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Abstract

:

For a heaving point absorber to perform optimally, it has to be designed to resonate to the prevailing ocean wave period. Hence, it is important to make the ocean wave data analysis to be as accurate as possible. In this study, existing wave condition data is used to investigate the effect of the temporal resolution (daily vs. hourly) of wave data on the design of the device and power capture. The temporal resolution effect on the estimation of ocean wave resource theoretical potential is also investigated. Results show that the temporal resolution variation of the ocean wave data affects the design of the device and its power capture, but the theoretical power resource assessment is not significantly affected. The device designed for the Gulf of Mexico is also analyzed with wave condition in Oregon, which has about 40 times the wave resource theoretical potential compared to the Gulf of Mexico. The results confirmed that a device should be designed for a specific location as the device performed better in the Gulf of Mexico, which has much less ocean wave resource theoretical potential. At last, the effect of the design, diameter and season (summer and winter) on the power output of the device is also investigated using statistical hypothesis testing methods. The results show that the power capture of a device is significantly affected by these parameters.
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1. Introduction


Ocean wave energy has continued to see increase in the level of awareness in recent years. Moreover, the last three to five years have seen a lot of research and development efforts into the ocean wave energy industry [1,2,3]. Others studies focused on specific aspects of the ocean wave energy such as resource characterization have been performed at global [4,5], regional [6,7,8] and local levels [9,10]. Serious exploration and exploitation of ocean wave energy resources are currently being investigated in U.S. [3], Europe [11,12,13], China [14], India [15], etc. Other aspects of ocean wave energy such as economics [16], environmental [17], design [18] and efficiency and performance [19] have all being studied by different researchers. Apart from the general aim for ocean wave energy to supply energy into the traditional grid systems, the work done by [20] investigated the potential of using ocean wave energy to supply power for offshore oil rigs and other offshore structures which can broaden the application of this vast but underutilized energy resource.



Wave energy converters (WECs) can be classified based on their working principles. Another classification method is based on the water depth of the WEC’s site location (shoreline, nearshore and offshore). WECs are also classified based on the ratio of the wavelength magnitude to the interacting part of the WEC. For example, WECs can be classified into oscillating water columns, oscillating body systems and overtopping devices (Figure 1) based on their working principles. Under this classification, a point absorber, which is when the WEC interacting part dimensions is considerably smaller than that of the interacting ocean wavelength [21,22], is considered as an oscillating body-based WEC. It is a terminator if the dominant wave direction is perpendicular to the structural extension of the WEC [23], while it is an attenuator if its structural extension is parallel to the interacting wave direction [24].



One of the promising methods of wave energy capture is the oscillating body system. One major thing that makes the use of these types of converters attractive is because the amount of the energy absorbed by the body can be improved upon significantly under the same wave conditions when the body is at resonance with the incoming waves as illustrated in Figure 2. In fact, the team that won the prestigious ocean wave energy prize offered by the United States Department of Energy developed their concept and design based on a heavingf oscillating buoy [25]. The Pelamis [26], which is one of the most studied converters, is a pitching (rotating) oscillating converter and is also another type of a wave activated body system.



The hydrodynamics of oscillating body systems including heaving systems were independently solved by [27,28,29], which show the theoretical maximum energy to be captured by an oscillating body system-based wave energy converter. The results confirm that the highest possible capture occurs when the body is at resonance with the incoming waves. This behavior of a floating oscillating body poses a challenge for WEC designers because a typical body has a narrow resonance frequency band, and the body performs poorly outside this band. Hence, one of the many characteristics of a good oscillating WEC design is to make the buoy resonate to the prevailing ocean wave properties [2]. It should be noted that other factors, including survivability and profitability, need to be considered as well when designing a WEC. In order to capture considerable power outside the resonance frequency band, different optimization methods have been proposed and investigated. Some optimization methods include changes made to the shape and dimensions of the buoy [30], while latching and declutching methods [31] are also used in some existing studies. Latching control is achieved by holding the heaving WEC in a fixed position when the velocity is zero and releasing it at the right time so that its velocity can be in phase with the excitation force to achieve resonance [32]. On the other hand, declutching works by alternatively switching the power take off system on and off [31]. Another method is the model predictive control. It is an advanced control strategy [33] compared to the passive control methods, which may employ complex algorithms and simulations to achieve the optimization of power absorption by the WECs. While these methods have theoretical possibilities, there exists very little information reporting their applications in real ocean conditions.



In all these designs and optimization methods, the ocean wave properties have to be properly characterized first in order to have a good and effective WEC design. Although two ocean wave properties (wave height and wave period) guide the estimation of ocean wave resource potential and power capture of a WEC, it is the wave period that determines how the resonance behavior of a floating body will be engineered so it will operate near resonant level with the desired ocean wave period. There are existing studies that focus on general guidelines for designing a WEC. Meanwhile, most available wave condition database or monitoring/forecasting systems are designed for other marine systems instead of WEC design [8,9], so it is important to investigate the possibility of using existing wave condition data on designing a WEC. Instead of optimizing the size of a heaving point absorber WEC, this paper focuses on conducting detailed quantitative analysis on the changes on the power output of a heaving point absorber due to the variation of temporal and spatial resolutions of existing wave condition data. This paper uses available wave condition data from an existing database instead of collecting new wave condition data in the analysis. Section 2 introduces the methodology used including the ocean wave data analysis in the studied regions, the method for estimating the average yearly energy resource potential as well as the design process for the WEC which led to two different WEC designs in terms of dimensions. In Section 3, the annual energy resource potential is estimated under three different scenarios based on existing wave condition data: (1) wave data based on hourly resolution at the selected location in the Gulf of Mexico, (2) wave data based on daily resolution at the selected location in the Gulf of Mexico, and (3) wave data based on hourly resolution in an offshore location in Oregon. The power and annual energy matrices of the two WEC designs based on the hourly and daily resolution data are analyzed in Section 4. The design tailored to the hourly resolution data in the Gulf of Mexico is tested with the hourly data of an offshore location in Oregon, and the results are compared. Section 5 shows the results of a series of statistical hypothesis analysis such as t-test using data obtained from the Gulf of Mexico to determine the significance on the power output by different parameters such as diameter, design and seasonal variation (winter and summer). Section 6 is for discussions and conclusions.




2. Methods


2.1. Ocean Wave Data


Existing default data of significant wave height and dominant wave period over a 9-year period was obtained from a buoy operated by National Data Buoy Center at a location in the Gulf of Mexico (GoM) at coordinates 26.968° N and 96.693° W with sea depth of 84 m in a watch circle of radius 138 m (Figure 3a) [34]. The percentage of occurrences were analyzed for two scenarios in terms of the temporal variation of the collected data: data obtained hourly (Table 1) and data obtained daily (Table 2). The daily and hourly significant wave height data represent the average of the highest one-third of waves in the given period of capture. For both datasets, the wave heights ranged from 1 m to 5 m and wave periods ranging from 3 s to 12 s captured about 99% of all data points. Another set of ocean wave data was obtained from a location in Oregon which is close to the PacWave test site at coordinates 44.667° N and 124.515° W with sea depth of 140 m and a watch circle of radius of 230 m (Figure 3b) [34]. Another reason to choose the Oregon site for comparison is that the Oregon site is considered as high wave energy potential site (Table 3) while the GoM site is normally considered as low wave energy potential site. It should be noted that extreme wave conditions exist with a very small occurrence, such that there are 0.0001% of waves with significant wave height larger than 12 m and dominant wave period higher than 22 s in the GoM. However, we didn’t include these extreme wave conditions in the data tables and power generation estimation, because the focus of this paper is on the power generation, while the proposed WEC will not generate power during the extreme conditions. The extreme conditions will be considered when investigating the structural reliability of the proposed WEC.




2.2. Design of Heaving WEC Dimensions


The initial dimensions of the proposed WEC (Figure 4) were estimated based on the theoretical hydrodynamics of floating bodies. The hydrodynamics describe the motion of a floating body under the action of external forces. The external forces in this case were mainly generated by the ocean waves. A combination of wave data analysis and the theoretical wave hydrodynamics were used to estimate the diameter of the cylindrical buoy, which is the shape of the proposed WEC device. From the wave data analysis shown in Table 1 and Table 2, the dominant wave period falls between 5 and 6 s with 26.38% occurrence for the hourly data and between 6 and 7 s with 31.38% occurrence for the daily data. The following sets of equations were used to estimate the initial dimensions of the proposed WEC.



From previous literature [35],


   L  m a x     =    λ  2 π    



(1)






  λ   =     g  T 2    2 π    



(2)




and as recommended by [36],


  C   =      L  m a x    D  ≥ 3  



(3)




where Lmax is Maximum capture width,  λ  is wave length, T is dominant wave period, D is buoy diameter, C is captured width ratio and g is gravitational constant. These equations act as a guide to determine the size of a point absorber at the initial stage. It should be noted that Equation (2) is based on approximation made for deep water condition.



Theoretically, the resonance frequency    ω n    of a submerged body is given by Equation (4) below. This simplified equation can be used at an initial stage to estimate the natural frequency of the point absorber system.


   ω n    =       ρ g  A w     M w  + a      



(4)




where Aw = water plane area, Mw  is mass of displaced water, a is added mass and ωn is natural period. Added mass at this preliminary stage is given as 0.167 ρD3 [36]. The effective drafts for different diameters of a buoy whose density is equal to the density of water is given in Table 4. This application is for floating bodies alone. Steel is chosen as the material for the buoy in this paper. For the buoy to oscillate freely in seawater, the buoy must be hollow as the density of steel is greater than that of water. The mass of the steel buoy should be equal to the mass of the displaced water such that


Mw = Ms;



(5)




where, Ms is the mass of the steel cylindrical buoy.



For any selected diameter and wave period, the corresponding draft and depth under 0.15 m thickness can be obtained in Table 5 and Table 6, respectively. It should be noted that the depth of the buoy (Table 6) must be greater than or equal to the draft (Table 5) for a floating cylinder. Thus, the feasible diameter of the buoy is 5 m and above. According to Equation (4), the resonance period is a function of mass of displaced water, water plain area, etc. Thus, for any thickness, the mass of water displaced and the mass of the cylindrical buoy should be constant when choosing the diameter of the buoy, but the depth of the cylinder will change. Therefore, the impact of the buoy thickness on its performance may be minimal in this research. For the initial design of the buoy in this paper, 8 m was chosen as its diameter with a steel of density 7850 kg/m3. For design 1, whose dimensions were tailored to the most probable wave period of the hourly resolution data in the GoM, the most prevalent wave period lies between 5 and 6 s, so the initial draft and depth of design 1 were 7.3 m and 12.9 m, respectively. Similarly, for design 2, whose dimensions were tailored to the most prevalent wave period between 6 and 7 s of the daily resolution data in the GoM, the initial draft and depth of design 2 were 10.5 m and 18.6 m, respectively. These initial dimensions were further analyzed in ANSYS diffraction module to give more accurate values of the resonance period corresponding to the initial dimensions, which decide the final dimensions used to estimate the power capture of the WEC.



A buoy diameter and associated draft used to form initial dimensions were tested using ANSYS/AQWA 18.1 [37]. ANSYS/AQWA is capable of simulating linearized hydrodynamic fluid wave loading on either floating or fixed rigid structures based on potential flow theory. It employs a three-dimensional diffraction theory in regular waves in the frequency domain. Furthermore, real time motion and force responses of bodies operating in regular or irregular waves can be studied. For each prevailing wave period based on the two temporal resolution data, the optimal dimensions (depth and draft to make buoy resonate with the wave period) for the selected diameters were decided after the analysis in ANSYS. AQWA The process is summarized in Figure 5.





3. Annual Energy Resource Assessment and Estimation


The ocean wave power density in a location is a function of wave height and wave period given by the relation in Equation (6) based on approximation made for deep water condition.



The annual power density can be estimated if information about the percentage occurrence of the wave height/period in the location is available [2].


  P   =     ρ  g 2   T e   H 2    64 π    



(6)




where P (KW/m) is power density (power per unit width of wave front), ρ (Kg/m3) is seawater density, g (m/s2) is gravitational acceleration, H (m) is significant wave height and Te (s) is energy wave period. Since the wave period date provided by National Oceanic and Atmospheric Administration (NOAA) is dominant wave period Tp, the energy wave period (Te) is calculated by multiplying a wave period conversion factor α to dominant wave period (Tp). In this study, the wave conversion factor was considered as 0.9, which is the equivalent of JONSWAP software [38] and has been used in the past by different studies [9,20,38].



The potential energy density per year is calculated by multiplying the percentage occurrence in a year, and the results for the three different scenarios are provided in the Table 7, Table 8 and Table 9 below. From Table 7 and Table 8, the hourly resolution data provides annual energy density potential of 105.3 MWh/m, and the daily resolution data provides annual energy density potential of 102 MWh/m. This shows about 3% difference in terms of energy density potential in the same location with different temporal resolution data. This shows that different temporal resolution of the data in same location may not significantly affect the estimation of the total wave energy resource potential present in the location.



Similarly, the resource potential for the location in offshore Oregon is shown in Table 9 above. With a yearly total of about 43,374 MWhr/m of wave energy resource potential, it is confirmed that the location is a high wave energy resource area with resources about 40 times higher than that of the location in the Gulf of Mexico.




4. Power Capture of the WEC


Three scenarios of power capture are examined and compared in this section. After a series of computational fluid dynamics (CFD) diffraction analysis using ANSYS/AQWA suite version 18.1, which is based on potential flow theory, the response amplitude operator (RAO) which gives the motion response of the buoy at different periods is given in Figure 6. The three scenarios and the WEC dimensions are provided in Table 10. Design 1 was tailored to the dominant wave period based on the hourly resolution data while Design 2 dimensions was engineered to capture power optimally at the dominant wave period based on the daily resolution data from location 1 in the Gulf of Mexico. The power capture of design 1 in location 2 in Oregon is also estimated to investigate the impact of different wave conditions on the same WEC design in terms of power capture.



The power take-off in this study was modeled as pure damper which is assumed to be frequency dependent. The motion equation of the heaving point absorber buoy with the power take off (PTO) can be described by Equation (7) below


   (  M + A  )   x ¨  + B  x ˙  + C x   =   F  ( t )  +    F  P T O    



(7)




where    F  P T O   =  D  P T O    x ˙   , M is mass, A is added mass, x is heave displacements and its derivatives with respect to time; B is damping coefficient and C is hydrostatic force coefficient; F(t) is the external force acting on the buoy while FPTO is the PTO force; and DPTO is the PTO damping coefficient.



The maximum amount of energy captured by the buoy occurs when the PTO damping is equal to the radiation damping of the buoy [39]. Hence the PTO damping will be equal to that of the buoy at resonance. The mean absorbed power by the PTO is given by Equation (8)


   1 2   D  P T O    ω 2   x 2   



(8)




where, ω is the angular frequency at resonance.



Using the premises highlighted above, different values of PTO damping were tested on the buoy and the power capture and are shown in Figure 7. The maximum occurred when the damping coefficient was 50 kNm/s for both design 1 and design 2 when the diameter of the buoy was 8 m and 40 kNm/s when the diameter of the buoy was 7 m for both design scenarios.



For both designs, the heaving oscillatory motion of the buoy was converted to power through a power take off (PTO). For the purpose of this design, a PTO damping of 40 kNm/s and 50 kNm/s was used for the WEC devices when the diameter of the buoy was 7 m and 8 m, respectively. Figure 8 and Figure 9 show the change of the power capture with respect to the wave period and wave height, respectively. The figures show, as expected, the power capture peaks when the wave period is at the resonance period of the buoy. However, the power capture increases almost linearly with wave height increase. Hence, while both wave period and wave height affect the power capture, the relationship between the wave period and power capture of a heaving point absorber is more significant due to the resonant behavior pattern.



The annual energy captured in each bivariate wave height-wave period combinations under different scenarios are given in Table 11, Table 12 and Table 13. Table 11 shows the yearly energy that can be harvested using design 1 tailored using the hourly data from the GoM, while Table 12 shows the comparative annual energy based on design 2 tailored using daily resolution data. Table 13 shows the annual energy by design 1 when operated in the Oregon location, an offshore region with over 40 times the wave energy potential compared to location 1 in the GoM. When the wave height-wave period combination did not exist due to physics of wave formation, “NA” is input in the tables, while a “0” in the table means the occurrence of that specific combination was zero in the specific time and location.



The result shows that the total annual energy capture under Scenario 1 was about 212 MWh/yr while Scenario 2 had about 178 MWh/yr. Scenario 3 had about 150 MWh/yr. The results show about 16% difference between Scenarios 1 and 2. It is also interesting to note that the annual energy performance estimation of design 2 was lower than that of that of design 1 even though the dimensions of design 2 were larger. It can be inferred that the temporal resolution of the ocean wave data also significantly affects the overall energy performance of the device in addition to significantly affecting the dimensions of the WEC buoy. When comparing Scenario 1 with Scenario 3, despite the buoys in both scenarios having the same dimensions, the total annual estimated energy capture in Scenario 1 was about 41% greater than that of the Scenario 3 even though the total annual energy theoretical potential in location 2 is over 40 times greater than that of location 1. This reinforces the idea that heaving buoys should be designed and tailored to specific locations. In the next section, the factors involved in the power capture estimation in this paper are further analyzed by conducting detailed statistical analysis.




5. Design Parameters and Their Effects on WEC’s Power Output


Different parameters and their effects on the WEC’s power production are tested using statistical hypothesis testing methods such as t-tests and factorial analysis. These tests have given more insights into the complexities that exist between some of different parameters that contribute to the energy produced by a WEC. Real ocean data of a 7-day period randomly picked from summer (July, 13–19) and winter (Jan, 1–7) in the GoM. One summer week and one winter week wave data are extracted including both hourly resolution (168 data points) and daily resolution (7 data points). The power output of WECs with different design parameters including design types (design 1& design 2) and diameters (7 m & 8 m) are estimated under the two weeks wave data. These estimated power output values are used as samples for the hypothesis testing. For the two-sample two-tailed t-test under hourly and daily data, each sample has 168 and 7 data points, respectively. For the factorial analysis, the estimated power output values are considered as the response/variable, and design type, diameter, and season are considered as factors with each factor having two different levels.



For the hourly resolution data within the week used for design 1, the standard deviations of the wave height and wave period are 0.32 m and 1.03 s for the summer and 0.65 m and 1.05 s for the winter. Similarly, for the daily resolution data used for design 2, the standard deviations of the wave height and wave period are 0.25 m and 0.69 s for the summer and 0.54 m and 0.78 s for the winter. As described in previous sections, design 1 is tailored to capture highest energy between 5–6 s (RAO = 5.5 s), and design 2 is tailored to capture most energy between 6–7 s (RAO = 6 s). So the distribution of wave period within the selected period does influence the results. For the winter season, the wave period falls below 6 s for 95 times out of 168 for the hourly resolution data and 4 times out of 7 times for the daily resolution data. Similarly for the summer season, the wave period falls below 6 s for 23 times for the hourly data and zero time for the daily data. The results of the two-sample two-tailed t-tests are shown in Table 14, where the estimated power outputs are the samples.



From the results, a p-value less than or equal to 5% indicates that the variables (parameters) significantly influenced the power output. First, different designs (design 1 versus design 2) significantly affected the power output irrespective of the season and diameter. Second, for the seasonal variations, most results were significant except for when the diameter was 7 m in design 2. Last, the size of the diameters in most cases significantly affected the power output of the device, except for design 1 during the winter time.



The factorial analysis was performed on the power output with design, diameter and season as the factors. Each factor had two different levels, so a 23 factorial design was formed and tested. The results from the factorial analysis are shown in Table 15. The results show a p-value of less than 5% for all the main effects and interaction between design and season, while the remaining two-way and three-way interactions were not significant.




6. Conclusions


The effects of the spatial and temporal resolution of the ocean wave data on the design of heaving point absorber and its power capture have been analyzed in this study. The effects have been analyzed quantitatively by comparing power capture performance of different designs of heaving point absorber based on different temporal and spatial wave conditions. By applying the normal convention to design the WEC device to resonate, it would capture energy in the most prevalent ocean wave period. The results show that different temporal resolution data lead to different designs, which may capture different amount of energy. However, the difference in temporal resolution of data did not significantly affect the estimation of the ocean wave theoretical power present in a location.



The results confirm the importance of designing a WEC device specific to a location. The WEC device designed to operate in a region in the Gulf of Mexico may generate much less energy in an offshore location in Oregon, even though Oregon location has almost 40 times more ocean wave energy potential than the location in the Gulf of Mexico. Results of these analysis show that the power captured by the same device in the Gulf of Mexico was higher despite having lesser wave energy potential. This is because the WEC was designed to resonate with the prevalent ocean wave condition in the Gulf of Mexico, so its performance was poor in the Oregon location. The influence of the WEC design, diameter and seasonal changes were also examined on the power output of the device. These effects were analyzed using t-tests and factorial analysis. The results show that all the parameters to varying degrees have significant effect on the power output. However, only the interaction between design and season shows significant effect. Furthermore, a linear damper of 40 kNm/s and 50 kNm/s was used in this paper to represent the power take off for the 7 m and 8 m buoy. Future studies will perform sensitivity analysis to determine the optimal damper and its nonlinear behavior.



Studying the complexities that exists in the interaction of WEC devices with the ocean waves will increase the knowledge in the design of more effective devices, which will make the penetration of ocean wave energy increase. The scope of this study deals with only the primary capture of mechanical energy from the ocean waves through the hydrodynamic interaction of the WEC device and is most useful at the feasibility stage of the project. This aspect is only a part of the wave energy process, which includes the hydrodynamic conversion, conversion to electrical energy, and transmission. The wave condition data used in this paper was obtained from NOAA directly, which provides hourly and daily resolution. During the feasibility analysis stage of wave energy harvesting and WEC design, it was possible to directly use existing wave condition data with default temporal resolution as many existing studies did [4,6,8,40,41,42,43,44,45]. Meanwhile, IEC TC114 technical specification recommends 30 min temporal resolution when designing WECs for commercial use. Decision makers and WEC designers should choose the right temporal resolution based on different needs and budget limitations. As the commercialization of WECs draws more attention, it is expected more wave condition data with 30 min temporal resolution may become available, which could reduce the additional cost for collecting wave energy data for WEC designs. In addition, the structural reliability of any WEC devices should also be considered in the design stage, especially their reliability under extreme and hash ocean wave conditions.
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Figure 1. Classification of wave energy converter (WEC) extraction technologies: (a) oscillating water column, (b) overtopping devices and (c) oscillating bodies [2]. 
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Figure 2. Illustration of theoretical power capture of oscillating body system converters [1,2]. 
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Figure 3. Studying locations: (a) location 1: Gulf of Mexico, and (b) location 2: Oregon [34]. 
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Figure 4. Schematic design of the proposed WEC buoy. 
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Figure 5. Design process for arriving at each design. 
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Figure 6. Heave response amplitude for design 1 and design 2. 
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Figure 7. Power take off (PTO) damping vs. power capture. 
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Figure 8. Period vs. power: (a) hourly resolution power (b) daily resolution power. 
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Figure 9. Wave height vs. power: (a) hourly resolution power (b) daily resolution power. 
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Table 1. Percentage of ocean wave height and period occurrence based on hourly wave data (location 1: Gulf of Mexico).
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Significant Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Dominant Wave Period (s)

	
0–1

	
0.37%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
1–2

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
2–3

	
0.80%

	
0.06%

	
0.01%

	
0.01%

	
0.00%




	
3–4

	
4.14%

	
0.31%

	
0.06%

	
0.01%

	
0.00%




	
4–5

	
8.26%

	
2.86%

	
0.19%

	
0.02%

	
0.00%




	
5–6

	
12.91%

	
12.55%

	
0.80%

	
0.09%

	
0.03%




	
6–7

	
6.49%

	
14.54%

	
2.64%

	
0.17%

	
0.01%




	
7–8

	
3.64%

	
12.47%

	
5.33%

	
0.79%

	
0.03%




	
8–9

	
1.03%

	
2.60%

	
2.02%

	
0.54%

	
0.04%




	
9–10

	
0.48%

	
1.09%

	
0.91%

	
0.31%

	
0.06%




	
10–11

	
0.17%

	
0.37%

	
0.23%

	
0.10%

	
0.04%




	
11–12

	
0.02%

	
0.02%

	
0.04%

	
0.03%

	
0.01%
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Table 2. Percentage of ocean wave height and period occurrence based on daily resolution data (location 1: Gulf of Mexico).
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Significant Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Dominant Wave Period (s)

	
0–1

	
0.30%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
1–2

	
0.03%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
2–3

	
0.03%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
3–4

	
2.40%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
4–5

	
11.26%

	
0.94%

	
0.00%

	
0.00%

	
0.00%




	
5–6

	
13.60%

	
12.14%

	
0.00%

	
0.00%

	
0.00%




	
6–7

	
7.09%

	
22.52%

	
1.77%

	
0.00%

	
0.00%




	
7–8

	
1.77%

	
10.99%

	
7.06%

	
0.24%

	
0.00%




	
8–9

	
0.64%

	
2.31%

	
2.50%

	
0.64%

	
0.00%




	
9–10

	
0.06%

	
0.67%

	
0.40%

	
0.27%

	
0.00%




	
10–11

	
0.06%

	
0.06%

	
0.03%

	
0.00%

	
0.00%




	
11–12

	
0.00%

	
0.00%

	
0.00%

	
0.06%

	
0.00%
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Table 3. Percentage of ocean wave height and period occurrence based on hourly resolution data (location 2: Oregon).
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Significant Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5

	
5–6






	
Dominant Wave Period (s)

	
4–5

	
0.17%

	
0.69%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
5–6

	
0.47%

	
2.58%

	
0.30%

	
0.00%

	
0.00%

	
0.00%




	
6–7

	
0.55%

	
3.66%

	
0.93%

	
0.08%

	
0.00%

	
0.00%




	
7–8

	
0.89%

	
6.89%

	
2.00%

	
0.42%

	
0.07%

	
0.01%




	
8–9

	
0.37%

	
5.67%

	
1.94%

	
0.50%

	
0.18%

	
0.05%




	
9–10

	
0.49%

	
7.16%

	
2.92%

	
0.62%

	
0.34%

	
0.08%




	
10–11

	
0.52%

	
7.98%

	
7.57%

	
2.55%

	
0.78%

	
0.36%




	
11–12

	
0.19%

	
2.16%

	
2.35%

	
1.21%

	
0.38%

	
0.18%




	
12–13

	
0.46%

	
4.28%

	
4.65%

	
2.78%

	
1.32%

	
0.44%




	
13–14

	
0.38%

	
1.94%

	
1.80%

	
1.33%

	
0.71%

	
0.27%




	
14–15

	
0.60%

	
1.77%

	
1.25%

	
1.02%

	
0.66%

	
0.18%




	
15–16

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
16–17

	
0.33%

	
1.24%

	
0.81%

	
0.81%

	
0.48%

	
0.16%
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Table 4. Dimensions of initial designs of the proposed WEC. GoM = Gulf of Mexico.
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	Design
	Location
	Depth (m)
	Draft (m)
	Thickness (m)
	Diameter (m)





	1
	GoM
	12.9
	7.3
	0.15
	8



	2
	GoM
	18.6
	10.5
	0.15
	8
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Table 5. Draft under different diameters and wave periods to achieve resonance (density of material = density of sea water).
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Diameter (m)

	




	
1.3

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Period (s)

	
3–4

	
3.7

	
3.6

	
3.3

	
3.1

	
2.9

	
2.7

	
2.5

	
2.3

	
2.1

	
1.9

	
1.7

	
1.5

	
Draft range (m)




	
4–5

	
5.9

	
5.8

	
5.6

	
5.4

	
5.2

	
4.9

	
4.7

	
4.5

	
4.3

	
4.1

	
3.9

	
3.7




	
5–6

	
8.7

	
8.5

	
8.3

	
8.1

	
7.9

	
7.7

	
7.5

	
7.3

	
7.0

	
6.8

	
6.6

	
6.4




	
6–7

	
11.9

	
11.7

	
11.5

	
11.3

	
11.1

	
10.9

	
10.7

	
10.5

	
10.3

	
10.1

	
9.9

	
9.6




	
7–8

	
15.6

	
15.5

	
15.3

	
15.0

	
14.8

	
14.6

	
14.4

	
14.2

	
14.0

	
13.8

	
13.6

	
13.4




	
8–9

	
19.8

	
19.7

	
19.5

	
19.3

	
19.1

	
18.8

	
18.6

	
18.4

	
18.2

	
18.0

	
17.8

	
17.6
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Table 6. Depth under different diameters and wave period to achieve resonance (density of material = density of steel).
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Diameter (m)

	




	
1.3

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Period (s)

	
3–4

	
1.2

	
1.7

	
2.3

	
2.8

	
3.3

	
3.6

	
3.9

	
4.1

	
4.1

	
4.1

	
4.0

	
3.8

	
Depth (m)




	
4–5

	
1.9

	
2.7

	
3.8

	
4.9

	
5.8

	
6.6

	
7.4

	
8.0

	
8.6

	
9.1

	
9.5

	
9.7




	
5–6

	
2.8

	
4.0

	
5.7

	
7.3

	
8.8

	
10.3

	
11.6

	
12.9

	
14.0

	
15.1

	
16.1

	
17.0




	
6–7

	
3.8

	
5.5

	
7.9

	
10.2

	
12.5

	
14.6

	
16.6

	
18.6

	
20.5

	
22.2

	
23.9

	
25.5




	
7–8

	
5.0

	
7.3

	
10.5

	
13.6

	
16.6

	
19.6

	
22.4

	
25.2

	
27.9

	
30.5

	
32.9

	
35.3




	
8–9

	
6.3

	
9.3

	
13.4

	
17.4

	
21.4

	
25.2

	
29.0

	
32.7

	
36.3

	
39.8

	
43.2

	
46.5








Colored cells represent feasible depth of buoy.
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Table 7. Annual energy density potential (kWh/(m∙yr)) based on hourly resolution data (location-1: Gulf of Mexico).
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Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T(s)

	
2–3

	
92.76

	
27.64

	
14.55

	
16.47

	
0.00




	
3–4

	
640.40

	
188.96

	
86.45

	
15.68

	
0.00




	
4–5

	
1594.86

	
2206.21

	
324.17

	
66.65

	
0.00




	
5–6

	
2991.75

	
11,637.70

	
1664.51

	
343.43

	
161.71




	
6–7

	
1754.96

	
15,724.72

	
6430.88

	
719.00

	
34.30




	
7–8

	
1124.37

	
15,411.87

	
14,819.10

	
3895.31

	
235.22




	
8–9

	
357.25

	
3613.04

	
6323.26

	
2992.05

	
363.86




	
9–10

	
184.75

	
1689.70

	
3153.47

	
1921.00

	
600.31




	
10–11

	
73.31

	
636.08

	
897.53

	
698.62

	
471.67
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Table 8. Annual energy density potential (kWh/(m∙yr)) based on daily resolution data (location-1: Gulf of Mexico).
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Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T(s)

	
2–3

	
3.53

	
0.00

	
0.00

	
0.00

	
0.00




	
3–4

	
371.50

	
0.00

	
0.00

	
0.00

	
0.00




	
4–5

	
2174.94

	
728.90

	
0.00

	
0.00

	
0.00




	
5–6

	
3153.07

	
11,257.95

	
0.00

	
0.00

	
0.00




	
6–7

	
1917.47

	
24,359.30

	
4295.80

	
0.00

	
0.00




	
7–8

	
545.50

	
13,581.02

	
19,637.93

	
1203.86

	
0.00




	
8–9

	
222.19

	
3216.56

	
7808.62

	
3555.14

	
0.00




	
9–10

	
23.52

	
1034.57

	
1375.50

	
1692.93

	
0.00




	
10–11

	
25.87

	
103.46

	
116.39

	
0.00

	
0.00











[image: Table] 





Table 9. Annual energy resource potential (kWh/(m∙yr)) based on daily resolution data (location-2: Oregon).
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Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T(s)

	
2–3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
3–4

	
17.2

	
10.1

	
0.0

	
0.0

	
0.0




	
4–5

	
2417.9

	
156,193.3

	
0.3

	
0.0

	
0.0




	
5–6

	
19,574.2

	
2,359,410.6

	
72,159.0

	
1.2

	
0.0




	
6–7

	
13,777.7

	
2,435,869.9

	
354,993.9

	
4368.1

	
0.0




	
7–8

	
23,910.9

	
5,719,063.8

	
1,090,173.6

	
85,867.7

	
4189.7




	
8–9

	
3031.8

	
2,811,123.4

	
747,209.7

	
88,911.0

	
19,259.1




	
9–10

	
4047.7

	
3,452,155.5

	
1,319,706.9

	
109,119.2

	
51,078.2




	
10–11

	
3549.3

	
3,369,618.8

	
6,977,068.9

	
1,443,859.4

	
219,434.6




	
11–12

	
366.9

	
196,251.9

	
531,024.9

	
252,193.3

	
38,739.2




	
12–13

	
1917.0

	
662,058.8

	
1,760,536.5

	
1,119,829.5

	
399,744.1




	
13–14

	
1070.5

	
110,175.6

	
213,204.3

	
209,025.6

	
92,347.8




	
14–15

	
2283.9

	
80,617.0

	
91,425.8

	
108,845.8

	
70,770.1




	
15–16

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
16–17

	
1017.9

	
28,644.9

	
27,371.6

	
49,309.4

	
27,314.6
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Table 10. Dimension of the final designs used in three scenarios for estimating power capture. RAO = response amplitude operator.
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	Scenario
	Design
	Location
	Heave RAO (s)
	Depth (m)
	Draft (m)
	Thickness (m)
	Diameter (m)





	1
	1
	GoM
	5.5
	8
	4.5
	0.15
	8



	2
	2
	GoM
	6.5
	12.9
	7.3
	0.15
	8



	3
	1
	Oregon
	5.5
	8
	4.5
	0.15
	8










[image: Table] 





Table 11. Annual energy matrix (Scenario-1: Gulf of Mexico).






Table 11. Annual energy matrix (Scenario-1: Gulf of Mexico).





	

	
Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T (s)

	
2–3

	
0.65

	
0.18

	
NA

	
NA

	
NA




	
3–4

	
214.31

	
60.68

	
26.02

	
NA

	
NA




	
4–5

	
8482.08

	
11,789.03

	
78.05

	
33.27

	
0.00




	
5–6

	
14,458.04

	
56,266.15

	
8050.77

	
142.86

	
78.57




	
6–7

	
3748.43

	
33,556.00

	
13,694.89

	
1526.07

	
14.28




	
7–8

	
1390.29

	
19,072.76

	
18,350.75

	
4825.71

	
291.48




	
8–9

	
282.34

	
2882.82

	
5104.10

	
2448.30

	
302.44




	
9–10

	
101.03

	
935.14

	
1776.91

	
1108.37

	
356.59




	
10–11

	
28.56

	
251.38

	
362.04

	
289.27

	
201.52
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Table 12. Annual energy matrix (Scenario-2: Oregon).
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Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T (s)

	
2–3

	
0

	
0

	
NA

	
NA

	
NA




	
3–4

	
4.85

	
0

	
0

	
NA

	
NA




	
4–5

	
520.58

	
171.41

	
0

	
0

	
0




	
5–6

	
5948.58

	
21,176.71

	
0

	
0

	
0




	
6–7

	
5122.98

	
65,042.87

	
11,458.13

	
0

	
0




	
7–8

	
830.17

	
20,658.59

	
29,839.33

	
1826.05

	
0




	
8–9

	
198.95

	
2883.85

	
7006.98

	
3191.44

	
0




	
9–10

	
13.98

	
616.3

	
820.62

	
1011.43

	
0




	
10–11

	
10.74

	
43.19

	
48.9

	
0

	
0
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Table 13. Annual energy matrix (Scenario 3).
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Wave Height (m)




	
0–1

	
1–2

	
2–3

	
3–4

	
4–5






	
Period T (s)

	
2–3

	
0

	
0

	
NA

	
NA

	
NA




	
3–4

	
3.36

	
5.03

	
0

	
NA

	
NA




	
4–5

	
177.5

	
2859.96

	
1.33

	
0

	
0




	
5–6

	
527.36

	
11,582.32

	
3038.9

	
4.89

	
0




	
6–7

	
317.71

	
8444.96

	
4830.84

	
713.31

	
0




	
7–8

	
340.44

	
10,534.52

	
6901.25

	
2583.02

	
713.29




	
8–9

	
102.8

	
6290.16

	
4892.72

	
2265.71

	
1328.49




	
9–10

	
104.14

	
6119.39

	
5726.59

	
2221.71

	
1927.88




	
10–11

	
86.32

	
5358.21

	
11,684.4

	
7180.4

	
3554.33




	
11–12

	
24.88

	
1154.66

	
2863.26

	
2648.24

	
1307.92




	
12–13

	
52.71

	
1959.88

	
4799.73

	
5114.43

	
3830.67




	
13–14

	
35.39

	
719.08

	
1503.07

	
1988.76

	
1656.8




	
14–15

	
48.6

	
578.54

	
926.02

	
1350.3

	
1364.52




	
15–16

	
0

	
0

	
0

	
0

	
0




	
16–17

	
39.16

	
293.85

	
431.14

	
772.13

	
718.95




	
17–18

	
11.39

	
131.39

	
198.23

	
284.72

	
239.69




	
18–19

	
0

	
0

	
0

	
0

	
0




	
19–20

	
1.42

	
39.32

	
98.57

	
102.09

	
93.03




	
20–21

	
0

	
0

	
0

	
0

	
0
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Table 14. Results of Series of t-tests.






Table 14. Results of Series of t-tests.





	Parameters
	p-Value





	Diameter 7 m, Summer, Design1 vs. Diameter 7 m, Summer, Design 2
	0.000



	Diameter 7 m, Winter, Design 1 vs. Diameter 7 m, Winter, Design 2
	0.045



	Diameter 8 m, Summer, Design 1 vs. Diameter 8 m, Summer, Design 2
	0.030



	Diameter 8 m, Winter, Design 1 vs. Diameter 8 m, Winter Design 2
	0.000



	Diameter 7 m, Design 1, Summer vs. Diameter 7 m, Design 1, Winter
	0.035



	Diameter 8 m, Design 1, Summer vs. Diameter 8 m, Design 1, Winter
	0.040



	Diameter 7 m, Design 2, Summer vs. Diameter 7 m, Design 2, Winter
	0.063



	Diameter 8 m, Design 2, Summer vs. Diameter 8 m, Design 2, Winter
	0.000



	Design 1, Summer, 7 m vs. Design 1, Summer, 8 m
	0.044



	Design 1, Winter, 7 m vs. Design 1, Winter, 8 m
	0.920



	Design 2, Summer, 7 m vs. Design 2, Summer, 8 m
	0.000



	Design 2, Winter, 7 m vs. Design 2, Winter, 8 m
	0.000
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Table 15. Results (p-value) of the 23 factorial design analysis.






Table 15. Results (p-value) of the 23 factorial design analysis.





	Design
	Diameter
	Season
	Design & Season
	Design & Diameter
	Diameter & Season
	3-Way Interaction





	0.020
	0.043
	0.031
	0.012
	0.260
	0.889
	0.745
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