscook Bays. Because there are no real-world data
against which to compare reference model results (e.g., for tidal range change and e-folding time
measurements), a detailed analysis of the results is not likely to bear significant fruit. Nevertheless, the
general trends related to energy removal and changes to the hydrodynamics are valuable. Clearly, as more
energy is removed by additional turbines, tidal ranges and flushing decrease. Also, flushing is, not
surprisingly, increased when a freshwater river inflow was simulated.

San Francisco Bay
Model
Another model was developed using San Francisco Bay as a representative site. It must be noted that this
simulation is not calibrated to exactly reproduce the hydrological and water-quality processes in the Bay.
However, approximate tidal and inflow forcing were applied to demonstrate a representative and
reasonable analysis. If the San Francisco Bay were ever to be considered for MHK deployment, a fullscale modeling effort should be undertaken and thoroughly reviewed to ensure that it respects site data
and boundary conditions. Notwithstanding the above, the model is well suited to investigate changes in
tidal range and flushing, both of which can alter the general hydrodynamic environment and water
quality.
The San Francisco Bay model was built using an orthogonal grid with 250×250-m2 cells. Bay shorelines
were used to delimit the model domain reducing the computational effort from 114,696 total cells to the
20,853 active cells shown in Figure 14.

14

Title

Figure 14: San Francisco Bay model grid with 20,853 active 250×250-m2 cells.

Data from the USGS were used to establish the bathymetry and set the initial water depth in the system as
shown in Figure 15. The data range from about a meter above sea level to over 100 m deep under the
Golden Gate Bridge.
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Figure 15: Bottom elevations of the San Francisco Bay model as established by bathymetric data. Boundary condition
locations and water-level measurement stations are indicated.

The model has only two specified boundary conditions: tidally driven water elevations on the three faces
of the ocean outside of the mouth of the Bay and a constant inflow of 160 m3/s from the San Joaquin
River in the north-east of the model domain. Twenty-eight days of tidal elevation data inside the Golden
Gate Bridge drive the model as shown in Figure 16. These data come specifically from the San Francisco
data collection station managed by the National Oceanic and Atmospheric Administration
(http://tidesandcurrents.noaa.gov/gmap3/) for the 28 days of February, 2012.
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Figure 16: Tidal elevation specified at the boundary outside of the Golden Gate Bridge.

The model is not forced by anything other than the constant flow from the San Joaquin River and the tidal
elevation of the Pacific Ocean outside of the Golden Gate Bridge. That means that no atmospheric
(e.g., no wind shear) forcing was implemented and no wave effects were present. Neither are temperature
or salinity gradients. The bottom roughness was universally set at 2 cm. For computational efficiency, six
sigma (vertical) layers were simulated and a 5-second time step was specified.
Modeled water-level data were compared to available NOAA water-level measurements at Alameda,
Coyote Creek, Mare Island, Port Chicago, Redwood City, and Richmond (see Figure 15 and Table 3).
But, first, because the data measured at San Francisco (just inside the Golden Gate Bridge) were used to
drive the model were actually applied at the open ocean boundaries over 14 km away, it is important to
understand if this has an effect on the simulation. Figure 17 is a cross plot of the SNL-EFDC-simulated
water levels at the San Francisco measurement station and the corresponding NOAA data. The red line
has unit slope and the blue line is the best fit to the data. Deviation of the data (and its best-fit blue line)
from the red line indicate the degree to which the data driving the model are transformed as the specified
water levels from the boundary propagate to the San Francisco measurement station. The slope of the blue
line indicates that the model data need to be, on average, multiplied by 0.885 to replicate the measured
data – the model tends to over-predict the measured water levels. This is not surprising given that
bathymetry tends to amplify tidal oscillations as they surge into the Bay. Also, the correlation coefficient,
R2, is a measure of how closely the model and data agree (R2 > 0.9 indicates strong correlation). Because
this model is not specifically calibrated (and does not include factors like thermal/salinity gradients and
wind shear), differences in the modeled and measured water levels at the San Francisco station are worthy
of note, but are not particularly significant to this analysis. This level of discrepancy does not detract from
the overall utility of this model at demonstrating potential impacts of MHK arrays on the Bay.
Table 3: Locations of NOAA water-level data collection stations.

Site
Alameda
Coyote Creek
Mare Island
Port Chicago
Redwood City
Richmond
San Francisco

UTM Easting (m)
561,795
586,516
565,786
584,370
569,822
552,731
547,095
17

UTM Northing (m)
4,180,713
4,146,908
4,213,847
4,212,354
4,151,374
4,197,818
4,184,500

Figure 17: Cross plot of the SNL-EFDC water level predictions at the San Francisco measurement station and the
corresponding NOAA data.

Given the difference in modeled and measured water levels at San Francisco, differences in water levels
inside the Bay cannot be expected to be any closer. Cross plots of modeled and measured water levels at
the six measurements sites in the Bay are shown in Figure 18. For all of the measurement stations except
Mare Island, the model tends to over-predict the measurements because the slopes of the best fit lines are
less than one. Measurement stations more distant from the mouth of the Bay like Coyote Creek and Port
Chicago show poorer agreement to the data (lower R2). Also, bias and phase differences are evident in the
shape (asymmetric and oval, respectively) of the cross-plot data for Coyote Creek and Redwood City.
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Figure 18: Cross plots of the SNL-EFDC and NOAA water levels at the six available measurement locations inside the
Bay.

Comparisons of the modeled (blue curves) and measured (black dots) water levels at the highest
(Richmond) and lowest (Port Chicago) R2 locations are shown in Figure 19. The modeled and measured
water levels at Richmond agree; however, the model does not replicate the low water levels at Port
Chicago. There are also some phase discrepancies at Port Chicago (the furthest measurement station from
the Golden Gate Bridge). Overall, the agreement between modeled and measured water levels is sufficient
to demonstrate the utility of SNL-EFDC in evaluating potential changes to the system due to operation of
an MHK array. That is, relative differences between model runs are the important quantifiable results
(even if both simulations show some systematic deviation/bias from data). Certainly more effort could be
expended to ensure that the model accurately simulates the Bay, but such a level of effort is not warranted
for this demonstration.
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Figure 19: Modeled (red curves) and measured (black dots) water levels at Richmond (top) and Port Chicago (bottom).

Marine hydrokinetic devices were specified to have 20-m blade-swept diameters (CT = 0.8), 1-m
cylindrical support structures (CD = 1.2), and, when present, 1, 5, or 10 devices were specified to be
contained within each of the thirty 250×250-m2 MHK cells (see Figure 20) resulting in simulations of 30,
150, and 300 turbines. As before, the turbulence parameters were specified according to calibration
results from flume data and are p = 0.05, d = 5, and C4 = 10 with a partial blockage coefficient of 10 to
account for the physical displacement of water by the device [James et al., 2011]. Cells were selected for
turbine emplacement based on the geographic and bathymetric constraints of the system. Water depth had
to be at least 40 m (the deeper, the better) and turbines were kept near the throat of the Bay to ensure
sufficiently high power density to realize an economic benefit for the operator. The model takes
approximately 17 wall-clock hours to simulate 28 days on a single Intel Core i7 X940 2.13 GHz
processor. It should be noted that dye (which is required to calculate water age and e-folding time) is
tracked in this model to help visualize hydrodynamic changes due to MHK operation; this adds to the
computational expense.
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Figure 20: Red cells indicate where either 1, 5, or 10 turbines are located.

Table 4
DS-INTL

summarizes the power dissipated by the MHK support structures and the power extracted from
DS-INTL
the flow by the MHK turbines.
Table 4: Power dissipated by the support structures and extracted by the turbines after 28 days of simulation.

Simulation
1 MHKs per cell
(30 MHK-turbines)
5 MHKs per cell
(150 MHK-turbines)
10 MHKs per cell
(300 MHK-turbines)

Support structure energy
dissipation (MW-hr)

Turbine energy extraction
(MW-hr)

136

853

770

4,170

1,367

7,459

Tidal Ranges
Tidal amplitudes throughout the model domain were calculated for the 28-day simulations without and
with the various densities of tidal turbines. A color plot of the simulated tidal amplitude in the Bay
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without turbines is shown in Figure 21. The distribution of tidal amplitudes is largely governed by the
bathymetry of the Bay and the tidal elevation driving the model. Also, there is wetting and drying allowed
in shallow cells and these are located around the periphery of the North and South Bays (hence the low
tidal ranges there).

Figure 21: Tidal amplitude in the Bay with no MHK array.

It is expected that building an MHK array that generates electricity from the water flow due to tidal
fluctuations will alter the tidal range in a Bay behind the array and that changes should increase as more
power is generated (more momentum removed from the system) [B Polagye et al., 2009; B L Polagye and
Malte, 2011]. Given the complex shoreline, tidal forcing function, and bathymetry, MHK devices can
both increase and decrease the tidal range depending on the location in the system. The changes in tidal
ranges between a simulation without MHK devices and the one with 10 MHK devices per cell are shown
in Figure 22. The greatest decrease in tidal range is most notable in the South Bay, very near mud flats
designated as wildlife habitat areas. For the simulation with 10 MHK devices per cell (300 turbines), the
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maximum predicted water elevation decrease is less than 5 cm, which could potentially alter the wetting
extent of mud flats. For the simulation with 5 MHK devices per cell (150 turbines), the maximum water
elevation decrease is less than 2 cm, which would probably have minimal impact on the wetting extent of
mud flats. For the simulation with 1 MHK devices per cell (30 turbines), the maximum water elevation
decrease is less than 0.2 cm, which is within the error tolerance of the model indicating effectively no
change in tidal range for the investigated 30-turbine MHK array.

Figure 22: Change (decrease) in tidal range between simulations without MHK devices and the run with 10 MHK devices
per cell.
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Cross plots of water-level model results without an MHK array (x axis) against a simulation with 10
MHKs per cell (y axis) are shown in Figure 23. The best fits and correlation coefficients are listed on each
plot. Note that all slopes of the best-fit line are less than one indicating that adding 10 MHKs per cell
serves to reduce water levels in comparison to a simulation with no MHK array. Correlation coefficients
are quite high (R2 > 0.98) indicating that adding 10 MHK devices per cell (300 devices) does little to
change the tidal phase behavior in the system even as tidal ranges are slightly decreased.

Figure 23: Cross plots of simulated water levels without an MHK array (x axis) and with 10 MHKs per cell (y axis).

Flushing
Water Age
For the 28-day run, water age in each model cell was also tracked. As seen in Figure 24, new water (blue)
enters the system from the open ocean and from the San Joaquin River. The South Bay has the oldest
water because in this model, there are no river influxes there and flushing is solely due to tidal forcing.
Differences in water age suggest differences in flushing rates; for example, a difference in water age of
0.5 days (water age with the MHK array minus water age without the MHK array) indicates that there is
less flushing in this cell and the water had been there for half a day longer. The trend of increased water
age behind the array is evident (see Figure 25). It is debatable how appropriate water age is as a metric for
flushing, but it does indicate general trends of increased residence time as MHK devices are added to the
array.
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Figure 24: Water age in the Bay after 28 days of simulation without MHK turbines present. Young water in blue is seen
entering due to tidal forcing under the Golden Gate Bridge and flow from the San Joaquin River.

Figure 25: Water-age differences after 28 days of simulation. Warms colors indicate decreased flushing (older water) for
a system with 10 MHKs per cell compared to one with no MHKs.
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E-Folding
Water in the Bay was initially assigned unit dye concentration. Water that flows in from the San Joaquin
River or in through the mouth of the Bay is undyed. Depth-averaged dye concentrations are a measure of
flushing and can also be used to estimate the e-folding time. After 28 days of simulation, depth-averaged
dye concentrations in the Bay are shown in Figure 26. System-averaged dye concentrations throughout
the Bay are shown in Figure 27. The e-folding time (time for the concentration to reach 0.38) is larger
than 28 days, but extrapolation suggests that it is between 40 and 50 days. Results for 10 MHK devices
per cell (300 turbines) are also presented in Figure 27, which shows there is a slight increase in dye
concentration (nearly constant at 2.5% between 15-28 days), suggesting that e-folding times would be
perhaps 3% longer for this array scenario. The smaller arrays had decreased effect on flushing due to less
energy removal. Specifically, the large pilot scale array of 30 turbines showed less than 0.1% change in
depth average dye concentration throughout the Bay (essentially unchanged and so small as to be within
model uncertainty) and the small commercial array of 150 turbines showed about a 1% change in dye
concentration, indicating a very small decrease in flushing due to operation of the MHK array. Because
the deeper regions of the Bay are flushed fastest (North and Central Bays), the system-averaged dye
concentrations decrease fairly rapidly at first.

Figure 26: Dye concentrations in the Bay (starting from unit concentration) after 28 days of simulation.
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Figure 27: Depth-averaged dye concentrations throughout the Bay with no MHK array (black curve) and with 300 MHK
devices (red curve).

Summary and Conclusions
This work presents three model applications to demonstrate the utility of SNL-EFDC as an efficient tool
to estimate MHK array effects on large tidal systems. First, an analytical solution for power potential in a
tidal channel as a function of decreasing flow rate due to an increasing number of MHK turbines was
faithfully replicated. Second, the model was applied to an example/idealized (reference) semi-enclosed
bay where an MHK array generates power in the tidal channel connecting the bay to the open ocean.
Decreases in tidal range with increasing MHK devices were observed, as the number of turbines increased
from 2,000 to 4,000 to 6,000, tidal ranges decreased by up to 24, 39, and 53 cm, respectively. Water age
was not a good metric for flushing for the tidal system, although it proved somewhat more useful for the
San Francisco Bay model. With the inclusion of river inflow to the reference bay that was over an order
of magnitude smaller than the tidal influx, e-folding times were significantly decreased indicating that
river input can be an important part of the flushing process.
Finally, the model was applied to San Francisco Bay where an array of 20 m diameter MHK-turbine
devices generates power in the vicinity of the Golden Gate Bridge. Over the 28-day simulation, tidal
range was: (a) essentially unchanged for the large pilot scale deployment of 30 turbines, (b) decreased by
a maximum of near 2 cm for the larger deployment of 150 turbines, and (c) decreased by up to 4 cm in the
shallowest portions of the South Bay due to the operation of the commercial scale array of 300 turbines.
For flushing, the 28 day model simulation reached depth averaged dye concentrations throughout the Bay
of about 0.5 for all array scenarios. While model runs were not carried out long enough to reach depthaveraged dye concentrations of 1/e, relative differences between dye concentrations for the three array
scenarios compared with the baseline (no array) conditions were very small and seem to level off at the
end of the 28 day simulation. The difference in dye concentration between the baseline scenario and the:
(a) large pilot-scale array of 30 turbines was less than 0.1% (essentially unchanged and so small as to be
within model uncertainty), (b) small commercial array of 150 turbines was about 1% (extremely small
change), and (c) commercial-scale array of 300 turbines was less than 3% (very small change). This
suggests that flushing is relatively unaffected by the deployment of 150 turbines or less and would be
perhaps slowed by 3% when 300 MHK devices are operational. This is supported by the water age
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calculation that showed that after 28 days, when 10 MHK turbines per cell (300 turbines) were deployed,
some water in the Bay was up to 2 days older indicating decreased flushing.
In general, simulations indicate that MHK arrays decrease tidal ranges and flushing rates with effects that
grow with increasing power generation (more turbines in an array). The operation of 30 turbines in San
Francisco Bay had a negligible effect on both tidal range and flushing, indicating that this large pilot array
would not adversely affect the Bay’s natural hydrodynamic processes. The operation of 150 and 300
turbines (commercial scale arrays) in San Francisco Bay had very small effects on tidal range and
flushing and may warrant additional research to better quantify these changes. While it will be left to
regulators and environmentalists to determine what degrees of environmental changes are acceptable, or if
an alternate design, array layout, or decreased power generation capacity is warranted, SNL-EFDC
provides a tool developers and regulators can rely upon to determine the impact the inclusion of MHK
devices will have on a site-by-site basis.

Uncertainties and Potential Future Steps
All models have uncertainty as they are approximations of reality. In this effort, several important
assumptions were made that deviate from the physics of tidal systems. We have, however, carefully
included the primary forcing function on the system – tidal elevation changes. Additional assumptions
include;
•
•
•
•
•
•

Constant bottom roughness throughout the domain
No atmospheric forcing (i.e., no wind- or wave- driven mixing)
No salinity or temperature gradients (that can drive additional mixing)
No Coriolis forces
Reference models are run in 2D (single layer in the vertical), and
No calibration to system data (no data are available for the reference model – it is simply a
demonstrative numerical study). While data were compared to model output for the San
Francisco Bay, without including other forcing functions (waves, winds, temperature,
salinity), it would be premature to undertake a full calibration effort.

Without making the runs, only anecdotal evidence is available stating that these assumptions have
reasonably small impacts on predictions of tidal mixing. Follow on work could further investigate:
1) Differences between 2-D and 3-D simulations (with varying numbers of vertical layers) on water
quality metrics (help define cost benefit associated with computational expense)
2) Determining the influence of additional major factors that strongly effect mixing in real-world
estuaries (e.g. salinity gradient, wind, wind-waves, temperature gradients)
3) Development and simulations of a smaller reference tidal system (sized to be more realistic and
provide higher throat velocities representative of higher energy systems)
4) Sensitivity analysis of model parameters that could influence mixing (e.g. mass and momentum
diffusivity, grid resolution, time step, and bottom roughness)
5) Calibration to site data – the results presented herein should not be taken as representative of
actual systems because of the many assumptions made along the way. These can be relaxed for
more realistic model results.
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Future research could investigate grid scaling on SNL-EFDC model results. This would be accomplished
by performing model runs at various grid scales and nesting techniques. One simple approach for tidal
systems is to first consider a refined grid of a bidirectional flow channel containing MHK turbines. This
system will be optimized for power production based on tidal forcing and turbine-turbine interactions.
The optimized array configuration would then be imported into a larger domain model of the entire tidal
system to evaluate environmental parameters of interest. If environmental concerns are raised, then the
array configuration could be altered to minimize environmental impact and re-evaluated for power
production.
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