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H I G H L I G H T S  

• New tractable methods developed to allow rapid determination of wave energy production at improved temporal resolution. 
• Presentation of performance matrices for five different wave energy converter architectures; all developed using a consistent and validated numerical model. 
• Development of a generic wave energy converter performance model to quantify performance; including rated power and cut-in levels. 
• The generic WEC performance model has average R2 of 0.93 and less than 9% variation in annual energy production when compared against specific WEC 

architectures. 
• New methodology defined to temporal up-sample wave conditions to increase ability to predict sub-hourly WEC performance.  
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A B S T R A C T   

The growth of the wave energy sector is contingent on the ability for stakeholders, particularly electrical utilities, 
to rapidly predict the production from wave energy converters (WECs). Current methodologies require extensive 
knowledge of metocean conditions, a priori determination of WEC architecture, and highly-specific physical and 
numerical tools. Additionally, the lack of a consistent robust method to up-sample the hourly temporal resolution 
of traditional wave buoys and/or numerical wave propagation models limits the implementation of wave energy 
technologies in Integrated Resource Planning (IRP) by utilities. These two knowledge gaps create a significant 
barrier for broad adoption of wave energy. This novel research provides an overview of a waves-to-wire method 
to quantify WEC performance, across a wide variety of technology architectures, to develop an empirically driven 
and easily applicable generic model of WEC performance. The generic WEC performance model ultimately shows 
an average co-efficient of determination (R2) of 0.93 and less than 9% variation in annual energy production 
when compared against five significantly different WEC architectures. The temporal up-sampling methodology is 
shown to generate wave resource and WEC performance data at a resolution suitable for an IRP process, creates a 
realistic representation of wave condition variability on short-time frames, and does not artificially perturb the 
available energy on an annual basis.   

1. Introduction 

The growth and continued development of the wave energy sector is 
contingent on the ability for stakeholders to rapidly assess and predict 
the future production from wave energy converters (WECs). A wealth of 
information is available in both publicly literature and academic jour-
nals concerning different methodologies and associated results derived 

from deploying a specific WEC architecture at a particular location. 
Many of these results require extensive knowledge of metocean condi-
tions, a broad understanding of marine energy-specific terminology, and 
highly-specific tools (physical and numerical) by the stakeholder prior 
to application. This creates a significant barrier for broad adoption of 
wave energy. There is a significant and immediate need for easily 
implementable methods and representations of WEC performance, 
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based on publicly available data, in order to facilitate a broader adop-
tion of wave energy by stakeholders and investors (electrical utilities, 
energy policy makers, aquaculture facilities, etc.) 

The most popular methods to predict the power and annual energy 
production from a WEC follows guidelines set forth by International 
Electrotechnical Commission TC-114 committees. The IEC TC-114 is 
convened to facilitate uniform methods of predicting production from 
wave energy converters. Technical Standard 62600-101 ‘Wave resource 
assessment and characterization’ recommends that wave resources are 
characterized by a bi-variate histogram of significant wave height (Hs in 
0.5 m bins) and energy period (Te in 1 s bins), based either on direct 
measurements of wave conditions (via buoys, ADCP’s, etc.) or validated 
numerical wave propagation model outputs [1]. The assessment of wave 
energy resources is paramount in the development of any future WEC 
project. As such, there is a wealth of valuable on-going research to 
continually develop improved methodologies for resource assessments 
for specific devices or arrays; these include works by Lenee-Bluhm et al. 
[2], Robertson et al. [3], Lopez-Ruiz et al. [4], and Luzko et al. [5]. 
Additionally, there has been significant efforts to quantify wave re-
sources in specific locations due to local wave transformations and dy-
namics. A non-exhaustive list includes wave resources in Northern 
Europe [6–8], North Africa [9], Uruguay [10] Australia [11,12], South 
Africa [13], Canada [14,15] amongst others. 

Independently, the IEC Technical Standard 62600-100 ‘Electricity 
producing wave energy converters – Power performance assessment’ rec-
ommends that the mean power produced from a WEC is mapped against 
the same bivariate histogram/matrix (known as a ‘WEC performance 
matrix’), based on experiential testing and hydrodynamic modelling. In 
order to determine the final production from a specific WEC in a specific 
location, the time-series of Hs and Te is used to identify the appropriate 
power performance from the WEC performance matrix and associated 
power production. This suggested IEC methodology provides a robust 
methodology if the technology, or WEC architecture, is known a priori. 
Additionally, leaves project developers and utilities reliant on WEC 
developers executing the IEC TS 62600-100 (which can take up to a 
year) and publicly releasing that information. 

For many stakeholders, the technology choice is, at best, still un-
known or, at worst, irrelevant until initial resource screen and supply 
stack analysis completed. The commercial trajectories of many WEC 
architectures are still too uncertain, so fulfilling this a priori requirement 
represents a significant effort/understanding barrier. As such, planning 
for electricity generating resource futures tend to focus on more iden-
tifiable and easily characterized resources, such as wind and solar re-
sources, or near-commercial innovation, such as floating offshore wind 
or enhanced geothermal systems [16,17]. 

For competing renewable energy generators, like wind or solar, 
agnostic representations of technology performance are utilized to 
provide generic representation of performance and paved the way for 
larger scale adoption. For the wind sector, as shown in Fig. 1, the per-
formance of a wind turbine can be determined by wind speed [18]. The 
performance is divided into three regions: a below cut-in wind speed 
region, a production region, and a static rated power region (indepen-
dent of wind speed). Beyond the rated power region, there is a cut-out 
speed not presented in Fig. 1. 

For wave energy to be considered in-line with the suite of mentioned 
renewables, a similar methodology to create technology-agnostic and 
time-flexible representations of WEC power production, based on pub-
licly available data is required. This is the objective of this paper. 

In order to overcome this knowledge gap, many studies approximate 
performance by assuming a single-body or two-body heaving converter 
producing power in a single degree-of-freedom [1920], reproducing 
models of specific WEC architectures [2122], or providing a wholistic 
review of all current or historical devices [2324]. Parkinson et al. [25] 
generated a generic performance matrix by assuming WEC power pro-
duction is proportional to raw wave resources and a proportionality 
constant was determined to maintain a 30–35% WEC capacity factor. 

Robertson et al. [26] used five specific WEC performance matrices from 
[27], divided by their individual characteristic widths (device width 
perpendicular to dominant wave direction), averaged and assumed a 20 
m characteristic width to create a generic performance matrix. Xu et al. 
[28] averaged the power outputs from four WEC architectures, in the 
frequency-domain, to create a WEC performance estimate by frequency- 
domain filtering the naturally occurring wave power. Despite these 
continued efforts, there remains a lack of an easily implemented model 
that represents the non-linear dependencies of WEC power performance 
on significant wave height and energy period, the ability to capture 
power from the full six degrees of freedom, and then applies a realistic 
rated power capacity. 

This research utilizes a database of WEC performance data developed 
through a consistent numerical methodology applied to a wide variety of 
technology architectures to develop an empirically driven and easily 
applicable architecture-agnostic model of WEC performance. This model 
is the wave energy equivalent of the standard wind turbine performance 
curve seen in Fig. 1. This model will provide the opportunity for project 
developers to rapidly scale WEC performance (across significant wave 
height and energy period bins, and in the absence of any decision on 
specific WEC architecture) to determine ‘optimal’ capacities and asso-
ciated generation. The final ‘optimal’ model output can then be utilized 
to inform the project-specific WEC technology architecture. The relative 
performance and associated uncertainty of the new generic model will 
be analyzed against standard electrical utility performance metrics to 
both understand the implications of this new approach and help facili-
tate broader adoption of wave energy within this important stakeholder 
group 

This paper is structured as follows: Section 2 introduces the wave 
energy converter architectures, physical dimensions and differing 
power-take-off (PTO) systems, while Section 3 reviews the consistent 
hydrodynamic numerical modelling and validation processes. Section 4 
details the development of the generic WEC model and the inherent 
simplifying assumptions. Section 5 provides a methodological overview 
of developing time-flexible WEC power performance estimates. Section 
6 reviews the implications and results of applying the developed 
methodologies for the case study of PacWave, USA. Section 7 and 8 
provide a discussion of the results and concluding statements, 
respectively. 

Fig. 1. Generic wind turbine performance curve (Colours represent multiple 
turbines in different wind regimes,). 
adapted from [18] 
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2. Wave energy converters architectures and operating 
principles 

There are a wide variety of different WEC architectures with 
different operating principles, reactive systems, power-take-offs, etc. 
currently in development. For this work, five very different architectures 
are utilized to create a generic WEC representation. These include: 
single-body point absorber (Fig. 2a), a two-body point absorber 
(Fig. 2b), an oscillating surge flap (Fig. 2c), a cascading multiple body 
system (Fig. 2d – one body shown), and a floating oscillating water 
column (Fig. 2e). Specific details on each system and associated 
modelling are provided below. As per the technical specifications by the 
International Electrotechnical Commission TC-114, all performance 
characteristics are referenced against the significant wave height (Hs) 
and the energy period (Te). The wave calculations required to derive 
these parameters are included in Section 5. 

2.1. One body point absorber (1BPA) 

One-body point absorbers consist of a singular floating body at the 
surface and a PTO connected to the seabed, as illustrated in Fig. 2a. The 
surface float moves in response to wave excitation, and the PTO har-
nesses the relative motion between the surface float and the seabed to 
extract mechanical power. The hydrodynamic forces in the system are 
predominantly dependent on the surface float. Generally, for point ab-
sorbers, wave energy is converted through the float’s heave motion, 
however pitching point absorbers do exist [29]. 

SeaWood Designs’ SurfPower WEC is an example of a single-body 
point absorber WEC, a model of which is shown in Fig. 2a. The Surf-
Power device consists of a buoyant pontoon that reacts against a sea-bed 
mounted hydraulic cylinder. The pontoon in the design is 24 m long, 7 m 

wide and 1 m in depth. The pontoon is free in five degrees of motion, 
while yaw is maintained via a proprietary control system. The cylinder 
has the ability to rotate around a fixed point, and as the pontoon moves, 
the cylinder expands and contracts. Energy extraction only occurs on the 
cylinder’s upstroke, from which the pressurized fluid is transported to 
shore to generate electricity. A characteristic performance matrix of a 
numerical model of the SurfPower WEC is shown in Fig. 3 [30]. 

2.2. Two-body point absorber (2BPA) 

Two-body point absorbers’ energy conversion is due to the relative 
motion between two bodies: an active surface buoy, which extracts 
energy, and a reacting body, which passively adds to the desired inertia 
of the system. Two-body point absorber designs have a variety of surface 
buoys, reacting body shapes, mooring designs, and PTO strategies. The 
reacting body may be a streamlined body or a heave plate [31]. PTOs 
may be hydraulic (as discussed in Section 2.1), pneumatic (kinetic en-
ergy is transformed into potential energy of compressed air), or me-
chanical. Moorings systems range widely from single- to multi-cable, 
and they may follow a catenary or taut design system [32]. 

Examples of two-body point absorbers include the WaveBob, a model 
of which is shown in Fig. 2b, Ocean Power Technologies PowerBuoy, the 
AquaBuoy of Finerva Renewables [33], and the University of Wash-
ington’s Applied Physics Laboratories miniWEC [34]. The University of 
Victoria built a 1:20 scaled two-body point absorber system similar to 
the WaveBob; consisting of a circular cylinder float with a full-scale 
diameter of 15 m and a streamlined 39 m spar buoy with a ballast 
tank [31,35,36]. For this device, a passive viscous damping PTO is uti-
lized between the two bodies, from which the relative motion between 
them generates electricity. A performance matrix is shown in Fig. 4 [37]. 

Fig. 2. WEC architectures utilized to generate generic representation.  
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2.3. Oscillating surge flap (Flap) 

Oscillating surge flap WEC (OSWEC) devices consist of a flap 
attached to a rigid base, where the flap is constrained to rotate in pitch 
alone (about the base through a rigid hinge) [38]. OSWECs are typically 
mounted to the seabed; however, some OSWEC technologies are 
designed to float on or near the sea surface. 

Commercial OSWECs include the Oyster WEC by Aquamarine Power 
[39], the WaveRoller installed in Portugal [40], and Resolute Marine 
Energy’s OSWEC [41], the Floating Oscillating Wave Energy Converter 
(FOSWEC) developed by researchers from the National Renewable En-
ergy Laboratory and Sandia National Laboratory [42]. A numerical 
model of an OSWEC based on Resolute Marine Energy’s design is shown 
in Fig. 2c; the WEC has a flap height of 8.8 m and is modeled to operate 
in 8 m depth, allowing the device to pierce the surface when vertical. 
The edges of the flap are curved in order to reduce viscous drag forces 
and the appendage moves in pitch according to wave energy forcing. 

This motion forces a hydraulic cylinder to pressurize seawater, which is 
then pumped to shore and may be utilized for a wide range of energy 
purposes. A performance matrix characterizing power generation for the 
modeled OSWEC device is shown in Fig. 5. 

2.4. Cascading multiple buoy (CMB) 

The cascading multiple buoy WEC concept utilizes multiple of the 
aforementioned WEC designs to facilitate the transfer of wave energy. 
An example of a cascading multiple buoy WEC is Accumulated Ocean 
Energy (AOE) Inc.’s WEC system, shown in Fig. 2d, which consists of 
three identical point absorber buoys each utilizing a pneumatic PTO 
system. Each point absorber in the AOE system consists a float with a 
diameter of 10.97 m and height of 2.79 m, and a spar with a bottom 
mounted heave plated that is 10.97 m diameter heave plate located 
18.69 m beneath the float. Additionally, there are 6 accumulator tanks 
which are 1.63 m tall placed radially around a spar, and a 5.08 m tall 

Fig. 3. Single-Body Point Absorber Performance Matrix.  

Fig. 4. Two-Body Point Absorber Performance Matrix.  

Fig. 5. OSWEC Performance Matrix.  
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buoyancy tank beneath the accumulator tanks having a diameter of 1.52 
m. The pneumatic PTO in the AOE system compresses air from the at-
mosphere with hydraulic pistons and passes the pressurized fluid to the 
next device through the accumulator tanks. The hydraulic piston motion 
of each device may not synchronize, and so accumulator tanks are used 
control pressure by releasing the pressurized fluid to the subsequent 
devices once the air in the tanks exceeds that of the piston in the next 
unit. Once the air in the final tank has reached a final crack pressure, the 
pressurized fluid is released and sent to shore. This cascaded multiple 
buoy system strengthens the continuity of air flow by selectively pres-
surizing and depressurizing the air [43]. A performance matrix char-
acterizing power generation for the cascading multiple buoy WEC is 
shown in Fig. 6. 

2.5. Oscillating water column (OWC) 

Oscillating water columns are another type of WEC featuring an in-
ternal air chamber and oscillating water column within a rigid exterior 
hull. Ocean waves create a pressure differential, which causes the water 
column to move, acting like a piston and inducing air pressure changes 
to drive an internal turbine. The turbine is rigidly mounted to the hull, 
and provides mechanical power to a generator. 

Examples of oscillating water columns include the Islay LIMPET in 
Scotland, the Ocean Energy Buoy deployed in the United States off of 
Hawaii, and the Mutriku project in the Basque country. The Backward 
Bent Duct Buoy (BBDB), developed by Bull et al. [44], is an example of a 
floating oscillating water column shown in Fig. 2e. The BBDB has a 17.5 
m draft, a 27 m beam, and a 35 m length. The BBDB may be visualized as 
two structures: the floating structure and a separate piston. The piston 
represents the surface elevation of the water within the air chamber. The 
associated relative internal pressure of the air chamber exerts a force on 
both bodies, which moves a drivetrain composed of a constant speed 
Variable Radius Turbine. Additionally, the mooring system for the BBDB 
consists of a 3-point catenary mooring system. Further details on the 
BBDB can be found in [37]. A performance matrix characterizing power 
generation for the floating oscillating water column is shown in Fig. 7 
[5]. 

3. WEC numerical modelling techniques 

A wealth of IEC-specification consistent WEC performance matrices 
are available in the published literature. However, these matrices are 
generally not directly comparable due to differing modelling techniques, 
differing levels of validation, and different sea state assumptions 
[23,45,46]. This section provides a review of the consistent numerical 
framework utilized to generate the performance matrices in Section 2. 
The complex modelling approach detailed below was required to output 
the wealth of data exploited to generate, and establish confidence, in the 
generic WEC model. 

The hydrodynamic forces and multi-body system dynamics for each 
WEC architecture are device specific. As such, identification and prior-
itization of individual forces on each system are essential. In order to 
properly characterize the hydrodynamics and PTO dynamics, a wave-to- 
wire simulation methodology is implemented as presented by Bailey 
et al. [47]. 

The numerical modeling process, described in Fig. 8, and detailed 
below presents the modelling sequence, from the geometric build to 
time-domain modelling, necessary to achieve a robust full-wave-to-wire 
simulation. 

3.1. Geometric build & frequency domain modelling 

In order to approximate how incoming waves excites or creates a 
structure’s dynamic response, a geometric representation of the WEC 
architecture is required. The most common methods to create the geo-
metric representation is via the development of a geometric CAD model; 
in SOLIDWORKS or similar packages. 

To resolve the WEC’s response over an entire wavefield, the geom-
etry is subsequently discretized into a series of small panels; using 
Rhinoceros [48] or similar meshing software. Assuming linear waves 
and associated superposition theory, the velocity potential of the wave 
field is resolved such that response amplitude operators (RAOs) and the 
velocity potential are found over a range of wave frequencies. This is 
performed by passing the discretized geometries to a frequency-domain 
Boundary Element Method (BEM) solver, such as WAMIT [49], NEMOH 
[50], or ShipMo3D [51]. The BEM model solves the velocity potential at 
each mesh panel, based on linear superposition of individual wave 
components. Following Newman [52], this is represented by: 

∑6

j=1

[

− ω
(

M ij + A ij

)
+ iωB ij +C ij

]

ξj = Xi (1)  

where i and j refer to particular degrees of freedom, ω is the angular 
wave frequency, M ij specifies structure’s inertia matrix, A ij is the 
added mass matrix, B ij holds the damping coefficients, and C ij contains 
the hydrostatic coefficients. The term ξj denotes the complex amplitudes 
of oscillatory motions in each degree of freedom, and the output Xi 
marks the excitation forces in each degree of freedom, denoting the 
Haskind relations [52]. 

The BEM calculations output the hydrodynamic coefficients acting 
on the WEC structures, that are subsequently utilized for time-domain 
modelling to represent the WEC architecture’s forces as a function of 
time. 

3.2. Time domain modelling 

Conversion from frequency-domain BEM modelling into the time- 
domain enables higher order numerical schemes to better resolve in-
teractions between waves and floating bodies; including the calculation 

Fig. 6. Performance Matrix for the AOE WEC.  
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of viscous drag and PTO forces, two inherently nonlinear processes. 
With the appropriate hydrodynamic forces and excitations specified, a 
full wave-to-wire simulation may be performed for the desired WEC. The 
time domain numerical model utilizes Eq. (2), which accounts for all the 
major forces acting on the system: 
(

M +A∞

)
ẍ(t) = Fexc(t) +Frad(t)+Fpto(t) +Fdrag(t) +FB(t) +Fm(t) (2)  

where M refers to the same inertia matrix as in Eq. (1), A∞ is the added 
mass at infinite frequency, ẍ(t) is the acceleration of the bodies, Fexc is 
the wave excitation force, Frad is the radiation force containing the fre-
quency dependent added mass and damping terms, Fpto is the PTO force, 
Fdrag is the drag force, FB is the buoyancy force, and Fm is the mooring 
force [27]. For this study, ProteusDS was utilized as the time-domain 
modelling platform [53]. These forces and co-efficient sources are 
detailed below. 

3.2.1. Excitation force 
The excitation force is the summation of the dynamic pressures 

across the body panels from incoming and diffracted waves. These forces 
are loaded into ProteusDS from the BEM solver, and are resolved across 
the wetted portion of the WEC architecture. 

3.2.2. Radiation force 
To calculate the radiation force, the hydrodynamic coefficients from 

WAMIT are calculated with a kernel function. The kernel function 

represents the decaying time domain response of each body to a unit 
impulse. From this, a convolution integral is taken with the body ve-
locity to represent the radiation force [53]. 

3.2.3. Power Take-Off (PTO) force 
PTO systems vary between WEC architypes and include mechanical, 

pneumatic, and hydraulic systems (associated dynamics are discussed in 
Section 2); as such, a flexible methodology to properly characterize their 
performance is necessary. To facilitate the varying dynamics of the PTO 
force, ProteusDS’s Application Programming Interface (API) toolbox is 
utilized to facilitate custom PTO systems. PTO force functions are built 
in MATLAB Simulink in the form of s-functions, which are used to 
characterize PTO-specific quantities such as piston stroke length, fluid 
velocity, air pressure, etc., based on outputs from ProteusDS via a direct 
library link (DLL) [47]. 

3.2.4. Drag force 
The non-linear drag force is calculated individually for each panel in 

ProteusDS utilizing the Morison equation to determine viscous drag, and 
then is summed over the WEC’s surface. The drag force is calculated for 
each panel of the WEC architecture’s discretized surface. It is propor-
tional to the square of the relative motion between the WEC and 
neighboring water particles, and an architecture specific drag 
coefficient. 

3.2.5. Inertial force 
The inertial force includes both the object mass and the added mass 

at infinite frequency (from the BEM calculation) multiplied by acceler-
ation as shown on the left-hand side of Eq. (2). This side of the equation 
demonstrates how the change in velocity of the WEC architecture results 
in a change in the associated forces of the system representing Newton’s 
second law. 

3.2.6. Buoyant force 
The buoyant force is calculated utilizing hydrostatic coefficients Cij 

from Eq. (1) to calculate buoyancy. For WECs with dynamic wetted 
surface areas, nonlinear buoyancy calculations are made by summing 
the hydrostatic pressure over the submerged surface of the body. 

3.2.7. Mooring line tension 
The mooring line tension is calculated using a cubic spline lumped 

mass cable model [54]. Cable material properties are specified along the 
cable. The cable is discretized into a set of elastic elements, for which 
forces from waves, neighboring elements, and structures are calculated 
through finite element analysis for time progression. 

Fig. 7. Floating Oscillating Water Column Performance Matrix.  

Fig. 8. Generic WEC Modeling Process.  
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4. Architecture agnostic WEC representations 

A key requirement for the ubiquitous uptake of wave energy in en-
ergy system planning and other emerging markets is easily applicable 
and WEC architecture agnostic representation. Regardless of whether 
planning for a grid-scale utility system or a remote isolated grid, a 2 yr. 
or 20 yr. timeline, or a unique non-wires opportunity, the WEC repre-
sentation needs to be applicable across a wide range of wave conditions, 
needs to account for realistic rated power limits, and needs to be flexible 
to a variety of temporal characteristics. 

4.1. Consistent wave conditions and normalized power output 

Utilizing the presented database of WEC concepts, all developed with 
the same numerical processes and sea state characterizations, allows for 
direct comparison and the development of a generic representation. As 
per IEC TC-114: 101 [1], the WEC performance matrices were all 
designed to cover a significant wave height (Hs) variation from 0 m to 8 
m, in 0.5 m bins, and an energy period (Te) from 5 s to 18 s, in 1 s bins. 
While it is acknowledged that some WECs will produce power in lower 
than 4.5 s waves, the WEC concepts utilized in this work were focussed 
on utility scale generation and, hence, were larger and had higher nat-
ural periods. 

Initially, all wave conditions above the deep-water breaking limit of 
Hmax ≈ 0.14(1.56T2

e ) were removed since these wave conditions are not 
realistic [55]; despite their frequent appearance in published WEC 
performance matrices. Next, all the individual performance matrices 
were normalized by their respectively maximum production (so power 
performance was scaled from zero to one). Fig. 9 shows the normalized 
performance of all the WEC architectures. As shown by Xu et al.[28], the 
power outputs follows a similar trend when scaled by the maximum 
production and plotted against energy period (Fig. 9a). However, when 
plotting in the significant wave height and energy period space (Fig. 9b), 
WEC architecture dependence is noticeable. For example, the 2BPA has 
a small period bandwidth when compared against the BBDB. 

Acknowledging these differences between device performance, this 
research aims to discern common features between the surfaces shown 
in Fig. 9b. These features could then be used to determine a single 
common framework, hereafter a ‘generic’ WEC model, that can be 
adjusted, in terms of a finite set of coefficients, to reasonably approxi-
mate the performance of any single device. This common framework is 
the wave energy parallel to the generic wind turbine performance shown 
earlier in Fig. 1, and the coefficients that are used to adjust the generic 
model are the parallels to the cut-in and cut-out speeds, the rated power, 
etc. 

As a reminder, the gross wave energy transport (J – units: kW) in 
deep water depends on the significant wave height (Hs) and energy 
period (Te) by: 

J ≈ 0.49H2
s Te (3) 

As a result, the generic WEC model was allowed to only depend on 
the following variables: Hs,Te and H2

s Te. The final generic WEC model 
was formatted as: 

Pnorm(t) = A⋅Hs(t) +B⋅H2
s Te(t)+C⋅Te(t) (4)  

where A, B, C are fit coefficients, and Pnorm(t) is the normalized power 
production. Based on a nonlinear least-squares fitting method, the best 
performing generic WEC model was determined. Coefficient details are 
shown in Table 1 under ‘Normalized Fit’. 

Fig. 10a) provides a visual indication of the performance of the 
generic WEC model. Overall, the generic model fits the normalized 
performance matrices of all the WEC architectures very well considering 
the wide variety of WEC operating principles, reacting bodies, geometric 
shapes, PTO systems, etc. The model has a power production coefficient 
of determination (R2) of 0.849, a sum of squares error (SSE) of 9.87, and 

a Root-Mean-Square-Error (RMSE) of 0.106 when compared against all 
the WEC performance data presented in Section 2. The histogram in 
Fig. 10b, plotting the power production differences between the specific 
WEC performance datapoints and the generic model, is normally 
distributed with the greatest uncertainty tails at approximately ± 0.3. 
The largest deviations (both positive and negative) are in relatively 
’large’ and low period waves. (Te < 7 s andHs > 2 m waves) where the 
performance of the differing WEC architectures vary widely. Such con-
ditions occur infrequently, and the impact on final Annual Energy Pro-
duction (AEP) will be shown to be limited. 

While useful, the model developed is limited in application due to the 
lack of a rated power limit; i.e. the ability for the WEC to unrealistically 
continue increasing electrical output in highly active/storm conditions. 
The rated power, or the maximum power that a specific technology can 

Fig. 9. Normalized WEC Power production in the period domain (a) and in the 
full sea state domain (b). 

Table 1 
WEC Power Production Best-Fit Variables and Statistics.   

Equation Coefficients Uncertainty Statistics 

A B C R2 SSE RMSE 

Normalized 
Fit 

0.157 − 4.08 ×
10− 4 

− 1.31 ×
10− 2 

0.849 9.87 0.106 

Rated Fit 0.289 − 1.11 ×
10− 3 

− 1.69 ×
10− 2 

0.813 12.0 0.146  
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output, is a key requirement for a realistic WEC agnostic representation 
– this is the focus on the next section. 

4.2. Rated power 

The rated power represents a realistic maximum production from a 
WEC. A limit, where independent of increasing gross wave energy 
transport, the output from the WEC remains constant – as indicated by 
region three in Fig. 1 for a wind turbine. Unlike other renewables, in 
which their resource flow can be roughly parameterized by a single 
variable (e.g. wind speed for wind resources), wave energy is dependent 
on two variables, and hence identification of a rated power is more 
complex. Additionally, the rated power is significantly influenced by the 
generator choice, technology cost, interconnection capacities, system 
capacity factor and a host of additional parameters. 

These are all valuable parameters for WEC designs, but beyond the 
scope of this research. Following the research objective to develop a 
generic and tractable representation, based on publicly available data, 
the generic WEC model was rated based on the 90th percentile of net 
power production (90th-net). Other power rating methods, such a 90th 
percentile of the gross wave resource, were investigated with unsatis-
factory results. 

90th percentile of net WEC power production 
The 90th percentile of net WEC power production methodology in-

volves posteriori identifying the 90th percentile of the generic WEC 
production and limiting power output above this value. The methodol-
ogy can be summarized by the following steps:  

1) Following IEC recommendations, the energy production from a WEC 
is determined by multiplication of sea state conditions (location 
dependent and parameterized by Hsand Te) and associated produc-
tion from the non-rated WEC PM.  

2) The 90th percentile of the resulting power time-series is identified 
and used as the rated limit for a specific architecture.  

3) This rated limit is transferred back to the WEC PM and is used to 
normalize all PM values. Examples of resulting rated-limit PM for a 
OneBPA and a TwoBPA are shown in Fig. 11.  

4) A best-fit model is developed to represent the performance of all the 
WEC architectures, based on their individual rated-limit PMs. 

The normalized and rated-limit WEC architecture data cloud and 
associated best-fit model statistics are shown in Table 1, while visuals in 
Fig. 12 provide an indication of the performance of the generic perfor-
mance model. Overall, the model results in a coefficient of determina-
tion (R2) of 0.813 and a limited Root-Mean-Square-Error (RMSE) of 
0.146. As shown in the histogram (Fig. 12b), the model uncertainty is 
slightly positively skewed, with a longer negative tail. As shown with the 
non-rated model, the largest deviations (both positive and negative) 

Fig. 10. Normalized Power Production Model Performance against Performance Matrices (a), and Histogram of Fit Residuals (b).  

Fig. 11. 90th-Net Rated WEC Performance Matrices.  
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continue to be in relatively ’large’ and low period waves (Te less than 7 s 
andHs > 2 m waves) where the performance of the differing WEC ar-
chitectures vary widely. 

4.3. WEC agnostic performance model and implementation process 

As previously detailed, a normalized generic WEC production model, 
with cut-in and rated power limits, has been developed. For clarity, this 
is represented again in Eq. (5), with 95% confidence bounds in Table 2, 
and shown graphically in Fig. 13. 

Pnorm(t) = 0.289⋅Hs(t) − 0.00111⋅H2
s (t)Te(t) − 0.0169⋅Te(t) (5) 

Fig. 13b) provides a wave-energy converter equivalent of the generic 
wind turbine model shown in Fig. 1. The ‘Rated Power’ limit based on 
the 90th percentile net formulation, and the ‘Below Limit’, based on the 
best-fit to excitation forces across the WEC architectures represented. 
The generic WEC model can also be described by the following mathe-
matical formulation and associated constraints (where Pnorm represents 
the normalized rated power): 

PWEC(t) = Pnorm(t)*Prated (6)  

Pnorm(t) = 0.229⋅Hs(t) − 0.00111⋅H2
s (t)Te(t) − 0.0169⋅Te(t) (7)  

where:  

1. Hs > 0  
2. Te > 0  
3. Hs <

[
0.14*

(
1.56T2

e
) ]

based on the idealized breaking limit for deep 
water waves.  

4. Prated > 0 is the rated power capacity of the WEC (in kW).  
5. If Pnorm(t) < 0,Pnorm(t) = 0  
6. If Pnorm(t) > 1,Pnorm(t) = 1 

5. Time-series representation 

As previously noted, two major knowledge gaps or hurdles are hin-
dering the adoption of WECs into electrical system planning. These are 
1) a generic method of representing WEC performance, and 2) a method 
to up-sample the temporal resolution of traditional and publicly wave 
buoys and/or numerical wave propagation model outputs. Section 2.1 
developed the necessary WEC architecture agnostic representation of 
power performance, including cut-in and rated capacity limits. This 
section focussed on the temporal resolution challenge. 

While subject to monitoring equipment set-up, wave data from buoys 
are traditionally recorded and reported at an hourly frequency due to 
the necessary energy budgets required for higher sampling and data 
transmission. Numerical wave propagation models (Simulation WAves 
Nearshore (SWAN)[56], WaveWatch III (WW3) [57], etc.) generally 
output parameters at 1-hr or 3-hr resolution due to the long length of 
hindcasts, and the associated computational and storage expense of 
increased temporal fidelity. The objective of this research is to utilize 
these status-quo data resources and provide easily applicable and trac-
table methods to develop WEC higher temporal fidelity power produc-
tion estimates. 

The majority of wave energy, ocean engineering and hydrodynamic 
analysis utilizes spectral representations of wave conditions and assume 
linear wave theory applies; i.e. any irregular sea state can be decom-
posed into a series of regular sinusoidal waves with different amplitudes, 
wave periods, phases and directions. For more information on linear 
wave theory and the associated assumptions, readers are referred to 
[56,58]. Wave spectra are parameterized by Hs and the peak period (Tp), 
while the marine energy industry additionally utilizes the energy period, 
Te. For much of the following analysis, the MATLAB WAFO toolbox is 
utilized for analysis [59], however, additional details and citations are 
provided in the remainder of the paper. 

Two raw data sets are considered as public-domain and possible 
input conditions; 1) a time-series of Hs and Tp parameters, or 2) a time- 
series of wave spectra. For scenario 1), it is necessary to transform the 
wave parameters to a representative wave spectrum. Unfortunately, 
these parameters provide insufficient information to accurately recreate 
the conditions utilized to calculate them, and the research needs to as-
sume a spectral shape in order to proceed. For the North Atlantic and 
North Sea, the JONSWAP spectrum has been shown to be broadly 
representative [6]; while for the north-eastern Pacific, a Pierson- 

Fig. 12. Normalized Power Production Model Performance against Performance Matrices (a), and Histogram of Fit Residuals (b).  

Table 2 
95% Confidence Bound Model Coefficients.   

Model Coefficients 

A B C 

95% Confidence Bounds 0.275 − 1.88 × 10− 2 − 1.24 × 10− 3 

0.303 − 1.49 × 10− 2 − 9.67 × 10− 4  
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Moskowitz (PM) shape has been most representative [22]. The associ-
ated PM spectra can be developed following Eq. (8) and Eq. (9) 
respectively [60]: 

SPM(f ) = 0.3125H2
s TP

(
f
fp

)− 5

exp

[

− 1.25
(

f
fP

)− 4
]

(8)    

where fp is the peak frequency. For the JONSWAP spectra, the following 
parameter assumptions can be made γ = 3.3, σ = 0.07 for frequencies 
below the peak frequency, and σ = 0.09 for those above the peak 
frequency. 

The next step involves decomposing the spectra into a water eleva-
tion time-series, η(t), based on linear superposition of a series of n si-
nusoidal waves, via the following relationships: 

η(t) =
∑

n
ancos(2πfnt + αn) (10)  

an =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2SPM(fn)Δf

√
(11)  

αn = rand(0, 2π) (12)  

where fn is the wave frequency of the nth wave, an is the amplitude of the 
nth wave, and αnis the associated phase. 

The development of sub hour resolved power predictions requires 
that the wave parameters and the associated spectral be available at this 
same improved temporal resolution. As a result, the water elevation time 
series, η(t), is now separated into individual data streams of specific time 
length (i.e. 5/10/15/30 min lengths). These time series are the run 
through a Fast Fourier Transform (FFT) to develop the associated vari-
ance density spectra (E(f)), where: 

E(f ) = lim
Δf →0

1
Δf

E
{

1
2
a 2
}

(13) 

Subsequently, the associated parameters, based on the spectral mo-
ments of E(f) [61], are calculated by: 

mn =
∑

i
f n
i SiΔfi (14)  

Hm0 = 4
̅̅̅̅̅̅
m0

√
(15)  

Te =
m− 1

m0
(16) 

Eq. (15) provides the zero-moment wave height (Hm0), not the sig-
nificant wave height (Hs). Hm0 is the correct parameter to utilize for this 
research. However, the vast majority of the WEC literature refer to Hs 

when actually defining Hmo and, as such, we are maintaining this erro-
neous title purely to ensure compatibility with the vast majority of 
published works. 

This methodology is visually described in Fig. 14, and a sample of the 
temporal variability shown in Fig. 15. As shown in Fig. 15, the vari-
ability in both Hs and Te increases considerably as temporal resolution 
increases. This impact is expected, is representative of true ocean con-
ditions, and will be discussed further in Sections 6 and 7. When con-
ducting this process, it is important to account for aliasing, due to 
sampling rates, and leakage effects, due to discretely cutting signals 
under incomplete cycles, when reducing the time-series data. These 
impacts can be mitigated via ensuring a sufficient sampling resolution 
(>5Hz) and utilizing band-pass filters to capture relevant wave fre-
quencies [62]. 

6. Annual energy production and power performance case study 
results 

In order to quantify the annual energy production and power per-
formance, and associated uncertainties, with the proposed 

Fig. 13. Generic and normalized WEC performance curve.  

SJONSWAP(f ) = 0.3125H2
s TP

(
f

Fp

)− 5

exp

[

− 1.25
(

f
fP

)− 4
]

(1 − 0.287logγ)γ

exp

⎡

⎢
⎢
⎣− 0.5

⎛

⎜
⎜
⎝

f
fP

− 1

σ

⎞

⎟
⎟
⎠

2⎤

⎥
⎥
⎦

(9)   
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methodologies, a case study for PacWave is conducted. PacWave is a 20 
MW grid connected test facility for wave energy conversion technologies 
under development by Oregon State University off Newport, Oregon, 
USA. 

Utilizing PacWave resource conditions from [63], wave parameters 

(Hs and Te) from 2010 were utilized as an independent dataset to 
quantify the performance characteristics of the generic WEC model and 
temporal up-sampling methodology. Following IEC TC-114: 101 [1], the 
annual energy production, mean production, the standard deviation, 
coefficient of variation (standard deviation/mean) and the R-Squared 
between the specific WEC performance and the WEC Agnostic repre-
sentation are shown in Table 3. 

Fig. 16 below plots the normalized power production prediction 
from the generic WEC model vs the rated WEC power from the high- 
fidelity ProteusDS numerical model. Note that the horizontal ‘lines’ 
result from the discretized nature of the wave parameters (Hs and Te) 

Fig. 14. Flow diagram for the development of time-flexible WEC power predictions. Example functions from the WAFO toolbox are highlighted [59].  

Fig. 15. Temporal variability and impact of up-sampling the significant wave 
height and energy period during February. 

Table 3 
Power and energy production statistics from WEC models and generalized 
representation.  

WEC Rated Power 
(kW) 

Normalized Power R2 

Annual 
(hr) 

Mean STD Coef. of 
Var. 

1BPA 435 4635 0.53 0.26 0.48 0.98 
2BPA 190 3584 0.41 0.27 0.67 0.89 
CMB 86 3726 0.43 0.34 0.79 0.96 
BBDB 209 4057 0.46 0.30 0.64 0.94 
FLAP 84 5859 0.67 0.27 0.40 0.87 
Generic TBD 4008 0.46 0.22 0.48 N/A  
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utilized in the WEC performance matrices (Section 2); based on the 
ProteusDS modelling. 

Table 4 provides an overview of the performance of the differing 
temporal resolutions on the overall performance of the WEC models, 
including the generic WEC model. The Flap and CMB buoys were not 
chosen for further analysis due to their shallow water deployment depth 
and similarity to the 1BPA respectively. 

7. Discussion 

Prior to discussing the various assumptions, limitations and impli-
cations behind the presented models and results, it is worth revising the 
objective of this research: The development of an easily implemented, 
WEC architecture-agnostic, and temporally-flexible model of predicting 
power production from a wave energy converter, based on publicly 
available WEC and wave resource datasets. 

As detailed in Table 3, and shown in Fig. 16, the generic WEC model 
provides a reasonably representative prediction of power. However, a 
number of observations can be made from the presented results. Firstly, 
the performances of the individual WEC architectures and associated 
PTO systems vary dramatically across a consistent set of wave conditions 
– thus, ensuring that any generic model will suffer from significant 
scatter when compared against any specific WEC. This is apparent in 
Fig. 16 and, given the specific complexities of each WEC system, maybe 

unavoidable. For example, the 2BPA is known to have significant 
parametric roll instabilities, the Flap system relies on wave surge hy-
drodynamics and is a shallow water only system, the non-linear dy-
namics of compressed air chambers in the BBDB and staged compression 
PTO in the CMB create non-trivial hydro-aero-mechanical dynamics 
which the generic model is unable to replicate. In order replicate and 
accurately account for these non-linear and more complex dynamics, 
more sophisticated time-domain models are required and this generic 
model is not applicable. 

Secondly, the generic WEC model overpredicts performance in low 
production conditions and underestimates in highly active, high per-
formance conditions. This results in both a lower standard deviation and 
lower coefficient of variation in the generic WEC model. For individual 
WEC deployments, this uncertainty needs to be considered. For farms of 
WEC devices, it is feasible that the generic WEC model will provide a 
realistic representation of farm performance. Finally, it should be noted 
that all the WEC utilized in this study were focussed on large-scale utility 
markets and, as such, were of considerable geometric size and associated 
mass. The impact of this is that the generic WEC model is plausibly only 
suitable for similar-generation scale uses, and is not suitable for small 
devices looking at alternate markets (ocean observing, vehicle recharge, 
etc.) [64]. The application and associated modification of the generic 
WEC model for different market is recommended for future research. 

On temporally flexible methodology, the increased variability of the 
significant wave height and energy period data, as shown in Fig. 15, is 
immediately apparent. However, these results are consistent with prior 
works by Thomson et al. [65] who discovered the significant variability 
in wave parameters when utilizing shorter FFT windows. They discov-
ered that uniquely short time domain datasets (10 mins) were required 
to accurately resolve known extreme wave heights. They determined 
that the spread in wave parameters converges as 1/

̅̅̅
n

√
, where n is the 

number of measurements per time period. As such, the variance is 10 
min wave data is expected to be greater than 30

̅̅̅
3

√
min data variance – 

which is immediately apparently in Fig. 15. Positively, the impact of up 
sampling the wave data is shown to have limited impact on the pre-
sented power production and annual energy generation statistics. A 
slight reduction in annual energy production is apparent with increasing 
temporal resolution, yet this remains less than 3% for all architectures 
considered. Almost negligible impacts on the coefficient of variation and 
the R2 values are noted due to the up-sampling. Several caveats and 
assumptions are important when assessing the theoretical and physical 
accuracy of the temporal up-sampling. Firstly, this methodology as-
sumes that the wave conditions can be represented by a stationary 
Gaussian process. However, in the ocean and at the shortened time 
frames (<30 mins) investigated here, the assumption of stationarity is 
questionable. Ideally, the FFT process would be conducted multiple 
times over ~30 mins of data, and the associated frequency-dependent 
variances averaged to create the resulting spectrum. While more 
robust in creating a repeatable spectrum, this process filters out the 
natural short-term variability in the ocean parameters. Additionally, as 
per linear wave theory, one assumes than each wave component acts 
independently. While a relatively robust assumption for deep water 
conditions, there are significant wave-wave interactions in steep, 
developing seas and shallow water conditions. Interested readers are 
directed to [56] for a detail discussion on non-linear wave interactions. 

Finally, it is suggested that the up-sampling methodology should not 
be ubiquitously applied for very short time periods (less than 5 mins) 
without a priori proving the validity for a specific location and archi-
tecture. It is expected that, whilst the representation of the sea condi-
tions is statistically sound, the application of a WEC power performance 
values (generated as a mean of a 20-mins numerical simulation) will 
under-predict important fluctuations in power and may not provide a 
reliable estimate for all components. However, as detailed in the moti-
vation for this research, the objective was to develop a reasonable 
technology-agnostic and time-flexible representation of WEC power 

Fig. 16. Generic WEC Model comparison against rated WEC performance.  

Table 4 
Power and energy production statistics from WEC models and temporal 
conditions.  

Time Resolution WEC Normalized Power 

Annual Mean STD Coef. of Var. R2 

1BPA 30 min 4635 0.53 0.26 0.48 0.98 
15 min 4598 0.52 0.26 0.49 0.98 
10 min 4572 0.52 0.26 0.49 0.98 
5 min 4526 0.52 0.26 0.50 0.98 

2BPA 30 min 3584 0.41 0.27 0.67 0.89 
15 min 3513 0.40 0.27 0.68 0.89 
10 min 3472 0.40 0.27 0.68 0.89 
5 min 3496 0.40 0.27 0.69 0.90 

BBDB 30 min 4057 0.46 0.30 0.64 0.94 
15 min 4030 0.46 0.30 0.64 0.95 
10 min 4007 0.46 0.30 0.65 0.95 
5 min 3935 0.45 0.30 0.66 0.94 

Generic 30 min 4008 0.46 0.22 0.48 N/A 
15 min 3974 0.45 0.22 0.49 N/A 
10 min 3951 0.45 0.22 0.49 N/A 
5 min 3920 0.45 0.22 0.50 N/A  
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production, based on publicly available data. For highly resolved time- 
series, it is suggest that that the technical specifications developed under 
the International Electrotechnical Commission TC-114 committee 
would be most suitable [66]. 

8. Conclusions 

The growth of the wave energy sector is contingent on the ability for 
stakeholders, particularly electrical utilities, to rapidly predict the pro-
duction from wave energy converters (WECs). Current methodologies 
require extensive knowledge of metocean conditions, a priori determi-
nation of WEC architecture, and highly-specific physical and numerical 
tools. Additionally, the lack of a consistent robust method up-sample the 
hourly temporal resolution of traditional wave buoys and/or numerical 
wave propagation models limits the implementation of wave energy 
technologies in Integrated Resource Planning (IRP) by utilities. These 
two knowledge gaps create a significant barrier for broad adoption of 
wave energy. This novel research provides an overview of a consistent 
and coherent waves-to-wire method to quantify WEC performance data, 
across wide variety of technology architectures, to develop an empiri-
cally driven and easily applicable generic model of WEC performance. 

The comparison of the generic WEC performance model against the 
OneBPA, TwoBPA, CMB, Flap and BBDB WEC architectures ultimately 
shows an average co-efficient of determination (R2) of 0.93 (based on 
hourly power production), and less than 9% variation in annual energy 
production. The generic WEC model is shown to slightly over-estimate 
performance in low energy sea-states and over-estimate in high energy 
sea-states. Given the wide variety of WEC architectures, PTO systems, 
non-linear system dynamics, and the ‘tractable to non-experts’ objective, 
the performance of the model is significant. 

The temporal up-sampling methodology is shown to increase the 
temporal variability of bulk wave parameters, as previously quantified 
against measurements at the same site by Thomson et al. [65], yet often 
neglected. While the short-term variability in significant wave height, 
energy period, and WEC production all increase, the annual mean and 
total energy production are not altered in any significant manner thus 
providing additional confidence in the prescribed method. 

In conclusion, the newly developed generic WEC model and time- 
flexible representation of conditions replicates similar successful 
generic performance models from the wind and solar industries to pro-
vide an easily applicable method to predict performance; based on 
publicly available data. This research overcomes two known knowledge 
gaps which have historically created a significant barrier for broad 
planning and adoption of wave energy for marine energy conversion. 
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