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ABSTRACT 
 

A study by the Electrical Power Research Institute and U.S. Department of Energy (DOE) reported an estimated total 
available wave energy resource of 2,640 terawatt-hours (TWh) per year and total recoverable wave energy resource 
at 1,170 TWh per year for the territorial waters over the Outer Continental Shelf of the United States in 20111. While 
Wave Energy Conversion (WEC) systems have been in development since the first patent in 1799, the industry is still 
in its infancy globally and large commercial deployments have still not taken place. A key challenge for the commercial 
viability of WEC systems is effective extraction of the kinetic energy in waves by the power takeoff systems. Since the 
wave form and motion are critical factors influencing the kinetic energy input to WEC power takeoff systems, increasing 
the wave steepness acting on the WEC body can significantly enhance the velocities of water particles impacting prime 
movers and increase power takeoff performance. The use of variable-depth platforms to enhance wave steepness and 
increase power takeoff performance through increased kinetic energy input to prime movers is a novel idea that 
provides promise for increasing the capacity factor for WEC systems. The application of a variable-depth platform to 
wave energy conversion is discussed and quantified based on wave tank testing, wave theory, and the kinetic energy 
equation. 

 

INTRODUCTION  

A study by the Electrical Power Research Institute (2011) 
estimated the technically recoverable wave energy incident near 
U.S. coastlines to be approximately 1,170 TWh/yr. The total 
energy used, in the form of electricity, in the United States in 
was 3,723 TWh in 20172. Even though wave energy converter 
(WEC) technologies are still in development, WEC technology 
is rapidly advancing with substantial support from the DOE. 
Test facilities such as PacWave managed by DOE and the 
Hawaii Wave Energy Test Site (Ref 1) managed by the U.S. 
Navy will support technology advancement. The output power 
of WEC technologies is dependent on the transfer of motion 
from prime movers to the power takeoff (PTO) subsystems.  
Enhancements to the functioning of a PTO can substantially 
increase the energy transfer efficiency of a WEC system. While 
significant work has been conducted on the design of PTOs and 
associated control systems, alternative methods of efficient 
kinetic energy transfer to the PTO are available. 

Wave energy is transported with the group velocity of spectral 
ocean waves. The transport rate of wave energy parallel to a 
wave crest is the wave power flux. The wave height, wave 

 
1 https://www1.eere.energy.gov/water/pdfs/mappingandassessment.pdf 
2 https://www.eia.gov/electricity/annual/html/epa_01_02.html 

period, and wavelength are the determinants of the total 
available wave power. Wave power varies as the square of the 
significant wave height (Hs2), linearly with the energy period 
Te, and is expressed in watts of power per unit of wave crest 
width (W/m). A theoretical unit wave power calculation (P), 
which is the power contained in fluxing volumes of the entire 
resource, can be computed by 

𝑃 =
𝜌𝑔

64𝜋
𝐻 𝑇  

where Hs and Te are the significant wave height and energy 
period respectively, and ρ and g are the seawater density and 
acceleration due to gravity respectively. Wave power flux (P) is 
a unit measure of power as it pertains to the flux of a unit 
volume of fluid. In the SI system, the volume is nominally a 
cubic meter of seawater fluxing in heave about the center of 
gravity of a wave. These unit volumes can be and are 
consolidated during shoaling conditions. This version of the 
power flux equation is a general form which does not use the 
dispersion relation to calculate the change in wavelength over a 
platform. 
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For point absorber WEC technologies, a float responds to the 
surface motions of a wave and transfers those motions to a PTO. 
Wave power conversion is accomplished via transformation of 
the kinetic energy at the PTO to useful form of power or stored 
energy such as electricity or pressurized fluid respectively. 
Generally, the output power is determined by the water mass 
displacement and average speed of the PTO. A hurdle for this 
conversion process is maximizing the velocity component of the 
kinetic energy input to the PTO component.  

WEC developers have designed and deployed innovative WEC 
units in sea trials and employed PTO and control strategies to 
maximize power output from open water incident waves (Ref 
2,3,4,5,6,7,8,9,10,11), but open water waves are the 
fundamental limitation to the kinetics. To increase the average 
kinetic energy input to prime movers due to waves, WEC units 
must be enabled to increase the steepness of the naturally 
occurring wave forms offshore. This capability is enabled by 
near-surface, fully-submerged, variable-depth platforms. Using 
submerged platforms to shoal waves in offshore locations 
enables WEC systems to efficiently harness wave power 
offshore where the vast majority of the resource exists and 
energy and power are not lost to bottom friction or depth-limited 
breaking. 

Quantification of the shoaling process was initiated in 1872 by 
Joseph Boussinesq who developed non-linear equations to 
approximate the change in waveform of long waves over 
shallow water depths (Ref 12). Based on wave tank data, the 
validity of the assumption that dispersion and non-linearity are 
of the same order, as made in Boussinesq’s original work, is 
questionable when the change in the effective water depth over 
which the waves propagate is discreet and greater than the 
incident wave height, as with SurfWEC shoaling platforms (Ref 
13). Offshore wave heights less than 0.1 meter, acting on full 
scale WEC units, are not considered capable of significant 
amounts of power takeoff in this paper. The Boussinesq 
equations were developed based on waves propagating over 
bottoms with gradually-varying slopes. An experiment (2010-
2011), sponsored by Dr. Ronald Joslin, of the Office of Naval 
Research assayed the effects of a fully-submerged tension leg 
platform in the presence of waves using Particle Image 
Velocimetry (PIV) high-speed cameras, software, and a 
“seeded” wave tank. Table 1 provides an example dataset 
illustrating the percent change in wave heights over a 
submerged platform. 

 

Table 1. Data from Particle Image Velocimetry experiment run 
at the Davidson Lab on the campus of Stevens Institute of 

Technology in 2010 with a fixed tension leg platform, top deck 
depth of 0.4 meters (40cm or 16 inches) parallel and below the 

still water line. Wave wires were installed approximately 10 
meters (33 feet) “before” and 10 meters (33 feet) “after” the 
center of the platform in the direction of wave propagation. 

During the experiment, it was observed the platform could cause 
the incident waves to double in height over the platform (run 78) 
as well as attenuate incident wave heights (all runs with 1.5 
second period waves in “level” 30 cm and 40 cm tension leg 
platform depth configurations). The wave heights input to the 
wave paddle software resulted in wave heights which did not 
correlate precisely with the input wave height, but this fact is 
irrelevant as the actual changes in water surface elevation in the 
wave tank before, over, and after the platform were recorded by 
calibrated instruments. This application is well suited for the use 
of a neural network integrated into the Supervisory Control and 
Data Acquisition (SCADA) system. The neural network will 
enable the SCADA to use machine learning to optimize the 
platform depth and slope relative to real-time incident waves to 
maximize power takeoff performance and avoid extreme loads 
from storm waves. 

INCREASING POWER OUTPUT 

Techniques for increasing the transfer of potential to kinetic 
energy in a wave hold promise in substantially increasing the 
output power of a PTO. A fundamental method for doing this is 
decreasing the effective depth under a wave. To set up a 
conceptual exploration of the concept, standard wave theory 
shows us that the energy density in a water wave in SI units: 

 

Before Over After Change
Input Input Platform Platform Platform Over Platform

Run # Period Waveheight Waveheight Waveheight Waveheight Waveheight
seconds inches inches inches inches percent

8 1 1 0.89 1.34 1.00 51
11 1 2 2.05 2.83 2.04 38
12 1 3 3.11 3.68 2.94 19
56 1.5 1 1.76 1.73 1.83 -2
59 1.5 2 3.25 2.91 3.00 -10
61 1.5 3 4.47 3.74 4.18 -16
63 1.5 4 5.79 4.72 5.24 -18
65 1.5 5 6.29 5.31 6.34 -15
15 2 1 1.47 2.13 1.36 45
16 2 2 2.57 4.13 2.35 61
17 2 3 3.82 6.85 3.56 79
18 2 4 5.11 7.13 4.81 40
19 2 5 6.19 7.68 5.95 24
57 2.5 1 1.06 1.42 0.98 34
60 2.5 2 2.32 2.91 2.32 26
62 2.5 3 3.65 4.61 3.63 26
64 2.5 4 4.56 5.35 4.62 17
67 2.5 5 5.32 5.61 4.92 5
20 3 1 1.19 1.46 1.20 23
21 3 2 2.63 2.87 2.48 9
22 3 3 3.88 4.37 3.77 13
23 3 4 4.76 5.79 4.60 22
24 3 5 6.05 7.17 6.17 18
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L = wavelength 
T = wave period 
k = wave number = 2/L 
h = water depth 

Using the approach above, an example calculation can be made. 
In a typical long wave case, a 2-meter wave height with an 8 
second period in 40 meters of water depth (typical of planned 
WEC deployments) a maximum horizontal velocity of 
approximately 0.8 m/s can be calculated with the standard 
dispersion relation. The wave power for these monochromatic 
waves is 33 kw/m, the energy density is 5.0 kJ/m2, and the 
kinetic energy for every 1 kg of mass is 0.5 W∙s.   

With increased water particle velocities over the platform, the 
WEC prime mover to accelerate at much greater rates than in 
deep water conditions, and hence the PTO to move with higher 
velocities.  For the same wave case as above, if we reduce the 
local effective depth to 3m we obtain a substantial increase in 
the orbital velocities. The maximum horizontal velocities in 3m 
of depth are approximately 2.0 m/s.  While the wave power is 
the same, the energy density increases to 8.5 kJ/m2, and the 
kinetic energy for every 1 kg of mass is 6.3 W∙s.  The decrease 
in effective depth results in an order of magnitude increases in 
the available kinetic energy input to the WEC prime mover due 
to the significant velocity increase (Fig. 2). 

Figure 1. Typical displacement rate for a large (15 m diameter 
at 2.0m draft) heaving WEC prime mover with a deep-water 

mooring with an average mass displacement of 360,000 kg. All 
units are meters. 

 

Figure 2. Typical displacement rate for a large (15m diameter 
at 2.6m draft) oscillating WEC prime mover over a near-

surface, variable-depth platform with a mass displacement of 
470,000 kg. All units are meters. 

From Figures 1 and 2: 
Figure 1: The average velocity of the displaced water mass is: 
2m/8s = 0.25 m/s 
The kinetic energy is then: (360,000 kg * (0.25 m/s)^2)/2 = 
11,250 Joules 
At a realistic conversion rate of 50% to electric power: 
11,250 Joules * 0.5/sec = 5,625 Watts (5.6 kW) of electricity 
That is not a commercially viable average rate of electric power 
production for utilities. 

Figure 2: The average velocity of the displaced water mass is: 
20m/8s = 2.5 m/s 
The kinetic energy is then: (470,000 kg * (2.5 m/s)^2)/2 = 
1,468,750 Joules 
At a realistic conversion rate of 50% to electric power: 
1,468,750 Joules * 0.5/sec = 734,375 Watts (734 kW) of 
electricity 
That is a commercially viable average rate of electric power 
production for utilities. 

While none of this is novel by itself, the example provides 
motivation for exploring WEC methodologies for reduced 
effective depths to obtain significant increases in extractable 
kinetic energy. Figure 3 illustrates just such a WEC concept. 
The effort has developed a concept for a stable platform with a 
size on the order of one-half to one-third of the average deep-
water wavelength over which the WEC system is to be 
anchored. The platform provides a stable substrate which 
enhances the wave particle velocities encountered by the WEC 
prime movers.  By increasing the kinetic energy input to the 
prime mover for a given sea state, the WEC has the potential to 
substantially increase the output power. 
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Figure 3. Conceptual WEC Shoaling Platform with Relative 
Positions of Platform and Prime Mover in 1-Meter-High Incident 

Waves being Doubled in Height Before Impacting the Prime 
Mover. Animation of this platform is available at 

www.surfwec.com 

LABORATORY DEMONSTRATION 

To demonstrate the feasibility of the platform shoaling feature, 
scaled laboratory tank tests were performed at the Davidson Lab 
on the campus of Stevens Institute of Technology. A fixed 
subsurface platform with a length of 1.2 m was submerged at 
variable depths in a range of wave conditions to investigate the 
response of a 0.8 m diameter WEC type float over the platform. 

Overall, the wave heights and corresponding velocities and 
displacements of the WEC buoy were increased over all wave 
and depth conditions. A library of videos is available at 
https://web.stevens.edu/seahorsepower/video/.  Based on the 
scaled wave conditions, estimates can be made for the increase 
in kinetic energy over the fixed platform.  As Figure 4 below 
shows, the wave heights for a 1.1 inch (2.8cm) wave test case 
were increased to 1.9 inch (4.8cm) over a platform submerged 
12 inches (30cm) under the still water line. 

Figure 4. The top panel shows the incident laboratory wave 
height of 1.1 in. (2.8cm) arriving at the platform WEC system.  

The bottom panel shows the measured wave height of 1.9 
(4.8cm) in over the platform submerged 12 inches (30cm) under 
the still water line illustrating the significant increase in wave 

height. 

At a 20 to 1 scale (scaling factor of 20), the prototype 
submerged platform would be ~25 square m and the WEC buoy 
would be approximately 15 m in diameter. The incident waves 
for the case shown in Figure 5 and the first video from the link 
above have a scaled significant wave height of 2 m and period 
of 10 s. 

 

 

Figure 5. The top panel shows the incident laboratory wave 
height of 3.8 in (9.7cm) arriving at the platform WEC system. 

The bottom panel shows the wave height of 5.1 in (12.9cm) over 
the platform submerged 12 in (30 cm) below the still water line 

illustrating the significant increase in wave height. 

 

Figure 6. The fully-submerged tension leg platform tested at 
Stevens Institute of Technology 2010-2011. showing the wave 

wire over the platform and shoaling wave. Research was funded 
by the Office of Naval Research, Department 33, Project 

Manager: Dr. Ronald Joslin. Photo courtesy of Michael Raftery 
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The scaled wave height of the shoaled wave over the platform 
for these conditions is 2.6 m (100 inches). The wave period does 
not change over the platform but the local wavelength is reduced 
proportional to the increase in wave height. The average 
velocity of the WEC float due to the displacement over the near-
surface platform is increased relative to open water conditions 
and consistent for a wide range of wave conditions. The 
consistent velocity is advantageous for the design of the power 
takeoff system as the kinetic energy input to a power takeoff 
system is maintained at a constant predictable rate.  Further 
explorations of this technology can explore controls on the PTO 
to develop a consistent power output under a range of 
conditions. 
 
Example power output for the scaled laboratory conditions 
provide justification for the applications of these techniques at 
full scales. Full scale waves with a significant wave height of 2 
m and energy period of 8 s without a near-surface platform 
provide an excellent case within bands commonly seen 
worldwide (Ref 14). The average horizontal velocity of surface 
water 0.8 m/s. In 40m water depth, the wave power for these 
waves is 33 kw/m, the energy density is 5.0 kJ/m2, and the 
kinetic energy for every 1 kg of mass is 0.3 W∙s. Generally, with 
capacity factors of 10 to 30 percent for common WEC devices, 
large arrays of WECs would be required for commercially 
viable power (Ref 15). 

However, with a subsurface platform at a depth of 6 m, wave 
heights increase to 2.6 m resulting in a horizontal velocity of 1.8 
m/s. The energy density is increased to 8.5 kJ/m2 , and wave 
power for these waves is concentrated to 54 kw/m, calculated: 

Ē = 1025 kg/m^3 * 9.8 m/s^2 x (2.6m)^2/8 = 8,488 Joules per 
meter squared (8.5kJ/m^2) 

Cg = 6.36 m/s 
Po = 8,488 * 6.36 = 54 kW/m 
and the kinetic energy for every 1 kg of mass is increased 2.0 
W∙s.  The factor of 6 increase in available kinetic energy 
provides strong evidence of the increased potential for energy 
extraction. 

DISCUSSION 

Based on the results explored herein, it is informative to 
investigate the effects of changing water depth on the phase and 
group velocities of open ocean waves. For an example we 
assume that ocean waves are approaching a submerged tension 
leg platform (TLP) at 3 m depth that has sufficient tension to 
remain at an average depth of 3m while oscillating. Using the 
standard dispersion relation with a significant wave height of 1 
m and energy period of 8 s traveling in 40 m of water depth the 
wave speed is 12.4 m/s and the group velocity is 6.5 m/s. 
 

When the depth is very shallow or the wavelength is very long 
compared to the water depth, we have a shallow water wave 
case. A spectral wave group with a significant wave height of 1 
m and energy period of 8 s traveling 3 meters above the buoyant 
TLP has a wave speed of 5.2 m/s and a group velocity of 6.5 
m/s. In this scenario, the effective water depth for the waves 
instantaneously changes from 40 m to 3 m as the waves pass 
over the TLP. It is impossible to instantaneously change the 
phase velocity of the incoming waves from 12.5 m/s to 5.25 m/s 
as they continue to propagate over the TLP. Therefore, there is a 
distance required for the wave to travel over the TLP before the 
consolidation to phase velocity for all waves is reached and the 
phase and group velocities equilibrate.  Furthermore, as we’ve 
seen in the test cases, the horizontal displacement velocities are 
substantially increased; thereby, increasing the kinetic energy 
the waves impart to objects in the flow field. Further work is 
ongoing to confirm the size of platforms required to realize 
these benefits in open ocean applications; however, the results 
presented here provide strong support for the use of submerged 
platforms for increasing the kinetic energy experienced by a 
WEC. Overall, the changes in effective water depth acting on 
the wave has profound implications for overall design and 
performance projections for WEC systems. 
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