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Abstract

:

Ocean wave energy is a broadly accessible renewable energy source; however, it is not fully developed. Further studies on wave energy converter (WEC) technologies are required in order to achieve more commercial developments. In this study, four CETO6 spherical WEC arrangements have been investigated, in which a fully submerged spherical converter is modelled. The numerical model is applied using linear potential theory, frequency-domain analysis, and irregular wave scenario. We investigate a parametric study of the distance influence between WECs and the effect of rotation regarding significant wave direction in each arrangement compared to the pre-defined layout. Moreover, we perform a numerical landscape analysis using a grid search technique to validate the best-found power output of the layout in real wave models of four locations on the southern Australian coast. The results specify the prominent role of the distance between WECs, along with the relative angle of the layout to dominant wave direction, in harnessing more power from the waves. Furthermore, it is observed that a rise in the number of WECs contributed to an increase in the optimum distance between converters. Consequently, the maximum exploited power from each buoy array has been found, indicating the optimum values of the distance between buoys in different real wave scenarios and the relative angle of the designed layout with respect to the dominant in-site wave direction.
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1. Introduction


Wave energy is expected to contribute towards the development of a carbon-free electricity generation. The theoretical computation of wave energy potential over the oceans is projected to be in the order of 1–10 TW [1], which can cover the current global energy demand [2]. This tremendous potential has attracted attention from research societies, which have proved that harnessing electric power from ocean waves is possible [3,4]. Wave energy converters (WEC) are planned to be stationed in an array constituted of many converters -similar to offshore wind turbines. The initial developments of the analytical modeling of hydrodynamic forces on submerged buoys can be found in [5]. However, it has been further developed since then. The next stage of studies was focused on enhancing the design and power take off system of a single buoy [6]. The next studies bring the idea of WEC’s array by conducting a comparative study on different configurations [7]. The proceeding research phase concentrated on finding the optimal value for WEC’s array parameters (such as optimal position or layout) using either numerical, parametric or optimisation-based solutions [8,9,10,11], as this story falls in this category. The position of converters in the array which is scattered through the array has a direct relationship with the performance of the array because hydrodynamic interactions between them can be constructive or destructive. These interactions depend on the configuration of the array. Consequently, this is the main reason to investigate these interactions in order to apply them to reinforce the total power output. There are many relevant publications with this subject by several R&D units across Europe in the past by the pioneering works [12,13,14,15,16], and it is still an interesting research field, as several investigations have been published recently [17,18,19,20]. Furthermore, the identification of techno-economically feasible decarbonisation paths and sustainability transitions have been investigated by [21,22,23]. Some of the related research projects that considered the performance of arrays or converters’ distance were undertaken by [9,24,25,26] and the effects of nonlinear mooring forces via a time-domain analysis and the influence of interactions between WECs are well described in [27,28], respectively. Table 1 demonstrates a brief survey of some of the recent literature on the various aspects of WECs including layouts, PTO and design optimisation. Some of the mentioned research has used hindcast wave models; however, different layout configurations were considered regarding real wave scenarios in this study.



The CETO6 is a fully-submerged point absorber wave energy converter that is manufactured, installed, and updated by Carnegie Clean Energy Ltd. The prospective location of the WECs array is off the coast of Albany due to its exposure to open ocean wave conditions [58]. This study has been conducted based on the numerical simulation of this converter’s array. Our concentration is particularly on the arrangement optimisation of WEC arrays and shows the effectiveness of the inter-distance among WECs to produce more power. In order to establish an array of WECs, an optimal layout is chosen to maximise the power conversion; however, the number of WECs is a significant factor. We evaluate various numbers of WECs as an array, arrangements and separations, and report the performance of the layouts using q-factor, power of each converter and total power output. The distances between the WECs, and the array size are constrained, which is a more realistic approach for studying WEC arrays. Finally, a landscape numerical analysis is performed with regard to evaluating the position effect of each WEC in the array’s power output using a grid search approach.



It should be noticed that such research has not been investigated in the mentioned real wave scenarios (Perth, Adelaide, Sydney, and Tasmania) regarding this parametric study. Therefore, the main motivation of this study is to evaluate the output performance of the simulated CETO6 arrays to find a suitable layout with optimal distance, and the rotation angle to the dominant wave direction in these specific case studies. Moreover, the investigation coverage is more comprehensive than in other research studies by exploiting wave power using a ten-degree resolution covering the whole area of study, compared to, Bozzi et al. [24] presented the implementation and evaluation of a few numbers of WEC separation distances (5, 10, 20 and 30 buoy diameters) and incident wave directions (  30 ∘   apart).



This paper is structured into five sections. Section 2 presents a brief description of the hydrodynamic WEC array interaction model, modeling the wave climate and the equations used to compute the produced power. Section 3 expresses the layout assessment routine and presents the strategy to explore the optimal position of the WECs in the array. Section 4 discusses the array layout investigation results in terms of performance and optimal array layout solutions. Subsequently, Section 5 summarises the principal finding of the paper.




2. Numerical Modelling


2.1. Wave Energy Converter


In this study, a CETO6 wave energy converter with a three-tethered mooring system is considered which has a fully submerged spherical buoy attached to the seabed by the tethers, as shown in Figure 1. This model is developed in MATLAB and was modified in 2020 [59]. The WEC details are: buoy radius = 5 (m), submergence depth = 3 (m), water depth = 50 (m), buoy mass = 376 (t), buoy volume = 523.6 (m   3  ), tether angle = 55 (degree), PTO stiffness = 2.7 × 10   5   (N/m), PTO damping= 1.3 × 10   5   (Ns/m).



This buoy, which is floating at sea, moves in six degrees of motion. However, due to the converter’s spherical shape, its displacement is in three degrees of freedom which are surge, heave, and sway. Based on these degrees, the motion equation can be written on the frequency domain.


     Σ F    =    m  z ¨  ,         =     F m  +  F  h s   + W +  F R  +  F  P T O   +  F  W k   +  F  V D       



(1)




where   F m   is the mooring force,   F  h s    is the hydro-static force resulting from buoyancy, W is the body weight,   F R   represents added mass and wave damping forces, force resulted by PTO system is   F  P T O   ,   F  W k    represents the vertical components of the wave exciting force and   F  V D    is the vertical viscous drag force [61]. This equation is used in order to describe a time-domain response of the WECs in waves, and can be rewritten as:


   ( m +  A ∞  )   z ¨  +  ∫  0  t   K  r a d    ( t − τ )   z ˙   ( τ )  d τ + C z =  F  e x c   +  F  p t o   +  F  h s    



(2)




where m is a buoy mass,   A ∞   is the infinite-frequency added mass coefficient, C is the hydro-static stiffness,    K  r a d    ( t )    is the radiation impulse response function,   F  e x c    is the wave excitation force,   F  p t o    is the load force exerted on the buoy from the power take-off system [62]. Free surface elevation height results from a linear superposition consisting of some wave characteristics in irregular waves. This is usually determined by a wave spectrum which describes the distribution of energy in a vast number of wave frequencies. Significant wave height and peak period are utilized as the basic identification of the wave in the spectrum. The irregular excitation force can be calculated as the real part of an integral term across all wave frequencies as follows.


   F  e x c   = R   ∫  0  ∞    2 S (  ω r  )    F x    e  i (  ω r  t + ϕ )   d  ω r   =  ∫  − ∞   + ∞    η  ( τ )    f e   ( t − τ )   d  ( τ )    



(3)




where R denotes the real part of the equation,   F x   is the excitation vector consists of amplitude and phase of the wave, S is the wave spectrum,  ϕ  is the stochastic phase angle,   η τ   represents water elevation and   f e   is the element of force vector [48]. The load force of PTO is modeled as a linear spring-damper system.


   F  p t o   = −  B  p t o    z ˙  −  K  p t o   z  



(4)






      F  h s   =     −  K  h s , min    ( z −  z min  )  u  (  z min  − z )           −  K  h s , max    ( z −  z max  )  u  ( z −  z max  )      



(5)




where in Equation (4)   K  p t o    and   B  p t o    are control parameters which represent stiffness and damping of PTO and in Equation (5) u is the Heaviside step function,   K  h s , min    and   K  h s , max    are the hard stop spring coefficients, and   z min   and   z max   are the stroke limits which are related to the nominal position of the converter. It is important to note that, for computing useful absorbed energy, the effect of this force is not considered [63].



In order to calculate the energy produced by each buoy, the sum of three forces is necessary: wave excitation   (  F  e x c , p    ( t )  )  , force of radiation   (  F  r a d , p    ( t )  )  , and power take off force   (  F  p t o , p    ( t )  )  . The scattered irregular waves are included in the wave field when computing the excitation force. Furthermore, the stiffness and damping parameters of the PTO system at the end of each tether along with hydrodynamical parameters are taken in order to compute the total power output of an array. To calculate the average power absorbed by the array, several variables have to be taken in to account, as follows.


   P n   ( H , T )  =  ∫  0   2 π    ∫  0  ∞  2  S n   ( ω )  D  ( β )  p  ( β , ω )  d ω d β  



(6)




where    P n   ( H , T )    is the average power absorbed by the array in a regular wave of unit amplitude,    S n   ( ω )    is the irregular wave spectrum which is calculated with the Bretschneider spectrum and   D ( β )   represents the directional spreading spectrum, particularly for this site which is come from the wave rose [64].  ω  is the wave frequency and   p ( β , ω )   is the power function of each submerged buoy defined by Equation (7).


  p  ( β , ω )  =  1 2   D  p t o    ω 2  Γ   ( β , ω )  2   



(7)




where   Γ ( β , ω )   is the response amplitude operator (RAO) of the productive degree of freedom of the buoy obtained by solving the equation of motion from Equation (2), and    D  p t o     is the Power Take-Off (PTO) damping. The wave angle is based on the   z ( β , ω )   [40], which can be calculated by equation (2) at the beginning of this section. The array at a certain test site is generated by total mean annual power   P  a r r a y   , and to calculate that, the contribution of energy absorption from a wave climate in each state can be summarized as:


   P  a r r a y   =  ∑  n = 1   N s    O n   (  H s  ,  T p  )   P n   ( H , T )   



(8)




where   N s   is a number of chosen sea state,   H s   is the significant wave height and   T p   is the peak wave period for each sea state,    O n   (  H s  ,  T P  )    represents the probability of occurrence of sea state which stems from the wave scatter diagram and    P n   (  H s  ,  T p  )    is a power which the array produces in the nth sea state [40]. Significant wave height and peak wave period are statistics of a sea state which can refer to the condition of the ocean/sea surface. To calculate    P n   (  H s  ,  T p  )    in irregular waves, it is necessary to sum all power contributions in each frequency and significant wave direction.




2.2. Wave Resource


According to previous works [40,45], four different sea sites were chosen for this study. The wave height directional distribution (wave rose) can be seen in Figure 2, at the chosen locations (as an example, the wave condition at the Sydney site is shown). The wave rose shows that the significant wave directions are from 15 degrees to 190 degrees, where 90 percent of the incident waves travelled. Consequently, the dominant wave direction is from the south.



Each array is constrained by the maximum area and the minimum distance between WECs. Firstly the minimum separation between buoys   (  R ′  )   has to be 50 m to provide a safe pass for vessels. Secondly, although the area grows by increasing the number of buoys, it has to be constrained within the area  Ω , where   Ω = l × ω ,  l = ω =   N ×  120,000     m   [45].



The Bretschneider spectrum is used for modeling irregular waves in this study. This spectrum is a modified Pierson-Moskowitz spectrum which is based on significant wave height and peak period. These two parameters are highly dependent on wind speed and its direction [65].


  S  ( f )  =    H  m 0  2  4     ( 1.057  f p  )  4   f  − 5   exp  −  5 4    (    f p  f   )  4    



(9)




where   H  m 0    and   f p   are the significant wave height and the frequency of the peak wave period, respectively.




2.3. Array Interaction Criteria


The optimal designs of the array for four different locations in Australia use power matrices of various configurations (i.e., different layout geometry, WEC distance and relative angles regarding dominant wave direction wave directions). To be more precise, the goal is to select the best site for each layout configuration with the optimal separation among WECs and rotation angle, namely, the one that provides the highest annual energy output per each converter. For this aim, based on the number of WECs, different layouts can be deployed with various orientations and separation among converters. Note that there are certain constraints for distances, and this depends on the number of WECs. Similarly, the number of converters in an array allows configurations to be chosen. Hence, it is crucial to measure the effectiveness of interactions between converters by the q-factor coefficient. The q-factor is shown to be an important evaluation criterium such that if   q > 1  , then it has a positive effect on the total energy of an array; otherwise, the interactions are destructive.


  q =   P  a r r a y    N  P  i s o l a t e d      



(10)




where   P  i s o l a t e d    is the power that an isolated WEC generates, N is the number of converters [41]. As Equation (10) indicates, there is a direct relationship between q-factor and power output of each array; however, both of them have to be studied separately, due to different objectives of finding optimal values for each parameter. The maximum feasible amount of q-factor is investigated to achieve the best constructive effects of interactions of buoys in an array. On the flip side, since the power output of a WEC array plays a significant role in the assessment of the system’s response to energy consumption needs in coastal areas, this parameter is considered along with the q-factor. The equation below calculates the mean q-factor by considering the number of converters, variety of wave directions and allowable distance within a 5 m interval.


    mean q-factor    ( each   wave   scenario )    =    ∑  i = 0   m a x α    ∑  j = 50  l   q   f a c t o r   ( i , j )      total  number  of  cases    



(11)




where  α  is the direction of wave n 10-degrees resolution, except when N is 5, the interval changes to 9 degrees ranging from 0–63 degrees and l is the maximum allowable distance between buoys within the area. This mean q-factor coefficient will be considered to find the best location for the max q-factor over different angles and distances.





3. Layout Assessment Routine


According to the mentioned equations in Section 2, the following outcomes are obtained. Four different layouts are considered regarding the number of buoys, and they are thoroughly described in detail. By looking at the mentioned literature, it is evident that using more converters results in more potential destructive interaction. Specifically, the q-factor may decrease when the number of buoys rises to greater than five [54]. Therefore, we decided to choose the five buoy layout as the maximum complexity for the model; however, evaluating the larger wave farm characteristics is a part of our future research plan. Furthermore, the symmetric design is proposed for the layouts based on the following reasons: (i) To find a single variable to handle, the buoy-buoy distance must remain constant for each configuration. Thus, the symmetric configuration fulfills this requirement in our assessment, like in previous studies [66]. (ii) To cover the whole area of study in power absorption assessment process, the array rotates 10 degrees, regarding the dominant wave direction, in each evaluation. The asymmetric effect of the array configuration rules out the duplicate assessment, resulting in less computational cost.



In the first step, There are two buoys in this array, and one line connecting them. The dominant wave direction indicates the direction in which most waves travel. However, in the calculation of power output from each buoy or an array, the significant wave directions are used. These are directions from where 90 percent of the waves are traveling. Furthermore, the resolution size of the evaluation is 15 degrees, by which we detect the dominant direction of the waves.



The dominant wave direction is obtained by considering one-third of the maximum waves in the wave rose. The angle between dominant wave direction and a hypothetical line is considered to be alpha ( α ), which is clearly illustrated in Figure 3. The interval of alpha is chosen to be tested every 10 degrees; therefore, there would be 18 different alpha ranging from 0 to 170 degrees. This range has been considered to prevent the extra calculation of results that have already been calculated. When there are three buoys to consider in an array, one of the most common geometries is the equilateral triangle. If some lines are used for connecting these buoys, angles between vertexes of the triangle will be 60. There is a line from this converter perpendicular to the line, which connects the two other buoys. The angle between the dominant wave direction and this perpendicular line is alpha, shown in Figure 3, and this parameter has twelve degrees from 0 to 110, which changes every 10 degrees. A regular quadrilateral is taken into account to configure four buoys. To describe alpha in this layout, firstly, the dominant wave direction needs to be determined. Secondly, a hypothetical line should be drawn from one converter to the furthest one. For example, if the converters are numbered clockwise and the closest buoy to the front wave is buoy number one, the line should be drawn from 1 to 3, exactly like in Figure 3. Finally, the angle between this line and dominant wave direction is alpha, and the range of this is from 0 to 80 degrees, which has nine different amounts with equal intervals.



In this layout, five similar converters form an array are shown in the shape of a regular pentagon. The dominant wave direction is illustrated in Figure 3 with a blue arrow. Converters are numbered clockwise, and the first number starts from the closest buoy to the front wave. As shown in Figure 3, each converter has the longest distance with two buoys. In this case, the furthest converter to buoy number 1 is number 3 and 4. If a perpendicular line is drawn from the first converter to the connecting line between furthest converters, the angle between the dominant wave direction and the perpendicular line represents alpha. The range for alpha is from 0 to 63 in 9-degree intervals, so there are eight alphas to test in this layout. Distances are also assumed to change every five meters between the allowable period. In the end, three measurements, which are the power output of each buoy, array power, and q-factor, are taken in each step for all layouts, separately. The details of all results are discussed comprehensively in Section 5.




4. Results and Discussions


This section represents the results of different array layouts when the number of buoys rises from 2 to 5 in considered locations on the Australian coast. The results demonstrate the sensitivity of the array power and the q-factor due to the changes in buoy-buoy distance and rotation angle. It is worth mentioning that there are 16 conditions in this study, which will be discussed in detail as follows. To choose the optimal degree in this section, one of the most important variables is alpha, whose optimum value leads to the average maximum amount of the power output.



4.1. Sensitivity of Two-Buoy Array Performance to Distance


Figure 4 shows the sensitivity analysis of the array power output to the different buoy-buoy distances. It can be seen that Tasmania has the most wave array power, which is almost 0.534 Mw where the  α  is 80 degrees and the buoy-buoy distance is 160 m. The 60-degree angle line, which has the most average power, rises with a sinusoidal trend from the beginning to 200 m. Then, it increases gradually. The second location is Sydney, which has a considerable array power. Although its array power is 0.218 Mw, which is far less than Tasmania, the maximum average array power occurs in 130 degrees with a similar trend to the mentioned location. The maximum power that Sydney’s layout determines is achievable when the distance is around 400 m. Adelaide and Perth are similar in terms of the array power range, which is roughly from 0.18 to 0.196 Mw. As the green line in these figures shows, when the rotation angle and buoy-buoy distance are 40 degrees and 165 m, respectively, both reach the highest array power. The maximum average of array power can be witnessed in 20 degrees in Adelaide and 30 in Perth. In the two mentioned sites, it is apparent that figure lines follow different trends. To compare, when  α  is 20 degrees, and buoy-buoy distance is 100 m, the first peak of the array power is observed in Adelaide. Next, it falls until the distance goes over 150 m. The first peak in Perth happens when the distance is near 60 m. Then, it remains unchanged for the next 60 m. After significant growth, it reaches around 0.194 Mw with 160 m buoy-buoy distance. Overall, it is remarkable that the maximum power can be harnessed in three locations when the distance is 160 m.




4.2. Sensitivity of Three-Buoy Array Performance to Distance


It can be seen that in Figure 5, the most obvious inferred outcome is that, the longer distance between WECs leads to more extracted power output. However, widening the area might not be proficient because the line only rises 0.2 Mw by increasing the distance from 250 to 500 m. The maximum harnessed power output can be seen when  α  is 10 degrees, except in Sydney, which is 110. The range of array power is quite narrow in the mentioned locations, where only a 0.05 Mw gap can be witnessed among 12 tested angles. The main reason for obtaining the similar results among different angles’ experiments can be explained as follows. Where the three converters are placed in equilateral triangle geometry, there would always be two buoys in the zone of radiation. Therefore, the changes in  α  cannot produce considerable effects. By comparing the power output of WECs over the changes of distances, we can see the same overall trend has been followed in all studied locations. A sharp rise in array power can be achieved by increasing the distance up to 100 m, followed by a gradual rise by increasing the distance up to the maximum allowed size. It can be mentioned that differences between maximum distance in each layout relate to the area constraints, which have already been discussed in Section 2.




4.3. Sensitivity of Four-Buoy Array Performance to Distance


The geometry chosen for four converters is a square shape.  α  values in this layout range from 0 to 80 degrees with 10-degree intervals. The highest harnessed array power is 1.05 Mw in Tasmania, while the lowest one observed in the Perth layout is around 0.387 Mw. Turning to the rotation angle, for Perth and Sydney, the angle is 40 degrees to extract the maximum average array power; however, for Tasmania and Adelaide,  α  is 0 and 80 degrees in order of appearance. Considering the distances between WECs, it is interesting that where the buoy-buoy distance is between 150 and 200 m, the maximum wave array power can be exploited in Perth, Adelaide, and Tasmania. However, in Sydney, it seems that in this  α , the array power evens off after reaching the highest amount. Hence, the minimum distance between WECs is more cost beneficial for considering layout design 160 m of distance takes into account. In contrast, in Adelaide and Tasmania, a 160 or 170-m distance seems to be the best distance between converters. This amount is a bit greater in Perth, where the highest array power is firstly seen in the 180-m distance (Figure 6).




4.4. Sensitivity of Five-Buoy Array Performance to Distance


In this study, the configuration of five converters is chosen as a regular pentagon array. This is because there is no difference between each WEC, and the range of rotation angles is restricted to be between 0 and 63 with eight different angles. The maximum averaged array power in all four case studies is witnessed when the  α  is either 18 or 63 degrees. To be more precise, in Tasmania and Perth, the  α  is 18 degrees, and for the other two, it is 63 degrees. Also, it is evident that when the distance is between 200 and 250 m, the maximum power output is harnessed in all wave scenarios; and the optimal choice can be found in the mentioned range consequently. As Figure 7 shows, the trend of all case studies are similar, except in the 18-degree’s line in Tasmania and Perth, where the array power reduces gradually after the peak, instead of leveling at the peaks power. By comparing this result with recent similar studies, we can see the same trend of absorbed power by raising the distance between WECs in each layout up to an optimal value, after which the results were roughly stable [54,67].




4.5. Sensitivity Analysis of q-Factor to the Relative Angle of Rotation


The interaction of converters is measured with a well-known parameter called q-factor. A sensitivity analysis has done by monitoring the q-factor distribution over different rotation angles of the WECs in each layout. Since the interaction of the buoys in each layout could be constructive or destructive, the q-factor is calculated per 5 m of distance between converters. Figure 8, Figure 9, Figure 10 and Figure 11 show the distribution of results of calculated q-factors over different relative angles   ( α )   in a box chart, describing the values as they spread across the entire range. In each angle, there is a box that reveals the amount of fifty percent of q-factor results. Also, the middle line indicates the mean value of all results. The other amounts of q-factor, which are far from the mean values (i.e., the greatest 25 percent and the least 25 percent of the results), are shown by two lines located above and below the rectangular box.



There is a lot of similarity between Adelaide and Perth in terms of their q-factors, but Sydney and Tasmania have different trends. In both Adelaide and Perth, as Figure 8 and Figure 9 show in two-buoy layout, a fluctuating pattern is witnessed which indicates the importance of the rotation angle of the array power with respect to the dominant wave direction. Thus, when  α  is between 30 and 40 degrees, the highest q-factor is achieved, and the layout design process should be followed by choosing the best buoy-buoy distance in the mentioned angle. The distinction between q-factors in the three-buoy layout is negligible due to the effects of dominant wave direction on the equilateral triangle layout, in which one converter affects two others by radiated waves. The maximum q-factor can be seen in the 30 and 40 degrees area. In the four-buoy layout, when  α  is 40 degrees, the q-factor is around 1 in both locations. Among the 9 discussed dominant wave directions, the highest q-factors are seen when  α  is 20, 40, or 60 degrees, and the average q-factor in each direction is a bit over 0.96. In the five-buoy layout, it is clear that the average q-factors are between 0.95 and 0.98, and the highest q-factors happen when  α  is either 20, 30, 60, or 70 degrees, and the range of q-factors is from 0.85 to 0.98. It is important to note that in the mentioned degrees, q-factors are mostly close to the highest amount because the average line is on top of each box.



In Tasmania, due to the symmetry between WECs and small effects of changing  α  in q-factor for the three-buoy and five-buoy layout, changes are not considerable. The average q-factor in each rotation angle is approximately 0.98 and 0.96, respectively. When  α  is between 40 and 90 degrees in the two-buoy layout, q-factors in each distance are between 0.95 and 1.005. The maximum averaged array power occurs at 20 degrees. In the four-buoy layout, maximum q-factors are observed in four rotation angles, which are 0, 20, 40, and 60 degrees. Further details can be found in Figure 10.



Looking at Sydney in Figure 11, in the two-buoy layout, it is evident that maximum q-factors happen when  α  is either between 110 and 120 degrees or 130 and 140. One of the distinctions compared to the mentioned locations is that the lowest q-factor is seen at 40 degrees. In the three-buoy and four-buoy layout, the average q-factor in each  α  is around 0.98 and 0.97, respectively, and its changes are not recognizable in all 12 tested angles. The q-factors in the five-buoy layout ranged from 0.84 to 0.98. The closest q-factor values to 1 are found at 10 and 50 degrees. Moreover, it can be inferred that when  α  is 30 or 70 degrees, the related q-factors are near 0.98. These results would help further feasibility studies of the WECs’ array analysis by presenting the possible range of achievable q-factors in Perth, Adelaide, Tasmania, and Sydney ports.




4.6. Landscape Analysis


Figure 12, Figure 13, Figure 14 and Figure 15 reveal the power for each buoy in four different layouts. Overall, it is inferred that the asymmetry in arrays makes the power more predictable in each distance and rotation angle. The illustrated plots in this section indicate four kinds of buoy layout for each area in Adelaide, Tasmania, Sydney, and Perth. For each layout, the Colour-bar presents the amount of total power per buoy. This amount has been shown in the form of a contour. In general, there is a similar pattern for studied locations by considering the configuration of the arrays. The maximum amount of extracted energy is more likely to be found in the 5-buoy layout. Moreover, the power of each converter in the center area is not considerable, and the maximum amounts of the exploited energy found for higher buoy-buoy distances. The asymmetry of these energy distributions is high as well, but Perth is an exception. To observe abrupt changes, an increase in the resolution of distance and angles are needed. Take the 2-buoy layout in Adelaide as another example of non-asymmetric layout; the distribution of the incident waves over different angles implied such non-asymmetric contour of exploited energy. The reason behind the asymmetry in other layouts would be that by increasing the number of buoys, possible shadowing effects proportional to each rotation angle occur in every layout. In some placements of the 2-buoy layout, as the array experiences different rotation angles, the buoys may see the same dominant wave direction; however, in some angles, the shadowing effect of one buoy over the other can play a crucial role in reducing the energy. This shadowing effect of buoys to each other becomes more drastic, as the number of buoys increases because, in each angle, there is more chance of interaction between at least two buoys. To describe blue spots it should be noted that in this research, the minimum separation between buoys is considered to be 50 m. Then, by assessing the different angles, the configuration of the array rotates over the center point, such that the lowest amounts of energy may be witnessed in the middle of the figures by interpolation.



Taking a look at Figure 12, it is interesting that the order of maximum power for each layout is around 0.1 to 0.105 Mw in most areas. However, this range increases in the two-buoy layout, so more areas with dark red colour can be seen. In this figure, asymmetry in each layout is more evident than in the other locations.



There are many similarities between Adelaide and Perth in Figure 13 and Figure 14. For instance, in a two-buoy layout, their contour has resemblance, and the range of power is identical. Furthermore, more power is extracted in Perth based on these plots. To compare the four-buoy layout, Adelaide has more symmetrical power distribution, and the chance of reaching 1   Mw   power is more in Adelaide in general. Finally, there is a small difference between choosing Perth or Adelaide as the installation site among the other surveyed sites.



The highest amount of power can be exploited from converters in Tasmania, which is obvious in Figure 15. Although seemingly green areas in the two-buoy layout cover the majority of the zone, the power that belongs to the green areas is very close to the other layouts of the orange ones. The chance of extracting over 0.27 Mw power is seen in the five-buoy and four-buoy layouts. It is worth considering the three-buoy layout power when the x axis is over 250 m, which reveals the potential of this layout under certain conditions. Likewise, when the y axis is less than 150 or more than 350, this potential is met.




4.7. Interaction Based Layout Selection


Figure 16 shows the maximum and mean value of the q-factors in a given number of buoys in each wave model. The most significant observations inferred from Figure 16 are addressed as follows. The maximum q-factor in Tasmania and Sydney is less than in the other locations because of the lack of constructive interactions to compare to the other layouts. The mean q-factors are also higher in Perth and Adelaide in all locations for the same reason. Turning to the maximum q-factor, it is apparent that the highest constructive interactions in the two-buoy layout occur in Adelaide. However, in Sydney’s wave scenario, installing buoys, whether separately or in an array, is almost the same because the q-factor equals 1 in the best-case scenario. Although this amount is over 1 in all locations of the four buoy layout, Sydney is an exception. In the three-buoy layout and five-buoy layout, only the q-factor of Perth is more than 1. It is worth considering that the latter has the least maximum q-factor. These results confirm results from previous studies on the decrease of q-factor after increasing the number of WECs arrays, specifically after incorporating more than five buoys [54]. Turning to the mean q-factor, it is evident that by increasing the number of buoys, this variable decreases, and a reduction of almost 0.07 is seen by adding a buoy. Also, this measure is observed to be a trend because constructive interactions are more likely to be seen in Perth and Adelaide. These interactions will occur if the  α , buoy-buoy distance, and the geometry of layout are appropriately chosen.



Finally, it has to be noticed that further details and numbers are written in Table 2, which enables a comparison between each location. The bold numbers in Table 2 represent constructive interactions between converters. Therefore, in those cases, installing an array is more efficient.





5. Conclusions


Investigating for an appropriate arrangement an array layout constitutes a complicated problem in wave energy projects. Wave energy converters can reinforce each other to provide more power output in the form of an array if the distance among them is efficiently adjusted and the arrangement of the layout appropriately defined. In this paper, we analyzed the CETO6-project WECs separation in an array with different numbers of devices and arrangements. In order to assess the impact of various wave models, we perform and compare all numerical analyses in four real wave scenarios including the Sydney, Perth, Adelaide, and Tasmania sea sites. According to the numerical analysis, there is a direct relationship between the number of converters and optimal inter-distance among them and also relative angle to the significant wave direction. Greater separation between converters leads to more array harnessed power output. However, the most exploited energy can be achieved in 2 buoy layout with a 165 m buoy-buoy distance. A sensitivity analysis has revealed that the q-factor distribution differed due to different rotation angles of the WECs array. Moreover, the maximum q-factor output analysis showed that results in a two-buoy layout in all scenarios, tree-buoy layout in Perth and four-buoy layout in all scenarios (excluding Tasmania) are far higher than the other locations’ q-factor, and this parameter is almost the same in the five-buoy layout sea sites. However, the landscape analysis-approved maximum amount in terms of the extracted net power output was found in the 5-buoy layout in the Tasmania wave scenario.
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Figure 1. Schematic representation of the CETO6 modelled point absorber wave energy converter (adapted from [60]). 
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Figure 2. The wave rose plot at Sydney. 
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Figure 3. Layout Setup of (a) 2 buoys array (linear), (b) 3 buoys array (triangle-shape), (c) 4 buoys array (square-shape) and (d) 5 buoys array (pentagon-shape), with regard to dominant wave direction. 
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Figure 4. Array power of the two-buoy layout over different distances in four wave models. 
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Figure 5. Array power of the three-buoy layout over different distances in four wave models. 
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Figure 6. Array power of the four-buoy layout over different distances in four wave models. 
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Figure 7. Array power of the five-buoy layout over different distances in four wave models. 
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Figure 8. q-factor results distribution and mean value per five meters of the Wave Energy Converters (WECs)’ distance over rotation angle due to significant wave direction in the Perth wave model. (Fifty percent of results near the mean value are plotted in a box, the range of other results is shown by a dashed line). 
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Figure 9. The q-factor results distribution and mean value every five meters of WECs’ distance over rotation angle due to the significant wave direction in the Adelaide wave model. (Fifty percent of results near the mean value are plotted in a box, the range of the other results is shown by a dashed line). 
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Figure 10. The q-factor results distribution and mean value per five meters of WECs’ distance over rotation angle due to significant wave direction in Tasmania wave model. (Fifty percent of results near the mean value are plotted in a box, the range of other results are shown by a dashed line). 
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Figure 11. q-factor results distribution and mean value per five meters of WECs’ distance over rotation angle due to significant wave direction in the Sydney wave model. (Fifty percent of results near the mean value are plotted in a box, the range of the other results is shown by a dashed line). 
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Figure 12. Exploited energy distribution of the WECs array over entire area in Sydeny wave scenario. 
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Figure 13. Exploited energy distribution of the WECs array over the entire area in the Perth wave scenario. 
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Figure 14. Exploited energy distribution of the WECs array over the entire area in the Adelaide wave scenario. 
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Figure 15. Exploited energy distribution of the WECs array over the entire area in the Tasmania wave scenario. 
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Figure 16. Comparison of maximum and mean q-factor in different wave scenarios in each layout. 
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Table 1. A briefly survey some of the recent literature on the layout, Power Take-Off (PTO) parameters and design optimisation of wave energy converters.
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	Objective
	WECs Type
	WECs Number
	Method
	Year
	References





	Design & PTOs
	submerged
	2
	Experimental observations
	2020
	 [17]



	Layout & PTOs
	fully-submerged
	4, 16
	Cooperative EAs
	2020
	 [18]



	Design & PTOs
	fully-submerged
	1
	Hybrid EAs
	2020
	 [29]



	Layout
	fully-submerged
	50, 100
	Multi-strategy EAs
	2020
	 [30]



	Design & PTOs
	heaving WEC
	1
	Evolutionary and GA
	2020
	 [19]



	PTOs
	oscillating wave surge converter
	1
	GA
	2020
	 [20,31]



	Design
	sloped-motion WEC
	1
	Heuristic optimization
	2020
	 [32]



	PTOs
	oscillating water column-based
	1
	Water cycle algorithm
	2020
	 [33]



	PTOs
	hinged-type WECs
	1
	Experimental observations
	2020
	 [34]



	PTOs
	oscillating wave surge converter
	1
	GA and ML
	2020
	 [35]



	Layout
	submerged
	25
	PSO
	2020
	 [36]



	Design
	submerged flat plate
	1
	GA
	2019
	 [37]



	Design & Layout
	cylindrical heaving WECs
	3, 5, 7
	GA
	2019
	 [38]



	Design
	submerged
	2
	GA
	2019
	 [39]



	Layout
	fully-submerged
	4, 16
	Smart heuristic
	2019
	 [40]



	Layout
	fully-submerged
	4, 16
	Nuro-adaptive EA
	2019
	 [41]



	PTOs
	freely floating
	2
	EAs
	2019
	 [42]



	Design
	hinge-barge WEC
	2
	gradient-based method
	2019
	 [43]



	Design
	fully-submerged
	1, 2, 3
	GA, PSO
	2019
	 [44]



	Layout & PTOs
	fully-submerged
	16
	Hybrid EAs
	2019
	 [45]



	Layout & PTOs
	fully-submerged
	4, 9
	Heuristics
	2019
	 [46]



	Feasibility Study & Design
	oscillating wave surge converter
	3
	Numerical and GWO
	2019
	 [47]



	Layout
	heaving WEC
	1
	GWO
	2019
	 [48]



	Layout
	heave-constrained cylinder
	5
	improved GA
	2018
	 [49]



	Layout
	fully-submerged
	4, 16
	Local search
	2018
	 [50]



	Layout
	oscillating WEC
	3, 5, 8
	improved DE
	2018
	 [51]



	Layout & LCoE
	fully-submerged
	4, 9, 36
	Multi-objective EAs
	2018
	 [52]



	PTOs
	submerged
	1
	Hidden GA
	2018
	 [53]



	Layout & PTOs
	submerged
	4, 7, 9, 14
	hybrid GA
	2018
	 [54]



	Layout
	semi-submerged
	1000
	approximate analytical method
	2015
	 [9]



	Layout
	submerged
	32
	randomized geometries
	2013
	 [26]



	Layout
	floating + partially submerged
	4
	sensitivity analysis
	2014
	 [25]



	Design & Layout
	submerged
	4
	sensitivity analysis
	2017
	 [24]



	Design
	point-absorbing WECs
	100
	analytical multiple scattering
	2015
	 [55]



	Design & Layout
	floating over-topping WECs
	9
	Down-scaling techniques
	2018
	 [56]



	Design & PTOs
	heaving WEC
	9, 16, 25
	sensitivity analysis
	2012
	 [57]
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Table 2. Best solutions related to maximum q-factor in each wave scenario.






Table 2. Best solutions related to maximum q-factor in each wave scenario.





	Parameter
	Perth
	Adelaide
	Sydney
	Tasmania





	Two-buoy layout maximum q-factor
	1.0091
	1.0163
	1.0003
	1.003



	  α  (degrees)
	40
	0.00
	130
	80



	distance(meter)
	160
	165
	400
	160



	Three-buoy layout maximum q-factor
	1.0026
	0.9987
	0.9939
	0.9976



	  α  (degrees)
	10
	10
	10
	10



	distance(meter)
	445
	445
	445
	405



	Four-buoy layout maximum q-factor
	1.0053
	1.0046
	0.9958
	1.0019



	  α  (degrees)
	60
	60
	60
	20



	distance(meter)
	485
	485
	485
	485



	Five-buoy layout maximum q-factor
	0.9949
	0.9899
	0.9849
	0.9905



	  α  (degrees)
	18
	63
	45
	18



	distance(meter)
	250
	275
	450
	250
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Wave height (m) Wave rose
-“'th10 N
19w, <10
8 <w, <9
7 <wW, <8
6 <W, <7
IS5 <W, <6
P4 <W, <5
3 =W, <4
2 <W, <3
=W, <2

S

Z

B0 < W, <

S





media/file30.png
Tasmania: Two-buoy Layout ..

N_~

2.65

3

" 2.6
200 <
100 )5

X(m)

Tasmania: Four-buoy Layout .
2.7

100 200 300 400 500 600
X(m)

Tasmania: Three-buoy Layout ..o’

R

500






media/file18.png
Adelaide: Three-buoy Layout

Adelaide: Two-buoy Layout

- 1
L [ J————— i
L e ———— i

I -

0.94

%
O O.
1034 b

30 40 50 60 70 80 9 100 110

20

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

0

Adelaide: Five-buoy Layout

Adelaide: Four-buoy Layout

70

60

20

10





media/file21.jpg
Syduey: Two-buoy Layout Sydney: Threebuos Lajost

1046

Syiney: Four-buoy Layout Syiney: Five-buoy Layout

XN R






media/file26.png
Perth: Two-buoy Layout .o’

9.8

9.6

100 200 300 400
X(m)

Perth: Four-buoy Layout
9.8
9.6
9.4

i)

100 200 300 400 500 600
X(m)

%10

Perth: Three-buoy Layout ..o

8.6
8.4

100 200 300 400 500
X(m)

Perth: Five-buoy Layout ..o

700

/

|

200 400 600
X(m)





media/file27.jpg
Adelaide: Two-buoy Layout ..

AW 48

I S

0 0 30 0

X(m)
Adelaide: Four-buoy Layout ...

R
- 1

\ W] M

100 200 300 400 500 600
X(m)

Y(m)

Adelaide: Three-buoy Layout ..!

Adelaide: Five-buoy Layout

(4 ;i
: \‘é

0

0

X(m)

00

X(m)






media/file3.jpg
Wave height (m) Wave rose
W, > 10 N
< W, <10
< W, <9
7 <W, <8
_— W, <7
_—<W, <6
W, <5
_— W, <4
< W, <3
_— W, <2
— < W, <1

w|






media/file22.png
Three-buoy Layout

Sydney

Two-buoy Layout

Sydney

L I — 4
-1 4

R -+
x © = o o
foN =N o) o) =
< < < <

108 b

T T

L ————— - i

A ———— ~ -

T ——— -

| S - |

- - = |

P b —~ 1

. G S = _

L {fp-———————— 4 _

H—E e

H 1

H Tt 1

H— T ——————— -

= ———— ———

— N o] ~ \O Wy =T
A N S
< < < < < <

108 b

100 110

90

70

60

30 40

20

10 20 30 40 50 60 70 80 90 100110 120 130 140 150 160 170

0

aO

aO

Five-buoy Layout

Sydney

Four-buoy Layout

Sydney

H +
T +
L -
[ -
T +
A -
o.,.So.erv -
I — 4]
B -
R -
IS i
I S S n
T -
- - 4
,M.zo.wmwv

60

20





media/file19.jpg
Tasmania: Five-buoy Laout

FENEELEE






media/file7.jpg





media/file28.png
Adelaide: Two-buoy Layout . Adelaide: Three-buoy Layout .o’

10 \\{ ‘, 10
500 / 9.8

9.8 \ )
o= " 9.6

9.4
9.4 9.2

9
9.2

8.8
9 8.6

100 200 300 400 100 200 _BUb 400 500
X(m) X(m)

Adelaide: Five-buoy Layout ..o’

‘llll 10

100 200 300 400 500 600
X(m)






media/file10.png
a=0°
—¥—q=10°
a=20°
a=30°
a=40°
a=50°
a=60°
- === a=70°
= === a=80°
a=90°
= === 0=100°
= === a=110°

N
o
G

e
00 54
o o

N
o]

[\e]
~J
wn

N
-

Array Power (w)
Array Power (w)

N
o))
O

a=0°
—¥—q=10°
a=20°
a=30°
a=40°
a=50°
a=60°
====a770°
== == a=80°
a=90°
= === a=100°

-~~~ =110°

Distance between WECs (m) Distance between WECs (m)

a=0°
—¥—a=10°
a=20°
a=30°
a=40°
a=50°
a=60°
= === a770°
== == a=80°
a=90°
- === a=100°
== == a=110°

Three-buoy Layout: Sydney

~
o]

~

o)
had
—

~

Array Power (w)

~
)
Ale

Array Power (w)

a=0°
a=10°
a=20°
a=30°
a=40°
a=50°
a=60°
====a=70°
= === a=80°
a=90°
= === a=100°
= =¥ = o=110°

Distance between WECs (m) Distance between WECs (m)






media/file32.png
Two-buoy Layout Three-buoy Layout
e - . e . .
o 1r ....".
v, Pheouan
‘e fexrvad}.,
1.005 t : - e,
g n..... 0995 ...II
S “tea., S
S 1} "0 S 0997
2 2
0.985
ﬁ; 0.995 ﬁ;
0.98
I ] A = TTTTLLLLLLLL L - TTTTR
099? IIIIIIIIIIIII ﬂ. T ....n ............. 0975T n...ll.lllllllT
0.985 : - 0.97 : '
N e I S N e I
Four-buoy Layout Five-buoy Layout
1.01 : . | : .
ﬁ IIIIIIIIIIIII ﬂ....... . &......
1L ﬂ-.-.,...... | 0.99 '--.-.n ------------- u.......
...II ...".
R R L
S 099¢ S 098¢
& &
= =
S 0908} 097}
= =
0.97T ............. Do, : O96T ............. B _
llnllllllllll ..? .....T
0.96 0.95
pert® Ade\a'xde Tasm‘c‘“‘a gydney pert® Ade\a'lde . asan® gydney

=«O==mean q-factor ==*H-*=max g-factor






media/file14.png
a=0°
a=9°
a=18°
a=27°
a=36°
a=45°
a=54°
- T T T a=63°

a=0°

a=9°

a=18°
a=27°
a=36°
a=45°
a=54°

- - - - a=63°

%105 Five-buoy Layout: Perth

=
S

B e
=N w (o)) ~
T T T T

1 1 1 1

Array Power (w)
=

41 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450

Distance between WECs (m)

%108 Five-buoy Layout: Tasmania

—_
\S]

Array Power (w)

—
—_

50 100 150 200 250 300 350 400 450
Distance between WECs (m)

450

< 10° Five-buoy Layout: Adelaide
4.8 T T T RPNl
E 4.6 1
L
w
Z
s 44 -
)
N
:: 4 2 .
Z4
4 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400
Distance between WECs (m)
<10° Five-buoy Layout: Sydney
52 T T T

Array Power (w)
=

4.4 1 1 1 1 1 1

50 100 150 200 250 300 350
Distance between WECs (m)

400

450

a=0°
a=9°
a=18°
a=27°
a=36°
a=45°
a=54°
- % - a=63°

a=0°
a=9°
a=18°
a=27°
a=36°
a=45°
a=54°
- =% - g=63°






media/file11.jpg
N sl

L

Fourbuoy Layout:Sydney






media/file6.png
R W W .
R W

Dominant
Wave Direction

o Dist:g‘!'l_g@. _-@ B.N.2

Dominant
1. |Wave Direction

a/ 4:3?? : ;
BNl "4 - \
1 e = P — S :! " \\L
f: ['-l. _______ -"". B-N-s
BN1 Ty
. 1
(a) (b)
L W W
e W W
w M NN
W W W
Wave Direction .
Dominant
_‘.» : . B.N.1 Wave Direction
g ﬂf“i e |
ar'# i “\"n & - ;'ua‘.\
‘,1 -‘ \._\ ‘Q‘ '|. ""-\._\_
K g ~ .,3‘- : ,B.N.Z
’p" ‘.‘r . BINI ?‘; \ H
BNAG 1. . BNSq \
. . d i
e ) : | ‘ |
-~ 1 /! ! !
‘h-.f".’a¢ ‘ !J’ 1 :
1‘-. . Fl -I| |:
‘kse 1. '..r’ \ lur
h“h.‘_ \ .r: 1 -
- ': . - . @B.N3

BN4®






media/file15.jpg
Perth: Five-buoy Layout

laalnaaln






nav.xhtml


  energies-13-06095


  
    		
      energies-13-06095
    


  




  





media/file16.png
Three-buoy Layout

Perth

Two-buoy Layout

Perth

e +
— % ¢ = o o
T TR S S
< < < <
108 b
oy T ]
- -
S s S B
- HJ———————— -
- - -
- T - A
R B S
LT 4 _
L FF————x _
e -
F— [ ——— i
o ——— |
- -
- HF————— -
— o] \O ey
T
< < <

108 b

50 60 70 8 90 100 110

40

10 20 30 40 50 60 70 80 90 100110 120 130 140 150 160 170

0

Five-buoy Layout

Perth

Four-buoy Layout

Perth

:

095
0.
085k

60

20

10

80

70

60

20

10





media/file2.png
«— Submerged WEC

PTO system 1

\

Tether

«~ PTO system 3

PTO system 2





media/file20.png
Three-buoy Layout

Tasmania

Two-buoy Layout

Tasmania

U SUEELEERSE -
| R R S 4
T ---------- 4
F T F---—--- - 4

R +
N AN

S o o o °©

108 b

I O N B
e e e e 1
F - —— -
1 -
| S S P
L L []-—————— 4 i
FHT - ———— ~ 1
e 4 _
T || S 5 _
G EEE S -
F— R —————— ~ -
HE——————— ~ -
1 S
F = ~—
-8 &8 5 & & 2

S 3 3 & & o

108 b

100 110

90

30 40 50 60 70

20

10 20 30 40 50 60 70 80 90 100110 120 130 140 150 160 170

0

ive-buoy Layout

F

Tasmania

Four-buoy Layout

Tasmania

95
09 r

S
108 b

70

60

50

40

30

20

10

80

70

60

50

40

30

20

10





media/file23.jpg
Sydney: Two-buoy Layout .. Sydney: Three-buoy Layout ..

\ 16 \ \¢ / 06
s ) Y 4

Ny o

= o 200 [ A i 102

w0 o = )

£ R "

= 200 - = > vy
£\ 1 @

o [ B !

4 Ll B o

o 20 o0 00 20 3 400 00
X(m) X(m)

Sydney: Four-buoy Layout .. i
A v |

N4 LB

I e m

Sl 1™ -
20 e b

w0 y D 22 .
&0 M

100 200 30 400 50 600 w o a0 e

X(m) X(m)





media/file5.jpg
. eBNa

BN3






media/file24.png
Sydney: Two-buoy Layout

Y (m)

300 |
Vi )\ \
M A |

100 200 300 400
X(m)

Sydney: Four-buoy Layout

600 2}5 \\\\\\,f‘\\\\_ljf/ : \"
500 | g

E
=

300 §

200

A

100 200 300 400 500 600
X(m)

%10
1.06

1.05
1.04
1.03
1.02
1.01
1

0.99

%10
10.6

10.4
10.2

10

Y (m) Y (m)

Y

Sydney: Three-buoy Layout ..’

QE B = 10.6
>00 1 10.4
400 110.2
-
| —
300 | | 10

-
| 9.8
200 ‘##’J#ff\b///ﬂld/\
9.6
100 5?2;7 §Q§
\ | 9.4
_ |
100 200 300 400 500
X(m)

Sydney: Five-buoy Layout .o’
® b

700 10.5

600

500 ~ 110

vy

400

300 9.5

200 _ {j \
100 ////;? -

200 400 600
X(m)

T\

N





media/file29.jpg
Tasmania: Two-buoy Layout ..*

&
.

X(m)

Y(m)

‘Tasmania: Four-buoy Layout

200 300 40 S0 60

X(m)

Tasmania: Three-buoy Layout ..

Y|

X(m)

‘Tasmania: Five-buoy Layout

T Xm)





media/file1.jpg
+~— Submerged WEC

PTO system 1

\

Tether

. PTO system 3

PTO system 2 < 500






media/file31.jpg
Three-buoy Layout

q-Factor

099
osss b
e g pe e e

Four-buoy Layout

Five-buoy Layout

o
[ SE—






media/file25.jpg
00 20 00 400 100200 300 400 500
X(m) X(m)
Perth: Four-buoy Layout Perth: Five-buoy Layout
Euw
=

N

10 200 300 400 500 600

X(m)






media/file12.png
4
a=0°
a=10° 39
a=200| ~~ > —_
a=30° E 53.8
—¥—qa=40° 3 . 3
=60° O 3. =
____3:700 R A 36
> T
el Uhd Y =
= =35
< <
: 3.49
33 1 1 1 1 1 1 1 1 33 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Distance between WECs (m) Distance between WECs (m)
<10° Four-buoy Layout: Tasmania <10° Four-buoy Layout: Sydney
T T T T T T T ¥ 43 T T T T T T T
—¥— =00
a-100 42
a=20°| o —
a=30° E 34_1
a=40°| = =
a=50°| = g 4
=60°| & =)
a0 A B39
> T
-~~~ a=80° E E
< <
3.7 i
9 1 1 1 1 1 1 1 1 36 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450

Distance between WECs (m) Distance between WECs (m)





media/file9.jpg





media/file0.png





media/file8.png
Array Power (w)

Array Power (w)

100 150 200 250 300 350
Distance between WECs (m)

400

100 150 200 250 300 350
Distance between WECs (m)

400

450

Array Power (w)

Array Power (w)

—_
O
W

—_
\O

—_
0
W

1
150 200 250 300 350

Distance between WECs (m)

400

100

150 200 250 300 350
Distance between WECs (m)

400

450






media/file17.jpg
Adelaide: Two-buoy Layout Adelaide: Three-buoy Layout

alcasfafensh

Adcide: Five-buny Lavon

saglilagt






