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Abstract: This paper presents a new method for improving the assessment of energy and resources
of waves in the cases of finite water depths in which the historical and some ongoing sea wave
measurements are simply given in forms of scatter diagrams or the forms of (significant) wave
heights and the relevant statistical wave periods, whilst the detailed spectrum information has
been discarded, thus no longer available for the purpose of analysis. As a result of such simplified
wave data, the assessment for embracing the effects of water depths on wave energy and resources
becomes either difficult or inaccurate. In many practical cases, the effects of water depths are simply
ignored because the formulas for deep-water waves are frequently employed. This simplification
may cause large energy under-estimations for the sea waves in finite water depths. To improve the
wave energy assessment for such much-simplified wave data, an approximate method is proposed
for approximating the effect of water depth in this research, for which the wave energy period or
the calculated peak period can be taken as the reference period for implementing the approximation.
The examples for both theoretical and measured spectra show that the proposed method can
significantly reduce the errors on wave energy assessment due to the approximations and inclusions
of the effects of finite water depths.

Keywords: wave energy; wave energy assessment; finite water depth; energy assessment method;
wave energy resources

1. Introduction

Wave energy resource assessments have been an important factor for wave energy developments
in recent years, and the focus has been on the assessment and characterisation of wave energy
resources [1-13], with the global wave energy resource assessments on the overall resources and
the distributions of wave energy [3-6], and the regional and national wave energy resources on the
potentials for developing wave energy [7-13]. As pointed out by Cahill et al. [7], the primary purpose of
these studies is to examine the available potential energy at the locations of interest, and of the seasonal
and annual trends in the resources. Another important issue is the identification of extreme events and
wave conditions, which may be of critical importance on the operation and survival of wave energy
converters (WECs). Recent global efforts on standardisation of wave resource assessments [14,15]
have led to the development and publication of the International Electrotechnical Commission (IEC)
technical specification [16]. An application of the IEC standard to the wave energy resources at the
Irish West Coast has been published [17].

For the practical purposes and the cost of wave energy production, so far nearshore and shallow
water regions have been frequently considered for deploying wave energy converters and wave farms
due to their closeness to the shore and the available infrastructure for cable connection and for easy
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access for the operation and maintenance. Magagna et al. [18] collected the information of current
and proposed wave energy deployments (see Figure 1), and it can be seen that most of the installed
wave energy converters have been deployed in water depths less than 50 m, and these trends can
be also seen for the proposed wave farms. Similarly, Johanning et al. [19] indicated early that wave
energy converters will be very likely installed in the shallow to intermediate depths typically at the
50 m contour in the open areas for wave energy production. For such developments, the availability
of wave energy resources in those regions would be important and it was confirmed by a study in
Folley et al. [8] that the reduction in the net wave energy resource from a water depth =50 m to a
nearshore location of water depth = 10 m is about 10%. In this regard, the available wave resources
in nearshore areas may be still good enough for promoting wave energy production. All of these
considerations have been confirmed by the installed and proposed wave energy converters and wave
farms (see Figure 1).
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Figure 1. Wave energy deployment: water depth vs. distance from shore. Note: the size of the bubble
refers to the capacity of installed projects (full circle) or the maximum site capacity (circles). Source:
courtesy of Davide Magagna [18].

Due to the deployments of wave energy converters in relatively small water depths, it is very
important to assess the wave energy and wave energy resources more accurately because the effects of
finite water depths must be considered. In the cases of regular waves, the effect of water depths on
wave energy can be easily calculated due to their well mathematically defined wave periods. In the
cases of the sea waves (i.e., the irregular waves), it would be straightforward to assess their energy if
the detailed spectra (i.e., their spectral distributions and shapes) are known, since the spectra can be
regarded as a sum of many narrow bandwidths, and each narrow bandwidth corresponds to a regular
wave with the given wave amplitude and frequency/period, hence its corresponding wave energy
can be accurately calculated for including the effect of water depth. The sum of the energy of all the
regular wave components is the wave energy for the sea wave/spectrum. However, in many practical
cases, the historical and ongoing sea wave measurements are frequently given in simple forms of
scatter diagrams or some statistical parameters, such as the significant wave height and statistical
periods, while the important spectrum information (spectral shape and distribution) for assessing
the effect of water depths on wave energy has been discarded and no longer available for analysis.
As such, the effect of water depths on wave energy and resource assessments becomes difficult or
inaccurate when only the significant wave heights and characteristic periods are available, and the
simple option is to use the formulas for deep-water waves by ignoring the effect of water depths.
Such simplification may cause large errors in the wave energy and resource assessment (up to 14%
under-estimation). For improving the wave energy and resource assessment, a method is proposed in
this investigation, with the inclusion of the effects of finite water depths on wave energy assessment.
From the examples, it can be seen that the proposed method is capable of improving the wave energy
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assessment in the cases of finite water depths: for both popular theoretical spectra (Bretschneider
spectrum and JONSWAP spectrum) and the measured spectra from the Irish Coast, the proposed
method could reduce the errors of wave energy assessment to less than 5% for the individual sea state
(from the error of more than 14% when using the deep-water formulas), and to less than 4% for wave
resources (compared to the error of more than 10% using the deep-water formulas).

2. Wave Energy Assessment

2.1. Wave Equation

Linear wave theory is very well developed, and the details can be found in many standard text
books [20-22]. For completeness and reference, some basic equations are given.
In the linear wave theory, the wave velocity potential in water depth, , is given as

_ gAcoshk(z+h)

where A is the wave amplitude, /1 the water depth, k the wave number (k = 27t/ A, A is the wave length),
w the wave circular frequency. x and z are the coordinates along the x-axis (wave travel direction) and
z-axis (vertical up positive with z = 0 at the calm water surface).

The wave elevation has a form as

n = Acos(kx — wt), )

with a dispersion relation as
w? = gktanh(kh). ®3)

2.2. Wave Energy in Deep Water

For convenience of the presentation, the formulas in deep water are given first. The deep water
condition here is given when the water depth, £, is larger than half of the wave length, Ag,i.e., 1 > A(/2
(A is the wave length without seabed effect, and hereafter the subscript “0” means the parameter in
deep water), though some other definitions for deep water conditions can be also seen, for instance,
h> Ao/4 ([22], p. 287). However, when the deep water condition (# > Ay/2) is used, the maximal error
of the wave length is about 0.36%, given by following formula:

err = 2= ol 100%, @)
Ao

where A is the actual wave length at a water depth 1 = A /2.

Similarly, when the deep water condition (h > A(/4) is used, the maximal error in wave length
is 6.67% (also for a comparison, 2.67% for h > Ag/3). It will be seen in the analysis below that the
deep-water condition (h > A(/4) may cause a large error in terms of wave energy assessment.

In deep water conditions, the wave energy of regular waves can be expressed in a popular form
of wave height and period, as

1
PregO = %Pg2H2T/ %)

where H is the wave height (i.e., H = 2A).
For a given spectrum, corresponding to the frequency w with a frequency bandwidth Aw, the

wave power is calculated from (5), as
1

1 27 Aw
APy, = &—ﬂpgz[SS(w)Aw]; = Epgzs(w)7~

(6)

Therefore, the total time averaged wave power for the given spectrum is calculated as
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1 T dw
Pirrg = 5082/ S(a));' )
0
For the given spectrum, the wave height is given by
Hs = 4./my, (8)

and the wave characteristic/statistic periods can be defined as:

T, = om=1, T = 20 Ty = 2m, | Mo, )
mo mq my

where T, Tg; and T, are the energy period, the spectral mean period and the mean zero-upcrossing
period, respectively, with the spectral moment being defined as

my = /Ooo S(w)w"dw, (10)

wheren=-2,-1,0,1,2,...
Using the definitions of the significant wave height, the energy period and the spectral
moments yields

T dw T, 1,
O/S(w)w —my = 5Smg = o HET. (11)

Thus, the wave energy in irregular waves can be calculated as

1
Py = @szHgTez (12)

which is same as that given by Tucker and Pitt [22]. A more popular form is given in the unit of the
wave power of kW/m, as
Pio = 0.49H2T,. (13)

It must be emphasised that this formula for the wave energy of a sea state is the only correct
and universal formula for calculating wave energy in deep water. From the formula, it can be seen
that the wave energy is proportional to the significant wave height squared and proportional to
wave energy period. The formula has been specified in the recent international standards, the IEC
technical specification (IEC 62600-101 [16]), indicating that the wave scatter diagram is given only by
the significant wave height, H;, and the energy period, T,. It is worth mentioning that some historical
and ongoing wave measurement data (or the scatter diagrams) are still given either in the spectral
peak period, T, or the mean zero upcrossing period, T, (note: in such cases, the relation between T}, or
T, vs. T, must be specified so to make the data useful). A typical example is the wave data for a few
locations at Irish Coast (the Irish Ocean Energy Expertise [23]), the available wave periods are only
given in T}, or T; or both, but T, is not an option in the available data.

2.3. Wawves in Finite Water Depths

From the dispersion relation (3), the wave length in a finite water depth, 4, can be calculated using
an iterative method (the initial wave length can be taken as the deep-water wave length, A¢) as

A= /\Otanh<2:h>, (14)

and the wave length in finite water depths can be seen in Figure 2.
The celerity in the finite water depth is (also see [21])
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1 & \w 2uh ko
€=3 (1 + sinh(Zkh))k =Co (1 + sinh(2kh)> K’ (15)

where Cy (=w/ko) is the celerity of the wave in deep water.
Thus, the wave power in finite water depth is calculated as

2kh ) ko

+ sinh(2kh) ) k' (16)

Preg = PregO (1

which indicates that the wave celerity and the wave power in finite water depth can be regarded as the
celerity and wave power in deep water modified with a coefficient, defined as

- 2k \ ko
Cn = <1 * sinh(2kh) > k- A7)

— — Deep water

—— h=2.5m /

———h=10m /

—— h=20m /

600 — - —h=50m i

————— h=100m yana
-~

TG

Figure 2. Wave lengths in finite water depths and deep water.

From the modification coefficient curve in non-dimensional frequency shown in Figure 3, it can
be seen that, for a given water depth, the modification coefficient, Cy, is a function of wave frequency,
hence, it is noted as Cj(w) hereafter. For a given spectrum in a finite water depth, the spectrum can
be divided into many small bandwidths Aw, and each bandwidth corresponds to a regular wave
component. For each regular wave component corresponding to the frequency w, Cy(w) can be
calculated accurately for a given water depth. As such, the accurate wave energy assessment for the
spectrum can be conducted (similar methodologies can be found in references [4,7,16,24]).
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Figure 3. Modification coefficient of celerity in a non-dimensional form.
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The wave power of a regular wave component in the irregular waves can be calculated as

w

1
Apirr - Zpg[ZS(W)A“’] kO

Cp(w). (18)
Therefore, the total average wave power for the given spectrum is thus

dw

% (19)

1 [e9)
P = 308 [ Culw)S(w)
0

The direct numerical integral of Equation (19) in the case of the available spectrum can be taken
as the accurate wave power for the spectrum, denoted as P, and the error (%) of the result from the
approximation is calculated as

. _ p0
error = LOPW X 100%, (20)
mwr

where P;,, is the calculated wave power using the proposed method.

Generally, the accurate integration of Equation (19) can only be possible when the spectral
components are known (the corresponding Cj can be calculated accurately). However, in the case
of deep water, the modification coefficient is a constant, i.e., C;; = 1.0, when the non-dimensional
frequency is larger than /7 in Figure 3. Hence, it becomes obvious that to accurately assess the wave
power in finite water depth, the wave spectrum must be used.

Now, a method is proposed for solving the problem as follows. To more accurately assess the
wave power in the cases of finite water depths, it is reasonable to assume that an actual wave spectrum
may concentrate on a limit bandwidth of frequencies. For instance, for a Bretschneider spectrum
(Ty =8s, Hs = 2.0 m), 50% of the energy is concentrated within a bandwidth of 0.305 rad/s around
the peak period (see Figure 4). Hence, it can be suggested that Cj, in the integral in Equation (19) can
be approximated with a constant, the constant modification coefficient corresponding to a specific
spectral characteristic frequency, we, as,

dw
=

1 o0
Piy % 508 / Ch(we)S(w) (21)
0

With this assumption, the wave power (in kW /m) in irregular waves in finite water depths can
be calculated as
Py = 0.49H2T,Cy(we), (22)

where w, can be either the spectral peak frequency, wy, (=27t/T)), or energy frequency, we (=27t/T).
For comparison, the other statistic frequencies/periods may be used as well in the following analysis.

For convenience in the analysis, the modification factor in Equation (22) can be referred to one of
the statistic periods; hence, the wave power estimation is given as

Py, = 0.49H2T,Cy(T:), (23)

where T, can be one of the popular statistic periods, such as Ty, Te, Toy or Tp, and it will be seen that
the first two periods may be the best choice in this regard.
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Figure 4. 50% energy concentrated in the bandwidth of 0.305 rad /s (Bretschneider spectrum: Hy =2.0m,
T, =8.0s).
p

2.4. Theoretical and Measured Wave Spectra

Sea waves are irregular, meaning the wave period and wave height vary from wave to wave, thus
irregular waves are often characterised by some popular and most used statistical parameters, such as
the significant wave height, Hs, the characteristic wave periods: T} (spectral peak period), T, (energy
period), Ty (mean spectral period), and T, (mean zero upcrossing period). In addition, the wave
spectral shape/type is an important factor in applications.

The most accepted theoretical wave spectra include the Bretschneider spectrum for the fully
developed waves, and the JONSWAP spectrum for the limited developed waves. They can be
expressed using a generalised JONSWAP spectrum, as

Swh o %
S((U) = (1 —0.2871n ’Y)WHS e 4wt ’)/tx, (24)
.  (w-wp)? 007w < w, - ,
with a = exp( 2207 and o = 0.09,0 > wp 7 can take a value between 1.0-5.0 depending

on the actual wave conditions and locations (see Det Norske Veritas (DNV) standard [25]), with v = 3.3
for the standard JONSWAP spectrum, and <y = 1.0 for the Bretschneider spectrum.

As it can be seen from Equation (24), the theoretical spectrum is defined using the spectral
peak frequency/period, wy/Ty. For measured waves, their spectra can often be spiky. Figure 5 show
two measured spectra for the different measured sea states at Atlantic Marine Energy Test Site (AMETYS),
Belmullet, Ireland. Physically, the spectral peak period can be easily decided by simply choosing the
corresponding frequency/period to the spectral peak. However, this may be very dependent on how
the measured data have been recorded and analyzed; for instance, the sampling length and sampling
frequency. A better choice for deciding the spectral peak period would be the calculated spectral peak
period recommended by Tucker and Pitt [22] (p. 41). As such, the calculated spectral peak period has
similar features as those well-defined statistical periods including T,, To1, Toz (T) in Equation (9).
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Hs=2.88m,Te=8.64s
————— Hs=2.48m,Te=10.01s| |

04 06 08 1 12 14 16 18 2
w(rad/s)

Figure 5. Spectra from the measured waves (AMETS, Belmullet, water depth = 50 m).

Following Tucker and Pitt [22], the calculated peak period is calculated using the relevant spectral

moments, as
m_pmq

-
my

This formula works generally well for both the Breschneider and the standard JONSWAP
spectrum. However, it is also found that this formula gives a small yet a consistent over-estimation of
the peak periods by 2-3%. It is therefore suggested that a slightly modified formula can be used as

Tpe = 210 (25)

2

Tpe = 2m =21 /1,025, (26)
my

Formula (26) gives much better approximations for the peak period for the theoretical spectra.
However, in the practical applications, especially when the wave spectrum has double peaks, such as
those waves combining the swells and wind-generated waves, the formula will over-estimate the peak
period very much. In that case, a limit may be applied as,

2m™=2M /1,025, for 2n™=3M /1.025 < 1.25T,
0

Tpe = 0 27
pe 1.25T,, for 2m™=271 /1,025 > 1.25T, @7)
0
Note that the coefficient 1.25 in the second equation in Equation (27) was obtained using the wave
measurements in 2010 in AMETS, Ireland, and the total number of the measurements is 13,189 for two
data buoys in the year of 2010.

3. Results and Analysis

In this section, the assessment of the wave energy in finite water depths will be conducted
and compared. The accurate assessment of wave energy in a finite water depth is the one using
the available spectra per Equation (19), which is taken as the reference in the comparison (in the
figures as “Ref”), while the approximations using different Cj, are identified as “Mod_Tp”, “Mod_Te”,
“Mod_T01” and “Mod_T02” in the figures, denoting the modifications C;, are calculated using the
peak period T), energy period T,, mean spectral period T and mean zero upcrossing period, Toy,
respectively. In addition, the uncorrected wave energy is plotted as “DeepWater”, which is the case
without including the effect of water depth on wave energy assessment.

3.1. Bretschneider Spectra (Hs = 2 m for All Cases)

Figure 6 shows the comparison of the wave energy calculations using different correction methods.
It can be seen that for the small wave periods (T, < 7.0 s), the water depth of 50 m would be considered
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as deep water, thus all corrections are all very small. For the long waves, the deep water condition
generally under-estimate the wave energy assessment by up to 13% (see Figure 7). The correction
with the peak period slightly underestimates the wave power for the short waves (similar to other
corrections), and then over-estimate the wave power for the wave energy periods between 8-17 s, with
the maximal error less than 5%. For other correction methods including the one with the energy period
tend to under-estimate the power in short waves and then to over-estimate the wave power in the long
waves. The maximal errors are 6% for “Mod_Te”, 8% for “Mod_T01” and 9% for “Mod_T02”.

45

— —DeepWater

——Mod Tp
10 -=---Mod Te

====-Mod _T01

—--—Mod _T02

Te (s)

Figure 6. Modifications of the wave energy assessments using different characteristic periods (h = 50 m).

10 — —DeepWater
Mod_Tp
----Mod Te PV
5 = = =Mod TO0I B} St
—-.—Mod_T02 7]

Error (%)

Te (s)

Figure 7. Errors for deep-water formulas and modifications using different periods (h = 50 m).

In the case of water depth of 25 m, it can be seen from Figures 8 and 9 that the deep water
condition gives under-estimations for short waves (T, < 15 s) with a maximal error of 13.5%. For the
correction using Tp, it slightly over-estimates the wave power in the short waves (T, < 12 s), and then
under-estimates the wave power, with a maximal error about 5% (slightly larger errors in the very
long waves for T, > 16 s). For the correction using energy period, it under-estimates the wave power
for short waves (T, < 8 s), and then over-estimates the power almost constantly larger than 5% when
T, > 10 s. For the correction with Ty and Ty, the corrected wave powers are similar to the case using
the energy period, but with larger errors (maximal errors are 11% and 16%, respectively). Figure 10
shows the comparisons of the errors in different water depths (50 m and 25 m). The general trends are
the same; for instance, the maximal errors are similar but occur at different wave periods. The error
curves shift to longer periods in a deeper water condition. If we plot these using the non-dimensional

wave energy periods, T.", defined as Ty, =T, ‘%, the differences for the different water depths
disappear (see Figure 11).
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Figure 8. Modifications of the wave energy assessments using different characteristic periods (h = 25 m).

Error (%)

— —DeepWater
Mod_Tp
----Mod Te
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18

Figure 9. Errors for deep-water formulas and modifications using different periods (h = 25 m).

Error (%)

w

— —DeepWater (h=50m) — —DeepWater (h=25m)
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Mod_Tp (h=25m)
= = =Mod Te(h=25m)

Figure 10. Errors at different water depths (50 m vs. 25 m).



Energies 2017, 10, 460 11 of 17

15 — — DeepWater (h=50m) — —DeepWater (h=25m)
Mod_Tp (h=50m) Mod_Tp (h=25m)
-=---Mod_Te (h=50m) == =Mod_Te (h=25m)

Error (%)

Figure 11. Errors for different water depth in non-dimensional wave periods.

3.2. Standard JONSWAP Spectra (Hs = 2 m for All Cases)

In the cases of the standard JONSWAP spectra, it can be seen from Figures 12-15 that similar
results can be obtained to the cases of Bretschneider spectra, but with the following differences: (i) the
deep water condition gives worse under-estimations of the wave power (maximal error is 14.5%);
(ii) the corrections using peak period and energy period give better assessments, and the maximal
errors are smaller (about 3%), even in the shallower water condition (water depth 25 m).

45

40 i3

sss Ref

Pirr (kW/m)

— —DeepWater
Mod_Tp
-=-=-=-Mod Te
===-Mod T0l
—..—Mod_T02

4 6 8 10 12 14 16 18 20
Te (s)

Figure 12. Modifications of the wave energy assessments using different characteristic periods
(h =50 m).

— — DeepWater
Mod Tp
--==-Mod Te
- - = Mod_T01
Te(s) —--—Mod T02

Figure 13. Errors for deep-water formulas and modifications using different periods (i = 50 m).
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E
Z20
5
15 — —DeepWater
Mod Tp
10 -~~~ Mod_Te
. -——--Mod_To01
: —--—Mod_T02
0
4 6 8 10 12 14 16 18 20

Te (s)

Figure 14. Modifications of the wave energy assessments using different characteristic periods
(h=25m).

15 -~ — — DeepWater

Mod_Tp
--- Mod Te

= = =Mod _T01

Te (s) —--—Mod_T02

Figure 15. Errors for deep-water formulas and modifications using different periods (4 = 25 m).

3.3. Spectra from Measured Waves (AMETS)

In this section, the comparison will be made for the spectra from the measured waves from seas.
In getting the correct wave conditions for comparison, the measured waves are binned/grouped using
the given significant wave height (H, = 0.5 m, 1.0 m, ..., representing the significant wave height
bins: 0-0.5m, 0.5-1.0 m, ... ) and the given reference energy periods (T, + 0.25s, with T, =65, 6.5 5,
7s, ..., 15 s) for the bins (bin size: 0.5 s for T,). All the binned spectra are averaged to represent the
respective wave spectra for the given wave conditions. Thus, the calculated wave significant heights
and energy periods may be slightly different from the given values, but they may be very close to these
given values. Figures 16 and 17 show the binned average spectra for two different sea states (for a
comparison, the corresponding Bretschneider and JONSWAP spectra are also plotted). In Figure 16,
the spectrum corresponds to the waves of a short energy period, and it can be seen that the spectra
are closer to the Bretschneider spectra (and their spectral bandwidths are closer). In the cases of a
long wave period of T, = 13.99 s, the recorded waves have double peaks, including both the locally
wind-generated waves (at a higher frequency) and the swells (at a lower frequency) (see Figure 17).
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08 - . - - ]
. o measured(Hs=1.91m,Te=6.09s)
i Bretschneider
0.7 [ JONSWAP(y=3.3)
[
0.6 i
[
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3 7 \e
» =
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i \Na
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021 ’A l\. A'-.
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WA T2 L8sanp
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0 0.5 1 1.5 2 25
w (rad/s)

Figure 16. Measured spectrum (average) and the corresponding Bretschneider and JONSWAP spectra
(Te =6.09 s, Hs = 1.91 m), Tjy is calculated using Equation (27).

] T T T
f! oo measured(Hs=2.04m,Te=13.99s)
Bretschneider
250 0 == JONSWAP(y=3.3)
2 -
s
o~
Eis
3
(]
1 =
0.5
0 Lo Aad N A
0 1 15 2 25
w (rad/s)

Figure 17. Measured spectrum (average) and the corresponding Bretschneider and JONSWAP spectra
(Te =13.99 s, Hs = 2.04 m), T}y is calculated using Equation (27).

Figures 18 and 19 show the corrections and the corresponding errors for the wave power
assessment in the water depth of 50 m. From the figures, it can be seen that the deep-water formulas
under-estimate the wave power constantly, with a maximal error of 14%. The correction using the
peak period over-estimates the wave power for almost all the wave periods, with a maximal error less
than 5%, whilst the correction using energy period under-estimates the wave power for the waves of
Te < 11 s and then over-estimates the wave power for the long waves. The maximal error can be larger,
about 10% at the longest wave period T = 15 s. When using T; and T, as the reference periods, the
corrections for wave energy assessment in the finite water depths give larger errors than those using

peak and energy periods.
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40

Pirr(kW/m)
s
=

— —DeepWater

Mod_Tp
10 ----Mod Te
------- Mod_T01

—-— Mod_T02

Figure 18. Modifications of the wave energy assessments using different characteristic periods
(h =50 m).

Error (%)

— —DeepWater ~o P

Mod_Tp
===~ Mod_Te
------- Meod TO01

—— Mod T02 Te(

Figure 19. Errors for deep-water formulas and modifications using different periods (4 = 50 m).

4. Discussions

4.1. Peak Periods from Spectra

Spectral peak period/frequency is a very important parameter when the theoretical spectrum
is defined (see Equation (24)), together with the possible requirement of the spectral peak
period/frequency for wave energy assessment as shown in the previous sections, a reliable, consistent
and representative spectral peak period is very desirable. As shown in the examples of the spectra
from the measured sea waves in Figures 5 and 17, it is easy to pick the physical spectral peak
periods/frequencies from the spectral curves, but these peak spectral periods may be very subjective
due to the fact that it may be very dependent on the length of the measured data and the sampling rate,
as well as the method for processing the data. Generally speaking, there is no well-accepted definition
for the spectral peak period, unlike other wave statistic periods, such as T,, To; and Ty, in Equation (9).
For solving this difficulty, Tucker and Pitt [22] proposed a so-called calculated spectral peak period T,
Equation (25), and it is found that the definition works very well with the theoretical spectra, but with
a small and consistent over-estimation. The formula has been refined in Equation (26) for a better and
more consistent calculation of the spectral peak period.

Table 1 gives a comparison of the calculated spectral peak periods for the theoretical wave spectra,
including the well-developed sea state (y = 1.0), the standard JONSWAP spectrum (v = 3.3) and the
more peaked wave spectrum (7 = 5.0). It can be seen that the refined spectral peak period method
(given by Equation (26)) predicts the spectral peak periods with much improved accuracy: the errors
are less than 0.5%, whilst the Tucker and Pitt’s formula (i.e., Equation (25)) consistently over-predicts
the spectral peak period by about 3%.
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Table 1. Spectral peak period calculation for the theoretical spectra.

15 of 17

T, T,

i 14 o, P )

¥ Tp (Given) via Equation (25) ert0 (%) via Equation (26) errl (%)
5 5.130 2.600 5.005 0.098
1.0 8 8.214 2.679 8.014 0.174
’ 10 10.269 2.692 10.019 0.188
15 15.405 2.703 15.03 0.198
5 5.146 2.929 5.021 0.418
33 8 8.239 2.986 8.038 0.474
’ 10 10.300 2.996 10.048 0.484
15 15.450 3.003 15.074 0.491
5 5.137 2.731 5.011 0.226
50 8 8.222 2.78 8.022 0.273
’ 10 10.279 2.788 10.028 0.281
15 15.419 2.794 15.043 0.287

4.2. Wave Resource Assess in Finite Water Depth: Belmullet 50 m Water Depth

In the following analysis, the spectra from the sea wave measurements are same as those in
Cahill et al. [7]. The total number of wave measurements is 13,189 from two data buoys in the year of
2010 in the Atlantic Marine Energy Test Site (AMETS) in the 50 m water depth (Belmullet, Ireland).
The overall availability of the measured data is about 75% (the detailed availability of the data can be
seen in [7]). These measured spectra are used for the following analysis and comparison.

From the available measured wave spectra, the wave energy and resource assessment can be
accurately calculated using the direct numerical integration Equation (19). In addition, using these
available wave spectra, a wave scatter diagram can be easily generated (Figure 20 showing the
occurrence of the waves in the year in 2010), and based on which, the wave energy and resource in a
water depth of 50 m (a finite water depth) will be assessed by including the effect of the water depth.

Te (s)
<50 | 55 60 65 7.0[ 7.5 80] 85 9.0 95] 10.0[ 10.5] 11.0] 11.5] 12.0] 12.5] 13.0] 13.5] 14.0] 14.5] 15.0] 15.5] 16.0] 16.5
14.0) 0.01]
13.5) 0.01
13.0) 0.02 0.01]
12.5)
12.0) 0.01
11.5) 0.01] 0.01]
E [ 110 0.01] 0.02] 0.01
[ 105
I [100 0.02| 0.03
£ 95 0.03] 0.01 0.02] 0.02
2 [ 90 0.01] 0.02 0.01] 0.01] 0.02[ 0.04 0.01
< | 85 0.01] 0.02 0.02] 0.02] 0.01] 0.01 0.01] 0.01
2 [ 89 0.01] 0.0 0.02] 0.03[ 0.05[ 0.02] 0.01]
g 7.5 0.02] 0.02] 0.05[ 0.05 0.02 0.01] 0.02[ 0.02
= [70 0.01] 0.02] 0.04] 0.09[ 0.09] 0.06] 0.02] 0.01] 0.01] 0.03
g | 65 0.0 0.04] 0.09[ 0.13[ 0.12] 0.09] 0.01] 0.02] 0.02[ 0.01
= | 6.0 0.02] 0.02[ 0.07] 0.14] 0.14] 0.12] 0.03] 0.02[ 0.02)
S| 55 0.02] 0.07] 0.14] 0.24] 0.21] 0.14] 0.11] 0.03[ 0.02
o [ 50 0.06] 0.11] 0.28[ 0.34] 0.35] 0.31] 0.22] 0.14] 0.05[ 0.02
4.5 0.01] 0.08] 0.12[ 0.52 0.60] 0.72] 0.47| 0.27] 0.20[ 0.12] 0.08]
4.0 0.04] 0.16[ 0.50[ 0.83[ 0.95] 0.86] 0.55| 0.52[ 0.37[ 0.10] 0.03] 0.05] 0.01] 0.01
35 0.07] 0.11] 0.52[ 0.89[ 1.49] 2.06] 1.57| 1.05[ 0.68] 0.51] 0.34] 0.10] 0.08 0.05
3.0 0.09] 0.21] 0.74] 1.15] 2.14 1.58] 1.14] 0.90[ 0.56] 0.39] 0.26] 0.09] 0.10[ 0.02[ 0.01 0.01]
2.5 0.01] 0.02[ 0.17] 0.57] 1.7 2.08] 2.15| 2.42| 1.87| 1.53[ 1.18] 0.68] 0.36] 0.21] 0.14[ 0.15] 0.13] 0.09] 0.03] 0.02[ 0.02 0.02] 0.02)
2.0 0.11] 0.67| 1.08[ 1.74 1.93 1.79] 1.15[ 0.49[ 0.20[ 0.17] 0.10] 0.03] 0.02 0.01] 0.02 0.01] 0.01]
1.5] 0.02[ 0.46] 1.34] 0.92| 1.50] 2.18[ 2.38 2.25 2.27| 1.74] 1.02 0.55| 0.20[ 0.03[ 0.05] 0.05]
1.0] 0.09] 0.14] 0.55] 0.30] 0.71] 0.95| 0.79] 0.49[ 0.33 0.40] 0.14] 0.06] 0.03[ 0.02
0.5

Figure 20. Scatter diagram of the waves in AMETS in 2010 (available data points 13,189 for two wave

buoys with 75% availability, detailed description can be found in [7]).

Two approximation methods are compared here: the approximation using the deep-water formula
and the proposed method in this study using the water depth modification factor C; (the results
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are both compared to the accurate wave energy resource, P? ). From Table 2, it can be seen that
the deep-water formula gives an under-estimation of 10.18% for the annual mean wave power.
The correction method based on the spectral peak periods gives 3.86% over-estimation, and based on
the energy periods gives 1.47% under-estimation. It seems that the correction with the energy period
gives a better wave resource assessment, but it is caused by the under-estimation for short waves
and over-estimation for long waves (Figure 19) for this particular water depth and wave condition,
thus they cancel each other in the overall wave energy assessment so to give a better result, while
for this particular water depth, the correction using the calculated peak period gives more consistent
over-estimation of the wave energy for all waves (less than 5%).

Table 2. Wave power assessment for AMETS.

Water Depth (m) Method Annual Mean Power (kW/m) Error (%)
Direct calculation, Equation (19) 37.41 -
50 Deep water, Equation (13) 33.60 —10.18
Correction with wp, Equation (22) 38.76 3.86
Correction with we, Equation (22) 36.86 —1.47

5. Conclusions

In the paper, the effect of water depths on wave energy assessment has been studied, and a
method has been proposed for improving the wave energy assessment in finite water depth for the
cases of only the simple scatter diagram available. From the analyses and comparisons, the proposed
method can improve the assessment of the wave energy and resource, and following conclusions can
be drawn:

1. For the cases of finite water depths, using the deep water formulas may under-estimate the wave
power by up to 14.5% in irregular waves of interest for wave energy production.

2. For the wave measurement data in simple forms of scatter diagrams, the proposed method in
this investigation can improve the wave energy assessment. For both the theoretical spectra
(Bretschneider and JONSWAP) and the measured spectra, the proposed method can improve the
accuracy of the wave energy assessment, reducing the maximal error from about 14.5% to less
than 5%.

3. The proposed method using either the calculated peak period or the energy period can
significantly improve the assessment of the annual mean wave power. For the AMETS data, the
deep water formulas give an error more than 10%, whilst with the proposed method, the error
can be reduced to less than 4% or even less.

4. The calculated spectral peak period for the measured waves can be reliably calculated using
Equation (27) for those wind-generated waves.

Acknowledgments: The first author would like to thank Science Foundation Ireland (SFI) Centre for Marine and
Renewable Energy Research (MaREI) (Grant No. 12/RC/2302), Environmental Research Institute, University
College Cork, Ireland for providing funding support. The second author would like to thank the National Natural
Science Foundation of China (Grant No. 51409118) for the finance support the research work. The authors would
like to thank Brendan Cahill (Sustainable Energy Authority Ireland, SEAI) for providing the wave spectra for the
analysis in this study.

Author Contributions: Wanan Sheng planned the main research, developed the methodology, carried out the
main work and wrote the manuscript; and Hui Li conducted part of the calculation and analysis and reviewed
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pontes, M.T.; Athanassoulis, G.A.; Barstow, S.; Cavaleri, L.; Holmes, B.; Mollison, D.; Oliveira-Pires, H.
An Atlas of the Wave-Energy Resource in Europe. J. Offshore Mech. Arct. Eng. 1996, 118, 307-309. [CrossRef]


http://dx.doi.org/10.1115/1.2833921

Energies 2017, 10, 460 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.
23.

24.

25.

Stopa, J.E.; Cheung, K.F.; Chen, Y.L. Assessment of wave energy resources in Hawaii. Renew. Energy 2011, 36,
554-567. [CrossRef]

Arinaga, R.A.; Cheung, K.F. Atlas of global wave energy from 10 years of reanalysis and hindcast data.
Renew. Energy 2012, 39, 49-64. [CrossRef]

Cornett, A. A Global Wave Energy Resource Assessment. In Proceedings of the International Offshore and
Polar Engineering Conference, Vancouver, BC, Canada, 6-11 July 2008.

Mork, G.; Barstow, S.; Kabuth, A.; Pontes, M.T. Assessing the global wave energy potential. In Proceedings
of the 29th International Conference on Ocean, Offshore Mechanics and Arctic Engineering (OMAE2010),
Shanghai, China, 6-11 June 2010.

Gunn, K; Stock-Williams, C. Quantifying the global wave power resource. Renew. Energy 2010, 44, 296-304.
[CrossRef]

Cahill, B.G.; Lewis, A. Wave energy resource characteristion of the Altantic marine energy test site. Int. |.
Mar. Energy 2013, 1, 3-15. [CrossRef]

Folley, M.; Whittaker, T. Analysis of the nearshore wave energy resource. Renew. Energy 2009, 34, 1709-1715.
[CrossRef]

Lenee-Bluhm, P;; Paasch, R.; Ozkan-Haller, H.T. Characterizing the wave energy resource of the US Pacific
Northwest. Renew. Energy 2011, 36, 2106-2119. [CrossRef]

Hughes, M.G.; Heap, A.D. National-scale wave energy resource assessment for Australia. Renew. Energy
2010, 35, 1783-1791. [CrossRef]

Reikard, G.; Robertson, B.; Buckham, B.; Bidlot, ].R.; Hiles, C. Simulating and forecasting ocean wave energy
in western Canada. Ocean Eng. 2015, 103, 223-236. [CrossRef]

Iglesias, G.; Carballo, R. Wave energy and nearshore hot spots: The case of the SE Bay of Biscay. Renew. Energy
2010, 35, 490-500. [CrossRef]

Iglesias, G.; Lopez, M.; Carballo, R.; Castro, A.; Fraguela, ].A.; Frigaard, P. Wave energy potential in Galicia
(NW Spain). Renew. Energy 2009, 34, 2323-2333. [CrossRef]

Cornett, A.; Toupin, M.; Baker, S.; Piche, S.; Nistor, I. Appraisal of IEC Standards for Wave and Tidal Energy
Resource Assessment. In Proceedings of the International Conference on Ocean Energy, Halifax, NS, Canada,
4-6 November 2014.

Folley, M.; Cornett, A.; Holmes, B.; Lenee-Bluhm, P,; Liria, P. Standardising resource assessment for wave
energy converters. In Proceedings of the International Conference on Ocean Energy, Dublin, Ireland,
17-19 October 2012.

Marine Energy-Wave, Tidal and Other Water Current Converters—Part 101: Wave Energy Resource Assessment and
Characterization; IEC TS 62600-101; International Electrotechnical Commission: Geneva, Switzerland, 2015.
Ramos, V.; Ringwood, J.V. Exploring the utility and effectiveness of the IEC (International Electrotechnical
Commission) wave energy resource assessment and characterisation standard: A case study. Energy 2016,
107, 668-682. [CrossRef]

Magagna, D.; Uihleih, A. Ocean energy development in Europe: Current status and future perspectives.
Int. . Mar. Energy 2015, 11, 84-104. [CrossRef]

Johanning, L.; Smith, G.H.; Wolfram, ]. Measurements of static and dynamic mooring line damping and
their importance for floating WEC devices. Ocean Eng. 2007, 34, 1918-1934. [CrossRef]

Holthuijsen, L.H. Waves in Oceanic and Coastal Waters; Cambridge University Press: Cambridge, UK, 2007.
Newman, ].N. Marine Hydrodynamics; The MIT Press: Cambridge, MA, USA, 1977.

Tucker, M.].; Pitt, E.G. Waves in Ocean Engineering; Elsevier Science Ltd.: Oxford, UK, 2001.

MI. Ocean Energy Expertise (Ireland). Available online: http://www.oceanenergyireland.ie/Observation/
DownloadWave (accessed on 25 July 2016).

Iglesias, G.; Carballo, R. Wave farm impact: The role of farm-to-coast distance. Renew. Energy 2014, 69,
375-385. [CrossRef]

DNV. Environmental Conditions and Environmental Loads. Available online: https://rules.dnvgl.com/
docs/pdf/DNV /codes/docs/2010-10/RP-C205.pdf (accessed on 29 March 2017).

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.renene.2010.07.014
http://dx.doi.org/10.1016/j.renene.2011.06.039
http://dx.doi.org/10.1016/j.renene.2012.01.101
http://dx.doi.org/10.1016/j.ijome.2013.05.001
http://dx.doi.org/10.1016/j.renene.2009.01.003
http://dx.doi.org/10.1016/j.renene.2011.01.016
http://dx.doi.org/10.1016/j.renene.2009.11.001
http://dx.doi.org/10.1016/j.oceaneng.2015.04.081
http://dx.doi.org/10.1016/j.renene.2010.03.016
http://dx.doi.org/10.1016/j.renene.2009.03.030
http://dx.doi.org/10.1016/j.energy.2016.04.053
http://dx.doi.org/10.1016/j.ijome.2015.05.001
http://dx.doi.org/10.1016/j.oceaneng.2007.04.002
http://www.oceanenergyireland.ie/Observation/DownloadWave
http://www.oceanenergyireland.ie/Observation/DownloadWave
http://dx.doi.org/10.1016/j.renene.2014.03.059
https://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2010-10/RP-C205.pdf
https://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2010-10/RP-C205.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Wave Energy Assessment 
	Wave Equation 
	Wave Energy in Deep Water 
	Waves in Finite Water Depths 
	Theoretical and Measured Wave Spectra 

	Results and Analysis 
	Bretschneider Spectra (Hs = 2 m for All Cases) 
	Standard JONSWAP Spectra (Hs = 2 m for All Cases) 
	Spectra from Measured Waves (AMETS) 

	Discussions 
	Peak Periods from Spectra 
	Wave Resource Assess in Finite Water Depth: Belmullet 50 m Water Depth 

	Conclusions 

