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A Study on the Effects of Wave Spectra on
Wave Energy Conversions
James Prendergast, Mingfang Li, and Wanan Sheng

Abstract—This research work presents an investigation into the
effects of wave spectra on energy conversion for wave energy converters and shows it may be important what theoretical spectrum
should be used for a better assessment of a wave energy converter
(WEC) in the given sea conditions in a proposed deployment site.
To illustrate the problem and the solution, a slightly modified Reference Model 3 (RM3) self-referencing floating point absorber device is used for examining the effects of spectrum types on wave
energy conversion. The compared wave spectra include the most
used theoretical wave spectra, such as the standard JONSWAP
and Bretschneider spectra, as well as the real sea spectrum from
field measurements. From the analysis it is shown that the modified
RM3 WEC extracts a similar amount of energy from the recorded
sea conditions (measured at the AMETS site 2010) when the device
is optimized to both the Bretschneider spectrum and the real sea
spectrum while the use of the JONSWAP spectrum for optimization leads to an over-prediction in the annual energy production
of 16.5%. This may be because, in many practical applications
for wave energy development, the JONSWAP spectrum is often
preferred by the developers for assessing the device power performance. However, the use of the narrower JONSWAP spectrum
(compared to the Bretschneider spectrum) may lead to inaccurate
optimization results and power performance data for the device.
Therefore, using the correct wave spectrum shapes in the assessment and optimization of a device is suggested for a more accurate
assessment and a better understanding of the overall power performance of the device.
Index Terms—Annual energy production (AEP), optimization,
power performance, wave climate, wave energy conversion.
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I. INTRODUCTION
ITH the signing of the Paris Agreement and the ambition for the European Union to have a carbon free energy
system by 2050, a greater emphasis and importance has been
placed on renewable energy technologies [1]. Ocean energy represents one of the largest untapped renewable energy resources
with the vast available resources and the wide distribution
around the globe [2]. Currently, ocean energy technologies, especially the wave energy technologies, are not matured enough
yet for commercial energy generation, but it is hoped that
they will become significant suppliers in the future energy mix
when the main technological and nontechnological issues are resolved, such as finance, technology development, environmental
issues, and grid connections [3].
Ireland, in particular, stands to benefit significantly from the
development of ocean energy. This is apparent from the number of companies based in Ireland that develop ocean energy
converters, such as OpenHydro [4], OceanEnergy, Ltd., [5], and
SeaPower [6], among others. According to the Sustainable Energy Authority of Ireland, Dublin, Ireland, report carried out
by ESBI (ESB International, owned by the Electricity Supply
Board, Ireland), Ireland has a theoretical wave energy resource
of up to 525 TWh [7], which is significantly more than the electricity consumed in Ireland in 2015 (26.98 TWh according to
an IEA report from 2015). The harnessing of this vast resource
would greatly improve Ireland’s energy security as currently
its energy system is heavily reliant on imported gas and coal
to fire its thermal generation stations, allowing for the phasing
out the aforementioned thermal generation stations, reducing
energy costs, and CO2 emissions. The significant wave energy
potential could also benefit Ireland economically with the current and planned interconnection allowing for the sale of energy
to foreign markets.
Wave energy technologies are still in development, and many
different types of wave energy converters have been proposed,
but only few have been advanced to higher technology readiness
levels. Examples of these technologies include the LIMPET [8],
Pelamis [9], Oyster [10], OPT [11], WaveDragon [12], WaveStar
[13] and more recently, CorPower [14], and Floating Power
Plant [15].
An important issue is the reliable and accurate assessment
of the device to its given wave climate and based on that the
relevant optimization to the device and the power takeoff (PTO)
setting can be carried out for efficiently extracting wave energy,
thus improving the cost effectiveness of the device in wave
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RM3 device and the dimension [19].

energy production. Historically, such an assessment may be
simply conducted using the theoretical wave spectra, such as the
standardized JONSWAP and Bretschneider spectra, in particular
the JONSWAP spectrum may be the most popular one chosen
by the device developers. However, using different spectra may
lead to very different results in the power conversion assessment,
since these two theoretical spectra have different bandwidths,
which is frequently an important factor in energy conversion of
the wave energy converters.
The aim of this research work is to investigate the effects of
wave spectra on the energy conversion of wave energy converters. To achieve this, the following information was used.
1) The wave energy converter chosen for the investigation is
the reference model 3 (RM3, USA [16]), a self-referencing
floating point absorber (PA) type WEC, with a slight modification for the wave climate used for the research work.
2) The energy extraction from sea waves/spectra uses the
method given in [17], in which the max wave energy
conversion has been achieved by optimizing the PTO.
3) The wave climate is considered from the wave measurements at the Atlantic Marine Energy Test Site in 2010
(AMETS, Ireland).
4) Three different types of wave spectra: Bretschneider, JONSWAP, and the measured spectra, will be
used for assessing the device’s power performance and
comparison.
5) For a fair comparison, the rated power of the device is
taken as 800 kW. Based on the assumptions and conditions outlined above, we analyzed the power performance
of RM3 device using Bretschneider, JONSWAP, and the
measured spectra to illustrate a more accurate theory spectra choice.
The rest of this paper consists of the following sections.
Section II introduces briefly the RM3 wave energy converter and
the modification adopted in the research; the analysis method

including the PTO optimization is given in Section III; in
Section IV, the power performance is given using the power
matrices, while in Section V a further analysis and comparison
is given. Finally, the conclusions are given in Section VI.
II. RM3 DEVICE
The RM3 is a self-referencing floating PA type WEC developed as part of the Reference Model Project [18] (see Fig. 1). The
Reference Model Project was established with two key aims, to
design and develop several ocean energy harvesting devices to
gauge the readiness of these technologies for commercial applications and to identify the areas where further research and
development could be best applied to advance development and
make the technologies ready for commercial use [19].
Although the RM3 uses a hydraulic PTO system located in
the vertical column of the device to harness the power in the
real sea waves, the maximized power for such a device can still
be modeled using a linear PTO (see [17]). This allows for the
dynamics and power conversion of the device to be modeled
in the frequency domain, and avoids the need for using timedomain modeling that proves time consuming.
To ensure a better assessment of the power extraction from
seas it is imperative that the device and PTO should be optimized
for the conditions similar or close to the measured sea states.
As was mentioned earlier the device is modified for the
AMETS wave conditions, a 27.5 m heave plate is used to replace
the standard 30 m heave plate as it was found that the device had
a higher coefficient of power in the conditions used in this study
(see [20]). For the modified RM3 design (D = 27.5 m), the float
has a heave resonance period of 5.37 s, but the spar has a heave
resonance of 33.07 s [see Fig. 2 (left)]. Apparently, these two
heave resonance periods cover a large range of the waves.
Fig. 2 (right) shows the maximal capture powers for the modified RM3 PA. There is a gain for the PA over a range of wave
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3

Relative heave RAOs and maximal capture powers in regular waves for the RM3 (self-referenced, heave plate D = 27.5 m) [20].

periods. For the case of D = 27.5 m, the gain is for the periods
from 6.5 to 12.5 s, which just falls on the wave periods of interest based on common wave energy resource assessment. For
the self-referenced PA, there is large but narrow peaks at T =
11 s, which may be responsible for the capture power increase
for the self-referenced PA.
III. ANALYSIS METHOD
This section details the methods used to carry out the research.
The techniques, assumptions, and equations used throughout the
research project will be outlined and, if required, explained in a
clear and concise manner. A step by step guide on the processes
and methods used in the various stages of the project will be
presented in a manner allowing for the application of the work
carried out.
Section III-A details the steps taken to carry out the wave
resource assessment of the recorded data, and the end result
is a wave occurrence scatter diagram detailing the various sea
states in the given location in a statistical manner, i.e., the wave
climate. Section III-B details the calculation of the individual
power matrices for each spectrum including the configuration
of the RM3 device, damping, and power conversion. The calculation methods for each scenario vary slightly, but this will be
shown in the individual sections.
A. Wave Climate
An accurate wave resource assessment is an important factor
required for any successful wave power generation development. It is of particular importance to this study as the aim is to
assess and optimize the device to the given wave conditions at
the site, to ensure better power extraction. While wave energy
resource assessments can be carried out and presented in many
ways, the assessment carried out in this body of work aimed
at producing a scatter diagram detailing the occurrence of the
various wave conditions on the site. This method allows for the
easy identification of the most prominent conditions as well as
the largest waves the wave energy converters must survive.
The methods used in this study are based on the methods used
by Sheng and Lewis [20] and Cahill and Lewis [21] throughout
their studies. A bivariate analysis on the spectral data measured at the AMETS to determine the different occurrences of

significant wave height and energy periods. The data used was
recorded at the AMETS site in 2010 (the whole year) using two
data recording buoys positioned in the 50 m deep water berth,
with an overall availability of 75.28%.
To calculate the significant wave heights, Hs , and energy periods, Te , from the 13 189 spectral measurements, it was first
required to calculate the moments. The moments of a spectrum
can be used to calculate various different wave statistics; however, in this case the methods for calculating Hs and the various
wave statistic/characteristic periods are presented as follows:
√
(1)
Hs = 4 m0
m−1
(2)
Te = 2π
m0
m0
(3)
T01 = 2π
m1

m0
T02 = 2π
(4)
m2
with the nth-order moment being given as
 ∞
mn =
S(ω)ω n dω

(5)

0

where n = –2, –1, 0, 1, 2, depending on which moment you are
calculating; S(ω) is the spectral value, and ω is the frequency.
Once the values for Hs and Te were calculated for each sea
state, the bivariate analysis is then carried out to determine the
occurrence of different wave conditions measured. A bivariate
scatter plot can be generated by grouping the significant wave
heights and energy periods into different bins with the bins for
significant wave height grouped from 0.25 to 14.25 m using a bin
size of 0.5 m while the bins for the energy period measure from
4.25 to 14.25 s using a bin size of 0.5 s also (see Fig. 3). It can be
seen that waves with an energy period in the range of 6 to 12.5 s
have been found to be of the most happened waves, and thus of
the most interest for wave energy conversion purposes [22].
B. PTO Optimization
1) PTO Optimization for Regular Waves: The analysis carried out follows the same methods as those in [17] and [20], but
for completeness, a short introduction is given here.
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Fig. 3.

Wave scatter plot showing the wave occurrence for the AMETS site in 2010.

For the hydrodynamic analysis, potential flow theory is used
as the basis for the boundary element method. In the analysis
each of the two bodies of the device has six degrees of freedom,
with the first body of the device, the spar, and the heave plate,
being identified by the motion modes 1 to 6, representing its
surge, sway, heave, roll, pitch, and yaw motions, respectively,
and the second body of the device, the torus or float, identified by
motion modes 7 to 12. In the wave energy conversion, the most
important motions in this floating WEC are the relative heave
motions of the two bodies. With a linear PTO, the dynamic
equation is given in frequency domain as follows:
⎧
[iωQ33 + b33 + B33 ] v3 + [iωQ39 + b39 ] v9
⎪
⎪
⎪
⎪
⎨
= f3 − Bpto (v3 − v9 )
(6)
⎪
[iωQ93 + b93 ] v3 + [iωQ99 + b99 + B99 ] v9
⎪
⎪
⎪
⎩
= f9 + Bpto (v3 − v9 )
with
⎧
c33
⎪
⎨ Q33 = (m33 + a33 ) − ω 2 ; Q39 = a39 −
⎪
⎩ Q93 = a93 − c93 ; Q99 = (m99 + a99 ) −
ω2

c39
ω2
c99
ω2

(7)

where Bpto is the damping coefficient of the PTO for the RM3
device; b33 , b39 , b93 , and b99 are the radiation damping coefficients due to the body motions; B33 and B99 are the additional
linear damping coefficients caused by the heave motion of the
bodies; f3 and f9 are the complex excitations for the heave
motions of both moving bodies of the device; v3 and v9 are
the velocities of the heave motions; m33 and m99 are the mass
of each body; a33 , a39 , a93 , and a99 are the self- and crossterm added masses related to the heave motion of two bodies;

and c33 , c39 , c93 , and c99 are the corresponding restoring force
coefficients for the device.
The average power conversion is then given as follows:
P̄ =

1
Bpto |v9 − v3 |2
2

(8)

with the relative velocity solved from (6), the average
power is
P̄ =

1
Z12 + Z22
Bpto
.
2
(Y1 + Y2 Bpto )2 + ω 2 (Y3 + Y4 Bpto )2

(9)

In the above-mentioned equation, Y1 , Y2 , Y3 , and Y4 are the
reactance-dependent damping coefficients and Z1 and Z2 are radiation damping and excitation-based values that are calculated
as follows:
⎧
⎪
⎪ Z1 = f3r (b99 + B99 + b93 ) − f9r (b33 + B33 + b39 )
⎪
⎪
⎪
−ωf3i (Q99 + Q93 ) + ωf9i (Q33 + Q39 )
⎪
⎪
⎪
⎪
⎪
⎪
Z2 = f3i (b99 + B99 + b93 ) − f9i (b33 + B33 + b39 )
⎪
⎪
⎪
⎪
⎪
+ωf3r (Q99 + Q93 ) − ωf9r (Q33 + Q39 )
⎪
⎪
⎪
⎨ Y = (b + B ) (b + B ) − b b
1

33

33

99

99

93 39

−ω 2 (Q33 Q99 − Q93 Q39 )

⎪
⎪
⎪
⎪
⎪
⎪
Y2 = b33 + B33 + b99 + B99 + b39 + b93
⎪
⎪
⎪
⎪
⎪
Y3 = (b33 + B33 ) Q99 + (b99 + B99 ) Q33
⎪
⎪
⎪
⎪
⎪
−b93 Q39 − b39 Q93
⎪
⎪
⎪
⎩
Y4 = Q33 + Q99 + Q39 + Q93
(10)
where the subscripts r and i denote the real and imaginary parts
of the excitation forces f3 and f9 , respectively.
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Based on (9), an optimized PTO damping for maximizing the
wave energy conversion for the wave of a given frequency and
the corresponding maximized power conversion can be given,
respectively, as follows:

Bpto =
P̄m ax =

X12 + ω 2 Y12
X22 + ω 2 Y22

(11)

Z12 + Z22
1
.
4 X1 X2 + ω 2 Y1 Y2 + (X12 + ω 2 Y12 ) (X22 +ω 2 Y22 )
(12)

It can be seen that both the optimized PTO damping and the
maximal converted wave energy are depending on frequency,
hence this optimized condition may only be useful in the regular
waves, where the wave frequencies are constant for a given
wave.
2) PTO Optimization for Irregular Waves: Real sea waves,
which are essentially irregular waves, differ from the idealized
regular waves as discussed before, and generally can be considered as a combination of many regular wave components with
different frequencies, amplitudes, and phases for a given point.
The irregular waves are often characterized by wave spectrum
shapes, significant wave heights, and characteristic periods (and
wave spreading functions for the real wind-generated waves).
Hence, the optimization of the PTO for irregular waves of a
given sea state is not as simple as that given in Section III-B1.
As in any given sea state, the waves consist of different frequencies and amplitudes. Hence, the PTO damping must be optimized for the given sea state, rather than the individual waves.
For a given PTO damping, the power response is given by (9),
and from that the average power conversion for the sea state can
be calculated as follows:


A generalised JONSWAP spectrum can be given by following
the formula in [23]
S(ω) = (1 − 0.287ln γ)

5 ωp4
5 2 ωp4
Hs 5 exp −
16
ω
4 ω4

× γ α (14)

where ωp = 2π/Tp , α = exp[−(ω − ωp )2 /2ωp2 σ 2 ], σ =
if ω ≤ω p
{ 0.07,
0.09, if ω > ω p , and γ is the peakness factor of the spectrum.
For the Bretschneider spectrum γ = 1, while the standard JONSWAP given by γ = 3.3. In addition, the statistical periods can
be calculated by following [23]:

5+γ
4.2 + γ
5+γ
Te =
Tp ; T01 =
Tp ; T02 =
Tp .
5+γ
6.8 + γ
11 + γ
(15)
IV. WAVE ENERGY CONVERSION OF RM3
A. Wave Resource and Climate
The scatter plot showing the occurrence of the various wave
conditions on the AMETS site in 2010 is shown in Fig. 3.
As it can be seen the most dominant wave condition occurs
at a significant wave height of 1.75 m and an energy period of 8.75 s, with a max occurrence of 3.71%. The analysis
shows that 98.1% of all waves occurs in a range of 0.75 to
7.75 m significant wave heights (Hs ) and 4.75 to 12.25 s energy
period (Te ).
The site shows several occurrences where the significant wave
heights, Hs , are more than 8 m (less than 0.4% occurrence).
These conditions are generally regarded as severe storm conditions and this will need to be considered as an important factor
in the design because the devices must survive from these severe
conditions in their deployment period.
B. Power Capture From Different Spectra

∞

P̄ S(ω)dω

Pirr = 2

5

(13)

0

where S(ω) is the wave spectrum (can be either theoretical or
measured wave spectra).
The optimization of the PTO damping for a sea state is dependent on the PTO damping level, and the PTO damping corresponding to the max wave energy conversion is given by (13),
which is taken as the optimized damping for the irregular waves
for the theoretical and measured wave spectra.
To simplify practical applications, theoretical wave spectra
have been developed and are widely used in WEC development.
The most popular theoretical wave spectra are the JONSWAP
and Bretschneider spectra: The former is generally considered
as the waves are not fully developed in coastal areas in terms of
either limited fetch or limited wind blow duration, whereas the
latter is used for fully developed wind-generated waves in open
seas without limits of fetch or wind blow duration. However,
it should be noted that in west coast of Ireland, the waves may
very likely have propagated a long distance from the Atlantic or
generated by local winds or a combination of both.

This section presents the results for the power capture of the
RM3 device in irregular waves of different types of wave spectra,
including the standard JONSWAP, Bretschneider, and the real
measured wave spectra. These different types of wave spectra
are characterized with same significant wave height, Hs , and
wave energy period, Te , and thus the same wave energy levels,
but their bandwidths of the wave density spectra can be different.
For instance, the standard JONSWAP spectrum has a much more
wave energy concentrated around the spectral peak period than
that of Bretschneider. In reality, most of wave energy converters
are narrowly banded, meaning that the wave energy converters
are very efficient in converting wave energy from the waves with
certain frequencies (in a narrow bandwidth), while they are very
inefficient for waves out of this narrow frequency bandwidth.
Hence, it is very likely that the wave energy converters can
extract different wave energy from waves of different density
spectra. In assessing wave energy conversion in irregular waves,
(13) is the formula for calculating the converted wave energy
by the device. However, unlike the cases for regular waves,
the optimized Bpto for a given wave spectrum can be obtained
indirectly by varying the PTO damping level (i.e., Bpto ), and the
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Power matrix for the RM3 for the JONSWAP spectrum.

maximal Pirr corresponds to the optimized Bpto (more details
can be found in [17]).
1) JONSWAP Spectrum: The JONSWAP spectrum is defined by its higher spectral peak and narrow bandwidth. Due
to this narrow bandwidth, the majority of the power available
for the spectrum is within the narrow range of frequencies. This
may be favorable for many wave energy converters, including
the RM3 floating PA, because the devices themselves may have
a narrow bandwidth in efficiently converting wave energy. In the
case of RM3, the power matrix can be seen in Fig. 4 with a rated
power at 800 kW (note that this is for research purpose, hence
no PTO energy conversion efficiency is applied). By combining
the wave climate given in Fig. 3, an annual energy production
(AEP) of 1971.8 MWh can be obtained.
2) Bretschneider Spectrum: The Bretschneider spectrum
has a wider bandwidth and a lower spectral peak than those of
the standard JONSWAP spectrum. The wider bandwidth means
that the bulk of the wave energy is distributed in a wider range of
frequencies that can make the energy capture more difficult. The
calculation of the power matrix for the Bretschnerider spectrum
was carried out in a similar manner to that of the JONSWAP
spectrum, assuming a rated power for the RM3 of 800 kW. The
results of this show an AEP of 1670.4 MWh, lower than that of
the JONSWAP spectrum. The power matrix calculated for the
Bretschneider optimization is shown in Fig. 5.
3) Real Sea Spectrum: Unlike the above-mentioned cases
for the theoretical wave spectra, the real sea spectrum analysis
used the average of the measured spectra in each bin to determine the power available from each set of wave conditions. By
applying the measured average spectrum in each bin, the wave
energy conversion by the RM3 device can be calculated and the
corresponding power matrix can be obtained, as shown in Fig. 6.
Again, the same rated power for the RM3 was assumed 800 kW.

The resultant AEP from the analysis showed that there is an
AEP of 1692.7 MWh for the real sea spectrum.
C. Summary of Wave Energy Captures
The energy capture factor is an important factor in the design
of any WEC and more specifically, it is the percentage of the
actual energy conversion over the device’s energy conversion in
full capacity (i.e., the rated power) in all sea states. The method
of calculating the capture factor is given as follows:
ε=

AEP
Rated power ∗ 8760

(16)

where AEP should has the same units as the rated power.
From Table I, it can be seen that the sea states can be more accurately described using a Bretschneider spectrum over a JONSWAP spectrum. Using the Bretschneider spectrum, a slight
under-estimation of AEP (1.3%) is observed, and its capture
factors is also very similar to that of the real sea measurements
(0.242 versus 0.238). When the JONSWAP spectrum is used,
the AEP is over-estimated by 16.5%, and a larger energy capture
factor is obtained (0.281 versus 0.242).
V. RESULTS AND ANALYSIS
A. Measured Wave and Theoretical Wave Spectra
As shown in Section IV, for the wave data on the west coast
of Ireland (in the year 2010), the Bretschneider spectrum gives
a much more accurate result in assessing the AEP for the RM3
WEC than the JONSWAP spectrum. In this section an investigation as to why this is the case is presented.
1) Annually Average Spectrum of Waves: The first case looks
at the overall characteristics of the wave spectrum from the wave
measurements. In this case, all the measured wave spectra are
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Fig. 5.

Power Matrix for the device for the Bretschneider spectrum.

Fig. 6.

Power matrix for the real sea states for the RM3.
TABLE I
ANNUAL ENERGY CAPTURE AND CAPTURE FACTORS
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Spectra comparison (theoretical spectrum and measured spectrum).
TABLE II
BANDWIDTH PARAMETERS FOR THE MEASURED AVERAGE WAVE SPECTRA

average and it can be seen that the overall average spectrum
is very smooth (see Fig. 7, “green dashed-dot line”). Taking
the significant wave height and the spectral peak period from
the average spectrum of the measured waves, the corresponding
Bretschneider and JONSWAP spectra are plotted for comparison (see Fig. 7). From the spectral shapes, it can be clearly seen
that the Bretschneider spectrum is a much closer fit to the real
sea spectrum than the JONSAWP spectrum.
It can also be seen that the measured average spectrum has
larger values in the lower frequencies and smaller values in
higher frequencies than those of theoretical spectra. The reason for this is that the measured spectra may contain both the
Atlantic swells (waves with long periods) and local wind generated waves (waves with relative short periods). As such, the
measured individual wave spectra may have double peaks (can
be seen in some examples next), while the theoretical spectra
have only one peak.
The spectral bandwidth of the waves was also examined.
Following [24], the most popular spectral bandwidth is defined
as follows:

m0 m2
− 1.
(17)
ν=
m21
For the Bretschneider spectrum ν = 0.425, and for the standard JONSWAP spectrum with γ = 3.3, ν = 0.39.
In calculating the spectral bandwidth for measured waves, it
is important to decide the cutoff of the low and high frequencies.
Following the suggestion in [24], the high cutoff frequency has
been suggested to be in the region of 4ωp and 5ωp . Table II
presents the measured wave spectral bandwidths for the different

cutoff frequencies. Again, the bandwidth factor is closer to that
of Bretschneider than the JONSWAP spectrum.
2) Most Happened Sea States: The second case examined
focuses on the bin with the most happened sea states. In this
case, the bin: Hs = 1.75 m (range: 1.5–2.0 m), Te = 8.75 s
(range: 8.5–9.0 s), there are a total 489 waves (see Fig. 8; some
of the measured spectra are plotted against the average spectrum). It can be seen that individual spectra vary significantly
with different peaks and bandwidths, and some showing the
aforementioned double spectral peaks.
In Fig. 9, a comparison is made for the average most happened wave spectrum and the corresponding theoretical spectrum (JONSWAP and Bretschneider). Again, it can be seen that
the measured spectrum is close to the Bretschneider spectrum.
When the peakness factor γ = 1.14, the modified JONSWAP
spectrum is similar to the average spectrum of the most happened sea states (see Fig. 10). Table III gives the bandwidth
factor comparison between the most happened spectra and the
theoretical spectra.
3) Most Energetic Sea States: In this case, we examine the
most energetic sea states, and this occurs in the bin Hs = 3.25 m
(range: 3.0–3.5 m) and Te = 9.25 s (range: 9.0–9.5 s). The most
energetic sea states mean the total annual wave energy in the bin
is the largest, which is calculated by wave occurrence multiplied
by the wave energy density in the bin.
Figure 11 shows the some of the 272 individual spectra in
the bin and the average spectrum. Similar to the bin of the most
happened sea states, the individual wave spectra vary largely
in peak and bandwidth (some showing double spectral peaks),
although the average wave spectrum is very smooth.
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Fig. 8.

Part of the measured spectra from the bin containing the most occurred waves totaling 489 spectra, the average spectrum shown as the red dashed line.

Fig. 9.

Spectra comparison between JONSWAP, Bretschneider, and the most occurred sea spectra (average).

Fig. 10.

Average spectrum for the most happened waves and the modified JONSWAP spectrum (γ = 1.14).

The comparison of the measured wave spectrum and the
Bretschneider and JONSWAP spectra can be seen in Fig. 12.
The measured average spectrum has a slightly higher peak than
that of the Bretschneider spectrum. When the peakness factor
γ = 1.25, the JONSWAP spectra is close to the highest AEP
average spectra (Fig. 13). Table IV gives the bandwidth factor
comparison between the most happened spectra and the theoretical spectra.
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B. Power Performance Curves
Through using the different theoretical spectra, the power performance of the RM3 device will have different characteristics
(here, power performance curve is defined as the maximized
power conversion for a given sea state of Hs = 2 m, (i.e., the
unit significant wave amplitude) and the wave energy period Te
under the given spectral types). Fig. 14 shows the comparison of
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TABLE III
BANDWIDTH PARAMETERS FOR THE MOST HAPPENED MEASURED AVERAGE WAVE SPECTRA

Fig. 11.

Part of the measured spectra from the most energetic bin. Average spectrum shown as the red dashed line.

Fig. 12.

Spectra comparison between JONSWAP, Bretschneider, and the highest AEP average Real Sea Spectra.

Fig. 13.

Average spectrum for the most energetic binned waves and the modified JONSWAP spectrum (γ = 1.25).
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TABLE IV
BANDWIDTH PARAMETERS FOR THE HIGHEST AEP AVERAGE WAVE SPECTRA

Fig. 14.

Two theoretical spectra used in the analysis and their respective power curves.

Fig. 15.

Bretschneider spectrum gain/loss matrix compared to the JONSWAP spectrum for power capture.

the power performance curves for the Bretschneider and JONSWAP spectra. It can be seen that using the JONWAP spectrum, the RM3 power performance curve is larger than that
of the Bretshneider spectrum for the wave energy period less
than 11 s, and a large difference occurs at Te = 9.5 s, when the
JONSWAP spectrum gives 40% more converted energy compared to that from the Bretschnerider spectrum.
When the wave energy period is longer than 11 s, the RM3
extracts more wave energy from the Bretschneider spectrum
than from the JONSWAP spectrum. It should be noted that for

the wave scatter diagram in Fig. 3, about 81% of waves occurred
at wave energy periods less than 11 s, and these waves are more
significant for wave energy conversion.
C. Power Estimations for Different Spectra
In this section, the power differences are given for the bins
where different spectra are used.
1) Theoretical Spectra: We use the JONSWAP and
Bretschneider spectra to assess the AEP for the RM3 device
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Fig. 16.

Wave conditions where the real sea spectrum has a gain/loss over the Bretschneider spectrum for power capture.

Fig. 17.

Wave conditions where the real sea spectrum has a gain/loss over the JONSWAP spectrum for power capture.

based on the power performance curve given in Fig. 14. Less
wave energy conversions from Bretschneider spectrum can
be seen when the energy period is less than 10.25 s (see
Fig. 15), with a maximum difference at 25.1 MWh for the bin
of Hs = 3.25 m and Te = 9.25 s (coincidently, it is the most
energetic bin also), while more power than that from JONSWAP spectrum is given for wave energy periods larger than
10.75 s, with a max difference of 2.17 MWh. Overall, using the
Bretschneider spectrum, the AEP is 301.1 MWh (the sum of all
bins in Fig. 15) less than that using the JONSWAP spectrum.
2) Bretschneider and Measured Spectra: The difference
in the power production estimation using the Bretschneider
spectrum when compared to the measured wave spectrum can
be seen in Fig. 16. For both short wave energy periods (shorter
than 7.75 s) and long wave energy periods (longer than 10.75 s),
using the Bretschneider spectrum slightly under-estimates the

wave energy production (the max difference is 1.72 MWh),
but between 7.75 and 10.75 s, the Bretschneider spectrum may
slightly over-estimate the power conversion by 4.407 MWh.
Overall, using the Bretchneider spectrum under-predicts the
AEP by 22.3 MWh.
3) JONSWAP and Measured Spectra: The difference in the
power production estimation using the JONSWAP spectrum
when compared to the measured wave spectrum is shown in
Fig. 17. For short wave energy periods (shorter than 10.25 s),
using the JONSWAP spectrum over-estimates the wave energy
production (the max difference is 22.15 MWh), but for the
wave energy periods larger than 10.75 s, the JONSWAP
spectrum slightly under-estimates the power conversion by a
2.46 MWh. Overall, using the JONSWAP spectrum leads to an
over-prediction in the AEP of 279 MWh (the sum of all bins in
Fig. 15).
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VI. CONCLUSION
The investigation has shown the effects of different wave
spectra on the wave energy conversion assessment. The examined wave spectra include the most used theoretical wave
spectra: Bretschneider, the standard JONSWAP, and the measured wave spectra. From the study, following conclusions can
be drawn.
1) The overall average of the measured wave spectrum is very
similar to the Bretschneider spectrum (see Fig. 7). This is
a good indicator of what theoretical spectrum should be
used for overall assessment for a wave energy converter.
In the cases of most happened sea states (by bin) or the
most energetic sea state (by bin), the average spectra are
very close to the Bretschneider spectrum, although the
slight differences in the peakness factor from the unit may
be found (γ = 1.14 and γ = 1.25, respectively).
2) Using different theoretical spectra (i.e., the most popular
ones: Bretschneider and JONSWAP), the assessment of
the wave energy production can vary significantly. For the
individual sea state, the max difference can be up to 40%,
whereas difference for the AEP can be 18.1% (JONSWAP
over the Bretshneider).
3) When comparing the wave energy assessments using the
measured wave spectrum, the max difference for the JONSWAP spectrum is 38.8%, whereas the max difference for
the Bretshneider spectrum is –7.5% (an under-prediction).
4) The AEP is over-predicted by 16.4% when using JONSWAP spectrum, and under-predicted by 1.3% when using
the Bretschneider spectrum. In this case, the Bretschneider is a more accurate choice in assessing the wave energy
power performance. The AEP result agrees very much
with the overall measured wave spectrum, which is much
closer to the Bretshneider spectrum.
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