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Abstract. The wind energy sector is shifting towards larger turbines to reduce energy costs, posing challenges for 

installations in shallow and intermediate waters (60-150 meters) that require smaller platforms and mooring 

systems. Previous research utilized a multi-objective optimization (MO) framework, employing tools like NSGA2 

and OpenFast with MoorDyn, to design systems compatible with synthetic lines. Incorporating load reduction 

devices (LDRs) in mooring systems offers significant benefits by reducing loads on anchors and mooring lines, 

allowing for smaller, lighter anchors, and mitigating fatigue damage. LDRs, such as ballasted pendulums, polymer 

springs, and hydraulic dampers, feature unique non-linear stiffness curves crucial for performance. This study 

advances the MO framework by assessing a mooring system with spring polymer LDRs and conducting a 

sensitivity analysis of key design variables using the design of experiments (DOE) approach. It integrates the 

Pymoo optimization library with industrial software like OrcaFlex and OrcaWave, promoting broader industry 

adoption. The findings indicate significant reductions in mooring system costs, particularly for smaller mooring 

radii, and a 22% decrease in computational costs with fewer design variables, enhancing the mooring design 

process for any floating platform in any water depth. 
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1  Introduction 

The renewable energy sector is rapidly advancing into open seas with floating offshore wind technology. 

Governments aim for net zero emissions by the 2050s and 2060s, emphasizing wind energy's crucial role in 

environmental efforts. Currently, offshore wind capacity stands at 64.3 GW, accounting for 7% of the global total. 

GWEC Market Intelligence [1] forecasts an addition of over 380 GW by 2032, raising total capacity to 447 GW. 

Brazil's Offshore Support System (OSS) [2] manages offshore areas for power generation, with an estimated 

potential of 700 GW in shallow waters [3]. Despite growing turbine sizes, adapting mooring systems to shallow 

waters remains challenging [4]. Studies suggest synthetic ropes can reduce peak loads and CAPEX  [4], [5], [6]. 

Loading reduction devices (LRDs) also show potential for CAPEX reduction [7], [8]. Optimization methods for 

mooring systems include frequency domain analysis [9], [10], metamodel techniques [11], and direct time-domain 

simulations [12]. A recent tiered constraint screening method for a multi-objective optimization genetic algorithm 

(MOGA) aims to achieve cost-effective mooring designs using OpenFast [13] and MoorDyn [14] with nylon and 

chain [6], [15]. However, literature lacks studies using preliminary sensitivity analysis of design variables, 

commercial software, and automated cost optimization for mooring systems with LRDs. This paper addresses 

these gaps by using the design of experiment approach to identify the most influential design variables and 
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employing MOGA and OrcaFlex to optimize a mooring system with a spring polymer LRD.  Polymer springs 

serve as versatile components in mooring lines. McEvoy and Kim [16] utilized them for floating tidal devices. 

Further insights, including cost-benefit analyses for FOWT mooring systems, are provided by Aryawan et al. [7], 

Lozon et al. [8], and McEvoy, Johnston and Marine [17] . These studies demonstrate that polymer springs reduce 

peak mooring loads and offer advantages such as improved fatigue life, reduced mooring footprint, and optimized 

platform motion. This paper examines a spring design with a degressive axial stiffness response curve, as shown 

in Fig.1, which also highlights the benefits of using this spring, designed to be stiff at lower tension levels and 

compliant with the turbine's thrust load. The outcomes in this paper were derived using a laptop with a 6-core 

CPU, 16 GB RAM, and a 237 GB SSD. The analysis used OrcaFlex and OrcaWave for offshore dynamic and 

diffraction analysis, pyDOE for sensitivity analysis, Pymoo for NSGA2 optimization, Scipy for Savitzky-Golay 

filtering, Openturns for generating the Generalized Extreme Distribution, Joblib for parallel computation, and 

Numpy and Panda for other tasks. 

 

 

Figure 1. Qualitative Mooring line axial stiffness curve, (a) Chain-synthetic line, (b) Incorporating a LRDs. 

2  Optimization framework 

The optimization framework in this study follows a similar approach to that used by West et al. [6], employing the 

Non-Sorted Genetic Algorithm II (NSGA2) to find a Pareto Frontier for two competing objectives: minimizing 

cost and mooring system radii. However, this paper adopts a penalty-free niched approach, eliminating the need 

for penalty parameters [18]. The running metric, introduced by Blank and Deb [19], is used as a termination 

criterion to evaluate runs when the true Pareto front is unknown. 

2.1 Definition of the optimization problem and objective functions 

West et al. [6] note the unclear relationship between the mooring system and cost, emphasizing the importance of 

understanding it. To ensure competitive objectives, the mooring system radius and cost are mapped into competing 

criteria according to the eq. (1) and (2). Detailed explanations of this approach can be found in West et al. [6]. 

𝐿(𝒙) = √(𝐶(𝒙)
𝑀𝑛𝑜𝑟𝑚

⁄ )
2

+ (𝑅 − 𝑅𝑚𝑖𝑛)2 (1) 

𝜑(𝒙) = 𝑡𝑎𝑛−1 (
𝑅 − 𝑅𝑚𝑖𝑛

𝐶(𝑥)
𝑀𝑛𝑜𝑟𝑚

⁄
) (2) 
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The optimization problem, including constraints, follows West et al. [6] and is  illustrated in the eq. (3).  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 − 𝐿(𝒙) 𝑎𝑛𝑑 𝜑(𝒙) 

(3) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑔𝑖(𝒙) ≥ 0, 𝑖 = 1,2, … 8 

𝑅𝑚𝑖𝑛 ≤ 𝑅 ≤ 𝑅𝑚𝑎𝑥 

𝐿𝑠𝑦𝑛𝑚𝑖𝑛
≤ 𝐿𝑠𝑦𝑛 ≤ 𝐿𝑠𝑦𝑛𝑚𝑎𝑥

 

𝐿𝑠𝑝𝑟𝑚𝑖𝑛
≤ 𝐿𝑠𝑝𝑟 ≤ 𝐿𝑠𝑝𝑟𝑚𝑎𝑥

 

𝐷𝑐ℎ𝑎𝑖𝑛𝑚𝑖𝑛
≤ 𝐷𝑐ℎ𝑎𝑖𝑛 ≤ 𝐷𝑐ℎ𝑎𝑖𝑛𝑚𝑎𝑥

 

𝐷𝑠𝑦𝑛𝑚𝑖𝑛
≤ 𝐷𝑠𝑦𝑛 ≤ 𝐷𝑠𝑦𝑛𝑚𝑎𝑥

 

𝑉𝑚𝑖𝑛 ≤ 𝑉 ≤ 𝑉𝑚𝑎𝑥 

𝑇𝐿𝑚𝑖𝑛 ≤ 𝑇𝐿 ≤ 𝑇𝐿𝑚𝑎𝑥 

 

wherein the symbols are illustrated  in Tab.1. 

2.2 Design variables 

Table 1 illustrates the design variables and their range of definition. 

Table 1. Design variables 

Design variable Description Variable Type Range 

𝑅 Mooring system radius Continuous 250 m – 400 m 

𝐿𝑠𝑦𝑛 
Length of the nylon line 

 (as fraction of radius)  
Continuous 0.4 - 0.61 (100 m – 244 m) 

𝐿𝑠𝑝𝑟 
Length of the spring 

(as fraction of radius) 
Continuous 0.02 - 0.04 (5 m – 16 m) 

𝑑𝑠𝑦𝑛 Diameter of the nylon line Continuous 175 mm – 240 mm 

𝑑𝑐ℎ𝑎𝑖𝑛 Diameter of the chain line Continuous 135 mm – 178 mm 

𝑉 Buoy displaced volume Continuous 0 m3 – 10 m3 
𝑇𝐿 Target load of the spring component Continuous 3000 (kN) – 6000 (kN) 

 

2.3 Constraints 

The constraints used are as follows: 𝑔1(𝒙) is the mooring system geometric constraint, 𝑔2(𝒙) is the platform heave 

natural period constraint, 𝑔3(𝒙) is the platform pitch natural period constraint. 𝑔4(𝒙) is the platform surge natural 

period constraint, 𝑔5(𝒙) is the synthetic touchdown constraint, 𝑔6(𝒙) is the time-domain chain ultimate strength 

constraint. 𝑔7(𝒙) is the time-domain synthetic ultimate strength constraint. Detailed descriptions and mathematical 

formulations for these constraints are not included here due to space limitations and can be found in West et al.[6]. 

For the mooring system integrating the spring polymer, another constraint is added as formulated in the eq. (4): 

𝑖𝑓 𝑇𝑒𝑛𝑠𝑖𝑜𝑛𝑓𝑎𝑖𝑟𝑙𝑒𝑎𝑑𝑚𝑎𝑥
≥ 𝑇𝐿: 

(4) 
𝑇ℎ𝑒𝑛 𝑔8 = 3

𝑇𝑒𝑛𝑠𝑖𝑜𝑛𝑓𝑎𝑖𝑟𝑙𝑒𝑎𝑑𝑚𝑎𝑥
− 𝑇𝐿

𝑇𝐿
 

𝐸𝑙𝑠𝑒: 𝑔8 = 0 
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3  Input data 

The mooring system configuration, the characteristics of the floating turbine, the design requirements and 

environmental condition can be found in West et al.[6] The additional characteristics of the mooring system 

integrating the spring are modeled in OrcaFlex using the eq. (5) and the Tab.2: 

𝑐 =
𝑇𝐿

2500
 

(5) 

Table 2. Look-up table varying with Target Load. 

Elongation [%] 0 5 10 15 20 25 30 35 40 45 46.5 50 

Tension [kN] x102 c*0 c*5 c*9 c*12 c*16 c*19 c*21 c*22 c*24 c*25 c*26 c*32 

 

The linear mass of the spring was estimated using data from Lozon et al. [8], where a spring with a target load of 

4000 kN has a linear mass of 1759.9 [kg/m]. The spring's linear mass is estimated by scaling the linear mass of 

the polymer spring with a target load of 4000 kN, according to the eq. (6): 

𝑙𝑖𝑛𝑒𝑎𝑟 𝑚𝑎𝑠𝑠 =
1759.9

4000
𝑇𝐿 

(6) 

The cost of the spring component was sourced from McEvoy et al. [17], who estimated the spring's price to be 

20% higher than that of the chain. The spring price is detailed in Tab.3. 

Table 3. Spring Cost component. 

Material Cost (USD/kg) 

Spring component 1.5*1.2 = 1.8 

4  Modelling approach to approximate the maximum load 

The ABS-recommended method utilizes quasi-static stiffness to determine the system's pretension and calculate 

both the mean offsets of the platform and the tensions in the mooring lines [20]. For dynamic simulations, dynamic 

line stiffness is applied, and the initial line length is adjusted to match the pretension derived from the quasi-static 

stiffness used in static simulations. Once the pretension alignment is achieved, dynamic simulations are conducted 

using dynamic stiffness. Response amplitudes from these simulations are then added to the mean tension obtained 

from the static simulations. A random design underwent six 1-hour simulations each with different seed  according 

to ABS guidelines to compute the average maximum tension, accounting for wave loads and the mean loads of 

drift wave, current, and wind as per the approach proposed by West et al.[6]. Following this, 24 simulations of 

1000 seconds each with different seeds were performed. Maximum tension peaks were fitted to a generalized 

extreme value (GEV) distribution to extrapolate the maximum tension with higher probability. The seed -

1298747991, which best matched the extrapolated tension to the average tension, was selected. For a detailed 

illustration of the method see West at al.[15]. 

5  Results 

The optimization framework proposed by West et al.[6] is enhanced using a design of experiment approach to 

identify the design variables that most significantly influence line tension load. A comparison is then made between 

the optimization using all variables and the optimization using only the most important variables. 

5.1 Design of experiment 

A random design is selected, with lower and upper levels calculated by adding ±10% to their values. A full factorial 
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design matrix is generated, followed by 27 OrcaFlex simulations to calculate the tension load in line using the 

approximated approach. An ANOVA analysis identifies the most influential design variables: radius, line length, 

spring length, nylon diameter, and target load, as illustrated in Tab.4. The results of this sensitivity analysis for 

spring length and target load are also supported by the findings of Festa et al. [21]. It also presents interactions 

between variables up to the 3rd order, revealing that the interaction between the buoy volume, and other variables 

is not statistically significant (p < 0.05), though these interactions are not shown here for brevity. For details about 

this approach see the work of Ferreira et al. [22].  

Table 4. ANOVA 

Source of variation Sum of Squares Degree of freedom F P(>F) Significance 

Radius 4.64E+09 1 1091292 3.8E-137 P < 0.05 

Line length 1.95E+09 1 459069.9 4.1E-125 P < 0.05 

Spring length 37054493 1 8708.035 4.14E-70 P < 0.05 

Chain diam 663057.7 1 155.8227 8.33E-19 P < 0.05 

Nylon diam 1.92E+08 1 45136.22 6.77E-93 P < 0.05 

Buoy volume 0.228863 1 5.38E-05 0.994171  

Target Load 1514485 1 355.9133 7.74E-28 P < 0.05 

5.2 Optimization  

The NSGA2 optimization framework was executed using Pymoo's default values, as detailed in Tab.5. For the 

optimization involving six design variables, the population size was proportionally reduced. The excluded design 

variable, buoy volume, was kept constant, 1.5 m³. Notably, this less influential design variable converged to this 

value during the optimization involving all seven variables. The simulation time was 156 hours for the seven 

design variables and 120 hours for the six design variables. Running the 27 time-domain simulations for the DOE 

took about 2 hours, resulting in a total time of 122 hours for the DOE and optimization framework using the four 

design variables. 

Table 5. Parameters for the NSGA2 

Parameter Value 

Population size (7 design variables) 140 

Population size (6 design variables) 120 

Crossover operator Exponential 

Crossover probability 0.9 

Crossover distribution index (𝜂) 15 

Mutation operator Exponential 

Mutation probability 0.9 

Mutation distribution index (𝜂) 20 

Elitism Implicit to NSGA2 

 

The Pareto frontiers for both optimizations, shown in Fig.2, demonstrate good agreement. However, the 2nd 

optimization narrowed the radii range.  The Pareto frontier of the synthetic chain mooring system optimized by 

West et al. [6] presented costs ranging from $1.25 to $1.4 million, while the alternative system showed significantly 

lower costs ranging from $0.7 to $1 million. Table 6 indicates that the average Factor of Safety (FoS) of the 

solutions is slightly higher than the target FoS, suggesting that the chain and nylon diameters can be further 

reduced. However, the algorithm is unable to select smaller diameters due to the fixed lower bound values for the 

chain and nylon. 
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Figure 2. Objective Space 

Table 6. Factor of Safety (FoS) statistic  

Design Variables Material Target FoS Average FoS Max FoS Min FoS FoS COV 

7 
Chain 3.30 3.47 3.90 3.38 2.21% 

Synthetic 2.18 2.23 2.35 2.18 1.63% 

6 
Chain 3.3 3.48 3.58 3.58 1.19% 

Synthetic 2.18 2.24 2.31 2.18 1.22% 

6  Conclusions 

The optimization framework developed by West et al. [6] is applied to an innovative mooring system using a LDR 

in the form of a polymer spring. This framework is enhanced by incorporating a design of experiment (DOE) 

approach to identify and exclude design variables that do not significantly influence tension load calculation, which 

is crucial for determining solution feasibility. By reducing the design variables, the population size can be 

proportionally decreased, cutting computational time by up to 22% while still achieving a satisfactory Pareto 

frontier in a narrowed radii range. The Pareto frontiers in both the mapped and original spaces show good 

agreement and significant cost reductions compared to a more traditional synthetic chain mooring system. 

Additionally, the Factor of Safety (FoS) statistics from both optimizations suggest the potential for further reducing 

the chain and nylon diameters, thereby lowering costs. An important limitation is that the second optimization 

narrowed the range of radii, and the trade-off between this drawback and the time savings must be carefully 

evaluated. A more critical limitation is that, since the method relies on mean loads from drift waves, currents, and 

wind while considering design load case (DLC) 6.1, any selected design solution must undergo a complete suite 

of DLCs, incorporating time series analyses of drift wave, current, and wind loads to ensure comprehensive 

validation. Further research could explore the use of advanced probabilistic surrogate-assisted frameworks for 

constrained multi-objective or many-objective optimization, along with the inclusion of additional DLCs, such as 

those related to the fatigue limit state. 
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