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Wave Energy Resource
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Energy Conversion

In order to correctly predict and evaluate the response of wave energy converters
(WECs), an accurate representation of wave climate resource is crucial. This paper gives
an overview of wave resource modeling techniques and applies a methodology to esti-
mate the naturally available and technically recoverable resource in a given deployment
site. The methodology was initially developed by the Electric Power Research Institute
(EPRI), which uses a modified Gamma spectrum to interpret sea state hindcast parameter
data produced by National Oceanic and Atmospheric Administrations (NOAA’s) Wave-
watch II1. This Gamma spectrum is dependent on the calibration of two variables relating
to the spectral width parameter and spectral peakedness parameter. In this study, this
methodology was revised by the authors to increase its accuracy in formulating wave
length. The revised methodology shows how to assess a given geographic area’s wave

resource based on its wave power density and total annual wave energy flux.
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1 Introduction

In order to give an adequate forecast of the long-term energy
output of a WEC, it becomes necessary to find the response in full
range of sea states at a given deployment site where the WEC is
deployed. Because of the time factor, it is impractical to calculate
this response for every measured wave spectra at that site when
simulating a WEC or an array of WECs. In lieu of this, a system-
atic method is needed to parameterize the wave resource for a
given site so that a WEC’s response can be calculated for a finite
range of values for significant wave height (H,) and the peak
wave period (), from which its performance in other sea states
can be easily estimated through numerical interpolation. At pres-
ent, WEC developers utilize an approach that represents a WEC’s
power production by means of a power matrix in terms of Hg and
T,. This is proved to be inadequate due to the fact that there can
be a wide range of spectral shapes for a given H; and T}, which
can result in a large variation in the power produced relative to
the value listed in the power matrix [1].

In the past, there have been a number of approaches that had
been used to address the limited descriptive ability of the power
matrix. Preliminary wave energy device performance protocol
presented by the Department of Trade and Industry (DTI) in UK
implies that several tables outlining the mean, standard deviation,
minimum and maximum power for each cell of the power matrix
can be used to describe the response of a WEC [2]. This technique
is relatively simple to use, however, the distribution of spectral
shapes for a given H, and Tj, is likely to vary with the location so
that a set of tables would need to be generated for each site of
interest, which can be very laborious and time consuming.

In an effort to overcome this deficiency, an approach was
developed which include more parameters to describe the power
response. Several studies were conducted to examine the sensitiv-
ity of power output to a variety of spectral bandwidth parameters
by using the developed approach [3.,4]. In those studies, it was
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suggested that 3D power matrices should be used to describe a
waver conversion device’s power response, partitioned by H, Ty,
and spectral bandwidth. The obtained results showed that while
the use of certain bandwidth parameters can improve the accuracy
of predicted performance of certain WECs at certain locations
over a range of conditions, there was no single bandwidth parame-
ter which was effective at predicting performance of all types of
WEC at any locations and under any conditions.

Kerbiriou et al. [5,6] proposed a slightly different approach in
which the measured spectra are partitioned into separate wave
systems, each of which is represented by a modified JONSWAP
spectrum. The power response is then calculated as the sum of the
contributions from each component wave system. This method
was proven to significantly improve the accuracy of the energy
yield assessment, but at the expense of introducing more parame-
ters (overall six parameters are used) in describing the directional
characteristics of the spectrum. The disadvantage of using more
parameters in the approach is that a large number of points are
required to cover the parameter space in order to describe the full
range of sea states at a given deployment site.

Duclos et al. [7] showed that optimizing the WEC necessitates
accounting for all possible wave conditions weighted by their
annual occurrence frequency, as generally given by the classical
wave climate scatter diagrams. A generic and simple WEC was
also presented to show how the optimal parameters depend on the
very different wave climate. Besides that, the influence of the
wave climate on the design and annual production of electricity
by OWC wave power plants was also investigated by Sarmento
et al. [8].

Based on the current progress made in wave resource descrip-
tion and WEC power response evaluation, this paper will continue
to review different models for omnidirectional wave spectra and
then outline and revise a systematic methodology to estimate two
quantities for characterizing the naturally available wave energy
resource in a given area as given by the EPRI [9]. The EPRI
method is based on a calibration of spectral width parameter, n,
which is observed to have a significant influence on the wave
power density and is proved to be robust in all ocean regions eval-
uated including the North Pacific Ocean, Gulf of Mexico, and the
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Caribbean Sea. Remaining sections of this paper are organized as
follows: Section 2 describes the standard spectral models; Sec. 3
presents a five-step technical approach for estimating the wave
energy resource, the wave power density values, and the annual
wave energy flux in a given region; Sec. 4 presents a case study to
apply this method to estimate the available wave energy for a
localized geographic location and validate the results by compar-
ing to current data; and the entire paper is concluded in Sec. 5.

2 Omnidirectional Wave Spectral Models

Equation (1) [10] gives a family of equations which are most
commonly used for assessing the unimodal spectra

S(f) = of "exp(—ff )" M

Here o, 8, r,s>0,and y > 1, and

a(f) = exp (—; (f G}f”>2> @

_[0.07 for f<f
“*{0.09 for f> fﬁ 3)

The parameters r and s control the shape of the spectrum, « is the
scale parameter, [ is the location parameter (in terms of
frequency), and y is known as the peak enhancement factor. The
peak frequency of the spectrum is given by

fo= (/)" )

The family of spectra defined in Eq. (1) has five free parameters.
In order to describe the sea state with fewer variables, Eq. (1) was
converted to different forms by fixing some parameters with con-
stant values while leaving the others free. For example, let r =35,
s=4, and y=1, Eq. (1) then becomes the popular Bretschneider
form Ref. [11]. A special form of the Bretschneider spectrum for
fully developed seas was proposed by Pierson and Moskowitz
[12], where « is fixed and the energy in the spectrum depends
on the value of f§ only, the ratio Hy/T,, is fixed as well. The
JONSWAP form Ref. [13] is a further generalization of Bretsch-
neider spectra, which accounts for the more peaked spectral
shapes observed in the fetch-limited wind seas. Ochi and Hubble
[14] advocated the use of such form where s =4, y=1, and r is a
free parameter. Finally, Boukhanovsky et al. [15,16] presented a
“Gamma spectra” form where y =1 and s = (r — 1), which serves
as the basis of the methodology used in our study.

Figure 1 shows examples of the JONSWAP, Ochi, and Gamma
families for fixed Hy and f;, and a range of y (the other two are o
and f5). In each plot the Bretschneider spectrum is a special case
and is indicated with a bold line. For the JONSWAP family the
Bretschneider spectrum is the limiting form, corresponding to the
most broad-banded member. As the peak enhancement factor
increases, the spectrum becomes more peaked, but a spread of
energy remains between about 0.6f, and 2f,. Gamma and Ochi
spectra can take more broad-banded forms than the JONSWAP
spectra, albeit with the possibility of a physically unrealistic
amount of energy in the tail for low values of r. For Ochi spectra
there is little variation in the shape for frequencies less than f,,
whereas for the Gamma spectra the proportion of energy below f,
increases as r decreases. For higher values of r, both the Gamma
and Ochi spectra can have an arbitrarily narrow concentration of
energy about the peak frequency f,.

For spectra with three parameters, y controls the bandwidth or
equivalently the peakedness of the spectrum. Here the peakedness
of a spectrum is defined as the ratio S(f,)/Sy0, where Sy is the
peak spectral density of a Bretschneider spectrum with the same
Hg and T}, given by
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Fig. 1 Normalized shapes of JONSWAP spectra for y = 1-5 and

Ochi and Gamma spectra for r=2-10. In each plot the Bretsch-
neider spectrum is shown in bold. The peakedness of each type
of spectrum is shown in the lower right plot as a function of y
for the JONSWAP spectrum (bold line) and r for the Ochi spec-
tra (thin line) and Gamma spectra (dashed line).
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The peakedness of the JONSWAP, Ochi, and Gamma spectra are
shown in Fig. 1. From that figure it can be seen that the peaked-
ness increases approximately linear with respect to r for the
Gamma spectra, and approximately logarithmically with respect
to r and y for Ochi and JONSWAP spectra, respectively. In fact,
the peakedness of the JONSWAP spectrum can be empirically
approximated as 1 + In(y) for y < 100.

The most commonly used multimodal spectral shapes are for-
mulated as the summation of either JONSWAP, Gamma, or Ochi
spectra. For example, Boukhanovsky et al. [15,16] used multimo-
dal spectra as the sum of Gamma spectra in their study. Ochi and
Hubble [14] proposed a six-parameter spectrum formed as the
sum of two Ochi spectra. Soares [17] proposed a bimodal spec-
trum formed as the sum of two JONSWAP spectra, but with y
fixed as two for both components, resulting in a four-parameter
spectrum. There are also other forms composed as the sum of two
JONSWAP spectra, as proposed by Torsethaugen [18,19].

In this paper, the use of the Gamma spectra will be modified to
include two spectral shape coefficients. The calibration objective
is to find values of these coefficients for a given region through an
iterative process in order to reconstruct the overall sea state spec-
tra that would be best fit the full hindcast spectra for that given
region of a selected deepwater calibration station.

3 Methodology for Estimating the Available Wave
Energy Resource

In a recent study conducted by the EPRI, data was collected
from U.S. coastal waters for a 51-month Wavewatch III hindcast
database that was developed specifically for the EPRI by the
National Center for Environmental Prediction (NCEP) of NOAA
[20]. The EPRI’s method was validated by comparing the Wave-
watch III hindcast results with the wave measurements recorded
during the same time period. According to this methodology, two
quantities will be found and estimated for characterizing the natu-
rally available wave energy resource in a given site. Those two
quantities are the wave power density (KW per meter of wave
crest width) and the total annual wave energy flux (TW-h per
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Fig.2 A flowchart of finding the wave power density and annual wave energy flux

year). Five major steps need to be followed to obtain these two
quantities. A flowchart showing this five-step method is plotted in
Fig. 2.

3.1 Preprocess Wavewatch III Multipartition Hindcast of
Sea State Parameters. In step one, the large gridded hindcast
data files produced by NCEP are preprocessed and converted into
a more usable and accessible database structure. Wavewatch III
solves the random phase spectral action density balance equation
for wavenumber-direction spectra. In this equation it is assumed
that properties of medium (water depth and current) as well as the
wave field itself vary on time and space scales that are much
larger than the variation scales of a single wave. The raw data
(grid points) given from the Wavewatch database are the full
directional spectrum data (in frequency domain), which need to
be first converted to the nondirectional data (in time domain) and
organized into its time slot. The conversions will be performed by
the Wavewatch III model at 3h intervals for all grid points. Due to
the fact that the full directional spectrum contains such a
vast amount of information (24 directions x 25 frequency
bins =600 values per hindcast), the full directional spectrum is
only achieved for 275 grid points around the world. If a full direc-
tional spectrum is available then these values need to be converted
into the nondirectional wave spectrum.

3.1.1 Calculating Nondirectional Spectrum From Directional
Spectrum. The term “nondirectional spectrum’ here is referred as
the “nondirectional wind wave sea surface elevation variance
density spectrum,” which is the integral of the directional wave
spectrum over all directions (d0) at each frequency. Therefore,
given S(f, 0) as the directional wave spectrum in m*/Hz rad, then
the nondirectional wave spectrum S(f) is in m%/Hz and can be
calculated as follows:

21 N 27 N
S = | s.0a0 = 803 5(7,0) =3T3 S(4.0) - ©)
i=1 i=1

where N is the number of bins, which is 24 in Wavewatch III
model; 0 is the wave direction in radians; and f is the frequency in
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Hz. Now that the nondirectional wave spectrum is established, the
spectral moments needed for calibration can be found.

3.1.2 Calculating the Spectral Moments From the
Nondirectional Spectrum. In order to calibrate the spectral shape
coefficients and calculate the sea state parameters from the non-
directional wave spectrum, the nth spectral moment needs to be
defined as

00 N
mo= | 1S = Y00 S)Af @)
i=1

where N is the number of frequency bins, which is 25 for the
Wavewatch III database and Af; is the frequency bin width for the
ith bin.

In order to establish an iterative process, two initial spectral
moments m, and m_; are defined as

N
mo =Y S(H)Af; ®)
i=1
N .
moy = ZSJ@)Aﬁ ©)
i=1 !

These moments are required for calculating the significant wave
height, wave energy period, and wave power density.

The remaining grid points only include three sea state parame-
ters: spectrally derived significant wave height (H,,), peak wave
period (T},), and mean direction of spectral peak energy (0,).
Though such a database of fully partitioned sea state parameters
does not provide as much information as contained in the full
directional spectrum, the information is sufficient enough to
reconstruct the nondirectional spectrum by applying a theoretical
spectral formulation to each partition, and then summing the
remaining spectra across all partitions or component wave trains.
This will be completed in step 2. Before that, the large gridded
hindcast data files produced by the NCEP need to be preprocessed
into a more usable and accessible database structure.
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WAVEWATCH III PARTITIONED DATA FILE III

1.01

yyyymmdd hhmmss lat lon name nprt depth uabs udir cabs cdir
0 hs, tpo 1p, theta; Spo wt,
1 hs, tp: 1lp; theta, sp: wk,
é hsy tpy lpy thetay SpPx wfy
where:
yyyymmdd Date in 4-digit year, 3-digit month, 3-digit day format
hhmmss Time in 3-digit hour, 3-digit minute, 3-digit second format
lat Latitude in decimal degrees
long Longitude in decimal degrees; for Western Hemisphere values,
subtract 360 to yield form of -xxx.xx, where negative sign
indicates longitude is xxx.xx degrees west of Prime Meridian
name ‘grid_point’ for all grid peoints
nprt, N Number of component wave train partitions in overall sea state
depth Water depth in meters
uabs Wind speed at 10 meters above sea level, in meters per second
udir Direction from which wind is blowing, in degrees
cspd Surface current speed, in meters per second
cdir Direction towards which current is flowing, in degrees

For each partition at given grid point, the following parameters are listed:

hs Significant wave height of partition spectrum, in meters,
calculated by NOAA as four times the square root of the
zeroeth spectral moment (Equation 4 of Appendix A). In
its hindcast data files, NCEP uses the abbreviation “hs”
rather than the “Hm0” term adopted in this report.

tp Peak wave period, in seconds, corresponding to center of
frequency bin at which partition spectrum has maximum energy

lp Wavelength corresponding to peak wave period, in meters

theta Spectrally weighted mean direction towards which wave energy in
frequency bin of peak spectral energy is traveling

sp Total directional spread of partition spectrum, in degrees

wf Fraction of partition spectrum that is forced by local wind

Note that '0’ in the first line of the partition listing refers to the
overall sea state (all partitions combined)

Fig. 3 NCEP file structure for Wavewatch Il Hindcast data [20]

3.1.3 Organizing the Directional Data. After having the
nondirectional data, those data have to be sorted and organized
into a database structure. In order to do that, the grid points for
specific geographic area and mapping limitations will be selected
and the selected points will then be organized into a file structure
that has all the time steps for a given month as an individual file
for each grid point.

The way that the Wavewatch III hindcast file produced by
NCERP is structured by month such that the multipartition sea state
parameter data are given for every grid point throughout a given
geographic domain of the file at a particular time step, and then
the entire grid repeats for the next time step (after an interval of
3 h). Typically the large gridded domains have a spacing of 4 min
in longitude and latitude. In preprocessing the data, only the grid
points for your specific geographic area and mapping limitations

011903-4 / Vol. 137, FEBRUARY 2015

will be selected and organized into a file structure that has all the
time steps for given months as an individual file for each grid
point. Figure 3 presents an example of the organized data struc-
ture, which shows a sorting of files by region, depth zone, grid
point, and month.

3.2 Calibrate the Spectral Shape Coefficients. From the sea
state parameters given, the wave power density needs to be accu-
rately calculated. In the present methodology, a modified Gamma
spectrum will be reconstructed and applied to each sea state parti-
tion. This modified Gamma spectrum has two spectral shape coef-
ficients. In order to find these coefficients a calibration process
needs to be performed to find their values for a given region so as
to reconstruct the overall sea state spectra that would be best fit
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the full hindcast spectra for that region from a selected deepwater
calibration station.

It can be observed that the wave power density is directly pro-
portional to m_; of the wave spectrum (Eq. (28)). The calibration
technique developed by EPRI attempts to minimize the difference
between the reconstructed spectrum and the full spectrum for
S(H/f, which is the integrand of m_; (Eq. (9)). The root-mean-
square (RMS) difference in S(f)/f between the reconstructed
spectrum and the full hindcast spectrum over the entire range of
frequencies for a particular time step will be first calculated. The
RMS differences will then be aggregated over all time steps in a
given month—year combination. Next, the shape coefficient (k)
value that leads to the least aggregate RMS difference can be
found. Subsection 3.2.1 explains the formula for finding the wave
spectrum, Sec. 3.2.2 introduces how to calibrate the coefficients
variable n, and y that are used for the formula presented in Sec.
3.2.1. The procedure for minimizing the RMS to get k, is basically
the process of calibrating the coefficient n, which will be demon-
strated in Sec. 3.2.2. This procedure is demonstrated through fol-
lowing equations.

3.2.1 Theoretical Gamma Spectral Formulation. The spectral
formulation for a single wave train or partition developed by
EPRI is derived from the basic Gamma (I') spectrum equation as

A B,
Sr(f) :f_”eXp[_W}/ (10)
where
H3,
p
n
B (12)

In these equations, 7 is the spectral width parameter and y is the
spectral peakedness parameter. The exponent parameter, a,
defines the asymmetry around the spectral peak and is a function
of f according to the following formula:

£
a = exp { (fzf;f (13)
where ¢ is defined in Eq. (3).

The Gamma spectrum becomes the Bretschneider spectrum
when n =35 and y =1, whose shape depends only on two sea state
parameters Hy,o and T,. The Gamma spectrum becomes the
JONSWAP spectrum when n=5 and y>1, which has a peak
overshoot characteristic for developing seas. Following Ochi and
Hubble approach [14], a full spectrum can be reconstructed at the
sum of Gamma spectra by calibrating either 7 or 7.

3.2.2 Calibrating n and vy for Use in the Gamma Spectra.
Within any given hindcast partition, there are two types of wave
trains that can be represented by the shape factors n and 9. The
type I sea state refers to the developing wind seas so we set n=>5
and calibrate y using Eq. (13) to define the spectral peak asymme-
try. The type Il sea sate refers to all other sea states (swells,
decaying wind seas, and fully developed wind seas), for such type
we set Y =1 and calibrate the spectral width parameter, n.

The type I sea state is defined for the developing wind seas and
in order for such seas to grow the spectrum, the actual wave
period needs to be longer than the peak period T}, This is due to
the fact the waves that characterize shorter periods have already
reached the steepness required for equilibrium and cannot grow
higher without destabilizing or breaking. Within the spectra there
exists a long-period cutoff, above which the wave energy in the
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spectra is traveling faster than the wind. This is because the wave
group velocity is directly proportional to wave period. As long as
the spectral peak period is less than the long-period cutoff, the
spectrum can still develop further.

Another advantage of the Wavewatch III hindcast data is that it
also produces local wind speed along with the sea state parame-
ters. This advantage allows us to estimate the long-period cutoff
using the Pierson—-Moskowitz relationship [12]. Such relationship
can be used to identify the developing seas in the hindcast parti-
tions. The Pierson-Moskowitz theoretical peak period for a fully
developed sea state in complete equilibrium with the local wind
speed, however, can be used as the long-period cutoff. There is an
inconsistency due to the fact that the Pierson—-Moskowitz relation-
ship is given at an elevation of 19.5m above sea level and the
Wavewatch III hindcast wind speed data is given at 10 m above
sea level. In order to apply the Pierson-Moskowitz relationship
for the Wavewatch III hindcast data, a 1/7-power law for the shear
profile in the marine boundary is employed [20-22]. The peak
wave period for fully developed seas Tppp can be calculated as

21U10(1.95)"7 7.9450U4
087

Torp = = 0810160,y  (14)

where Uy is the Wavewatch III hindcast wind speed at 10 m
above sea level and g is the gravitational acceleration, which is
9.81 m/s”.

Once Tppp is found then it can be compared to the Wavewatch
III hindcast peak period (T}) for that given partition. If T}, < Tppp,
then that partition is considered to be in a developing wind sea
state and can be labeled as a type I sea state and calibrated accord-
ingly as stated above. If T}, > Tp,gp, then the partition is labeled as
a type II sea state and n needs to be determined as

n = 5wf + kyTp(1 — wf) (15)
In Eq. (15), T, is the Wavewatch III hindcast peak period of the
partition and wf is the hindcast wind fraction of the partition,
which refers to the fraction of energy in a given partition forced
by local winds. Note that the calibrated value of &, as discussed
above is now implemented as a dimensional constant which mod-
els the dependency of the spectral width on the peak.

From Eq. (15), if wf=1, then n is calculated as five, the spec-
trum becomes the Bretschneider spectrum, which is appropriate
for seas under the influence of local winds with no swell energy
present. It was found by EPRI that £, indicates the spectral width
of wave energy that is not influenced by the local winds [9]. It is
the value of 4y, that is calibrated which in turn determines n from
Eq. (15) (as shown in Fig. 4).

ks is calibrated and
used to determine n

n = Swf + kpT,(1— wf)

A B
sr(f) = 7n ExP [—m])'“

| i |

Calibrated shape parametersof nand y
are plugged into the Gamma Spectra

Fig.4 Calibrated parameters for the Gamma spectra
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Fig.5 Process for calibrating theoretical spectra reconstructed from sea state parameters

3.3 Reconstruct the Overall Spectra. In this step, the over-
all spectra can be reconstructed using the spectral shape parame-
ters calibrated in previous steps, as Eq. (10). By using the two
data inputs (the hindcast sea state parameter data and the spectral
shape coefficient data) for each partition in the given region, the
spectra and the quantities listed in step 4 can be calculated for
each time step in a given month. If the time period of interest is
12 months, then there would be approximately 2920 hindcast time
steps (the time interval is 3h) on each grid point. The overall
number of reconstructed overall sea state spectra during a
12-month period will then be equal to 2920 times the number of
grid points in the region of interest. This reconstruction process is
depicted in Fig. 5.

011903-6 / Vol. 137, FEBRUARY 2015

3.4 Calculate Overall Sea State Parameters and Wave
Power Density. In order to reconstruct the overall sea state spec-
trum, three parameters have to be decided, which consist of the
significant wave height, the wave energy period, and the wave
power density.

The first value is the spectrally derived significant wave height
(H0), which can be calculated as

Huo = 4/mg (16)

This value approximates time-series derived significant wave
height, which is the average of the highest third of the waves in a
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random seaway and generally corresponds to the mean wave
height that could be estimated by visual observation due to the
fact that the smaller waves can pass undetected by the human
eyes. This figure was calculated and archived by Wavewatch II1
and can be found from Ref. [20].

The wave energy period (7.) can be determined from the two
spectral moments (m_; and my) calculated above, as

m_

T. = an

mo

The wave energy period is a sea state parameter that is not
needed for further calculations, therefore is not archived in Wave-
watch III.

The energy period T is rarely specified and must be estimated
from other variables when the spectral shape is unknown. For
example, in preparing the Atlas of UK marine renewable energy
resources, it was assumed that T, = 1.14T, [23]. Alternatively, it
can be estimated based on T}, as

T, = oT}, (18)
The coefficient o depends on the shape of the wave spectrum:
o =0.86 for a Pierson—-Moskowitz spectrum, and o increases to-
ward unity with decreasing spectral width. In assessing the wave
energy resource in Southern New England, Hageman [24]
assumed that T, = T,. In this study, we adopted the more conserv-
ative assumption of «=0.90 or T, = 0.9T,, which is equivalent to
assuming a standard JONSWAP spectrum with a peak enhance-
ment factor of y=3.3. It is readily acknowledged that this neces-
sary assumption introduces some uncertainty into the resulting
wave power estimates, particularly when the real sea state is com-
prised of multiple wave systems. However since the wave power
density, P, is proportional to T.H, errors in period are less signifi-
cant than errors in wave height.

The peak wave period T, is the inverse of the frequency at
which the wave spectrum has its highest energy density, and is
also referred to as the dominant wave period. This parameter is
necessary for formulating the theoretical spectrum and is archived
by Wavewatch III.

The mean direction of spectral peak energy (0p,) is the spectrally
weighted mean direction of the wave energy contained within the
frequency bin that contains the peak wave period Tp,. This direc-
tion is in degrees and measured clockwise from true North, with
North staying at Odeg and East 90deg. Such parameter is also
archived by Wavewatch III.

The total potential and kinetic energy content (£) of a wave per
unit area of water surface (J/m?) in an irregular sea state can be
found as

2

o H
E= ng S(f)df = pgmo = pglf'";

(19)
For each harmonic component of the wave spectrum, its energy
travels at the group velocity (cg) as

1

colf.d) =5 %tanh(kd) (1 + (20)

2kd
sinh(2kd)

where g is the acceleration due to gravity and £ is the wave number
which is given by the dispersion relation

2
(2nf)*= (2?71) = gktanh(kd) 1)

where k= (2m)/L, d is the water depth and L is the wavelength. In
deep water, where the local depth is greater than half a wave-
length, tanh(kd) ~ 1 and the dispersion relation can be simplified
as
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2m\ 2
(7) = gk (22)
so that
T2
Lo=%— 23)

where the subscript “0” denotes deepwater. Therefore the deep-
water group velocity can be approximated as

L gT
COTTU  an @9
In an effort to increase the accuracy of the current EPRI method a
formulation was found through the U.S. Army Corps of Engi-
neer’s Coastal Engineering Technical Note entitled “Direct meth-
ods for calculating wavelength.” In our revised methodology, Eqs.
(22) and (23) are replaced by Egs. (24)—(26), which were proved
to be more accurate. Equations (24)—(26) can be derived using
Hunt’s method based on the Pade’s approximation, which are
accurate to 0.1% for determining the wavelength in any depth of
water [25]. It is noticed that there is no subscript “0” in Eq. (24),
this is because that that equation can be used for both deep and
shallow water

_7,/8¢
L=T\% 25)

1

F=G+
1+ 0.6522G + 0.4622G? + 0.0864G* + 0.0675G°

(26)
G- () @7

- (7) ¢

where F and G are known as the Pade’s approximation [26].

The wave power density (P), which is also referred to as the
“wave energy flux,” is given in W/m of wave crest width at any
given water depth, and is calculated as

P=pg f ca(f,d) x S(f)df

-

In deep water, the term [1 + (2kyd/sin h(2kd))] tanh(ked) — 1,
therefore above equation is simplified to

ed .
sinh(ZIq-d)) tan h(kfd)} a (28

2 2
Py =P8 =P8

e(Hono 2 4907, (H,, :
4n ar ¢ Hno) (Ho)

(29)

From above equation, it is apparently that the wave power density
is directly proportional to m_; of the wave spectrum. In Eq. (28),
the seawater density p is 1025kg/m>. Equation (27) shows that
the calculation of wave power density always involves the integra-
tion of S(f)/f multiplied by a depth (d) and frequency (f) dependent
dispersion system. Thus, the overall spectrum has to be recon-
structed before the wave power density can be determined.

3.5 Estimating the Total Wave Energy Along a Depth
Contour. In the last step, the total annual wave energy flux
(TW-h/yr) will be estimated based on the calculated wave power
density for a given area. If the given region involves more than
one depth contour, such as a region that incorporates deep water
to its nearest shoreline, then the estimation can be a range that
reflects the extent to which the deepwater waves traveling toward
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Wave Power Comparison for NOAA Buoy
Station #42040
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Fig. 6 Monthly variation in wave power for NOAA buoy station
#42040

the shoreline begin to be significantly affected by the decreasing
depth.

4 Calculated Results for a Localized
Geographic Location

The method presented in this study was then used to estimate
the available wave energy for the NOAA National Data Buoy
Center’s Station 42040 (LLNR 293)—Luke Offshore Test Plat-
form, which is located about 64 nautical miles south of Dauphin
Island, AL [27]. Once the data was analyzed following the steps
described in Sec. 3, it was found that the 10 year means for the
significant wave height and peak wave period were Hy=1.1m
and T,=5.7s. A wave energy spectrum was then formulated
based on these values (using Eq. (10)), which will be used to
assess that area for use with wave energy conversion technology.

In order to validate the wave energy predictions obtained from
the presented approach, the calculated results were compared with
current data from the NOAA National Data Buoy Center’s Station
42040—Luke offshore test platform which is located about
64 nautical miles south of Dauphin Island, AL at 29°12'45"N,
88°12'27"W. The data is archived and disseminated by the
National Data Buoy Center [27].

Based on the data, the monthly variation in the year 2012 for
the available wave power (Egs. (27) and (28)) is plotted in Fig. 6
and compared with the monthly available wave power predictions
derived from the 10 year average formulated using the approach
presented in Sec. 3 and plotted in Fig. 7. From that figure it can be
seen that both the annual mean power and the monthly power var-
iation are in reasonably good agreement. Such agreement can also

10 Year Average of the Wave Amplitude
Spectrum for NOAA Buoy Station 42040
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Fig. 7 10-yr means of the wave energy for NOAA’s buoy station
#42040 with H;=1.1mand T, =5.7s
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Table 1 Percent error of the predicted available wave power
with respect to the actual available wave power in 2012

Predicted Current % error EPRI % error

power data (%) data (%)
Jan. 2983.57 254321 14.8 2523.16 15.4
Feb. 2499.12 2295.20 8.2 2291.24 8.3
Mar. 2585.30 2416.69 6.5 2412.19 6.7
Apr. 1735.20 1429.99 17.6 1395.99 19.5
May 1357.28 1189.04 12.4 1119.24 17.5
June 1333.04 1237.11 7.2 1231.69 7.6
July 733.10 791.11 7.3 799.12 8.3
Aug. 1014.97 922.53 9.1 909.54 10.4
Sep. 2542.29 2172.37 14.6 2121.45 16.6
Oct. 3034.14 2805.23 7.5 2794.99 7.9
Nowv. 2882.43 2875.59 0.2 2865.41 0.6
Dec. 3401.58 3487.74 2.5 3499.52 2.8
Average 2175.17 2013.82 9.0 1996.96 10.1

be seen in Table 1 which gives the % error of the predicted avail-
able wave power with respect to the actual wave power in 2012.
From the comparison, it can be concluded that the wave energy
estimates derived using the presented method are available and
the accuracy of the approach presented in this study is therefore
validated. Table 1 also lists the results given by the EPRI method
and demonstrates that the method employed by this paper
increases the accuracy of the EPRI method by an average factor
of 1.1%.

5 Conclusions

A methodology, which was developed by EPRI based on a
modified Gamma spectrum, is presented and revised in this study
and employed for analyzing the potential for wave energy conver-
sion in a desired geographic area. This methodology allows WEC
developers to easily and effectively predict the potential wave
power available to their devices and therefore facilitate the predic-
tion of power output performance in a given year, season, month,
etc., in a specific location. The essential part of this methodology
is the calibration of the spectral width parameter n and the spectral
peakedness parameter y. Compared to the original EPRI method-
ology, the revised method can yield results with a higher accuracy
of 1.1% by using Hunt’s method to find the wavelength L. The
presented methodology was then applied for the Luke Offshore
Test Platform. The case study results showed that such method
can deliver robust results in representing the wave climate in a
given region where the WECs are deployed and the estimates
were close to the data disseminated by National Data Buoy Cen-
ter. In the future, the methodology presented in this study can be
used to map and assess the ocean wave energy resource at any
given geographical location in United States.
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