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Abstract

A modified version of an industry standard wave modeling tool was evaluated,
optimized, and utilized to investigate model sensitivity to input parameters and wave
energy converter (WEC) array deployment scenarios. Wave propagation was
investigated downstream of the WECs to evaluate overall near- and far-field effects
of WEC arrays. The sensitivity study illustrated that wave direction and WEC device
type were most sensitive to the variation in the model parameters examined in this
study. Generally, the changes in wave height were the primary alteration caused by
the presence of a WEC array. Specifically, WEC device type and subsequently their
size directly resulted in wave height variations; however, it is important to utilize
ongoing laboratory studies and future field tests to determine the most appropriate
power matrix values for a particular WEC device and configuration in order to
improve modeling results.
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1. INTRODUCTION

In order to effectively convert wave energy into commercial-scale onshore electrical power,
wave energy converter (WEC) devices need to be installed in arrays comprising multiple
devices. The deployment of WEC arrays will begin small (pilot-scale or ~10 devices) but could
feasibly number in the hundreds of individual devices at commercial-scale. As the industry
progresses from pilot- to commercial-scale it is important to understand and quantify the effects
of WECs on the natural nearshore processes that support a local, healthy ecosystem. WEC arrays
have the potential to alter nearshore wave propagation and circulation patterns, possibly
modifying sediment transport patterns and ecosystem processes. As WEC arrays sizes grow,
there is a potential for negative environmental impacts which could be detrimental to local
coastal ecology, and social and economic services. To help accelerate the realization of
commercial-scale wave power, predictive modeling tools have been developed and utilized to
investigate ranges of anticipated scenarios to evaluate the potential for negative (or positive)
environmental impact.

At present, direct measurements of the effects of different types of WEC arrays on wave
properties for a prototype scale WEC site are not available; therefore, the effects of varying
WEC types and model parameters on model results must be evaluated before environmental
assessments can be completed. Wave model simulations provide the groundwork for completing
such assessments by investigating the sensitivity of the predictive model results to prescribed
model parameters and WEC characteristics over a range of anticipated wave conditions. The
understanding developed here will allow investigators to conduct predictive environmental
assessments with increased confidence and reduced uncertainty in future phases.

The present study incorporates a modified version of an industry standard wave modeling tool,
SWAN (Simulating WAves Nearshore), to simulate wave propagation through a hypothetical
WEC array deployment site on the California coast. The modified SWAN, referred to as SNL-
SWAN, attempts to incorporate device-specific WEC power take-off (PTO) characteristics to
more accurately evaluate a WEC device’s effects on wave propagation and ultimately nearshore
hydrodynamics.

1.1. Objectives

The primary objectives of the SNL-SWAN evaluation and WEC sensitivity study were to
evaluate SNL-SWAN in comparison to the native SWAN code and to investigate the effects of a
range of WEC devices on nearshore wave propagation using SNL-SWAN model simulations. To
accomplish this, the following tasks were undertaken:

(1) Evaluate the modified wave propagation model, SNL-SWAN, which allows the
incorporation of device-specific WEC characteristics to assess their effects on nearshore
wave propagation.

(2) Optimize SNL-SWAN model parameters to minimize model artifacts and edge effects.

(3) Perform model sensitivity analysis using SNL-SWAN to further examine the effects of
model variations (incident wave height, period, frequency distribution spread, directional



distribution spread, WEC device type and size, number of WECs, and WEC device spacing
within the WEC array) on near-field and far-field wave conditions in the lee of the WEC
devices, in a manner similar to that employed on the native SWAN model (Chang et al.,
2014).

(4) Investigate the differences in derived transmission coefficients for SNL-SWAN switch 1 and
switch 2 (“switches” are described below).
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2. SNL-SWAN MODEL EVALUATION

The modified wave model, SNL-SWAN, attempts to incorporate device-specific WEC PTO
characteristics to more accurately evaluate each device’s effects on wave propagation and
ultimately nearshore hydrodynamics. SNL-SWAN calculates the relative capture width (RCW)
or ratio of incident wave power to captured wave power by a specific WEC device given the
initial wave conditions (e.g., wave height, Hs, and period, Tp). The RCW value is then returned to
the SWAN program and is used for calculation of the transmission coefficient, Kt, for the WEC
device, which is specified as an obstacle in SWAN, where: Kt = sqrt(Ktp) and Ktp = 1 — RCW.
Three methods of determining the transmission coefficient are employed in SNL-SWAN,
hereafter referred to as “switch 07, “switch 1" and “switch 2”, respectively:
0) SNL-SWAN defers to the native SWAN code, i.e. the transmission coefficient is user-
specified in the INPUT file,
1) SNL-SWAN computes the RCW from a user-supplied device-specific power matrix (e.g.,
Table 1 shows an example power matrix for a particular device), or
2) The user supplies the RCW for a specific wave height and period, where
RCW = Power Matrix Value / Incident Power / Device Width and
Incident Power = 0.42 * H& * T),.
The power matrices for a variety of existing WEC devices were computed based on the
numerical approach described by Babarit et al. (2012).

Table 1. Power matrix computed for a floating two-body heaving converter.

MEAN 3 4 5 6| 7| 8 of 10| 11] 12] 13| 14] 15| 16] 17|

o5 060 161 264 489 639 837 1267 1367 1161 1011 924 638 458 380 355
il 238 617 1141 1898 2459 3005 4358 5023  53.08 4389 3442 2192 1986 1676 1178
15| 000 1328 248 4333 5525  67.96 9001 10202 9200 90.80 6610 6476 4493  37.35 2163
2l 000 2441 4528 6512 10001 12052 15317 17468 150.81 12165 12608 8691  60.60 5810  48.03
250 000 000 6528 10449 14087 19070 17931 24252 254.65 189.64 180.67 13490 9921  83.45 8133
3] 000 000 9617 13656 20465 24352 35725 29348 35272 259.94 24815 18435 13667 119.64 1125
35| 000 000 1258 191.86 253.97 29127 43121 38528 42416 31411 28514 23878 22166 17220 126.00
000 000 000 25649 36625 40322 55098 53625 530.82 472.85 419.89 28855 26844 17863 193.75
45 000 000 000 32693 41827 57417 677.66 707.97 66465 509.15 41511 38596 243838 249.11  200.10
5] 000 000 000 35822 51429 65821 82437 827.96 61758 63826 51241 45181 38404 33279  257.61
550 000 000 000 44806 609.99 773.94 87967 93580 90497 80491 60274 45608 39661 31094  308.35
6| 000 000 000 000 71080 95247 97355 100000 838.26 886.05 64839 50095 50278 39633  388.41
65 000 000 000 000 78843 1000.00 100000 1000.00 978.75 1000.00 72681 577.45 43521 42353  357.60
71 000 000 000 000 78116 1000.00 1000.00 1000.00 1000.00 1000.00 959.05 74836 573.85 47183  449.84
750 000 000 000 000 99377 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 754.57 72483 64166 _ 482.11

Hs (m)
=y

2.1. SNL-SWAN Evaluation Model Set-Up

For simplicity, the SNL-SWAN model evaluation was conducted using a two-nested model
domain (Monterey Bay and Santa Cruz) with the same model set-up as described in Chang et al.
(2014) (Figure 1). A previously validated SWAN model for the same region was used to
propagate waves from deep-water offshore to shallow water. Several local National Oceanic and
Atmospheric Administration National Data Buoy Center (NOAA NDBC) buoys provided
measurements of significant wave heights, dominant wave periods, peak wave directions, wind
speeds and wind directions at the buoy locations dating as far back as 1987. These measured
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datasets were compared to model output to demonstrate excellent model performance. The wave
model and validation were discussed in Chang et al. (2010, unpublished).

Two SNL-SWAN model grids were nested to predict the propagation of deep-water waves from
offshore of Monterey Bay, CA, to nearshore Santa Cruz, CA. The Monterey Bay and Santa Cruz
model domains are shown in Figure 1. The coarse-grid (herein referred to as the Monterey Bay
model domain) resolution was approximately 0.001° degrees in latitude and longitude
(approximately 100 m grid spacing in x and y). The model was run as a stationary model:
meteorological and hydrodynamic conditions at the offshore boundaries were kept constant.
Directional wave energy spectra conditions were exported from the coarse resolution model and
used as boundary conditions for the nested, fine resolution model (herein referred to as the Santa
Cruz model domain).

The grid resolution of the nested Santa Cruz model domain computational grid was matched to
the size of the modeled WEC device type. For SNL-SWAN model evaluation, the device size
and type chosen was a 25-m floating two-body heaving converter (F-2HB; Babarit, 2012). The
Santa Cruz model grid size was therefore approximately 0.00025° degrees in latitude and
longitude. The wave spectrum boundary conditions were applied along the offshore boundaries
of the Santa Cruz SNL-SWAN model domain. The nested grid model was also implemented as a
stationary model.

Legend

Monterey Bay, CA Monterey Bay Bathymetry
W E SWAN Model Domain P shoal: 0 meters
Bathymetry

s Kilometers . Deep: 3000 meters
= 0 5 10 £\t Santa Cruz Model Domain Map Locator

Figure 1. Monterey Bay and Santa Cruz, CA model domains used for SNL-SWAN model
evaluation.
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SNL-SWAN was operated for three different cases: (0) Switch 0, (1) Switch 1 and (2) Switch 2
and the native SWAN model was also utilized for comparison. The initial wave conditions were:
1.5 m significant wave height, 12.5 s wave peak (?) period, 205° mean wave direction, frequency
distribution spread of 3.3, and directional distribution spread of 10.

All four model runs (three SNL-SWAN switches and one native SWAN model run) incorporated
an array of 10 WEC devices with zero wave energy reflection allowed, centered on the 40 m
depth contour. The WEC device array was arranged in a honeycomb/diamond-shape as a
representative configuration (Figure 2). WEC devices were simulated in the model with 6-
diameter spacing between devices, center to center. Devices were equally spaced in all
directions. Again, the simulated WEC device type was a floating two-body heaving converter
with 25 m diameter (same as the grid spacing for the nested Santa Cruz model domain).

-40

N Legend

Santa Cruz Bathymetry
W g  '"Honeycomb" WEC Device I shoal : +7 meters
Array Geometry .
Deep : -200 meters

e Kilometers
S 0 02 04 @ 10 Device WEC Array Map Locator

Figure 2. Example honeycomb geometry of a 10-WEC device array in the model.

The model results were evaluated at six shoreline locations along the Santa Cruz coast
on the 10 m, 20 m, and 30 m depth contours as described in

13



Table 2 and shown in Figure 3. The shoreline locations were, from west to east:

e West Santa Cruz

e Steamer Lane

e Santa Cruz Wharf
e Santa Cruz Harbor

e East 26" Ave.
e Pleasure Point

Table 2. Model output locations for SNL-SWAN model evaluation.

Output Depth Contour and Output Depth Contour and
Location Description Location Description
Number Number

1 30 m - West Santa Cruz 10 30 m — Santa Cruz Harbor
2 20 m - West Santa Cruz 11 20 m — Santa Cruz Harbor
3 10 m - West Santa Cruz 12 10 m — Santa Cruz Harbor
4 30 m - Steamer Lane 13 30 m — East 26th Ave
5 20 m - Steamer Lane 14 20 m — East 26th Ave
6 10 m - Steamer Lane 15 10 m — East 26th Ave
7 30 m — Santa Cruz Wharf 16 30 m - Pleasure Point
8 20 m — Santa Cruz Wharf 17 20 m - Pleasure Point
9 10 m — Santa Cruz Wharf 18 10 m - Pleasure Point

14




Legend
Santa Cruz Bath
Santa Cruz, CA — e
= ™ shoal : +7 meters
W E SWAN Model Domain
Model Output Locations - Deep : -200 meters
s Kilometers * 10 Device WEC Array Lo
S 0 15 3 B Model Output Locations apLocator

Figure 3. Eighteen model output locations in the Santa Cruz, CA model domain with
example WEC device array shown.

2.2. SNL-SWAN Evaluation Results

SNL-SWAN was first run for Switch 2 and then for Switch 1. The computed transmission
coefficient (Kt) outputs for the 10 WEC array from the Switch 2 and Switch 1 model runs
nearly identical (

Table 3). Thus, the average Kt value of 0.86 was specified as the transmission coefficient for
SNL-SWAN Switch 0 and for the native SWAN model run. Results were evaluated for the 18

output locations as described above.

SNL-SWAN Switch 0 and native SWAN runs with the transmission coefficient specified as 0.86
yielded identical results (Figure 4). Results from SNL-SWAN Switch 1 and Switch 2 were
nearly identical to each other (only one output location, 7, differed by 0.1 cm) and to SNL-
SWAN Switch 0 and native SWAN results. The maximum difference in simulated wave height
between SNL-SWAN Switch 1 and Switch 2 compared to SNL-SWAN Switch 0 and native
SWAN was 0.5 cm at the locations directly in the lee of the WECs. These results indicate that

15



the SNL-SWAN wave model was generally operating as intended, at least for the conditions
specified here for SNL-SWAN model evaluation.

Table 3. Transmission coefficients (Kt) for 10 WEC devices computed from SNL-SWAN
evaluation model runs, Switch 1 and Switch 2.

Kt
Switch | WEC | WEC WEC WEC WEC WEC WEC WEC WEC WEC
# 1 2 3 4 5 6 7 8 9 10
1 0.856 | 0.854 | 0.854 | 0.856 | 0.855 | 0.855 | 0.856 | 0.856 | 0.856 | 0.857
2 0.860 | 0.860 | 0.860 | 0.860 | 0.860 | 0.860 | 0.860 | 0.860 | 0.860 | 0.860
Original SWAN; Transmission = 0.86 Switch 0; Transmission = 0.86
36.98 36.981: 1367 m “
2:14
3:1.5
= Z 36.94
3 S 36.020%
2 2 1:
= = 2
8 8 36.915
36.88 36.88|15: 141 m -41.6
7:1.342m
36.86  3p.ge| M ‘
12212 122.068 122.015 121.963 121.91 12212 122.068 122.015 121.963 121.91
Longitude (°W) Longitude (°W) ol , E
Switch 1 Switch 2 T
36.98 36.98
36.96
=z Z 36.94
3 $ 36.02[0
2 2 1:
£ b= 2
§ § 369 3
36.88 36.88 (0.
7.
36.86 m - 3686 ,
12212 122.068 122.015 121.963 121.91 12212 122.068 122.015 121.963 121.91

Longitude (°w)

Longitude (°W)

Figure 4. Simulated wave height for SNL-SWAN model evaluation runs. The text on the
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left indicates the simulated wave height at each of the 18 output locations.




3. SNL-SWAN MODEL PARAMETER OPTIMIZATION

A series of SNL-SWAN model runs were performed while varying directional resolution (model
parameter ‘mdc’) as well as the directional spreading coefficient (‘dd’) in order to minimize
model numerical artifacts. The effects of diffraction were also investigated in the model
parameter optimization runs.

3.1. SNL-SWAN Optimization Model Set-Up

Similar to the SNL-SWAN model evaluation runs, the selected modeling site was nearshore
Monterey Bay and Santa Cruz, California (Figure 1). Two SNL-SWAN model grids were nested
to predict the propagation of deep-water waves from offshore of Monterey Bay, CA, to near-
shore Santa Cruz, CA. The Monterey Bay model domain resolution was approximately 0.001°
degrees in latitude and longitude and the grid resolution of the nested Santa Cruz model domain
computational grid was matched to the size of the modeled WEC device type. For model
optimization runs, the device size and type chosen was a 20-m floating two-body heaving
converter (F-2HB; Babarit, 2012).

Historical wave conditions offshore of Monterey Bay are fairly well understood due to the
existence of long-term wave data measurements from several NOAA NDBC and Coastal Data
Information Program (CDIP) buoys. Representative data from NOAA NDBC buoy #46042 were
utilized to determine typical wave conditions to be expected in the Monterey Bay region. The
buoy is located 27 nautical miles west-northwest of Monterey, CA, in greater than 2000 meters
water depth. Data have been recorded at this location since 1987, making it a statistically reliable
source for evaluating typical (and extreme) wave conditions approaching Monterey Bay.

A wave height and wave period rose was generated by the historical data to evaluate the
historical wave climate.! Significant wave height is the average of the highest 1/3 of wave
heights on record. Dominant wave periods correspond directly to the frequency containing the
largest amount of wave energy. Mean wave directions are the directions from which the
dominant waves (waves corresponding to the dominant period) are approaching.

Figure 5 illustrates that the dominant wave direction (most frequently occurring) was from the
northwesterly direction. The plots also indicate the most frequently occurring wave heights and
wave periods (magnitude of color bands in plots). The basic statistics (of all available wave data
from this buoy) that resulted from the wave data analysis are listed in Table 4. Figure 6, Figure 7,
and Figure 8 show the statistical histograms of each wave property and provide a visual
comparison to the model input values selected for the present modeling effort. It is evident that
the majority of the waves approach the Monterey Bay region from the northwest (270 — 360
degrees True North) and that more than half of the waves on record are comprised of wave
heights of 2.0 meters or less and wave periods of less than 12 seconds.

"Wave heights are the significant wave heights; the wave periods are the dominant wave periods. The wave
directions are the mean wave direction, MWD, recorded by the buoy, and are the directions from which the
waves approach.
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Figure 5. Wave height (left) and wave period (right) rose diagrams showing direction from
which the waves are approaching. Data collected by NOAA NDBC buoy #46042.

Table 4. Statistical data analysis - NOAA NDBC buoy #46042.

Parameter and Units | Mean Value | Median Value | Mode Value
Hs (m) 2.2 2.0 1.7
T, (S) 11.8 11.4 12.5
MWD (degrees) 287.5 299 310
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Figure 6. Wave height histogram (frequency of occurrence) - NOAA NDBC buoy #46042.
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Figure 7. Wave period histogram (frequency of occurrence) - NOAA NDBC buoy #46042.
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Figure 8. Wave direction histogram (frequency of occurrence) - NOAA NDBC buoy
#46042.

In order to model a scenario with potential nearshore (and shoreline) Santa Cruz impacts,
representative offshore wave conditions were selected based on their potential to alter nearshore
wave properties. Based on the data analyzed from NOAA NDBC buoy #46042, Hs=1.7m, T, =
12.5 sec was selected for representative offshore boundary conditions (Table 5). The offshore
mean wave directions applied at the boundaries were 310 degrees and 205 degrees (Table 5),
chosen because these caused wave shadowing to occur in the direction of the nearest shoreline
(distance of order 5 km) to the simulated WEC deployment locations.

Table 5. Model Boundary Conditions.

Parameter (units) | Values
Hs (m) 1.7
T, (sec) 12.5
MWD (degrees) 205

This was a conservative approach at modeling WEC array impacts on nearshore wave properties
because waves approach Santa Cruz from a southwesterly direction (180° to 270° True North)
approximately 15% of the time and waves approach the region from a northwesterly direction
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(270° to 360° True North) approximately 80% of the time. These simulations, however,
illustrated the potential effects on wave properties near the Santa Cruz shoreline if a WEC array
were to be installed in locations offshore of Santa Cruz.

Offshore model boundary conditions were specified for all “wet” boundaries (north, west and
south sides) of the Monterey Bay domain. Waves were propagated from offshore to onshore
throughout the entire domain. Wave frequency and directional spectra were extracted along the
“wet” boundaries of the Santa Cruz domain and used as input boundary conditions for the nested,
Santa Cruz domain (Error! Reference source not found.). Waves were then propagated from
the offshore boundaries of the Santa Cruz model domain to the shoreline.

In the present analysis, the WEC device was the 20-m F-2HB buoy type, chosen because of its
relatively large size and hence its simplicity in equating its diameter to the model computational
grid size. An array of 50 WEC devices spaced six diameters apart on the 40 m depth contour was
modeled. The WEC device array was arranged in a honeycomb/diamond-shape as a
representative configuration (Figure 2). WEC devices were simulated in the model parameter
optimization study with 6-diameter spacing between devices, center to center. Devices were
equally spaced in all directions. Model output location information is described above and shown
in Table 2 and Figure 3.

3.2. SNL-SWAN Model Optimization Parameters

Based on the data analyzed from NOAA NDBC buoy #46042, the mode of the wave heights and
periods, 1.7 m and 12.5 sec, respectively, were selected for the incident wave height and wave
period conditions. Gamma (frequency spreading coefficient) was held constant at 3.3.

Directional resolution was varied between 15° and 9° (‘mdc’ equal to 24 and 40, respectively);
9° was the highest angular resolution possible with the smallest desired computational grid size
of 5 m (directional resolution greater than 9° resulted in model allocation errors). The two
different ‘mdc’ values of 24 and 40 were run with directional spread (model parameter ‘dd’)
varying between 10 and 25 and diffraction turned on and off. Diffraction settings, when turned
on, followed SWAN recommended smoothing parameters (a = 0.2 and n = 6). A total of eight (8)
model parameter optimization runs were performed, as indicated in Table 6. Results were
compared to model runs performed with the same parameter values but with no WEC devices,
where percent difference was computed following:

(InitialValue — FinalValue)

P . ch _ x 100
ercentage Lnange InitialValue Eg.1

where InitialVValue and FinalValue was Hs determined from model runs without WEC devices
and with WEC devices, respectively.
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Table 6. SNL-SWAN model parameter optimization scenarios

Run mdc dd DIFFRaction
1 24 10 OFF
2 24 10 ON
3 24 25 OFF
4 24 25 ON
5 40 10 OFF
6 40 10 ON
7 40 25 OFF
8 40 25 ON

Model parameter optimization was performed in order to minimize model artifacts as indicated
by linear streaks in the lee of obstacles. Delft University of Technology researchers suggested
that the directional spreading coefficient (‘dd’) should be maximized for accurate representation
of wave energy in the lee of obstacles and diffraction effects should be explored.

3.3. SNL-SWAN Model Optimization Results

Model parameter optimization results are shown in Figure 9 and are summarized here. Note the
presence of linear streaks that occurred when the 15° directional resolution parameter value was
used. These streaks were caused by averaging model results into only 24 directional bins (every
15° over 360°). The linear streaks associated with the 15° directional resolution were reduced
when 9° directional resolution (40 directional bins) was incorporated. No further increase in
directional resolution was possible for the present model domain due to the relatively small
computational grid size for the smallest modeled WEC devices. High resolution directional
binning coupled with small computational grid size (8 m or less) was not possible due to
limitations in model memory allocation for the high resolution grid.

Increased directional spread (‘dd’ equal to 25 as compared to ‘dd’ of 10) resulted in the influence
of the WEC array being more focused directly in the lee of the obstacles. This is best illustrated
in Error! Reference source not found. (Dirtn Spread = 25; Dirtn bin = 15deg; Diffr ON and
Diffr OFF). Both of these figure panels show focused wave height reduction extending to the
shoreline directly in the lee of the WEC array. In comparison, model runs that employed a dd
value of 10 resulted in wave reduction effects that were more spread out laterally along the
shoreline.

The effects of diffraction included larger wave heights at the edges of WEC influence (i.e. less
difference in Hs between model runs without and with WECSs and in some cases, increased wave
height at the edges of WEC array influence), smaller wave heights directly in the lee of the WEC
array, more pronounced wave height reduction effects from the WEC array toward the shoreline,
and additional streak effects in the lee of the WEC array, seen as vertical lines in Figure 10.

Given the results of model parameter optimization runs, it was determined that diffraction was

not accurately represented by the SWAN model for the purposes described here. In SWAN, the
computation of diffraction is simplified to reduce computing requirements. Diffraction
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computations involve a phase-decoupled approach to simulate the qualitative behavior of spatial
redistribution and changes of wave direction (SWAN, 2011). As such, SWAN diffraction can
result in the edge effects observed in model optimization simulations as shown in Error!
Reference source not found. and Error! Reference source not found.. Generally, diffraction
should be used in areas where variations in wave height are large within a horizontal scale of a
few wave lengths. Additionally, higher directional resolution (‘mdc’ equal to 40) was
recommended (Delft University of Technology, pers. comm., 2013). Therefore, subsequent SNL-
SWAN model runs will be mindful of the results from this optimization study. Further sensitivity
analysis of ‘dd’ is described for a variety of WEC device types in Section 4.
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4. SNL-SWAN SENSITIVITY ANALYSIS - PART 1

4.1. Sensitivity Analysis Model Set-Up — Part 1

Three SNL-SWAN model grids were nested to predict the propagation of deep-water waves
from offshore of Monterey Bay, CA, to near-shore Santa Cruz, CA. The Monterey Bay, Santa
Cruz, and WEC SNL-SWAN model domains are shown in Figure 11. The Monterey Bay and
Santa Cruz computational grids were the same as described in Section 2.1. The Monterey Bay
model resolution was approximately 0.001° degrees in latitude and longitude and it was run as a
stationary model. Directional wave energy spectra conditions were exported from the coarse
resolution model and used as boundary conditions for the nested, fine resolution Santa Cruz
model.

The grid resolution of the nested Santa Cruz model domain computational grid was
approximately 0.00025° degrees in latitude and longitude. The wave spectrum boundary
conditions were applied along the offshore boundaries of the Santa Cruz SNL-SWAN model
domain. The nested grid model was also implemented as a stationary model. Directional wave
energy spectra conditions were exported from the Santa Cruz model domain and used as
boundary conditions for the nested, finest resolution model (herein referred to as the WEC model
domain).

The grid resolution of the nested WEC model domain was approximately 0.00010° degrees in
latitude and longitude (approximately 10 m in x and y). This grid size was smaller than the full-
scale WEC devices modeled in this study. In SWAN and SNL-SWAN, obstacles must cross
computational grid points in order for them to be accounted for in wave propagation simulation.
By specifying a computational grid size that is smaller than the full-scale WEC devices for
which the power matrices are provided, it was ensured that obstacles crossed at least one grid
point. The Santa Cruz model wave spectrum boundary conditions were applied along the
offshore boundaries of the WEC SNL-SWAN model domain. The inner nested grid model was
also implemented as a stationary model.

See Section 2.1 for a description of the WEC array and model output locations.
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Figure 11. SNL-SWAN sensitivity analysis three-domain nested model domain. NDBC
buoys are shown as stars. The white dot indicates the simulated WEC array and black
dots are model evaluation locations.

4.2. Sensitivity Analysis Parameters — Part 1

The evaluation of the near- and far-field effects of WEC devices and arrays on the near-shore
environment was accomplished by assessing wave property changes at the 18 model output
locations (Figure 3), and the horizontal extent over which these changes are expected. The
potential wave property changes in proximity to the nearest shoreline (e.g. Santa Cruz, CA) were
explored in a sensitivity analysis by simulating three WEC device types, two incident wave
heights, two incident wave periods, three frequency distribution spreading coefficients (gamma),
and three directional distribution spreading coefficients (dd) (Table 7).

A total of 108 model runs (36 for each WEC device type) were conducted using SNL-SWAN
with Switch 1 and an additional 108 model runs were evaluated for SNL-SWAN Switch 2.
Results were compared to 36 model runs conducted with no obstacles. The initial mean wave
direction of 205° was held constant for all model runs. Additionally, all model runs included an

28



array of 10 WEC devices (obstacles) with zero wave energy reflection allowed, and centered on
the 40 m depth contour, as shown in Figure 2.

The sensitivity analysis parameter values are indicated in Table 7. The three different WEC
devices evaluated were: (1) Bottom-fixed oscillating flap (B-OF), (2) Floating two-body heaving
converter (F-2HB), and (3) Floating oscillating water column (F-OWC). The diameter of each
WEC device was: (1) 26 m, (2), 20 m, and (3) 50 m (maximum of length and width) (Babarit et
al., 2012). The power matrix for each device was computed by following Babarit et al. (2012).

Based on the data analyzed from NOAA NDBC buoy #46042, the mode of the wave heights and
periods, 1.7 m and 12.5 sec, respectively, and the 95 percentile wave heights and periods, 3.5 m
and 16 sec, respectively, were selected for the two incident wave height and wave period
conditions. Gamma (frequency spreading coefficient) was varied between 1, 3.3, and 10 and dd
(directional spreading coefficient) was specified as 2, 10, or 25.

Table 7. Sensitivity analysis parameter values.

Parameter Values
WEC Device Type [‘B-OF’, ‘F-2HB’, ‘F-OWC’]
Initial Wave Height (m) [1.7, 3.5]
Initial Wave Period (sec) [12.5, 16]
Frequency Distribution Spread [1, 3.3, 10]
Directional Distribution Spread [2, 10, 25]

4.3. Sensitivity Analysis Results — Part 1

Model results were retained for each model run listed in Appendix A (216 runs in total — 108 for
Switch 1 and 108 for Switch 2). Results included propagated wave heights, wave periods, wave
directions, and near-bottom orbital velocities at all grid points in the model domains. Further, the
same wave properties were extracted at each of the 18 distinct model output locations to
facilitate simple point-to-point comparison.

Figure 12 through Figure 22 illustrate the results from sensitivity analyses. The results are
surface-to-surface comparisons, comparing the modeled scenario results to the baseline scenario
results, where the baseline scenario does not include obstacles. In Figure 12 through Figure 17,
black coloring indicates no (or negligible) change in wave parameter from the baseline scenario.
Color bars are included in each figure to define the amount of change, where change is defined
as a percentage change from the baseline scenario (Eg. 1). Recall that a positive change indicates
a decrease in the value of the wave parameter in the presence of a WEC array and vice versa. In
addition, the percentage change computed at each of the 18 model output locations is listed as
text in each sub-figure, adjacent to the output location number; this allows for rapid comparisons
from case to case.

4.3.1. Significant Wave Height
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Results of significant wave height predictions from the sensitivity analysis using Switch 1 and 2
are shown in Figure 12 and Figure 13, respectively. Figure 14 shows additional results for
Switch 2 (T, = 16 s). The model parameters (WEC device type and boundary conditions) are
indicated above each subplot. Immediately evident from examination of these figures is that
there appeared to be an issue with running SNL-SWAN Switch 2 with an initial wave period of
16 s and the B-OF and F-2HB device types (Figure 14). Wave height actually increased in the
lee of the WEC array during these conditions. Additionally, the resultant transmission
coefficients for the B-OF buoy and for the F-2HB buoy with wave period of 16 s were
completely unreasonable (values above 1.0 or negative values). The root of this problem was an
error in the SNL-SWAN code in passing variables from the model to the output PRINT file. This
error has since been debugged and fixed in the current version of SNL-SWAN (Appendix A;
Figure A 1).

Switch 1 and Switch 2 results for model runs with initial wave period of 12.5 sec were
comparable. Wave height decreases of between zero and 3% were observed at the 18 output
locations when compared to the baseline scenario. The largest wave height decreases directly in
lee of the WEC arrays and the longest horizontal impact (i.e. largest effect toward the shoreline)
occurred for the B-OF WEC device type. The widest horizontal (along-shore) effects were
largest for the F-OWC device type, which makes intuitive sense given that these are the largest
devices.

4.3.2. Near-Bottom Orbital Velocities

Near-bottom orbital velocities (e.g. wave-driven currents) were directly proportional to the
surface wave expression (i.e. significant wave height). Decreased wave heights caused a
decrease in near-bottom orbital velocities, potentially altering the ambient wave-driven currents
in a near-shore environment. Consequently, the percentage differences of the near-bottom orbital
velocities were essentially equivalent to those computed from the significant wave height model
scenarios. Figures of near-bottom orbital velocity percentage differences are not included since
they were equivalent to Figure 12, Figure 13, and Figure 14.

4.3.3. Peak Wave Periods

The percentage changes in peak wave periods during this study were negligible, as shown in
Figure 15 (Switch 2 results are identical and therefore are not shown). The reason for this was
twofold. First, within the model parameters, the frequency bin resolution may have been too
large to register small changes in wave periods (small changes in frequency would not cause a
change in frequency bin in model space). Second, since the model obstacles were “absorbing”
the same percentage of wave energy from all wave frequencies (i.e. because the transmission
coefficient is frequency-independent), there would be no change in peak wave energy; the
dominant wave energy would not shift to an alternate frequency(ies). Therefore, in the present
study, no change (or negligible change) would be observed. [Note that up to -30% differences
were found in peak wave periods for Switch 2 runs with 16 sec initial wave period and the B-OF
and F-2HB WEC devices; this issue is described above and has since been resolved.]
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4.3.4. Mean Wave Directions

Changes in mean wave directions are illustrated in Error! Reference source not found.Figure
16 and Figure 17 as degrees changed (as opposed to percentage changes) for easy interpretation.
Negative changes (blue) indicate clockwise (CW) rotation of wave direction. Positive changes
(red) indicate counter-clockwise (CCW) rotation. Rotation, when it occurred, was relatively
large, for the same reasons described for peak periods: the directional bin spacing was 15-
degrees. Any changes less than this were indeterminable by the model.

Recall from Chang et al. (2014) that mean wave directions were most affected by the largest
WEC device array(s) (e.g., greater than 100 WEC devices), which caused the largest horizontal
extent wave shadowing effects in lee of the array(s). As a result of transmission coefficient and
depth contour variation, mean wave directions were altered, but changes were minor. For the
present study, only 10 WEC devices were modeled in an array; hence directional changes were
for the most part negligible throughout the WEC model domain. Up to ~-15° differences were
found near the 10 m depth contour for Switches 1 and 2 and also directly in the lee of the B-OF
WEC array when using Switch 1.
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Figure 12. Significant wave height percentage decrease as a result of varying model parameters (as indicated above each
panel) using SNL-SWAN Switch 1. The WEC array was centered on the 40 m depth contour and comprised of 10 devices.
Note that the device diameters represented in the figure are not to scale.
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Figure 14. Same caption as for Figure 12 but for Switch 2 and T, = 16 s, shown to illustrate the issue with particular Switch 2
model runs.
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Figure 15. Peak wave period percentage decrease as aresult of varying model parameters, as indicated.
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Figure 16. Mean wave direction decrease (degrees) as a result of varying model parameters, as indicated, for SNL-SWAN
Switch 1.
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Figure 18. Variation in wave properties versus wave height boundary conditions. The left four panels are the results from
using Switch 1 and the right four panels are from Switch 2. Note the differences in the y-axes.
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4.3.5. Results Summary

The total variation in all wave conditions versus initial boundary condition wave height for all
scenarios modeled in the present study is illustrated in Figure 18. The shape of the scatter plots
and degree of vertical spreading that exists for each constant parameter were indications of the
model sensitivity to that parameter. This figure illustrates that both wave height and near-bottom
velocity were subject to small variations, decreasing as initial wave heights increased from 1.7 to
3.5 m. Wave direction was affected consistently for all wave heights; and wave period was not
affected (or negligibly affected) by varying wave height.

Similar results were observed in Figure 19 through Figure 22, which indicate the range of
changes anticipated as a function of initial wave period, frequency distribution spread,
directional distribution spread, and WEC device type. Wave height variability generally
decreased with increasing initial wave period, increasing frequency distribution spread, and
increasing directional distribution spread.

Another means of viewing the model results is presented in Figure 23 through Error! Reference
source not found. (Switch 1 only; Switch 2 results are similar and therefore not shown), which
allow determination of the model parameters which have the greatest effect on the specific wave
properties. From Figure 23, it is evident that the largest wave height (and bottom-orbital velocity;
not shown) variation is expected when the initial boundary condition wave height and period was
1.7 m and 12.5 s, frequency distribution and directional distribution spreads were 1 and 2, and
the WEC device type was B-OF. Mean wave directions varied the least for 16 s initial wave
period, directional distribution spread of 25, and the F-2HB WEC device type (Figure 24). The
peak wave periods were not affected (or were negligibly affected) by variation of the parameters
(Figure 25).
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Figure 23. Variation in significant wave height for all varied model parameters.
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Figure 24. Variation in mean wave direction for all varied model parameters.
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Figure 25. Variation in peak wave period for all varied parameters.

These results ultimately illustrated, that, given the present model setup, the wave heights (and
associated near-bottom orbital velocities) and direction, as well as WEC device type showed
consistent differences of up to £10% between baseline and modeled conditions for selected
sensitivity analysis variables. Wave periods did not appear to be sensitive to changes in
parameters. However, additional analysis is required to fully explore the model sensitivity of
peak wave period and mean wave direction to the varying of the parameters.

Model output locations located to the East and West showed relatively little to no change in
wave heights compared to the baseline scenario. The largest wave height differences were
observed downstream of the array near the array centerline (output locations 7-12), where the
largest wave shadowing effects were predicted. Depending upon the parameters selected during
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each scenario, additional model output locations may also indicate large changes in wave
heights.
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5. SNL-SWAN SENSITIVITY ANALYSIS — PART 2

5.1. Sensitivity Analysis Parameters — Part 2

Model sensitivity analysis was performed using SNL-SWAN in order to understand model
behavior in the vicinity of a variety of different WEC devices, sizes, WEC spacing within an
array, and number of WECs in an array. The potential wave property changes in proximity to the
Santa Cruz, CA shoreline were explored by simulating eight different WEC device types with
seven different diameters (Error! Reference source not found.) arranged in
honeycomb/diamond-shaped arrays of 10, 50, or 100 WEC devices that were spaced 4, 6, or 8
diameters apart. The power matrix for each of the eight devices was computed by following
Babarit et al. (2012).

Table 8. WEC device types and associated diameters (maximum of length and width;
from Babarit et al., 2012) simulated for SNL-SWAN model sensitivity analysis.

WEC type Abbreviation Diameter (m)

Small bottom-referenced heaving buoy Bref-HB 5*
Bottom-fixed heave-buoy array” B-HBA 5
Bottom-referenced submerged heave-buoy” Bref-SHB 7
Floating heave-buoy array” F-HBA 8

Floating three-body oscillating flap device F3 OF 9.5
Floating two-body heaving converter F-2HB 20
Bottom-fixed oscillating flap B-OF 26
Floating oscillating water column F-OWC 50

* The Bref-HB size was listed as 3 m; however it was specified as 5 m in SNL-SWAN model
runs due to limitations on computational grid size.

“B-HBA and Bref-SHB were modeled as obstacles that extended throughout the water column
although both are devices without surface expressions.

*F-HBA is a multi-body WEC, composed of any number of heaving buoys connected to a
submerged structure. The actual dimension of F-HBA is dependent on the number of heaving
buoys within its body. It was therefore modeled as a singular 8-m diameter obstacle.

5.2. Sensitivity Analysis Model Set-Up — Part 2

5.2.1 WECs larger than 15 m

The nested model domains for WEC devices greater than 15 m in diameter were the same as
described in Section 3.1 and shown in Figure 1. However, the inner Santa Cruz model domain
grid size was set equal to the size of the particular WEC device being modeled. This was to
establish each device as equivalent to a model grid cell, which would simplify model

performance evaluation and assessment.

5.2.2 WECs smaller than 15 m
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WEC devices less than 15 m in diameter were modeled with a triple-nested SNL-SWAN model.
The reason for this additional nested grid was due to model allocation limitations when
attempting to model grid cells less than 15 m in dimension. The Monterey Bay, WEC, and Santa
Cruz SNL-SWAN model domains are shown in Figure 26 and Figure 27. The coarse-grid
Monterey Bay model domain resolution was approximately 100 m grid spacing in x and y. The
model was run as a stationary model. Directional wave energy spectra conditions were exported
from the coarse resolution model and used as boundary conditions for the nested, finer resolution
model (herein referred to as the WEC model domain).

The grid resolution of the nested WEC model domain was equal to the modeled WEC device
diameter. WEC devices that were 5 m in diameter required a smaller WEC domain due to model
computational limitations. WEC devices between 6 m and 10 m required a larger WEC domain
such that the entire WEC array of up to 100 devices would be accommodated. The WEC nested
grid model was also implemented as a stationary model. The WEC model wave spectrum
boundary conditions were applied along the southern offshore boundary of the Santa Cruz model
domain. The boundary between the WEC domain and the Santa Cruz domain was extended
sufficiently to the west in order to avoid boundary effects that may have negative effects on the
18 model output locations.

The grid resolution of the innermost Santa Cruz model domain computational grid was
approximately 0.00025° degrees in latitude and longitude (approximately 25 m in x and y). The
innermost Santa Cruz domain was also implemented as a stationary model.

A total of 144 model runs were conducted (72 for each of SNL-SWAN Switch 1 and 2). Results
were compared to seven model runs conducted with no obstacles. The seven runs with no WECs
represented each of the seven different device sizes. The initial wave conditions were: Hg = 1.7
m, T, = 12.5 s, mean wave direction = 205°, frequency spread = 3.3, and directional spread = 25.
These initial wave conditions were held constant for all model runs. Additionally, all model runs
were conducted with 9° directional resolution (mdc = 40), zero wave energy reflection allowed,
no diffraction, and the WEC array centered on the 40 m depth contour, as shown in Figure 2.
Model sensitivity analysis parameters for each model run are summarized in Appendix B.
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Figure 26. Monterey Bay, WEC (bounded by solid lines), and Santa Cruz (bounded on
three sides — north, west, and east — by dashed lines) SNL-SWAN model domains for
devices less than 6 m in diameter (40 m depth contour indicated by a dotted line). The
inset shows a close-up view of the WEC and Santa Cruz domain (boundary between the
two marked by the solid line).
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Figure 27. Same caption as Figure 26 but for devices between 6 m and 15 m in diameter.

5.3. Sensitivity Analysis Results — Part 2

Model results were retained for each model run. Results included propagated wave heights, wave
periods, wave directions, and near-bottom orbital velocities at all grid points in the model
domains. Further, the same wave properties were extracted at each of the 18 distinct model
output locations to facilitate point-to-point comparison.

Figure 28 through Figure 30 illustrate the results from sensitivity analyses. The results are
surface-to-surface comparisons, comparing the modeled scenario results to the baseline scenario
results, where the baseline scenario does not include WEC devices. Black coloring indicates no
change in wave parameter from the baseline scenario. Color bars are included in each figure to
define the amount of change, where change is defined as a percentage change from the baseline
scenario (Eq. 1).

5.3.1 Significant Wave Height

Results of significant wave height predictions from the sensitivity analysis for 50 F-2HB type
WECs using Switch 1 and Switch 2 are shown in Figure 28 for comparison of the two switches
(transmission coefficients resulting from the two switches are discussed further below). Switch 1
and Switch 2 results for model runs were comparable but not identical; likely due to effects of
the interpolation of wave height and period when computing the RCW for Switch 2. Wave
heights were slightly more reduced in the lee of 50 F-2HB WEC device types spaced six
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diameters apart for Switch 1 as compared to Switch 2. Switch 2 simulations resulted in 0.1%
more wave reduction for output locations 7, 8, 11, 12, and 18. Wave height decreases of between
zero and 8% were observed for output locations to the northeast of the WEC array for Switch 1
and Switch 2 (Figure 28). The comparisons between Switch 1 and Switch 2 for the seven other
WEC devices were similar.

50 F-2HB-type WECs with 6 x 20 m spacing 50 F-2HB-type WECs with 6 x 20 m spacing
15
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122.05 122.02 121.99 121.96 122.05 122.02 121.99
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121.96

Figure 28. Significant wave height percentage decrease as a result of varying model
parameters (as indicated above each panel) using SNL-SWAN Switch 1 (left) and Switch 2
(right). Note that the device diameters represented in the figure are not to scale.

Switch 1 model results for all eight WEC buoy types are shown in Figure 29 and Figure 30.
Switch 2 results were similar and are not shown. The model parameters (number of WECs, WEC
device type, WEC spacing, and WEC diameter) are indicated above each subplot.

For all eight device types, the largest wave height decreases were directly in the lee of the WEC
arrays. In general, smaller devices had less impact on wave height as compared to larger buoy
sizes. Exceptions to this statement were the Bref-SHB buoy (7 m), which exhibited wave height
reductions of roughly equal magnitude as the B-HBA WEC type (5 m) and the F-OWC buoy (50
m), which had less of an impact on wave height than the 26 m B-OF device type (Figure 29 and
Figure 30). The magnitude of wave height reduction was directly correlated to the WEC’s power
matrix values, with larger values resulting in more reduction in wave height and vice versa.

The largest spatial (horizontal or along-shore) wave reduction effects were observed with the F-
OWC device, which makes intuitive sense given that these were the largest of the modeled
devices and were thus also spaced furthest apart (i.e. blocking a larger percentage of the
propagating waves). Recall that submerged buoys (B-HBA and Bref-SHB) were modeled as
obstacles that extended throughout the water column; results could have been significantly
different for these devices if simulated as obstacles covering only a portion of the lower water
column.
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Figure 31 summarizes model sensitivity to the following varied parameters: WEC buoy type,
number of WEC devices in the array, and WEC spacing. Variability in wave height percent
differences was largest for buoy type, i.e. the model was most sensitive to WEC device type (and
WEC size with the exception of the F-OWC buoy). The power matrix associated with each WEC
was generally scaled to WEC size (i.e. larger buoys exhibited greater power generation as
compared to smaller devices), with the exception of the F-OWC buoy. WECs with higher power
generation resulted in greater wave height reduction. Wave height reduction was strongly
sensitive to the number of WEC devices but relatively insensitive to WEC spacing. As expected,
the larger the number of WECs in the array, the greater the difference between modeled wave
height with and without obstacles (Figure 31).
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Figure 29. Significant wave height percentage decrease as a results of varying model
parameters (as indicated above each panel) using SNL-SWAN Switch 1 for four of the
eight WEC types. Percent differences at each of the 18 output locations are indicated on
the left. Device diameters are not to scale. Note the variable scale bars.
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Figure 30. Same caption as for Figure 29 for the other four WEC types.
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Figure 31. Variations in wave properties versus wave height reduction. The left three
panels are the results from using Switch 1 and the right three panels are from Switch 2.

5.3.2 Near-bottom Orbital Velocities

As found in Section 4.3, near-bottom orbital velocities (e.g. wave-driven currents) were directly
proportional to the surface wave expression (i.e. significant wave height). Decreased wave
heights caused a decrease in near-bottom orbital velocities, potentially altering the ambient
wave-driven currents in a near-shore environment. Consequently, the percentage differences of
the near-bottom orbital velocities were essentially equivalent to those computed from the
significant wave height model scenarios.

5.3.3 Peak Wave Periods

The percentage changes in peak wave periods during this study were negligible, as shown in
Figure 32. The reason for this is twofold. First, within the model parameters, the frequency bin
resolution may have been too large to register small changes in wave periods (small changes in
frequency would not cause a change in frequency bin in model space). Second, since the model
obstacles were “absorbing” the same percentage of wave energy from all wave frequencies (i.e.
because the transmission coefficient is frequency-independent), there would be no change in
peak wave energy; the dominant wave energy would not shift to an alternate frequency(ies).
Therefore, similar to previous sensitivity analysis (Section 4.3), no change (or negligible change)
was observed.
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Figure 32. Variations in wave properties versus peak wave period reduction. The left
three panels are the results from using Switch 1 and the right three panels are from
Switch 2.

5.3.4 Mean Wave Directions

Changes in mean wave directions are illustrated in Figure 33. All percent differences translated
to within +4.5%, corresponding to +9° change. Negative changes indicated clockwise (CW)
rotation of wave direction. Positive changes indicated counter-clockwise (CCW) rotation.
Rotation, when it occurred in the model, was relatively large because the directional bin spacing
was equal to 9°. Any changes less than this were indeterminable by the model. Zero wave
direction change was observed for modeled devices smaller than 8 m. It is thus surmised that
direction changes, if any, caused by the WEC devices were less than 9°.
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Figure 33. Variations in wave properties versus peak wave period reduction. The left
three panels are the results from using Switch 1 and the right three panels are from
Switch 2.

5.3.5 Results Summary

These results ultimately illustrate, that, given the present model setup, the wave heights (and
associated near-bottom orbital velocities) showed decreases of up to 30% between baseline and
modeled conditions for 100 devices of the B-OF buoy type. The B-OF power matrix values were
largest for an incident wave height of 1.7 m. Other buoy types resulted in less than 15%
differences in modeled wave height with and without obstacles, with lesser influence for buoys
less than 10 m in diameter. Although the F-OWC device was the largest device modeled, its
power matrix values for an incident wave height of 1.7 m were less than that of the B-OF device
and hence its wave reduction potential was less. However, the F-OWC effects extended over a
larger spatial extent due to its size and spacing, thereby potentially having a greater impact on
the shoreline.

Wave directions and periods did not appear to be sensitive to changes in parameters. However,
additional analysis is required to fully explore the model sensitivity of peak wave period and
mean wave direction to the varying of the parameters.

Model output locations located to the West (output locations 1-6) showed relatively little to no
change in wave heights compared to the baseline scenario. The largest wave height differences
were observed downstream of the array near the array centerline (output locations 7-12), where
the largest wave shadowing effects were predicted. Additional model output locations to the East
(output locations 13-18) indicated relatively small changes in wave heights for buoys larger than
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9 m in diameter. This all makes intuitive sense given that the modeled incident wave direction
was from the southwest and these waves refracted toward the shoreline in a counter-clockwise
manner.
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6. SNL-SWAN SWITCH 1 AND SWITCH 2 TRANSMISSION
COEFFICIENTS

The SNL-SWAN computed transmission coefficients were outputted to the model PRINT file for
all sensitivity analysis model runs as summarized in Appendix B (part 2). In the interest of
brevity, only model results from runs of 10 WEC devices with six diameter spacing will be
discussed here. Model runs for 10 WEC devices spaced six diameters apart resulted in
transmission coefficients ranging between about 0.54 and 0.99 (Figure 34). The lowest
transmission coefficient values (i.e. most wave energy absorbed) were determined for the B-OF
type buoy (largest power matrix values) and the highest values were found for the Bref-HB WEC
type (smallest power matrix values). Correspondingly, the B-OF buoy resulted in the most
reduced wave heights in the lee of the WEC array; the opposite was true for the Bref-HB device.

Because the RCW is computed as a function of wave period only and wave period did not vary
over the nested model domain, transmission coefficients were consistent across all WECSs in an
array when Switch 2 was utilized. Switch 1 computes RCW as a function of wave height and
period; therefore transmission coefficients differed slightly (less than 10%) for each WEC device
in an array due to the variations in how the coefficients are interpolated. Although similar in
magnitude, the transmission coefficients computed by SNL-SWAN Switch 1 and 2 differed
slightly, likely due to interpolation involved in computing the RCW in Switch 2. Switch 2
transmission coefficients were not consistently higher or lower than Switch 1. The largest
differences between Switch 1 and Switch 2 transmission coefficients was for the B-OF and F-
HBA buoy types (differences of ~0.04 and ~0.02, respectively, compared to < 0.01 for all other
devices).

10 Bref-HB-type WECs with 6 x 5 m spacing 10 Bref-HB-type WECs with 6 x 5 m spacing
36.975 04 36.975
36.955 36.955
0.3 e
2_ 36.935 N
2 1: 0.98 0.2 - 0.9885
3 2: 0.9 : 0.9885
i 3:0.9 : 0.9885-
© 4:0.9 :0.9885 °
5:0.9 : 0.9885
6:0.9 0.1 : 0.9885
7:0.9 : 0.9885
8:0.9 :0.
9:0.9 ; 0.9885
10: 0. 0 :
122.05 122.02 121.99 121.96 ’ 122.05 122.02 121.99 121.96
Longitude (°W) Longitude (°W)

59



10 B-HBA-type WECs with 6 x 5 m spacing
36.975

(]
(4
©
o0
N

44
©
©
0

2
H, diff. (%)

(]
o0
({e]
-
N

Latitude (°N)

AEESENO
DWWOWO | :
~NWO® y

000000000
(OO OO LOOOLOD:

e
<O
N

1
p
3
4:
5:
6.
7
8
9
1

0:0.9495

122.05 122.02 121.99 121.96
Longitude (°W)

10 Bref-SHB-type WECs with 6 x 7 m spacing

36.975 1

36.875

36.955

z 3
Q_ 36.935 =2
% 1: £
2 2 S
57K =

6:

7:

8:

9:

10: 0

122.05 122.02 121.99 121.96
Longitude (°W)

10 F-HBA-type WECs with 6 x 8 m spacing
36.975 2
36.955

z =
Q_ 36.935 =2
5 1: £
2 2 S
5 4 %

6:

7:

8:

9:

10: 0 0

122.05 122.02 121.99 121.96

Longitude (°W)

10 B-HBA-type WECs with 6 x 5 m spacing
36.975

Latitude (°N)

122.05 122.02 121.99 121.96
Longitude (°W)
10 Bref-SHB-type WECs with 6 x 7 m spacing
36.975

w
e
©
o
]

w
o
©
w
0

Latitude (°N)

BOWWWWWRWW ,‘P_‘

0.
0:
0.
0.
0.
0.
0.
0.
0.

DRBARRRNAD §

1:
2:
3:
4:
5:
6:
7:
8:
9;
1

0
122.

05 122.02 121.99 121.96
Longitude (°W)
10 F-HBA-type WECs with 6 x 8 m spacing
36.975

2

w w
i G4
© ©
© 0
a N

Latitude (°N)

122.05 122.02 121.99 121.96
Longitude (°W)

60

H_ diff. (%)

0

H_ diff. (%)

H, diff. (%)



10 F3 OF-type WECs with 6 x 9.5 m spacing

36.975
36.955
=
¢_ 36.935 K
S 83
2 82
£ 36.915 83
-

36.895

DOONDOR W=
©O200000000000000 00
20G0000B0 000

o.
~ 000000000 .

~NQONPASNN= 00N

COOITAROY

36.875

122.05 122.02 121.99 121.96

Longitude (°W)

10 F-2HB-type WECs with 6 x 20 m spacing

36.975

)
D
©
7]
3]

Latitude (°N)

SPONONRN=

05 122.02 121.99 121.96
Longitude (°W)
10 B-OF-type WECs with 6 x 26 m spacing
36.975

N
OO N)= 00
C0ON= M OON)

36.955
=
d_ 36.935 N
S 0.5421°
2 0.5366
£ 36.915 R K
s 05482 -
054
0.54
0’5
05
0.5

SOXNONBLN
DR

121.99 121.96
Longitude (°W)

122.05 122.02

10 F3 OF-type WECs with 6 x 9.5 m spacing

36.975
36.955
z =
o_ 36.935 X
[} ey Y
ko] 1: 0. =
2 s6.015F R 5
- . - 0. (7]
3 80 *
6: 0.
7:0.
8: 0.
9: 0.
10: 0.
122.05 122.02 121.99 121.96

Longitude (°W)
10 F-2HB-type WECSs with 6 x 20 m spacing
36.975

Latitude (°N)

1:
2:
3:
4:
5:
6:
1:
8:
9:
1

0
122.056 122.02 121.99 121.96
Longitude (°W)
10 B-OF-type WECs with 6 x 26 m spacing

36.975 15
36.955
= 10 ~
9_ 36.935 2
S E
-] S
g 36.915 £

L OO000000D0
Sumomnmmnn;on
U1C00000C000000AC0 00+
NSNS b

122.05 122.02 121.99 121.96
Longitude (°W)

61



10 F-OWC-type WECSs with 6 x 50 m spacing 10 F-OWC-type WECs with 6 x 50 m spacing
36.975 36.975

(]
o
©
o
N

28

U0 o b bl
o pAv

=B
M
057
057
w =T

2
Latitude (°N)

Latitude (°N)

57
57
57
57
57
57

2OONDHNAWN =
" OO0000000
O WVWWVWDOWV
SOXNDNRLN=
L OO0000000

0 0

122.05 122.02 121.99 121.96 ' 122.05 122.02 121.99 121.96
Longitude (°W) Longitude (°W)

Figure 34. Significant wave height percentage decrease using SNL-SWAN Switch 1 (left)
and Switch 2 (right) for eight different WEC device types. SNL-SWAN computed
transmission coefficients for each of the 10 WECs in the WEC array are indicated on the
left. Note the different color bar scales.

62



7. CONCLUSIONS

The presence of WEC arrays have the potential to alter wave propagation patterns significantly
and affect coastal circulation patterns, sediment transport patterns, and alter ecosystem processes.
To help accelerate deployment of environmentally friendly WEC arrays, predictive modeling
tools must be developed to accurately represent WEC induced changes in wave propagation and
evaluate the potential for environmental impact. The present study utilized a modified version
(SNL-SWAN) of an industry standard wave modeling tool, SWAN, to examine potential WEC
array deployment scenarios at a site on the California coast and investigate model sensitivity so
that the model can be effectively and confidently used in environmental studies. This analysis
built upon a previous sensitivity analysis in which SWAN model parameters were varied to
examine their effect on model results (Chang et al., 2014)

In the present study, the modified SWAN wave model, SNL- SWAN, was evaluated against the
native SWAN code and used to investigate the effects of different WEC devices on near-shore
wave propagation. SNL-SWAN model parameters were optimized in terms of the following
model parameters: directional spread, direction resolution, and diffraction. Two different SNL-
SWAN sensitivity analysis studies were performed to examine the effects of model and WEC
variations (incident wave height, period, frequency distribution spread, and directional
distribution spread; and WEC device type and size, number of WEC devices in an array, and the
spacing of the WEC devices within the array) on near-field and far-field wave conditions in the
lee of the WEC devices to better understand the functionality of SNL- SWAN and identify code
concerns early in the development process.

The sensitivity studies illustrated that wave direction and WEC device type were most sensitive
to the variation in the parameters examined in this study. Wave heights were minimally affected
by wave parameter variation. Locations in the lee centerline of the arrays in each modeled
scenario showed the largest potential changes in wave height (and near-bottom orbital velocity)
compared to those at the eastern and western fringes of the shadow zone.

Significant wave height was most sensitive to variations in WEC device type and size and the
number of WEC devices in an array. This makes intuitive sense as each device has a device-
specific power matrix and associated RCW and the power matrix values are highly variable.
Locations in the lee centerline of the arrays in each modeled scenario showed the largest
potential changes in wave height (and near-bottom orbital velocity), followed by those on edge
of the shadow in the direction of wave propagation. In these cases the shadow was skewed to the
east as expected for a wave with a westerly component.

It is important to utilize ongoing laboratory studies and future field tests to determine the most
appropriate power matrix values for a particular WEC device and configuration. Until power
matrix values can be accurately determined or further WEC ‘friendly’ model enhancements are
validated, this study shows that environmental assessments of WEC devices should focus on
evaluating a range of WEC characteristics in order to determine the limits of the potential
environmental effects resulting from the presence of a WEC array.
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In summary, the present study developed a baseline model understanding while investigating the
effects of a range of WEC devices. The sensitivity, optimization, and behavior of the model for
various WEC devices provided the basis for a solid model understanding giving the confidence

necessary for future WEC evaluations.
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APPENDIX A: SNL-SWAN SENSITIVITY ANALYSIS MODELED
SCENARIOS - PART 1

R Inpu | Inpu [l Reflection Gamma - M — Dir WEC | # WEC | Array
u MW . Freq : . .
tHs | tTp Coefficien . Spreadin | Device | Device | Dept
: (m) (s) D t Spreadin g (power) | Type S h (m)
(deg) g
1 1.7 | 125 | 205 0 1 2 B-OF 10 40
2 1.7 | 125 | 205 0 1 10 B-OF 10 40
3 1.7 | 125 | 205 0 1 25 B-OF 10 40
4 1.7 | 125 | 205 0 3.3 2 B-OF 10 40
5 1.7 | 125 | 205 0 3.3 10 B-OF 10 40
6 1.7 | 125 | 205 0 3.3 25 B-OF 10 40
7 1.7 | 125 | 205 0 10 2 B-OF 10 40
8 1.7 | 125 | 205 0 10 10 B-OF 10 40
9 1.7 | 125 | 205 0 10 25 B-OF 10 40
10 1.7 16 205 0 1 2 B-OF 10 40
11 1.7 16 205 0 1 10 B-OF 10 40
12 1.7 16 205 0 1 25 B-OF 10 40
13 1.7 16 205 0 3.3 2 B-OF 10 40
14 1.7 16 205 0 3.3 10 B-OF 10 40
15 1.7 16 205 0 3.3 25 B-OF 10 40
16 1.7 16 205 0 10 2 B-OF 10 40
17 1.7 16 205 0 10 10 B-OF 10 40
18 1.7 16 205 0 10 25 B-OF 10 40
19 3.5 | 125 | 205 0 1 2 B-OF 10 40
20 3.5 | 125 | 205 0 1 10 B-OF 10 40
21 3.5 | 125 | 205 0 1 25 B-OF 10 40
22 35 | 125 | 205 0 3.3 2 B-OF 10 40
23 3.5 | 125 | 205 0 3.3 10 B-OF 10 40
24 3.5 | 125 | 205 0 3.3 25 B-OF 10 40
25 3.5 | 125 | 205 0 10 2 B-OF 10 40
26 35 | 125 | 205 0 10 10 B-OF 10 40
27 35 | 125 | 205 0 10 25 B-OF 10 40
28 3.5 16 205 0 1 2 B-OF 10 40
29 3.5 16 205 0 1 10 B-OF 10 40
30 3.5 16 205 0 1 25 B-OF 10 40
31 3.5 16 205 0 3.3 2 B-OF 10 40
32 3.5 16 205 0 3.3 10 B-OF 10 40
33 3.5 16 205 0 3.3 25 B-OF 10 40
34 3.5 16 205 0 10 2 B-OF 10 40
35 3.5 16 205 0 10 10 B-OF 10 40
36 3.5 16 205 0 10 25 B-OF 10 40
37 1.7 125 | 205 0 1 2 F-2HB 10 40
38 1.7 | 125 | 205 0 1 10 F-2HB 10 40
39 1.7 | 125 | 205 0 1 25 F-2HB 10 40
40 1.7 | 125 | 205 0 3.3 2 F-2HB 10 40
41 1.7 125 | 205 0 3.3 10 F-2HB 10 40
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42 1.7 | 125 | 205 0 3.3 25 F-2HB 10 40
43 1.7 | 125 | 205 0 10 2 F-2HB 10 40
44 1.7 | 125 | 205 0 10 10 F-2HB 10 40
45 1.7 | 125 | 205 0 10 25 F-2HB 10 40
46 1.7 16 205 0 1 2 F-2HB 10 40
47 1.7 16 205 0 1 10 F-2HB 10 40
48 1.7 16 205 0 1 25 F-2HB 10 40
49 1.7 16 205 0 3.3 2 F-2HB 10 40
50 1.7 16 205 0 3.3 10 F-2HB 10 40
ol 1.7 16 205 0 3.3 25 F-2HB 10 40
52 1.7 16 205 0 10 2 F-2HB 10 40
53 1.7 16 205 0 10 10 F-2HB 10 40
54 1.7 16 205 0 10 25 F-2HB 10 40
55 | 3.5 | 125 | 205 0 1 2 F-2HB 10 40
56 | 3.5 | 125 | 205 0 1 10 F-2HB 10 40
57 | 3.5 | 125 | 205 0 1 25 F-2HB 10 40
58 | 3.5 | 125 | 205 0 3.3 2 F-2HB 10 40
59 | 35 | 125 | 205 0 3.3 10 F-2HB 10 40
60 | 3.5 | 125 | 205 0 3.3 25 F-2HB 10 40
61 | 3.5 | 125 | 205 0 10 2 F-2HB 10 40
62 | 3.5 | 125 | 205 0 10 10 F-2HB 10 40
63 | 3.5 | 125 | 205 0 10 25 F-2HB 10 40
64 | 3.5 16 205 0 1 2 F-2HB 10 40
65 | 3.5 16 205 0 1 10 F-2HB 10 40
66 | 3.5 16 205 0 1 25 F-2HB 10 40
67 | 3.5 16 205 0 3.3 2 F-2HB 10 40
68 | 3.5 16 205 0 3.3 10 F-2HB 10 40
69 | 3.5 16 205 0 3.3 25 F-2HB 10 40
70 | 3.5 16 205 0 10 2 F-2HB 10 40
71 | 35 16 205 0 10 10 F-2HB 10 40
72 | 3.5 16 205 0 10 25 F-2HB 10 40
F-
73 17 | 125 | 205 0 1 2 OWC 10 40
F-
74 1.7 | 125 | 205 0 1 10 oWe 10 40
F-
75 17 | 125 | 205 0 1 25 OWC 10 40
F-
76 1.7 | 125 | 205 0 3.3 2 oWe 10 40
F-
77 17 | 125 | 205 0 3.3 10 OWC 10 40
F-
78 1.7 | 125 | 205 0 3.3 25 oWce 10 40
F-
79 1.7 | 125 | 205 0 10 2 OWC 10 40
F-
80 1.7 | 125 | 205 0 10 10 oOWC 10 40
F-
81 1.7 | 125 | 205 0 10 25 OWC 10 40
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82 | 1.7 | 16 | 205 1 2 owe |10 40
83 | 1.7 | 16 | 205 1 10 owe | 10 40
84 | 1.7 | 16 | 205 1 25 owe |10 40
85 | 1.7 | 16 | 205 3.3 2 owe |10 40
86 | 1.7 | 16 | 205 3.3 10 owe |10 40
87 | 1.7 | 16 | 205 3.3 25 owe |10 40
88 | 1.7 | 16 | 205 10 2 owe |10 40
80 | 1.7 | 16 | 205 10 10 owe |10 40
9 | 1.7 | 16 | 205 10 25 owe |10 40
o1 | 35 | 125 | 205 1 2 owe |10 40
92 | 35 | 125 | 205 1 10 owe |10 40
93 | 35 | 125 | 205 1 25 owe |10 40
94 | 35 | 12.5 | 205 3.3 2 owe |10 40
95 | 35 | 125 | 205 3.3 10 owe |10 40
9% | 35 | 12.5 | 205 3.3 25 owe |10 40
97 | 35 | 125 | 205 10 2 owe |10 40
98 | 35 | 12.5 | 205 10 10 owe |10 40
99 | 35 | 125 | 205 10 25 owe |10 40
100 | 35 | 16 | 205 1 2 owe |10 40
101| 35 | 16 | 205 1 10 owe |10 40
102 | 35 | 16 | 205 1 25 owe |10 40
103 | 35 | 16 | 205 3.3 2 ome |10 40
104 | 35 | 16 | 205 3.3 10 owe |10 40
105 | 35 | 16 | 205 3.3 25 ome |10 40
106 | 35 | 16 | 205 10 2 owe |10 40
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107 | 35 16 | 205 10 10 OWC 10 40
F-
108 | 3.5 16 | 205 10 25 OWC 10 40
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Figure A 1. Significant wave height percentage decrease using SNL-SWAN Switch 2
illustrating the error in the SNL-SWAN code in passing variables from the model to the
output PRINT file (Left) and the results after the code was debugged and fixed (Right).
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APPENDIX B: SNL-SWAN SENSITIVITY ANALYSIS MODELED

SCENARIOS - PART 2

Input | Input | Input | Gamma | M —Dir | Array WEC
Run Hs Tp MWD | —Freq | Spread | Depth | Device I;Fe\\//\{(l:zgs S[\:)Aellliicr:]g
(m) (s) (deg) | Spread | (power) (m) Type
1 1.7 125 205 3.3 25 40 Bref-HB 10 4
2 1.7 12.5 205 3.3 25 40 Bref-HB 10 6
3 1.7 12.5 205 3.3 25 40 Bref-HB 10 8
4 1.7 125 205 3.3 25 40 Bref-HB 50 4
5 1.7 125 205 3.3 25 40 Bref-HB 50 6
6 1.7 125 205 3.3 25 40 Bref-HB 50 8
7 1.7 12.5 205 3.3 25 40 Bref-HB 100 4
8 1.7 12.5 205 3.3 25 40 Bref-HB 100 6
9 1.7 125 205 3.3 25 40 Bref-HB 100 8
10 1.7 125 205 3.3 25 40 B-HBA 10 4
11 1.7 125 205 3.3 25 40 B-HBA 10 6
12 1.7 12.5 205 3.3 25 40 B-HBA 10 8
13 1.7 12.5 205 3.3 25 40 B-HBA 50 4
14 1.7 125 205 3.3 25 40 B-HBA 50 6
15 1.7 125 205 3.3 25 40 B-HBA 50 8
16 1.7 12.5 205 3.3 25 40 B-HBA 100 4
17 1.7 12.5 205 3.3 25 40 B-HBA 100 6
18 1.7 12.5 205 3.3 25 40 B-HBA 100 8
19 1.7 125 205 3.3 25 40 Bref-SHB 10 4
20 1.7 125 205 3.3 25 40 Bref-SHB 10 6
21 1.7 12.5 205 3.3 25 40 Bref-SHB 10 8
22 1.7 12.5 205 3.3 25 40 Bref-SHB 50 4
23 1.7 12.5 205 3.3 25 40 Bref-SHB 50 6
24 1.7 125 205 3.3 25 40 Bref-SHB 50 8
25 1.7 125 205 3.3 25 40 Bref-SHB 100 4
26 1.7 12.5 205 3.3 25 40 Bref-SHB 100 6
27 1.7 12.5 205 3.3 25 40 Bref-SHB 100 8
28 1.7 125 205 3.3 25 40 F-HBA 10 4
29 1.7 125 205 3.3 25 40 F-HBA 10 6
30 1.7 125 205 3.3 25 40 F-HBA 10 8
31 1.7 12.5 205 3.3 25 40 F-HBA 50 4
32 1.7 12.5 205 3.3 25 40 F-HBA 50 6
33 1.7 125 205 3.3 25 40 F-HBA 50 8
34 1.7 125 205 3.3 25 40 F-HBA 100 4
35 1.7 125 205 3.3 25 40 F-HBA 100 6
36 1.7 12.5 205 3.3 25 40 F-HBA 100 8
37 1.7 12.5 205 3.3 25 40 F3 OF 10 4
38 1.7 12.5 205 3.3 25 40 F3 OF 10 6
39 1.7 12.5 205 3.3 25 40 F3 OF 10 8
40 1.7 12.5 205 3.3 25 40 F3 OF 50 4
41 1.7 12.5 205 3.3 25 40 F3 OF 50 6
42 1.7 12.5 205 3.3 25 40 F3 OF 50 8
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43 1.7 12.5 205 3.3 25 40 F3 OF 100 4
44 1.7 12.5 205 3.3 25 40 F3 OF 100 6
45 1.7 12.5 205 3.3 25 40 F3 OF 100 8
46 1.7 12.5 205 3.3 25 40 F-2HB 10 4
47 1.7 12.5 205 3.3 25 40 F-2HB 10 6
48 1.7 12.5 205 3.3 25 40 F-2HB 10 8
49 1.7 12.5 205 3.3 25 40 F-2HB 50 4
50 1.7 12.5 205 3.3 25 40 F-2HB 50 6
51 1.7 12.5 205 3.3 25 40 F-2HB 50 8
52 1.7 12.5 205 3.3 25 40 F-2HB 100 4
53 1.7 12.5 205 3.3 25 40 F-2HB 100 6
54 1.7 12.5 205 3.3 25 40 F-2HB 100 8
55 1.7 12.5 205 3.3 25 40 B-OF 10 4
56 1.7 12.5 205 3.3 25 40 B-OF 10 6
57 1.7 12.5 205 3.3 25 40 B-OF 10 8
58 1.7 12.5 205 3.3 25 40 B-OF 50 4
59 1.7 12.5 205 3.3 25 40 B-OF 50 6
60 1.7 12.5 205 3.3 25 40 B-OF 50 8
61 1.7 12.5 205 3.3 25 40 B-OF 100 4
62 1.7 12.5 205 3.3 25 40 B-OF 100 6
63 1.7 12.5 205 3.3 25 40 B-OF 100 8
64 1.7 12.5 205 3.3 25 40 F-OWC 10 4
65 1.7 12.5 205 3.3 25 40 F-OWC 10 6
66 1.7 12.5 205 3.3 25 40 F-OwWC 10 8
67 1.7 12.5 205 3.3 25 40 F-OWC 50 4
68 1.7 12.5 205 3.3 25 40 F-OWC 50 6
69 1.7 12.5 205 3.3 25 40 F-OWC 50 8
70 1.7 12.5 205 3.3 25 40 F-OWC 100 4
71 1.7 12.5 205 3.3 25 40 F-OWC 100 6
72 1.7 12.5 205 3.3 25 40 F-OWC 100 8
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