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Abstract

:

As international efforts to address climate change grow, an increasing number of countries and companies have put forward a clear “net zero” goal through accelerated renewable-energy development. As a renewable energy source, offshore wind energy has received particular attention from many countries and is a highly active research area. However, the design of offshore wind turbine structures faces challenges due to the large and complex design parameter space as well as different operational requirements and environmental conditions. Advanced optimization technology must be employed to address these challenges. Using an efficient optimization algorithm, it is possible to obtain optimized parameters for offshore wind turbine structures, balancing energy generation performance and the life of the floating wind turbine. This paper presents a review of the types and fundamental principles of several critical optimization technologies along with their application in the design process, with a focus on offshore wind turbine structures. It concludes with a discussion of the future prospects of optimization technology in offshore wind research.
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1. Introduction


With the rapid growth of global energy, climate change and ecological and environmental issues are increasingly concerning. In this regard, the use of clean and renewable energy is increasingly underscored. As a clean renewable energy source, offshore wind energy is receiving particular attention from many countries, and numerous relevant studies and projects have been conducted.



Offshore winds are generally much stronger and steadier compared to those inland. Furthermore, offshore wind has less turbulence intensity and a more stable dominant direction, which is beneficial regarding wind-induced turbine fatigue. In addition, an offshore wind turbine is less restrained against noise, visual obstruction, residents’ opposition, and space restrictions. In most countries, the majority of populations live near coastal regions, which makes offshore wind turbines more competitive. Since offshore wind energy does not cause any air pollution and produces no harmful waste, it is expected to play an increasingly important role in the future energy market.



According to the global wind report [1], in 2021, the global wind power capacity reached 733 GW, and the total installed capacity of wind power in China reached 282 GW. Countries with installed wind power capacity exceeding 10 GW include the United States of America (118 GW), Germany (62 GW), India (39 GW), Spain (27 GW), the UK (24 GW), France (17 GW), Brazil (17 GW), Canada (14 GW), and Italy (11 GW). In recent years, the further development of offshore wind power technology has been attempted, with significant progress. Europe plays a leading role, with 90% of wind turbine manufacturers and 75% of installed wind power capacity concentrated there.



In shallow water, offshore wind turbines are fixed using pillar (monopile) or jacket structures. In the case of a fixed pillar structure, the pillar, which is generally composed of steel, is driven deep below the seabed through hammering. Most existing shallow offshore wind farms use this kind of foundation. This structure is restricted by geological conditions and water depth. Many such bottom-fixed offshore wind turbines can be found off the coast of Denmark [2].



In deep water, it is hard for bottom-fixed foundations to meet the design requirements in view of the lowest natural frequencies being closer to dominant wave frequencies. Therefore, in the case of water depths greater than 50 m, floating foundations are recommended. For large water depths and a soft seabed, floating wind turbines (FWTs) are generally more cost-effective, as the overall cost only marginally increases with the additional length of mooring lines. Because they are installed far from the shore, they are less restricted by size, noise, scenery, and other regulations. FWTs can be used in water as deep as 700 m and obviate the need for tall towers and specialized materials designed for deep water [2].



Henderson et al. [3] discussed the advantages of utilizing floating foundations and outlined the technical challenges for different types. They also provided a detailed overview of the potential new markets for FWT technology. Wang et al. [4] presented a literature survey of the research and development of FWTs. Offshore floating wind turbines use various mooring systems anchored at the seabed. In 1972, Heronemus [5] proposed the floating offshore wind turbine (FOWT) concept. In the 1990s, researchers from various countries began to work on the development of several different FOWT concepts. Among them, the spar-buoy (spar), tension leg platforms (TLPs), and bargelike or semisubmersible platforms (barge) are the most popular [6]. The spar wind turbine is a deep-draft vertical cylinder similar to existing oil and gas spar platforms, with a tall tower and a rotor-nacelle assembly (RNA) at its top. The floating foundation (consisting of a steel and/or concrete cylinder filled with water or gravel ballasts to keep the center of gravity below the center of buoyancy) ensures that the wind turbine floats in the sea and stays upright during wet towing through a sizeable righting moment arm and high inertial resistance to pitch and roll motions [4]. The draft of the floating foundation is usually larger than or at least equal to the hub height above sea level for maintaining pitch–roll stability and minimizing heave motion. Tension leg platforms (TLPs) are extensively used in the offshore oil and gas industry and are employed as FOWT [7]. The TLP wind turbine has extremely small heave, pitch and roll motions compared to other floating foundations, and could lead to significantly reduced fabrication costs due to the reduced steel weight compared to that of fixed offshore wind turbines. The barge type uses a wide and shallow-draft barge as its floating foundation. In the barge concept, the required pitch–roll restoring moment for stabilization is achieved from a large water-plane area [7]. However, the greatest disadvantage of this type is large-wave-induced motions, unless they are effectively controlled. In this regard, semisubmersible-type floating foundations are preferred. The greatest advantage of the shallow-draft foundation, like the barge or semisubmersible, is that quay-side assembly and wet towing are possible, which avoids dangerous offshore assembly and installation.



Due to the growing interest in offshore wind energy, offshore wind turbine design optimization research has increased over the past few decades. Figure 1 demonstrates the number of journal papers that discussed the design and optimization of offshore wind turbines. There has been rapid growth in the number of papers, especially in the last 10–15 years.



The present paper begins with an overview of the state-of-the-art in different offshore wind turbine concepts and their differences in design, cost, and expected performance. The general design and optimization approaches for offshore wind turbines are then reviewed. This includes static, frequency-domain, and time-domain analyses. Optimization criteria involved in these optimization approaches are also included. Then, several widely used optimization methods and their potential applications in offshore wind turbine design optimization are described in Section 4. Lastly, a brief summary of the main findings and future research directions of this work are provided in Section 5.




2. Type of Offshore Wind Turbine


2.1. Fixed Substructure


2.1.1. Monopile Substructure


In the last few decades, the most popular and widely adopted modern offshore wind foundation system has been the monopile foundation. Nearly 81% of all existing European offshore wind turbines consisted of a monopole foundation by the end of 2016 [8,9], such as Horns Rev 1–3, the Anholt projects in Denmark, the London Array project UK, and the Dantysk project in Germany. The monopile is generally used in areas with relatively shallow water depth (<40 m). The typical diameter of the steel tubular section is 3–6 m, length of 20–50 m, and up to 1000 tons [10,11]. Depending on seabed characteristics, total applied load, and design criteria, 40–50% of the steel tubular section is inserted into the seabed to provide resistance by the surrounding soil along the embedded length. A monopile is generally manufactured onshore, then transported to the operation location for installation by pile driving or drilling. Because no seabed preparation is necessary, the installation can generally be achieved within 24 h [12,13,14].




2.1.2. Tripod Substructure


For larger turbines and deeper water up to 50 m, a tripod, an extension of the monopile is generally used [15]. Tripods consist of three-legged tripod bases connected to a large-diameter central steel tubular section and the seabed. These three piles are embedded 10–20 m into the seabed to provide significant resistance for better stability performance and stiffness of the entire offshore wind turbine substructure [10,16], depending on the special equipment required for driving or drilling. The typical installation of a tripod offshore wind turbine up to 700 tons generally takes 2–3 days [12,17]. Similar to the monopile, the installation of a tripod foundation does not require seabed preparation. However, due to heavier foundations tripod construction and maintenance costs can be higher than those of other base types. In addition, erosion protection is required for the tripod in locations where bottom currents are significant or where sediment is easily eroded. Examples of tripod-foundation wind farms are AlphaVentus, Trianel Windpark Borkum I, and Global Tech I.




2.1.3. Jacket Substructure


For deeper water oil and gas platforms up to 60 m, a jacket or braced frame substructure is generally used [18,19]. The jacket structure is composed of a small-diameter lattice truss. This lattice truss structure is connected with three or four tubular legs that are driven into the seabed. The jacket substructure can be installed down to depths of 10–60 m, and some can be extended to 80 m [15]. The general installation of the jacket substructure can be completed in three days. The main advantage of a jacket substructure includes that it is particularly suitable for severe offshore conditions, as truss components offer higher resistance to prevailing ocean waves and current flow in comparison with monopile or tripod structures, and can adjust their application range with geometrical variations without altering the stiffness of the whole structure [20]. The main disadvantage of the jacket substructure is higher installation and construction cost, and it is always used as a transitional water substructure [10,21]. Due to erosion, the jacket structure’s joints generally require long maintenance downtime periods in order to sustain structural integrity. Some deeper-water wind farms use jacket foundations, for example Beatrice and Thornton Bank Phases II and III.



We demonstrate the advantages and disadvantages of the three most common substructure types used for fixed offshore wind turbines in Table 1. We also demonstrate the main types of fixed offshore wind turbine substructure in Figure 2.





2.2. Floating Substructure


In recent years, floating offshore wind technology has rapidly generated several different types of wind turbine. The four main types, as illustrated in Figure 3, are:




	
Spar–buoy



	
Semisubmersible



	
Tension leg platform (TLP)



	
Barge








2.2.1. Spar–Buoy Substructure


The spar-type platform is a deep-draft vertical cylinder, which provides buoyancy. Roll/pitch stability is maintained by placing the center of gravity sufficiently below the center of buoyancy. For station keeping, a catenary or semi-taut spread mooring system of chains, steel cables, and/or synthetic fiber ropes can be used. The hull can float horizontally and be wet-towed, then the bottom part can be water-ballasted to a vertical position. Due to the deep draft, RNA assembly and a hull at the quayside are impossible except in the case of deep Norwegian fjords. The floating spar–buoy concept is the most technically proven concept among floating wind turbines. This technology was adopted in the first full-scale FOWT prototype Hywind, which had been deployed in Norway by Statoil in 2009 [24]. Hywind is the first FOWT project in which the 6 MW-scale wind turbine was installed.



The first commercial floating wind farm consisting of five 6 MW spar-type FOWTs was commissioned by Statoil off the coast of Scotland in 2020. A concept of spar-type FOWT was well-defined and studied by the IEA Wind Task 23 subtask 2 OC3 project [25] to support an NREL 5 MW reference wind turbine on the basis of the Hywind prototype [24]. The scale model tests of OC3-Hywind were carried out in the MARIN wave tank in The Netherlands and the Ocean Engineering Wide Tank of the University of Ulsan (UOU), Korea [26]. Another relatively recent model is the SWAY-type offshore wind turbine. SWAY is moored by a single vertical tendon held at the base by a swivel connection that allows for the wind turbine to revolve as the wind changes direction [2].



Many numerical and experimental studies have been carried out to analyze the performance of the spar-type offshore wind turbines. This research is generically multidisciplinary, involving aerodynamics, hydrodynamics, multi-structure dynamics (elastic), and automated control [27,28]. Numerical methods such as blade element momentum (BEM) theory, generalized dynamic wake (GDW) theory, and the computational fluid dynamics (CFD) method are generally used for the simulation of FOWT aerodynamics [29,30,31]. In addition, coupled dynamics analysis and simulation tools were developed for the FOWT [32]. Among this numerical simulation software, the FAST platform, developed by NREL, is the most widely used and well-known for the numerical simulation of FOWT [33]. In addition, experimental studies have been conducted and developed to analyze the performance of the spar-type FOWT. In an effort to validate FAST and other offshore wind energy modeling tools, the DeepCwind project tested three prototype floating wind turbines at 1/50th scale in a wave basin: a semisubmersible, a tension-leg platform, and a spar buoy [34]. The Froude number can be used for the wave-induced dynamics between model and prototype, whereas aerodynamic similarity was not met since it is governed by the Reynolds scale. Thus, in many cases, a disk of similar drag force was applied to simulate the wind rotor. Another 1:47 Froude scaled model test of the Hywind spar-type FOWT was conducted under various sea states at the Ocean Basin Laboratory at Martinek [28,35]. A 1:50 scale model of the OC3 spar-type FOWT was produced at the State Key Laboratory of Ocean Engineering at Shanghai Jiao Tong University [36]. Another 1:40 model of OC3-Hywind spar was established in the DHI Offshore Wave Basin in Hørsholm (Denmark). Experimental results and numerical analysis of the FAST code were compared [37]. A numerical study was also developed for the coupled dynamics analysis of the Hywind spar design with a 5 MW turbine in the time domain, including aeroloading, blade–rotor dynamics and control, tower elastic responses, mooring dynamics, and platform motions [38].




2.2.2. Semisubmersible Substructure


As one of the most feasible floating platforms supporting offshore wind turbines, the semisubmersible is rapidly being developed, with the offshore wind industry moving to deep waters (ranging 50–300 m) [39]. Semisubmersibles have relatively shallow drafts compared to spars; thus, both quayside assembly and wet tow are possible, which is one of the greatest advantages of this concept.



MARIN, DUT, TNO, and MSC developed a joint project called Drijfwind in 2002 [40]. A semisubmersible FOWT with a three-legged floating foundation, the Dutch tri-floater, was developed. The project’s main objective was to improve the vertical motion response of the FOWT while reducing the overall construction volume. The model used three hollow columns to provide the necessary buoyance. Each of the columns had a diameter of 8 m and was composed of two layers of shells.



Collu [41,42] further modified and improved the design of the support structure of the Dutch tri-floater. Each column of the foundation was divided into three compartments using two horizon bulkheads. T-/H-section and radius-ring stiffeners were employed to increase the foundation’s integrity, and global/local stiffness.



Another well-known semisub-type FOWT is WindFloat designed by Roddier et al. [24]. Similar to the configuration proposed in the Dutch trifloater, the WindFloat is also based on a three-column foundation. For this design, the wind turbine was installed at one column of the WindFloat, while its vertical position is maintained by ballasting the other columns, i.e., each column of the floating structure is equipped with a permanent water ballast system at the bottom to lower the draft of the structure to the target. In addition, an active water ballast system is used above the permanent water ballast to move the waters between the columns. Because of the active system, the floating structure can easily adjust the weight of each column to keep the wind turbine vertical when the wind speed or direction changes.



A ring-shaped floating foundation is another type of supporting structure used for semisubmersible offshore wind turbines. It features an additional damping pool system, essentially a moon pool constructed inside a ring [43]. The pool is used to act as a damper to reduce the motion of the entire floater.



In 2011, the Fukushima project deployed an FOWT offshore of Fukushima, Japan. In the first phase of the Fukushima project, a 2 MW wind turbine was installed on a compact semisubmersible foundation [44]. The stability of the structure was increased using braces connecting columns and eight catenary mooring line system. In the second phase, a 7 MW wind turbine was installed on a semisubmersible with its pontoons directly connected to columns without braces. The validity and feasibility of such a braceless semisubmersible were investigated by several researchers [45,46,47]. Coupled dynamics studies of semisubmersible FOWTs are important to their design. For example, a recent study conducted a numerical simulation and analysis of the performance changes in an FOWT with a broken mooring line using the OC4 DeepCwind semisubmersible as a reference [48]. A similar study compared the global performance of the OC4 and WindFloat semisubmersible FOWT hulls for the same environmental and control conditions when adopting the same 5 MW wind turbine and catenary mooring system by using the turbine-floater-mooring fully coupled simulation program [49]. Recently, a larger scale semisubmersible floating foundation hosting multiple wind turbines on it was suggested, and a corresponding coupled dynamic analysis tool was developed [50,51,52].




2.2.3. Tension Leg Platform (TLP) Substructure


Tension leg platforms (TLPs) are famous structures in the oil and gas industry and are widely accepted as an FOWT substructure. The TLP wind turbine has the advantage of extremely small heave, pitch, and roll motions compared to those of other floating foundations. It could also significantly lower the manufacturing cost in deep waters compared to fixed platforms.



A TLP wind turbine was installed off the coast of Puglia, southern Italy, by Blue H Technologies. This large-scale prototype was used to test the assembly, transportation, and installation of the TLP-type wind energy converter, and serves as a metering platform with sensors to measure site-specific data. The turbine can generate 80 kW and uses a two-bladed rotor. It was deployed in a water depth of 108 m. Zhao et al. [53] developed a new multicolumn TLP foundation (Windstar TLP) for the NREL offshore 5 MW reference turbine using the same site-specific environmental conditions as those of the OC3-Hywind (NREL). In a study carried out by Bachynski and Moan [54], five different parametric single-column TLPWTs were designed and analyzed under four different wind–wave conditions by using the Simo, Reflex, and Aerodyn numerical tools for coupled analysis to estimate the platform motions and structural loads on turbine components and tendons. Nihei and Fujioka [55] presented the tank test results for a 1:100 scale TLP-type FOWT incorporating three rotating blades. Tests were carried out in both waves and winds. Test results showed that the blade–wind interaction had a beneficial effect of reducing the floater pitch motion and decreasing mooring line vibrations. For the TLP foundation, the dynamic coupling effects between hull or tendon and turbine can be important (e.g., significant shift of the original TLP motion natural frequencies due to the elastic behavior of the tower), and thus need to be modeled as a combined dynamic system. Recently, fully coupled dynamic analysis of a TLP offshore wind turbine in the time domain including blade-rotor dynamics and control, mooring dynamics, and platform motions was conducted, analyzing the coupling effects with rotors on the fatigue life of the FOWT [56].




2.2.4. Barge Substructure


The barge-type FOWT consists of a single or a group of wind turbines on a large shallow-draft barge structure. The stability of the barge type is achieved by a large waterplane area. Similar to the semisubmersible type, quayside assembly and wet tow are possible. The main advantage of the barge-type foundation is simple manufacturing. The main disadvantage of the barge-type wind turbine is its sensitivity to the roll and pitch motions in waves, and it is therefore mainly used in calm seas, e.g., inside a harbor. Only a few barge-type FOWT systems exist, for example the ITI Energy Barge [57]. Floatgen by the French Ideol is unique, with a concrete ring-shaped support structure utilizing a moon pool (sometimes called a damping pool) employed to reduce wave-induced motions [39,58].



In the following, we tabulate the advantages and disadvantages of the four types of floating support in Table 2.






3. Design and Optimization Approaches for Offshore Wind Turbine


In the present review, we divided optimization methods into static, frequency-domain, and time-domain approaches.



3.1. Optimization Based on Static Analysis


Static approaches to structural optimization in wind-energy technology are based on statical structural representations, often using detailed finite-element models. Typical static analysis usually focuses on minimizing the weight of the offshore structure by varying its geometry, e.g., the diameter and thickness of the structure. Other common optimization aspects in static analysis include maximizing the stiffness and preventing the buckling of the offshore wind turbine. Uys et al. [59] showed the optimization of a 1 MW turbine based on three tubular sections with a height of 15 m each. Production costs were minimized, and buckling was taken as a constraint. The design variables were the mean wall thickness of each 15 m segment and a certain number of ring stiffeners to prevent buckling. This method is widely used for onshore wind turbines; for example, using data for a commercial 1.0 MW Acciona turbine and its tower, Chantharasenawong et al. [60] achieved a reduction of more than 20% in tower weight by increasing diameters and reducing section thicknesses, thereby reducing the capacity factor for buckling failure (within allowable limits). Gencturk et al. [61] carried out a similar study to optimize a 100 kW wind turbine design. By tuning the parameters of the transmission line of the lattice tower, the study reduced the weight of the wind turbine by 20%. For offshore wind turbines, static analysis was also applied for design optimizations. In the optimization study of a 5 MW offshore wind turbine by Long et al. [62], the optimal bottom leg distance of the offshore wind turbine’s lattice tower was obtained by performing static analysis and buckling checks. Damiani and Song [63] proposed a jacket sizing tool for systems engineering based on optimization, which allows for the determination of basic topology and dimensions. The objective function quantifies the degree to which the structure succeeds in fulfilling these objectives by a single numerical value (e.g., the total weight of the structure). This value depends in a fixed and predetermined way on the geometric parameters that describe the structure.




3.2. Optimization Based on Frequency-Domain Analysis


Frequency-domain analysis generally refers to the analysis of structural performance in terms of frequency rather than time, which is used in time-domain analysis. It has the advantage of lower computational cost over time-domain analysis. For the design optimization of offshore wind turbines, based on a coupled parametric finite-element analysis (FEA) and genetic algorithm (GA), the study by Gentils et al. [64] minimized the mass of the support structure under multicriteria constraints for a 5 MW offshore wind turbine on an OC3 monopile. The optimization constraints in this study were selected to be vibration, stress, deformation, buckling, fatigue, and design variables. By design optimization, the study showed a 20% reduction in the global mass of the support structure. They concluded that fatigue and natural frequency appeared to be the main design drivers, which agreed with the recommendation from the design standards. Using a combination of static and frequency domain analysis, a design procedure was proposed by Laszlo et al. [65] for the design of offshore wind turbine monopole foundations. The study presented a simplified way of designing monopiles on the basis of necessary data (i.e., the least amount of data), namely site characteristics (wind speed at reference height, wind turbulence intensity, water depth, wave height, wave period), turbine characteristics (rated power, rated wind speed, rotor diameter, cut-in and cut-out speed, mass of the rotor nacelle assembly), and ground profile (soil stiffness variation with depth, soil stiffness at one diameter depth). Design criteria included the ultimate limit state (ULS), target natural frequency, fatigue limit state (FLS), robustness, and ease of installation. Thiry et al. [66] developed a methodology to optimize monopile steel structures (5 MW turbine) with a genetic algorithm. The objective was to minimize the weight of the support structure, while constraints were implemented utilizing penalties in the fitness function. Constraints were taken for both FLS and ULS. FLS was calculated on the basis of structure-independent damage from wind and structure-dependent damage from waves (calculated in the frequency domain by linearly combining the PSDs of the environment and the support structure). ULS was calculated through the wind load on the rotor, the pressure on the structure, and a wave load described by Hw = 10 m and Tw = 14 s. Soil was not considered, as the structure was clamped above the mudline. This study showed a weight reduction of 21%. Van der Tempel [67], and Ziegler et al. [68] proposed another method for calculation of the fatigue life of offshore wind turbines using frequency domain analysis combined with Dirlik’s method [69] to obtain Damage Equivalent Loads. Similarly, Long and Moe [62] applied a frequency-domain fatigue estimation method to determine fatigue loads for offshore wind turbine jacket substructures. Brommundt et al. [70] proposed a spectral method to optimize the mooring system of a floating structure, while a spectral model was also used to predict structural responses of a semisubmersible substructure. Similar works were presented by Michailides and Angelides [71], and Hall et al. [72] proposing a multi-objective formulation and a genetic algorithm to design floating structures and topology.




3.3. Optimization Based on Time-Domain Analysis


Time-domain approaches offer the possibility of carrying out very detailed design assessment which is close to the requirements of design standards and structural code checks. Due to its high computational cost, the time-domain optimization of wind turbines has only recently emerged. It was first used to optimize the design of onshore wind turbines. Yoshida [73] optimized the dimensions of an onshore steel tower 2 MW turbine based on a genetic algorithm and a time-domain simulation tool for structural code checks. An optimization framework based on FAST, capable of performing the design optimization of onshore wind turbines, was presented by Gutierrez et al. [74]. For offshore wind turbines, Ashuri [75] conducted scaling to predict the design of huge offshore wind turbines with an optimization tool. Haghi et al. [76] designed a monopile for a 3.6 MW offshore wind turbine using a similar simulation-based optimization method. In that study, using optimization design, the weight of the support structure was reduced by nearly 12% compared to the initial design. With a time-domain simulation-based optimization tool, Zwick et al. [77] improved the design of the jacket support structure of a wind turbine for the first time. After that initial study, Chew et al. [78,79,80] compared the three- and four-legged supporting structures using iterative algorithms. The studies showed the advantage of the three-legged structure from an economic point of view. Later, using a genetic algorithm and time-domain simulation tool, Schafhirt et al. [81] optimized the OC4 jacket support structure. That study also demonstrated that the genetic algorithm is too slow for time-domain simulation-based optimization. Chew et al. [79] proposed the method of an analytically calculated gradient in the field of jacket optimization, leading to faster convergence to the optimal design and increased optimization speed. By neglecting the effect from the variations in single tube dimensions on the turbine structural response, Schafhirt et al. [82] used a gradient-based approach to optimize offshore wind turbine design on the base of fatigue criteria. With a similar approach, Oest et al. [83] applied an analytically-derived gradient and a sequential linear programming method to optimize the entire mass of the OC4 jacket offshore wind turbine. Recently, metaheuristic optimization approaches based on genetic algorithms were presented by AlHamaydeh et al. [84,85] and Kaveh and Sabeti [86], although these approaches incorporated limited load assumptions without appropriate structural code checks. Pasamontes et al. [87] conducted an optimization study on the jacket of the OC4 project. A genetic algorithm was used to minimize the weight of the offshore wind turbine. They used design-dependent ULS and FLS constraints on each joint in the structure, both based on one load case of 30 s and extrapolated to the entire lifetime of the structure. For the jacket, the ULS case was design driven. Three hundred generations with 15 individuals for the first case and 30 individuals for the second case were needed to develop a solution. Using a particle swarm and time-domain simulation optimization method, Chen et al. [88] obtained the optimal hybrid substructure of the offshore wind turbine using fatigue criteria.





4. Optimization Algorithms Used in Recent Offshore Wind Turbine Design Studies


4.1. Sequential Quadratic Programming


The optimization problem of offshore wind turbine design involves many variables with complex and nonlinear relations. Nonlinear programming problems include nonlinear functions in the objective function or constraint conditions. Generally, solving nonlinear programming problems is much more complex than solving linear programming problems. Moreover, unlike linear programming, where the simplex method is general, there is no general algorithm suitable for various problems in nonlinear programming; existing methods have a specific scope of application. The sequential quadratic programming (SQP) algorithm is recognized as one of the most effective methods for solving constrained nonlinear optimization problems. Compared with other algorithms, the SQP method has the advantages of good convergence, high calculation efficiency, and strong boundary searchability, and it has received extensive attention and application. The SQP algorithm reformulates the general problem as a quadratic program (QP) subproblem and approximates the Hessian matrix using the modified Broyden–Fletcher–Goldfarb–Shanno formula. This guarantees positive definite Hessian matrices and ensures that the subproblems are strictly convex. The main advantage of SQP methods is that they can solve highly nonlinear problems with fast final convergence speed. The main disadvantage of the SQP method is that it can only achieve fast convergence in the case of accurate gradients, and usually requires a large storage space. Because these gradients usually need to be obtained analytically before iterating to a solution, a procedure using SQP can involve highly complex calculations for large problems with many variables and constraints.



SQP has been applied to optimize the blade design of a wind turbine. For instance, Kenway and Martins [89] applied the SQP approach to conduct the aero-structural shape optimization of wind turbine blades. By central differencing and a multi-start approach, Ning et al. [90] improved the convergence behavior of the SQP algorithm to optimize wind turbine performance. Bizzarrini et al. [91] used a hybrid method based on a genetic algorithm and gradient-based method similar to SQP to optimize the design of wind turbine airfoil. The study showed that the hybrid method is more efficient than the genetic and gradient-based methods to converge to the optimal solution. A similar hybrid genetic algorithm and gradient-based method were applied to optimize the wind turbine thick airfoils (Grasso), complex design optimization in CFD, three-dimensional aerodynamic shape optimization [92], and airfoil and wing optimization design [93]. SQP was applied to optimize the OC4 and UpWind offshore wind turbine jacket substructures [55]. The global optimum was achieved in the design optimization process, where many design constraints were also satisfied. Specifically, both the buckling and fatigue load constraints had significant influence over the design of tubular members and joints, while each component was oriented to maximize utilization against the prescribed limit state functions. Long et al. [62] optimized a full lattice tower using SQP in the frequency domain, where static design was obtained from extreme load analysis followed by a redesign of member thickness against the fatigue loads.




4.2. Genetic Algorithm


A genetic algorithm (GA) is a computational model of the biological evolution process that simulates the natural selection and genetic mechanism of Darwin’s biological evolution theory and searches for the optimal solution by simulating the process of natural evolution.



The main feature of a GA is to directly operate on structural objects without the limitation of derivation and function continuity. It has inherent implicit parallelism and better global optimization capabilities, adopts probabilistic optimization methods and does not require definite rules, and can automatically obtain and guide the optimized search space as well as adaptively adjust the search direction. The genetic algorithm takes all individuals in a group as the object and uses randomization technology to efficiently search a coded parameter space. Five elements, namely parameter coding, initial population setting, fitness function design, genetic operation design, and control parameter setting, constitute the core content of the genetic algorithm. After the first generation, a new population is generated according to the principle of survival of the fittest. According to the individual fitness problem domain (fitness), size selection (selection) individuals using genetic operators’ natural genetics (genetic operators) are combined (crossover) and varied (mutation), generating a population representative of the new solution set. This process leads to the same population, as the natural evolution of epigenetic generation of populations is to adapt more to the environment than the previous generation did. The last best individual in the population can be treated as the optimal solution. The main advantage of a Genetic algorithm is that they can (a) support multi-objective optimization; (b) be effective in treating local optimization problems; (c) be easily parallelized in modern HPC platforms; and (d) obtain a population of optimization solutions rather than a single point. Their main disadvantage is that although the method requires less information about the optimization problem, designing an objective function and obtaining the correct representation and operators can be difficult. In addition, this method often has a high computational cost.



Genetic algorithms are widely used for the design optimization of offshore wind turbines. For example, Hall et al. [72] presented a genetic algorithm-based optimization framework for FOWT substructures. First, a frequency-domain model evaluated the performance of the FOWT in terms of motions in six degrees of freedom. Then, the study applied the genetic algorithm to explore the design space and seek local optima that minimize root-mean-square (RMS) nacelle acceleration and cost, which constitute the most relevant support structure design factors affecting the cost of energy from a floating wind turbine. Nandigram et al. [94] used geometric programming to solve an optimization model on the basis of cost, loss, and reliability for a single main substation, and tested this approach using a small wind farm. By minimizing the mass of the support structure under multicriteria constraints, Gentils et al. [64] developed a structural optimization model for an offshore wind turbine substructure based on coupled parametric finite-element analysis (FEA) and genetic algorithms (GA). Using the developed model, this study simultaneously optimized the components of the support structure (i.e., tower, transition piece, grout, and monopile). The study by Karimi et al. [95] presented a multi-objective design optimization approach for floating wind turbines with a design space that spanned three stability classes of floating wind turbine substructure, spar, TLP, and semisubmersible, using nine design parameters. Seakeeping analysis of the 5 mw FOWT was carried out using FAST and WAMIT. The evaluation and comparison were conducted by a multi-objective genetic algorithm optimization method. The study by Pasamontes et al. [87] used a genetic algorithm for the structural design optimization of the support UpWind jacket structures from the OC4 project. Each design was analyzed with a complete wind turbine simulation for a load case in the time domain. Structural assessment was in terms of fatigue damage, evaluated for each joint using the hot-spot stress approach, which defined the performance constraints. Designs must be optimized with respect to their weight, and genetic algorithms are also applied to optimize the performance of offshore wind turbines in other aspects such as electrical connection and site selection. For instance, Hausler et al. [96] optimized the electrical connection scheme for offshore wind farms using a GA by considering the investment cost. Several publications focused on the reliability problem of the collector systems [97]. Gonzalez-Longatt et al. [98] presented a novel approach to optimize the electric network design for large offshore wind farms based on an improved genetic algorithm. Lee et al. [99] conducted a study on the numerical optimization of site selection for offshore wind turbine installation using a genetic algorithm. The optimization problem was defined to maximize the energy density, satisfying the criteria of maximal water depth and maximal distance from the coastline. The candidate site was selected through a GA, and the results showed that it was possible to roughly predict a candidate site location for installing an offshore wind farm and evaluating the proposed site’s wind resources. Similar studies were carried out by Zhao et al. [100,101,102,103] to optimize wind farm configuration with a genetic algorithm.




4.3. Particle Swarm Algorithm


The idea of the particle swarm algorithm (PSA) originated from the study of the predation behavior of birds and fish schools. It simulates the behavior of bird swarms flying for food. The collective cooperation among birds ensures that the group achieve the optimal goal.



Each solution to the optimization problem is imagined as a bird, called a particle. All particles are searched in a D-dimensional space. A fitness function is used by all particles to determine whether the current position is good or bad. Each particle must be endowed with a memory function to remember the best position found. Each particle also has a speed in order to determine its distance and direction of flight. This speed is dynamically adjusted per its own flight experience and that of its companions. Compared with other modern optimization methods, the apparent feature of particle swarm optimization (PSO) is the fewer number of parameters needing to be adjusted. It is thus a simple and easy method to implement and converges relatively quickly. As a result, it turns out to be a hot spot in the field of modern optimization methods. Based on the review in [104], advantages of the basic particle swarm optimization algorithm include that it is based on intelligence, can be applied to both scientific research and engineering use, has no overlapping or mutation calculation, and allows a search to be carried out based on the speed of a particle. During the development of several generations, only the most optimized particle can transmit information on to the other particles; the research speed is very fast,; and the calculation involved are very simple. Compared with the other developing calculations, it affords the greatest optimization ability, and can be completed easily. Finally, PSO adopts a real number code which is decided directly by the solution. The number of dimensions is equal to the constant of the solution. On the other hand, the disadvantage of the particle swarm optimization algorithm is that the method usually suffers the problem of partial optimism, which leads to less accurate regulation of its optimization speed and direction. In addition, the method cannot solve the problems of scattering and optimization, nor the problems of non-coordinated systems such as the solution of the energy field.



For offshore wind turbine optimization problems, PSO is generally used for blade design. Liao et al. [105] employed an improved PSO algorithm to optimize wind turbine blades. The comparison results between optimized and reference blades indicated that this method was feasible and practical in the field of offshore wind turbine systems. Combined with the improved PSO algorithm with the FAST program, the authors pursued the minimal blade mass to reduce wind turbine cost. The thickness and the location of the layers in spar caps were selected as the optimization variables [106]. On the basis of a particle swarm optimization (PSO) algorithm and FAST program, Ma et al. [107] developed a time-domain coupled calculation model for a floating wind turbine and a combined optimization design method for the wind turbine’s blades. Another parameter which PSO often optimizes is hub height. Chowdhury et al. (2013) [108] concluded that the normalized power output could be dramatically increased by adopting turbines with PSA-optimized hub heights. Hafele and Rolfes [109] proposed a holistic method based on a metaheuristic PSO approach with some modifications to handle the optimization constraint. The method was applied to design the jacket substructure for the NREL 5 MW turbine, and the results showed massive potential concerning the cost reduction of offshore wind turbines. A study by Tian (2019) [110] used a 5 MW offshore single-pile wind turbine as the optimization object. In order to minimize the weight of the supporting structure, the coupled spring model was used to account for the influence of the foundation. The strength, stability, natural frequency, and motions of the top of the tower were defined as constraint conditions. The thickness of each section was set as the variable to be optimized by PSO and FEA. Using this optimization method, this study successfully reduced the weight of the offshore wind turbine by 7.41% under all these constraints. Particle swarm optimization has also been used in the positioning of the offshore wind turbine. In the studies of Wan et al. (2010) [111], the PSO method was introduced to solve the wind turbine positioning problem. The PSO method operates a swarm of particles in the solution space, each of which stands for a potential solution of turbine layout. During the evolution of the swarm; each particle moves randomly with a trend of concentrating to the best possible coordinate it can reach. Wan et al. (2012) [112] proposed Gaussian particle swarm optimization with a differential evolution local search strategy (LGPSO) to further improve the performance of the PSO method. Their study showed that the LGPSO method outperformed GA and PSO with penalty functions in the studied wind farm optimization scenarios.




4.4. Other Algorithms


Similar to GA and PSO, coral reef optimization (CRO) and ant colony optimization (ACO) are widely used bioinspired optimization approaches. CRO is based on the simulation of reef formation and coral reproduction. ACO is an algorithm that was developed to apply discrete optimization problems. The algorithm mimics an actual ant colony’s behavior while it searches for food [113]. These methods are generally used in wind farm layout design [113,114] instead of the optimization design of the offshore wind turbine supports. Colliding-body optimization is another relatively new multiagent algorithm suitable for a multidisciplinary design optimization problem. This algorithm is based on one-dimensional collisions between bodies, with each agent solution considered to be an object or body with mass. After a collision of two moving bodies having specified masses and velocities, both bodies are separated with new velocities. This collision causes the agents to move towards better positions in the search space [115]. A recent study by Kaveh and Sbeti [116] employed CBO to investigate offshore wind turbines’ optimal jacket supporting structures. The OC4 reference jacket was considered in that study. Through the optimization process, the structure’s weight was reduced by nearly 50%, with the first and second frequencies of the structure kept within the soft-stiff range.



The literature that we reviewed in the present study generally fell into the category of robust optimization design, in which design was optimized under specific limits on the structural performance (e.g., fatigue). Probabilistic design is another field in designing structures subject to probabilistic problem variables and parameters. While most design optimization of offshore wind turbine studies focuses on robust optimization, there are a limited number of studies applying probabilistic design to offshore wind turbine support structures. For instance, Yang et al. (2015) [16] presented an efficient methodology for reliability-based design optimization (RBDO) of the tripod substructure of offshore wind turbines considering dynamic response requirements. The cost of supporting the structure of offshore wind turbines is so high that optimization in the design stage is an essential requirement. The method first used an FEA model to simulate the dynamic response of a tripod substructure with a 5 MW wind turbine. Then, based on sample results from the FEA model, an approximate model was established to replace the original FEA model. Lastly, this approximate model was used during the optimal iterative procedure with a global optimization algorithm to gain the final best design point considering uncertainties. Recently, a study by Stieng and Muskulus (2020) [117] presented a general methodology that implemented recent developments in gradient-based design optimization, particularly the use of analytical gradients, within the context of reliability-based design optimization methods. The study divided the offshore wind turbine’s uncertain response into probabilistic and deterministic parts. Furthermore, the method computationally decoupled reliability analysis from the design optimization procedure to reduce the high computational cost by such factorization.





5. Conclusions


There is higher demand for clean and renewable wind energy in the modern energy industry, especially offshore wind energy. An offshore wind turbine can efficiently extract and transfer abundant offshore wind resources, promoting the development and design of a variety of offshore wind turbines. With the advancement of modern optimization algorithms and computational power, the optimization design of offshore wind turbines can be further developed, moving the research area of offshore wind turbines forward. The research trend is to develop new algorithms based on artificial intelligence techniques (e.g., genetic algorithms), aiming to converge the optimization problem towards the optimal global solution under highly improved computational efficiency. Thus, design optimization can eventually be improved. In the present paper, we have discussed state-of-the-art optimization algorithms applied to offshore wind turbine design. Several outstanding challenges as well as the current research trends in this topic are presented below.



The application of different numerical simulation techniques has played an increasingly critical role in the optimization design of offshore wind turbines. However, these simulation tools still have several flaws. Therefore, one research focus is to improve the accuracy and efficiency of these tools. This includes developing efficient numerical simulation tools to consider the coupled dynamic effects on the hull, on the turbine with control, and on the mooring system, including nonlinear effects from wind–wake and wave–body interactions. In order to reduce the rising computational cost of these tools, another research topic is to reduce the computational time of these algorithms, especially for time-consuming time-domain simulations. For example, the recently developed accelerated boundary element method [118,119], which could reduce the computational cost from O(N2) to O(N), is an excellent candidate for the simulation of offshore wind turbines under various farm arrangements and environmental conditions.



The development of efficient optimization technologies is also significant. One topic is to address the enormous computational cost caused by the slow convergence of optimization algorithms. In this case, some newly developed algorithms, e.g., improved genetic algorithms [120] which have faster convergence speed without compromising accuracy, could be applied to the optimization of offshore wind turbine design.



Using the approximate model to replace the complex direct numerical model is another development direction of design optimization technology to accelerate the process and accuracy of the optimization. The approximate model could be obtained by training a machine learning-based model [121] such as an artificial neural network or support vector machine using large datasets from experimental or numerical test data.



To build such an approximate model to replace the direct numerical tool, the dataset used for training is critical. However, the robustness and availability of the dataset still constrains the use of such a method. For instance, dataset size is often limited, and data quality cannot be guaranteed. To solve this problem, data augmentation needs to be applied to increase the diversity and size of the dataset without obtaining new data. An ideal system would be based on an approximate model trained with a large dataset and efficient optimization technologies without external references or experiences. These features would allow for more extensive use of this technology by individuals with less experience in the design optimization of offshore wind turbines.



For deep-water applications, further research needs to focus on the optimization design of the mooring and tether systems. This includes the material properties, geometry, and type of anchors of the mooring line system. As a result, the design optimization of both substructure and mooring line systems should be simultaneously considered. In addition, the design code for the substructure and mooring line system should be developed, accounting for the environmental conditions encountered by offshore wind turbines, as for now, the design code for offshore wind turbines is mainly based on that used for oil and gas platforms.
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Figure 1. Number of published papers in design optimization of offshore wind turbine (2000–2020). 
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Figure 2. Types of Fixed Offshore Wind Turbines: (a) Monopile; (b) Tripod; (c) Jacket Substructures [22]. 
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Figure 3. Types of Floating Offshore Wind Turbines: (a) Barge; (b) Semisubmersible; (c) Spar; (d) TLP [23]. 
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Table 1. Comparison of Substructures for Fixed Offshore Wind Turbines.
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	Monopile
	Tripod
	Jacket





	Advantage
	
	
Work well in sand and gravel soils. No need for seabed preparation.



	
Have a simple design that installs quickly.



	
Adaptable for shallow and deeper installations of various sizes.



	
Cost-effective for installations up to 40 m.





	
	
The seabed site does not need advanced preparation before installation.



	
Well-suited for locations where stiff clays or medium-to-dense sands are present and can be used in softer soils too.



	
Become an economical choice for installations at 45 m or more.



	
Provides extra stability to the wind turbine.





	
	
Can be installed using piles or suction caissons in stiff clays or medium-to-dense sands. Soft-oil installations are possible with longer pile lengths that significantly increase friction resistance.



	
The larger surface area of the lattice configuration may provide an artificial reef location, providing a new habitat for local species.



	
Economical choice using straightforward manufacturing methods.



	
Can be moved by barge.








	Disadvantage
	
	
Cost and risks associated with fabrication, installation, and transport increase for larger monopiles required at deeper installations where hydrodynamic loads are an issue.



	
Installation noise can disorient, injure, or kill marine life sensitive or pressure waves. This includes humpback whales, loggerhead turtles, and manatees.



	
Wind, wave, and seismic loading can negatively affect monopile foundations. This can cause early fatigue damage to the structure if it is not accounted for during installation.





	
	
Scour/erosion protection may be needed around the tripod base in locations where bottom currents are significant or where sediment is easily eroded.



	
Tripod construction and maintenance costs can be higher than other base types.





	
	
May allow invasive species to establish and spread. Changes to local water patterns may be detrimental to native marine ecosystems.



	
Higher installation and construction cost.



	
Installations using pile drivers can create underwater noise that may injure or kill some marine life.



	
North Sea installation of jacket foundations have reported ongoing grout joint issues, requiring long maintenance downtime periods to sustain structural integrity.
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Table 2. Comparison of Substructures for Floating Offshore Wind Turbines.
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	Spar-Buoy
	Semisubmersible
	TLP
	Barge





	Advantage
	
	
Relatively low cost.



	
Little volume close to free surface, resulting small wave forces.



	
Relatively easy to be installed using category mooring.



	
Advantageous in the natural period.



	
Suitable for water depth greater than 150 m.





	
	
Small motion and thus good stability.



	
Relatively easy to be installed.



	
Good yaw motion and associated torque.



	
Suitable for water depth greater than 50 m.





	
	
Small motion and thus good stability.



	
Little volume close to free surface, resulting small wave forces.



	
Advantageous in the natural period.



	
Good yaw motion and associated torque.



	
Suitable for water depth greater than 50 m.





	
	
Large water-plane area, resulting good buoyancy and stability.



	
Good yaw motion and associated torque.



	
Relatively easy to be installed using conventional mooring lines.



	
Suitable for water depth greater than 50 m.








	Disadvantage
	
	
Large motion.



	
Small water-plane area, leaving stability relying on buoyancy/weight distribution.



	
Large yaw motion and associated torque.





	
	
Large motion.



	
Relatively large manufacturing cost.



	
Challenging in natural frequency.





	
	
Relatively large manufacturing cost.



	
Small water-plane area, leaving stability relying on positive mooring line tension.



	
Challenging to be installed: positive tension needed in tethers, and expensive anchors.





	
	
Large motion.



	
Large volume close to free surface, resulting large wave forces.



	
Relatively large manufacturing cost.



	
Challenging in natural frequency.
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