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            Abstract
          
        

        
          The dead weight of a power connection cable of a floating green-hydrogen production platform has a significant impact on the cable life. Increasing the floatability of this cable by attaching buoyancy modules to reduce its dead weight can improve its structural integrity. In this study, the effect of attaching buoyancy modules to the power connection cable of a floating green-hydrogen production platform was investigated. To this end, a coupled dynamic analysis was performed using the commercial software OrcaFlex. The production platform comprised a 15-MW floating offshore wind turbine (FOWT) and a floating production storage and offloading (FPSO) unit, connected by a power connection cable; buoyancy modules were attached to this connection cable. The environmental conditions were assumed to be the operating conditions, under which electricity was produced by the wind turbines. First, a static analysis was conducted, which confirmed that when the buoyancy module was attached, the effective tension of the connection cable decreased throughout the line. Next, a dynamic analysis to investigate the dynamic behavior of the effective tension and bending moment of the connection cable was also conducted. When a buoyancy module was attached to the connection cable, the effective tension was observed to decrease.
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      1. Introduction
      Among humanity's steps toward carbon neutrality, hydrogen has been evaluated as an attractive energy source. Consequently, green-hydrogen production has emerged as an essential step towards creating a cleaner earth. In this context, floating green-hydrogen production platforms at sea are an attractive solution because they solve the territorial problems of production platforms. To produce such green hydrogen, renewable energy must be harnessed.

      Several methods are available for producing renewable energy from oceans. Wave energy converters (WECs) are a means of producing renewable energy, and many studies have been conducted on this topic [1][2]. However, WECs cannot produce sufficient power to drive a floating production storage and offloading (FPSO) unit.

      On the other hand, floating offshore wind turbines (FOWTs) are a viable renewable energy source that can meet the aforementioned needs, and many studies have already been conducted on floating wind power generation [3]-[7]. Several studies have been conducted on floating green-hydrogen systems using wind power generators. Lee et al. [8] conducted research on multi-objective optimization in the conceptual design stage of liquid-hydrogen FPSO units. Kim et al. [9] studied the riser configuration of a 15-MW FOWT, integrated with a green-hydrogen facility. Castillo et al. [10] proposed a novel platform, combining a hydrogen production facility with UMaine’s FOWT for offshore hydrogen production. Kim et al. [11] proposed a new production facility connecting a hydrogen-production FPSO with an FOWT, powering the FPSO with connection cables. The floating green-hydrogen production platform, which consists of an FPSO, producing hydrogen, and an FOWT, generating power for the FPSO, with a connection cable, can have a high effective tension in the long connection cable due to the self-weight (dead weight) of the cable. This can have a detrimental effect on the structural integrity of the cable. Attaching a buoyancy module can be one way to reduce this dead weight. Buoyancy modules are primarily used to create lazy wave shapes in umbilical cables or risers by utilizing their buoyancy. Significant amount of research has been reported on lazy-wave umbilical cables or risers [12]-[14].

      However, little research has been conducted on floating green-hydrogen production platforms, and even less research has been conducted on platforms with connection cables attached to buoyancy modules. To fill this gap, this study investigated the dynamic behavior of a floating green-hydrogen production system with and without buoyancy modules attached to the power cable connecting the FPSO and FOWT.

      A numerical simulation was performed to evaluate this dynamic behavior, OrcaFlex software was used to this end. Additionally, the dynamic behavior of the floating green-hydrogen platform was described under an operating condition, whereby power was produced from the FOWT.

    

    

  
    
      2. System Design and Environmental Conditions
      
        2.1 System Design
        Figure 1 and Figure 2 show the top and side views of the floating green-hydrogen platform. The UMaine's FOWT was used with an IEC 15-MW reference provided by Orcina, as an example; for the FPSO, a 103-m long default vessel provided by OrcaFlex was used. Detailed properties of the configuration are given in references [15][16]. As shown in Figure 1, the power-producing FOWT was moored using a three-point mooring method, whereas the hydrogen-producing FPSO was moored using an eight-point mooring method. The FOWT’s mooring line used R4-grade studless chain with a bar diameter of 0.22 m, while the FPSO used oil rig quality (ORQ)-grade studless chain with a bar diameter of 0.18 m. Detailed properties of the mooring lines are listed in Table 1. Figure 2 also shows a connection cable between the FOWT and FPSO that transmits electricity. The connection cable was a power cable with an outer diameter of 0.17 m, and its detailed properties are listed in Table 2.

        
          
          

          Figure 1: 
				
          

          
            Top view of floating green-hydrogen production platform.
          
          

          

        

        
          
          

          Figure 2: 
				
          

          
            Side view of floating green-hydrogen production platform
          
          

          

        

        
          Table 1 : 
				
          

          
            Properties of mooring line.
          
          

        

        
          
            
              	Variable
              	FOWT mooring line
              	FPSO mooring line
            

          
          
            	Bar diameter [m]
            	0.22
            	0.18
          

          
            	Grade [-]
            	R4
            	ORQ
          

          
            	Mass per unit length [kg/m]
            	963.16
            	644.76
          

          
            	Axial stiffness [kN]
            	4.133e6
            	2.767e6
          

          
            	Bending stiffness [kN.m^2]
            	0.0
            	0.0
          

          
            	Minimum breaking loads [kN]
            	35.01e3
            	20.24e3
          

        

        

        
          Table 2 : 
				
          

          
            Properties of power connection cable.
          
          

        

        
          
            
              	Variable
              	Connection Cable
            

          
          
            	Outer diameter [m]
            	0.17
          

          
            	Mass per unit length [kg/m]
            	52.02
          

          
            	Axial stiffness [kN]
            	244.8e3
          

          
            	Bending stiffness [kN.m^2]
            	14.74
          

        

        

        
          Table 3 : 
				
          

          
            Coordinate points according to the global coordinate system
          
          

        

        
          
            
              	Variable
(ML = Mooring Line)
              	Coordinate point
(x, y, z)
            

            
              	Hang-off or End A
              	Anchor or End B
            

          
          
            	FOWT center
            	(0, 0, 0)
          

          
            	FPSO center
            	(800, 0, 0)
          

          
            	FOWT ML 1
            	(-58, 0, -14)
            	(-850, 0, -200)
          

          
            	FOWT ML 2
            	(29, -50.23, -14)
            	(425, -736.1, -200)
          

          
            	FOWT ML 3
            	(29, 50.23, -14)
            	(425, 736.1, -200)
          

          
            	FPSO ML 1
            	(764.2, 4.06, -10)
            	(538.3, 162.2, -200)
          

          
            	FPSO ML 2
            	(765.9, 5.79, -10)
            	(607.8, 231.7, -200)
          

          
            	FPSO ML 3
            	(765.9, -5.79, -10)
            	(607.8, -231.7, -200)
          

          
            	FPSO ML 4
            	(764.2, -4.06, -10)
            	(538.3, -162.2, -200)
          

          
            	FPSO ML 5
            	(835.8, -4.06, -10)
            	(1061.7, -162.2, -200)
          

          
            	FPSO ML 6
            	(834.1, -5.79, -10)
            	(992.2, -231.7, -200)
          

          
            	FPSO ML 7
            	(834.1, 5.79, -10)
            	(992.2, 231.7, -200)
          

          
            	FPSO ML 8
            	(835.8, 4.06, -10)
            	(1061.7, 162.2, -200)
          

          
            	Connection cable
            	(0, 0, -25)
            	(800, 0, -10)
          

        

        

        The mooring lines for the FOWT and FPSO were 830 and 340 m long, respectively. Additionally, as shown in Figure 2, the total length of the power connection cable was 850 m. Two cases were considered in this study. In the first case, buoyancy modules were attached to the connection cable, while in the second case, they were not attached. In the former, the buoyancy modules were attached to connection cable at intervals of 25 m throughout its length. Therefore, the total length of the connection cable, with the buoyancy modules attached was 850 m. Detailed properties of the buoyancy module are listed in Table 4. Finally, Table 5 lists the natural frequencies of the system, calculated through modal analysis.

        
          Table 4 : 
				
          

          
            Properties of buoyancy module.
          
          

        

        
          
            
              	Variable
              	Value
            

          
          
            	Outer diameter [m]
            	1.0
          

          
            	Length [m]
            	1.0
          

          
            	Pitch (interval) [m]
            	25.0
          

          
            	Volume [m^3]
            	0.763
          

          
            	Mass [kg]
            	330.1
          

          
            	Displaced Mass [kg]
            	781.8
          

        

        

        
          Table 5 : 
				
          

          
            Natural frequency of floater.
          
          

        

        
          
            
              	Variable
              	FOWT
              	FPSO
            

          
          
            	Surge (governed) [Hz]
            	0.02453
            	0.03609
          

          
            	Sway (governed) [Hz]
            	0.02409
            	0.03605
          

          
            	Heave (governed) [Hz]
            	0.07196
            	0.15507
          

          
            	Roll (governed) [Hz]
            	0.04321
            	0.15421
          

          
            	Pitch (governed) [Hz]
            	0.04328
            	0.15232
          

          
            	Yaw (governed) [Hz]
            	0.03511
            	0.05467
          

        

        

      

      
        2.2 Environmental Conditions
        This study was conducted assuming normal operating conditions, under which power is produced by the FOWT. The water depth was set to 200 m, and environmental conditions, such as waves, wind, and currents, were considered.

        Irregular waves were generated using the JONSWAP spectrum [17]. Additionally, the IEC Kaimal spectrum was used to consider turbulent wind speeds [18]. At this time, Turbsim v2.0, an open-source program, provided free of charge by National Renewable Energy Laboratory (NREL) in USA, was used to generate turbulent wind speeds; the generated turbulent wind speed model was loaded into OrcaFlex and numerical simulation was performed [18]. Finally, the sea-level speed of the current was set to 1.0 m/s, and the current profile was calculated using the 1/7 power law. Detailed properties of the environmental conditions are listed in Table 6 [11].

        
          Table 6 : 
				
          

          
            Environmental conditions.
          
          

        

        
          
            
              	Variable
              	Operating conditions
            

          
          
            	Wave
            	Spectrum [-]
            	JONSWAP
          

          
            	Gamma [-]
            	2.14
          

          
            	Significant wave height [m]
            	5.0
          

          
            	Spectral period [s]
            	11.0
          

          
            	Wind
            	Spectrum [-]
            	IEC kaimal
          

          
            	Turbulence characteristic [-]
            	B
          

          
            	Turbulence type [-]
            	NTM
          

          
            	Reference wind speed at hub-height (150m) [m/s]
            	15.0
          

          
            	Power law exponent [-]
            	0.14
          

          
            	Current
            	Surface velocity [m/s]
            	1.0
 (1/7 power law used)
          

        

        

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Static Analysis Results
        First, the effective tension in the connection cable was checked under static conditions to determine whether the buoyancy module reduced the self-weight of the cables. Figure 3 shows the effective tension applied to the connection cable in the static analysis as a function of the arc length. As shown in Figure 3, when the buoyancy module was attached, the tension was reduced by approximately 100 kN across the entire line. This shows that attaching buoyancy modules to the connection cable can effectively reduce the self-weight of the cable. Additionally, the effective tensions at ends A and B of the connection cable were different because of the difference in the measurement locations with respect to the vertical axis.

        
          
          

          Figure 3: 
				
          

          
            Effective tension in the connection cable in static analysis as a function of arc length
          
          

          

        

      

      
        3.2 Dynamic Analysis Results
        Next, a dynamic analysis was conducted to confirm the differences between the two aforementioned cases. The dynamic analysis time was set to 1800 s, with a ramp time of 250 s to gradually increase the wave height before 1800 s. Figure 4 shows the wave elevation and wind speed time series, and the spectra calculated from the simulation. The regenerated values obtained using the fast Fourier transform of the time series from the spectra were confirmed to be similar to the spectral input values. This means that all the design external forces were reflected, thus proving that the analysis time was reliable. Figure 5 shows the dynamic motion graph of the floater. In this study, only a 0° environmental heading was considered. In this case, the motion of the floater was dominated by surge, heave, and pitch. In the case of the FOWT, the yaw motion is also important for power generation; therefore, only the surge, heave, pitch, and yaw motions were considered in this study.

        
          
          

          Figure 4: 
				
          

          
            Wave elevation, and wind speed time series and spectra (input vs re-generate)
          
          

          

        

        
          
          

          Figure 5: 
				
          

          
            Floater dynamic motion (FOWT and FPSO)
          
          

          

        

        Figure 5 shows that almost no difference existed in the dynamic response of the floater irrespective of whether the buoyancy module was attached to the connection cable or not.

        Moreover. Figure 5 shows that, in the surge power spectral density graph, in the case of FOWT, the surge direction natural frequency and wave peak at approximately 0.02 and 0.09 Hz, respectively had dominant influence. In contrast, in the case of FPSO, wave loads distributed at approximately 0.09 Hz dominated the FPSO surge motion. In the case of heave motion, it could be confirmed through the spectra that the wave had a major influence on both the FOWT and FPSO. As regards the pitch response, it was confirmed that the power spectral density of the FPSO was much higher than that of the FOWT, indicating that the pitch response of the FPSO was larger. This was also confirmed from a time series graph. Finally, in the case of yaw, the yaw response was more noticeable in the FOWT than in the FPSO. Additionally, a peak was observed at approximately 0.03 Hz in the yaw spectra of the FOWT. In this study, system control of the FOWT was achieved through a reference open-source controller (ROSCO)-based controller developed by the NREL [19][20]. This controller controlled the rotor speed via a PI controller based on the blade pitch angle above the rated wind speed, and the natural frequency of the pole of the pitch controller corresponding to the rated load condition was designed to be 0.03 Hz [21]. Therefore, the controller operation caused a peak in the yaw at approximately 0.03 Hz.

        Subsequently, the effective tension and bending moment of the connection cable were checked to determine the dynamic changes in the connection cable depending on whether the buoyancy module was attached.

        Figure 6 shows the dependence of the effective tension and bending moment of the connection cable as a function of the arc length. The maximum and average values of the effective tension decreased noticeably across the entire line when the buoyancy module was attached. The minimum value also suggested that negative tension might have been applied across the entire line when the buoyancy module was attached.

        
          
          

          Figure 6: 
				
          

          
            Maximum, minimum and average values of the effective tension and bending moment of the connecting cable depending on the arc length
          
          

          

        

        Figure 6 suggests that attaching a buoyancy module might result in larger bending moments. It could be seen that a large bending moment was applied at 1.5 m close to the FOWT and 845.5 m close to the FPSO, based on the arc length. Furthermore, when the buoyancy module was not attached, in the vicinity of 1.5 m, the maximum value of the bending moment appeared to be almost nonexistent; however, when the buoyancy module was attached, the maximum value of the bending moment increased significantly. However, unlike around 1.5 m, the maximum bending moment around 845.5 m was observed to be greater than that around 1.5 m, even when the buoyancy module was not attached. Finally, the middle part of the cable was noticed to generate almost no bending moment compared with that at the ends.

        Figure 7 shows the time series and spectra of effective tension at ends A and B, and middle of the connection cable. From the time-series graph, the effective tension appears to decrease when buoyancy module was attached to ends A, and B, and the middle. Additionally, from the spectra, the power spectral density was found to be larger when the buoyancy module was not attached. This again shows that attaching a buoyancy module to the connection cable would be effective in reducing the tension. Looking at the power spectral density graph in the frequency domain, it appears that the wave load around 0.09 Hz had a dominant influence on the effective tension of the connection cable.

        
          
          

          Figure 7: 
				
          

          
            Effective tension time series and spectra of connection cable
          
          

          

        

        Figure 8 shows the time series and spectra of the bending moments at the beginning, middle, and end of the connection cable. In this case, because the boundary conditions at both ends of the connection cable were set to “hinged” rather than “fixed”, the values at 1.5 and 845.5 m were analyzed instead of at 0 and 850 m, respectively. Moreover, as can be seen in Figure 6, 1.5 and 845.5 m were the locations, where the maximum bending moment was reached at both ends, when the buoyancy module was attached. From the time-series graph in Figure 8, the change in the bending moment was found to be greater when the buoyancy module was attached than when it was not. Additionally, almost no change was observed in the bending moment at the middle part of the cable compared with that at both ends; the bending moment around 845.5 m of the connection cable showed a larger change in bending moment than around 1.5 m. Additionally, in the spectrum around 845.5 m, in addition to the wave peak around 0.09 Hz, a low-frequency peak around 0.01–0.02 Hz occurred, which was believed to be a peak due to the natural frequency of the surge direction of the FOWT. This sudden change in the bending moment could have a significant negative impact on the fatigue damage of the cable. This suggests that further research is required on the fatigue damage caused by a change in the bending moment owing to the attachment of buoyancy modules.

        
          
          

          Figure 8: 
				
          

          
            Bending moment time series and spectra of connection cable
          
          

          

        

        In conclusion, in the dynamic analysis, attaching the buoyancy module to the connection cable did not significantly affect the floater motion. However, the effective tension of the connection cable was confirmed to be reduced when the buoyancy module was attached. This suggests that when designing a connection cable attaching a buoyancy module can be one way to reduce the effective tension in the cable without affecting the floater. However, the large change in the bending moment of the connection cable with the buoyancy module attached may precipitate cable fatigue damage; therefore, further research is needed on this issue.

      

    

    

  
    
      4. Conclusion
      This paper describes changes in a floating green-hydrogen production system, when a buoyancy module is attached to its power connection cable. This was performed assuming that the operating conditions were such that power was produced by the floating offshore wind turbine, and the results were as follows:

      
        	1. The static analysis confirmed that when the buoyancy module was attached, the effective tension of the connection cable decreased throughout the line.


        	2. The dynamic analysis revealed that the buoyancy module attached to the connection cable had no significant effect on the motion of the floater.


        	3. In the dynamic analysis, the time-series graph confirmed that the effective tension of the connection cable decreased significantly when the buoyancy module was attached.


        	4. Furthermore, in the time-series graph, around 845.5 m the bending moment changed to a greater degree when the buoyancy module was attached.


      

      Future research plans include investigating the dynamic behavior of a floating green-hydrogen system in extreme conditions, such as mooring line breakage. Additionally, follow-up studies on fatigue damage caused by changes in the bending moments will be conducted.
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