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Abstract

:

The advances in the manufacturing industry make it possible to install wind turbines (WTs) with large capacities in offshore wind farms (OWFs) in deep water areas far away from the coast where there are the best wind resources. This paper proposes a novel method for OWF optimal planning in deep water areas with a circular boundary. A three-dimensional model of the planning area’s seabed is established in a cylindrical coordinate. Two kinds of WTs with capacities of 4 and 8 MW respectively are supposed to be mixed-installed in that area. Baseline cases are analyzed and compared to verify the superiority of a circular layout pattern and the necessity of a non-uniform installation. Based on the establishment of the optimization model and a realistic wind condition, a novel heuristic algorithm, i.e., the whale optimization algorithm (WOA), is applied to solve the problem to obtain the type selection and coordinates of WTs simultaneously. Finally, the feasibility and advantages of the proposed scheme are identified and discussed according to the simulation results.
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1. Introduction


At present, wind energy has shown an astonishing rate of growth among all forms of electricity generation owing to its availability, economy, and pollution-free characteristics. It is anticipated that about 12% of the electricity production across the world can be supplied by wind energy by 2020 [1]. With the superior wind resources largely being over water, the development of OWFs has received increasing attention worldwide. As the construction and operation of offshore WFs is challenging, as well as costly [2], it is very important to design the WF layout and to select the WT location and size for producing the maximum power output under widely varying wind speed and directions, i.e., the OWF layout optimization.



In 1994, Mosetti et al. [3] applied a computational optimization algorithm to the OWF layout problem for the first time. This seminal work provided the framework that has been continuously used for comparison purposes. In this paper, a discretized solution space was employed, and the placement of WTs was restricted to be at the center of each grid. The optimization problem was solved by utilizing the genetic algorithm (GA). Grady et al. [4] furthered this work by proposing an improved GA, which incorporated heuristic knowledge about the WFs.



Hence, considerable efforts have been devoted to this research area, which can be generally divided into two classes [5]: (i) the first one aims to improve the mathematical model of the WF; (ii) the second one pretends to find a more efficient optimization algorithm. WF mathematical modeling involves the consideration of multiple wind directions [6], complex terrains [7], electrical layout [8,9], multiple WT types [10], energy benefit models [5], and novel wake models [11,12]. Searching for more efficient optimization algorithms includes the study and application of modified GA [10], the particle swarm optimization (PSO) algorithm [6], evolutionary algorithm [13], artificial intelligence (AI) technology [14], and so forth.



However, there are some limitations regarding the existing OWF optimization problems. Firstly, in the majority of the operational OWFs, the WTs are usually laid out in a symmetrical and grid-like layout, and the shape of the whole WF generally appears as a square [3,4,6,7,10,11,12,14,15], a rectangle [8,13], or a parallelogram [5,16]. The aforementioned patterns are convenient for WF planning and construction. Nevertheless, the WTs are prone to be affected by the wake effect, and the sum of electricity the whole WF can produce will be reduced accordingly. Moreover, most of the previous optimization work simplified the problem by assuming the WTs to be installed in a uniform flat seabed, not taking the variation of the water depth into consideration. However, in the real case, with the expansion of the WF construction scope, the altitudes of the seabed may vary in different parts of the planning area. Thirdly, as pointed out in [10], in the real case, the OWFs usually comprise identical types of WTs in light of the convenience for WTs’ installation and operation and maintenance (O&M). Consistent with this, the main body of literature supposes that only one type of WT is built on the OWF during the OWF optimal design stage, while very few research works considered the feasibility of a mixed-installation of multiple types WTs, such as [10,17]. Lastly, only a few papers [18] have considered the joint optimization of WT positioning and cabling.



In view of the abovementioned problems, suggestions for improvement are put forward in this paper. The main contributions of this work can be generalized as follows:




	(1)

	
A three-dimensional seabed model is built to simulate the real submarine situation. The designed OWF is assumed to have a circular shape, and the OWF numerical analysis is carried out based on the cylindrical coordinate system. This assumption is beneficial for the reduction of the wake effect between WTs and the simplification of the substation location decision.




	(2)

	
The different types of WTs are selected to be installed in the OWF, one of which has a larger capacity, higher hub height, and longer rotor diameter, while the others have smaller capacity, lower hub height, and shorter rotor diameter. Those two kinds of WTs form a beneficial complementation with each other.




	(3)

	
The economic model of the OWF is established, and this includes the WTs’ investment, foundation cost, and cable cost. Thus, an objective function, i.e., CoE (cost of energy), and a set of constraints are defined for this optimization problem. A novel heuristic algorithm, the whale optimization algorithm (WOA), is utilized to solve this problem.









The rest of this paper is arranged as follows: In Section 2, the OWF optimization model is established; in Section 3, the optimization problem is defined, by describing the objective function, the constraints, and the optimization algorithm; in Section 4 several baseline and optimized cases are analyzed and compared; Section 5 gives the conclusions and future work of this study.




2. OWF Model


2.1. General Description


The optimal design of an OWF depends on multiple factors, such as the choice of WT types and cost, and cable layout, the wake losses due to internal shadowing, the variation of the cost of foundations with water depth, and other considerations about the seabed terrain. All these factors have been considered in this paper in the layout analysis through an economic model developed to cope with the dependence of energy production costs on OWF layout, bathymetry, and spatial variations in the wind climate.




2.2. 3D Seabed Modeling


The OWFs are usually built 2‒120 km from the shore where the water depth is around 2‒50 m. The distance from the OWF studied in this paper to the coast was 50 km, and the water depth was approximately 42‒45 m. As a seabed is generally not a completely smooth and even surface, it is supposed to have a slight slope with a rugged surface to simulate the real situation. The peaks function in MATLAB (2018b, Mathworks, Natick, MA, USA) was used to construct such a 3D seabed, as shown in Figure 1.




2.3. Coordinate System


Taking into account that the OWF layout pattern was a circle and the water depth varied in the vertical direction, the model of the OWF was built in a cylindrical coordinate system for analysis. As delineated in Figure 2, the location of the offshore substation (OS-S) was set to be the origin, and each WT’s coordinate is denoted as   T  (  ρ , θ , z  )   . The axial distance  ρ  is the Euclidean distance from the z-axis to the point  T . The azimuth  θ  is the angle between the reference direction on the reference plane and the line from the origin to the projection of  T  on that plane. The axial coordinate  z  is the vertical distance from the reference plane to the point  T . Because the surface function of the seabed was predefined, if the  ρ  and  θ  coordinates of any WT were given, the altitude coordinate  z  of the WT could be directly obtained.



As shown in Figure 3, the projection points of two WTs on the x-o-y plane are denoted as    P 1   (   ρ 1  ,  θ 1   )    and    P 2   (   ρ 2  ,  θ 2   )   , respectively, where    ρ 1    and    ρ 2    are the distances from the origin to    P 1    and    P 2    and    θ 1    and    θ 2    are the angle offsets from the positive  x  axis. Then, the distance and angle between the two points are calculated as:


   |   P 1   P 2   |  =    ρ 1 2  +  ρ 2 2  − 2  ρ 1   ρ 2  cos  (   θ 1  −  θ 2   )     



(1)






  φ = −   tan   − 1    |     ρ 1  sin  θ 1  −  ρ 2  sin  θ 2     ρ 1  cos  θ 1  −  ρ 2  cos  θ 2     |   



(2)







If    ρ 1  =  ρ 2  = R  , that is    P 1    and    P 2    are on the same circumference, then (1) can be simplified to:


   |   P 1   P 2   |  =  2  R   1 − cos  (   θ 1  −  θ 2   )     



(3)




where  R  is the radius of the circle where    P 1    and    P 2    are positioned.



If    θ 1  =  θ 2   , that is    P 1    and    P 2    are in the same direction, then (1) and (2) can be reduced to:


   |   P 1   P 2   |  =  |   ρ 1  −  ρ 2   |   



(4)






  φ = 0  



(5)







In this way, the calculation of an OWF with a circular pattern can be greatly reduced.



The projection of the cylindrical coordinate system on the x-o-z (y-o-z) plane is shown in Figure 4, where the projection points of two WTs on the x-o-z (y-o-z) plane are denoted as    P 1   (   ρ 1  ,  z 1   )    and    P 2   (   ρ 2  ,  z 2   )   , respectively. The altitude difference between the two points is    |   z 1  −  z 2   |   , and the geometric distance between the two WTs    T 1   (   ρ 1  ,  θ 1  ,  z 1   )    and    T 2   (   ρ 2  ,  θ 2  ,  z 2   )    is as follows.


   |   T 1   T 2   |  =    ρ 1 2  +  ρ 2 2  − 2  ρ 1   ρ 2  cos  (   θ 1  −  θ 2   )  +    (   z 1  −  z 2   )   2     



(6)







It is worth noting that the geometric distance between WTs is used for computing the wake deficit, not for calculating the inner cable length.




2.4. WT Modeling


2.4.1. WT Selection


Due to the advance of technology and the development of the wind power industry, the capacity of WTs installed in the OWFs has rocketed up from 1 MW to nearly 10 MW in recent years. Consequently, there is a wide range of WTs with different sizes for selection, which makes possible multiple types of WTs to be built in an OWF.



Theoretically, arbitrary types of WTs can be implemented in an OWF. In order to avoid the complexity of computation and analysis, this paper selects only two typical WTs that are widely used in real OWFs, namely the Vestas V164 8 MW WTs [19] and the Siemens SWT-4.0-130 4 MW WTs [20]. The parameters and power curves of those two kinds of WTs are given in Table 1 and Figure 5.



The maximum rated capacity of the designed OWF was limited to 160 MW. Based on the span of individual WT capacity (4 MW and 8 MW), the OWF would feature from 40 to 20 WTs.




2.4.2. Wind Scenario


Generally, the wind scenario over an OWF is mainly determined by two factors: i.e., wind speed  v  and wind direction  θ . To model the wind scenario, a wind measurement campaign should be conducted at the OWF area where it is planned to be built to collect a large quantity of wind data. The measured data then need to be converted into the wind speed at the hub height of the WTs by (7) [12].


  v =  v m    ln  (  H /  z 0   )    ln  (   H  r e f   /  z 0   )     



(7)




where    v m    denotes the wind speed measured at the height of    H  r e f     and  v  is the wind speed predicted at the height  H .    z 0    is the roughness length, which is set to be 0.0001 m.   ln   stands for the natural logarithm.



As deducted in [21], the joint distribution can be modeled by a probability density function    P  W b    (  v , θ  )   , which is derived from the Weibull distribution. It is widely used for wind speed modelling:


   P  W b    (  v , θ  )  =   k  ( θ )    c  ( θ )       (   v  c  ( θ )     )    k  ( θ )  − 1    e  −    (   v  c  ( θ )     )    k  ( θ )      · f  ( θ )   



(8)




where   k  ( θ )    is the shape parameter,   c  ( θ )    is the scale parameter, and   f  ( θ )    is the frequency of occurrence for each wind direction.



In this work, the joint distribution is obtained from real wind data measurement from the Horns Rev I WF [11,21], as shown in Figure 6.




2.4.3. Wake Model


For a given freestream inflow condition    (   v 0  ,  θ 0   )    in a polar coordinate, the wake effect between any two adjacent WTs can be firstly calculated using the Frandsen-Gaussian (F-G) wake model [11,12,22], with the basic equations as given below.


   v  x , r   =  [  1 − A  ( x )   e  −    r 2    2  σ 2       ]   v 0   



(9)






  A  ( x )  = 1 −   1 −    C T    2    (  σ /  r r   )   2       



(10)






  σ =    r x   2  =    r 0   2  +  α 2  x  



(11)







It holds for all   x >  x 1    and   r > 0  .    v  x , r     is the wind speed at the distance  x  and radius  r  of the WT, and    v 0    is the inflow wind speed.  σ  is the standard deviation of the distribution, which is termed the characteristic width.   A  ( x )    is an undetermined coefficient of  x .    r r    is the radius of the WT’s rotor.    C T    is the thrust coefficient.    r x    is the radius of the wake at the distance  x .    r 0    is the actuator disk radius, and  α  is the entrainment constant. The effective wind speed at each WT (     v i   ¯   , i.e., the effective wind speed the  i th WT experiences) can be evaluated. The calculation of    r 0    and  α  can be obtained from [12].



The synthesis methods of multiple WTs’ wakes include the second norm method [12,23] when WTs are in a parallel pattern and the multiplication method [12,23] when WTs are in a cascaded pattern.




2.4.4. Total Power Output of the WF


The power generated by each WT under this inflow condition can then be computed based on the power curve of each type of WT, which is shown in Figure 5. Combined with the PDF of the wind condition, the expected total power produced by the WTs at time   t    ( h )    can be written as:


   P  t o t a l ,   t   =   ∑   k = 1  M    ∑   i = 1    N  w t  k      ∬  ​   P k   (    v ¯  i   )  ·  P  W b    (  v , θ  )  d v d θ  



(12)




where    P k   ( v )    is the power curve function of the  k th type of WT and    N  w t  k    is the total number of the  k th type of WTs.  M  is the number of total WT types.



The annual energy generation (AEP) of the whole OWF is:


  A E P =   ∑   t = 1   8760    P  t o t a l , t    



(13)




where  t  denotes the  t th hour in one year in which the OWF operates.





2.5. Cable Selection


2.5.1. Inner-Circle Cables


The length of the individual cables between WTs depends on the size of WTs or the configuration of the site. It was expected that the larger the WT rotor diameter was, the larger the distance was between the WTs. After pulling the cable into the J tubes on the foundation structure of the WT, the cables were fixed to a hang-off flange. At the OS-S, the cables were fixed to a cable deck. As the internal voltage of the OWF was 33 kV, the typical cable characteristics of 33 kV inner-circle cables are delineated in Table 2 [8].



As pointed out in [8], the ring structure of the cable layout has higher reliability than the string structure because when one part of the cables fails in a ring, the ring is divided into two strings that can transport power separately. In this way, the operation of the whole OWF will not be affected immediately. On this account, the inner-circle/inner-array cable layout in this work is designed to have a ring structure.



Since the surface of the seabed is uneven, a geodesic algorithm [24] was implemented to find the shortest distance between any two adjacent WTs. In this way, the layout and length of the inner-circle cables can be defined.




2.5.2. Export Cable


The export cables were running from the OS-S to the onshore landing point where the distance was about 50 km. A 220 kV submarine cable extended from the OS-S to the onshore substation, which could transport at most 180 MW, in accordance with the OWF’s capacity. Since the location of the offshore and onshore substations’ coordinates were decided in advance, the export cable’s type and length were decided accordingly. In this study, the optimization of the export cable layout design was not taken into consideration.






3. OWF Optimization Model


3.1. Economic Model


The capital expenditure (CAPEX) of an OWF consists of several factors such as investment cost, O&M cost, land rent capital, and so on. To simplify the fitness function, only the investment cost of the OWF is considered and modified for mixed-installation:


  C A P E X =  C 1  ·  N  w t 1    (   2 3  +  1 3   e  − 0.00174  N  w t 1      )  +  C 2  ·  N  w t 2    (   2 3  +  1 3   e  − 0.00174  N  w t 2      )  +   ∑   i = 1  N   C  f , i   +   ∑   j = 1  T   C j  ·  L j   



(14)




where the first term is the investment cost of buying WTs.    C 1    and    C 2    are the costs of buying a single 8 MW WT and a single 4 MW WT, respectively.    N  w t 1     is the total number of 8 MW WTs, and    N  w t 2     is the total number of 4 MW WTs. The second term is the investment cost of the turbine foundations’ construction.    C  f , i     is the foundation cost of the  i th WT, which is a function of water depth  z  [25], as shown in Figure 7. The third term is the investment cost of the inner-circle cables in the OWF.    C j    is the cost of buying   1   m   of cable of type  j ,   j = 1 , 2 , ⋯ , T  .    L j    is the total length of the type  j  cable.




3.2. Objective Function


The cost of energy CoE (£/MWh) (CoE = CAPEX/AEP) is the objective function, and its minimization is the objective of the optimization process. In practice, the OWF optimization problem has several constraints. The safe distance between any two WTs was set to be not less than   5 D  , with  D  being the WT rotor diameter. Besides, the WTs were not allowed to be installed beyond the OWF’s boundary. Then, the optimization problem can be formulated as follows:


   min C o E    s . t .  {      8 ·  N  w t 1   + 4 ·  N  w t 2   = 160        d  i j   ≥  D  m i n       i , j = 1 , 2 , ⋯ ,  N  w t          ρ i  ∈  (  0 ,  R ]          i = 1 , 2 , ⋯ ,  N  w t         ,   i ≠ j   



(15)




where    d  i j     is the distance between the  i th WT and the  j th WT, which can be calculated by (6).    D  m i n     is the minimum distance allowed between any two WTs.    ρ i    is the distance from the  i th WT to the  z -axis in the cylindrical coordinate system, and  R  is the radius of the OWF’s planned circle.    N  w t     is the total number of WTs installed in the OWF.




3.3. Optimization Algorithm


The OWF is a very sophisticated multi-input and multi-output (MIMO) nonlinear system with time varying, strong coupling characteristics. The optimization in this case is beyond the traditional calculus based optimization algorithms. WOA [26] was utilized to solve the OWF optimization problem, which mimics the social behavior of humpback whales, i.e., the bubble-net hunting strategy. Humpback whales follow both a shrinking cycle and spiral shaped path simultaneously. There is an assumption of a 0.5 probability that the whale will choose between two mechanisms to update its positions. The general mathematical model during the optimization is shown in (16) [26].


   X →   (  t + 1  )  =  {        X →  *   ( t )  −  A →  ·  D →            p < 0.5         D →  ’  ·  e  b l   · cos  (  2 π l  )  +   X →  *   ( t )            p ≥ 0.5        



(16)




where  t  indicates the  t th iteration,   X →   is the position matrix, and     X →  *    is the position matrix of the best solution obtained so far.  b  is a constant for defining the shape of the logarithmic spiral, and  l  and  p  are random numbers belonging to the interval    [  0 , 1  ]   .   D →  =   |   C →  ·   X →  *   ( t )  −  X →   ( t )   |   ,     D →  ’  =  |    X →  *  −  X →   ( t )   |   , and     D →  ’    indicates the distance of the  i th whale to the prey (best solution obtained so far).   A →   and   C →   are coefficient vectors, which are calculated as follows [26].


   A →  = 2  a →  ·  r →  −  a →   



(17)






   C →  = 2 ·  r →   



(18)




where   a →   is a parameter that linearly decreases from two to zero over the course of iterations and   r →   is a random vector in    [  0 , 1  ]   .



The WOA begins with a set of random solutions. At each iteration, search agents update their positions with respect to either a randomly chosen search agent or the best solution achieved so far. The   a →   parameter decreases from two to zero in order to provide exploration and exploitation, respectively. A random search agent is chosen when    |  A →  |  > 1  , while the best solution is selected when    |  A →  |  < 1   for updating the position of the search agents. At last, the WOA is terminated by the satisfaction of a termination criterion.



The aim of the iteration of the WOA is to find the best WTs’ positions and types as the configuration for an OWF on a given terrain with a circular boundary. Each position matrix   X →      (   N  w t   × 3  )    of the whales represents the parameters of the    N  w t     individual WT as    (  ρ , θ , s  )    with    (  ρ , θ  )    denoting the position of the WTs in the polar coordinate and  s  denoting the type of WT selected in this position, e.g., if    (  ρ , θ , s  )  =  (  200 , 30 , 1  )   , this means the first type of WT (Vestas 8 MW) is   200   m   away from the  z -axis and   30 °   deviating from the east direction.



When iterations are carried on until the convergence criteria are satisfied, the global optimal individual is exported as the solution to the position and type selection scheme for multiple types of WTs’ mixed-installation. Eight hundred generations were set for the WOA to finish the evolution, except that the iterations reached the minimum residual set as     10   − 6    .





4. Case Study


4.1. Baseline Cases


Among the operational OWFs, the majority are composed of an identical type of WTs arranged in symmetrical and array-like layouts. As reference cases, this paper puts forward four baseline designs with the same total capacity (160 MW), but each of them consists of different types of WTs. The first one is composed of 40 Siemens 4 MW WTs with Cb1 (Figure 8), and the second one is composed of 20 Vestas 8 MW WTs with Cb2 (Figure 9), occupying the same area (a circle with a radius of 2500 m). For comparison, the layouts of an OWF that has the same total capacity, but occupies a rectangle area with a size 5166 m by 4018 m are shown in Figure 10; Figure 11, respectively. The layout and spacing between WTs were in the similar manner as in Horns Rev 1 WF [21].



Table 3 shows the calculation results of the four baselines (BL1–BL4). The definition of the parameters is described below.



Power density  μ  is the power generated by the OWF per unit area (  1     km  2   ) and is calculated as follows:


  μ =    P  t o t a l ,   t    S   



(19)




where  S  is the OWF planning area.



The efficiency  η  is calculated as in (20).


  η =    P  t o t a l , t       ∑   i = 1    N  w t      P  w t , i  t    × 100 %  



(20)




where    P  t o t a l , t     is computed using (12), and the denominator is the ideal expected total power, which is the power production if there are no wake effects.    P  w t , i  t    is the ideal expected output power of the  i th WT at time  t , and    N  w t     is the total number of WTs.



The capacity factor (CF) is computed as in (21).


  C F =    P  t o t a l , t       ∑   i = 1    N  w t      P  w t , i   r a t e     × 100 %  



(21)




where    P  w t , i   r a t e     is the rated power of the  i th WT.



From Table 3, the following conclusions can be drawn.



Firstly, the OWF in a circular layout outperformed that in a rectangle layout because the circular layout occupied a smaller area and the radial distance between WTs was much longer than the distance between adjacent WTs in an array. This could reduce the interaction between WTs and consequently decrease wake loss. Besides, the total length of cables was considerably shorter in the circular layout, which helped reduce the ohmic losses in the cables.



Secondly, WTs with larger capacity would help improve the OWF’s energy efficiency. For the design with larger WTs, the hub heights were higher; thus, the wind resource was better; the number of WTs required was fewer, and the spacing was larger in terms of rotor diameters; thus, the wake effect was weaker (also suggested by the higher OWF efficiency).



Lastly, it was not economic to implement larger WTs compared with smaller ones, since the   C o E   upscaled dramatically with the increase of WTs’ capacity. As the capital cost per MW increased with WT size, the baseline designs with smaller WTs were better from an economic angle.



Generally, the above comparisons demonstrated that: (i) a circular layout plan is much better than a rectangle layout plan for the OWF; (ii) from the efficiency and economic perspective, different types of WTs have their different competitive strengths, respectively. These points clearly suggest that it would be beneficial to investigate the mixed installation of WTs in a circular layout pattern.




4.2. Optimized Cases


For comparison, this paper first gives the optimized design (OD1 and OD2) of BL1 and BL2, comprised of uniform WTs. The simulation results are shown in Figure 12 and Figure 13, respectively. The optimization result of the OWF with mixed-installation of WTs is shown in Figure 14.



Table 4 shows the simulation results and comparisons between OD1 to OD3 and BL1 and BL2. Based on these results, it can be clearly seen that the optimized designs (OD1 to OD3) generally exceeded the baseline cases (BL1 and BL2) in terms of energy production (AEP, CF, wake deficit, and cable ohmic losses) and economy (  C o E  ). This conclusion was in accordance with previous research [10]. This also justified the effectiveness of the WOA to find the optimal solution.



For given wind conditions, five main factors strongly affected the simulation results: (1) wake deficit, (2) cable ohmic losses, (3) capital cost of different types of WTs, (4) capital cost of different types of cables, and (5) foundation cost of WTs installed in different water depth areas. (1) and (2) were from the electricity output aspect, while (3), (4), and (5) were from the capital investment aspect. 8 MW WTs had stronger electricity generation ability and could save more space in the case of a given capacity. Nevertheless, the mean capital cost of 8 MW WTs was usually higher than that of 4 MW WTs. In addition, Cb1 was less expensive than Cb2, but its transmission capacity was lower and its resistance higher. Thus, the merits of the non-uniform design were quite dependent on the proportion that different WTs occupied and the cable types. However, its possible demerits in terms of supply chain management, installation, and O&M distinctly appeared on account of the inevitably increased level of complexity for these concerns.





5. Conclusions


This paper proposed a novel optimization framework involving mixed-installation for OWF with a circular boundary. Two kinds of WTs with different rated capacities, diameters, hub heights, and power curves were considered for micro-siting in a deep water OWF. A complete optimization problem was established including wind profile, water depth, wake effects, space constraints, and cable layout. The WOA optimization method was implemented to solve the WTs’ positioning problem with different capacity mixing ratios of the two types of WTs. Extensive simulation work was presented to validate that the proposed scheme could give the best layout result of the optimization object.



The method developed in this study is a useful tool for OWF design. It benefits the designers to further explore the feasible design space for OWFs and acquire even lower   C o E   by considering non-uniform design options using multiple types of WTs. Further research can include three aspects: (i) the improvement of the algorithm efficiency and the complex constraints including different safe distances for different WTs; (ii) the refinement of the optimization model by taking other relative factors into consideration; (iii) the performance comparison of the WOA and other optimization algorithms to solve the WF optimization problem should be taken into consideration. Besides, more efficient algorithms should be developed to address this problem.
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Nomenclature




	
Abbreviation




	
OWF

	
offshore wind farm




	
WT

	
wind turbine




	
WOA

	
wale optimization algorithm




	
GA

	
genetic algorithm




	
PSO

	
particle swarm optimization




	
AI

	
artificial intelligence




	
O&M

	
operation and maintenance




	
CoE

	
cost of energy




	
WF

	
wind farm




	
OS-S

	
offshore substation




	
AEP

	
annual energy production




	
CAPEX

	
capital expenditure




	
OD

	
optimized design




	
BL

	
baseline




	
MIMO

	
multi-input and multi-output




	
CF

	
capacity factor




	
F-G

	
Frandsen-Gaussian









	
Notation




	
  ρ  

	
Euclidean distance from the  z -axis to the point in the cylindrical coordinate system

	
  θ  

	
angle offset from the positive  x -axis in the cylindrical coordinate system




	
  z  

	
vertical distance from the reference plane to the point in the cylindrical coordinate system

	
    v m    

	
wind speed measured at the reference height




	
    H  r e f     

	
reference height where wind speed is measured

	
    z 0    

	
roughness length




	
    P  W b     

	
Weibull distribution

	
   k  ( θ )    

	
shape parameter of Weibull distribution




	
   c  ( θ )    

	
scale parameter of the Weibull distribution

	
   f  ( θ )    

	
frequency of occurrence in each wind direction




	
   A  ( x )    

	
an undetermined coefficient of  x  in the F-G model

	
    C T    

	
WT thrust coefficient




	
    r r    

	
WT rotor radius

	
  α  

	
WT entrainment constant




	
  M  

	
number of total WT types.

	
    N  w t     

	
WT total number




	
    D  m i n     

	
minimum distance allowed between any two WTs

	
  S  

	
WF covered area




	
  μ  

	
WF power density

	
  η  

	
WF efficiency
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Figure 1. 3D seabed model. 
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Figure 2. OWF in the cylindrical coordinate system analysis model. 
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Figure 3. Polar coordinate system analysis model. 






Figure 3. Polar coordinate system analysis model.
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Figure 4. Projection on the x-o-z(y-o-z) plane. 
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Figure 5. Power curves of the two types of WTs. 
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Figure 6. PDF of wind speed and wind direction [21]. Reproduced from [21], the name of the publisher: Energies. 
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Figure 7. Relationship between WTs’ foundation cost and water depth [12]. Reproduced from [12], the name of the publisher: IEEE. 
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Figure 8. Baseline 1. 
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Figure 9. Baseline 2. 
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Figure 10. Baseline 3. 
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Figure 11. Baseline 4. 
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Figure 12. Optimized Design 1. 
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Figure 13. Optimized Design 2. 
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Figure 14. Optimized Design 3. 
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Table 1. Parameters of the WTs.






Table 1. Parameters of the WTs.





	WT Type
	Rated Power (MW)
	Hub Height (m)
	Rotor Diameter (m)
	Cut-in Speed

(m/s)
	Cut-out Speed

(m/s)
	Rated Wind Speed

(m/s)
	Generator
	Gearbox





	V-164
	8
	107
	164
	4
	12.5
	25
	permanent magnet
	-



	SWT-4.0-130
	4
	89.5
	120
	5
	12
	25
	squirrel cage induction
	planetary/helical
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Table 2. Typical characteristics of 33 kV cables.






Table 2. Typical characteristics of 33 kV cables.





	33 kV Cable Type
	Overall Diameter (mm)
	     Resistance   per   Kilometer   @ 20   ℃       (  Ω  /  k m  )     
	Capacity (MVA, Approximately)
	    Price   ( £ /  m  )    





	Cb1 400     mm  2   
	127
	107
	36
	250



	Cb2 630     mm  2   
	143
	89.5
	44
	350
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Table 3. Comparison of Baselines (BLs) 1–4.
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	Cases
	WT Capacity (MW)
	    WTs   Number    N  w t      
	    Covered   Area   S    (   k    m  2   )     
	    Capacity   Factor   C F    ( % )     
	    Power   Density   μ    (   k W  /  k    m  2   )     
	    Efficiency   η    ( % )     
	Cost of Energy

   ( C o E      )       (  £ /  M W h   )    





	BL 1
	4
	40
	19.625
	53.91
	5882.31
	94.02
	67.23



	BL 2
	8
	20
	19.625
	56.38
	5978.62
	95.12
	70.98



	BL 3
	4
	40
	20.757
	51.03
	4041.43
	89.15
	69.97



	BL 4
	8
	20
	20.757
	54.98
	4237.99
	93.11
	72.58
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Table 4. Comparison of Optimized Designs (OD) 1–3 and Baselines 1, and 2.
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	Case
	8 MW WT Capacity/

4 MW WT Capacity
	Normalized AEP
	    Capacity   Factor   C F    ( % )     
	    Wake   Deficit    ( % )     
	    Cable   Ohmic   Loss    (   k W h   )     
	Cost of Energy

   C o E    (  £ /  M W h   )    





	OD 1
	0:160
	0.601
	55.27
	5.92
	382
	62.86



	OD 2
	160:0
	0.647
	57.20
	3.84
	374
	60.13



	OD 3
	136:24
	0.697
	59.41
	2.88
	331
	58.91



	BL 1
	0:160
	0.576
	53.91
	6.82
	382
	67.23



	BL 2
	160:0
	0.621
	56.38
	6.27
	325
	70.98
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