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At present, energy transition is a reality in the journey towards achieving net zero 
emission. Among others, the development of floating solar photovoltaic (FPV) power 
plants is one of many possible renewable energy technologies that received considerable 
attention. One of the reasons for that is attributed to land acquisition which can lead to 
conflicts, whilst the use of sea is more flexible. Therefore, the development of floating 
solar PV situated at the near shore (later can be moved offshore) is promising particularly 
in order to withstand the harsh environment. The study aims to demonstrate such an 
innovative design of a floating structure and two types of hulls (monohull and twin-hull) 
are considered and focused on the seakeeping performance of the two bodies. BEM 
approach with Green-Function based on the 3-D diffraction panel method together with 
the use of the Joint North Sea Wave Project (JONSWAP) wave spectrum is carried out to 
accomplish the seakeeping characteristic. The final computational simulation results 
show that the twin-hull model has more advantages than the monohull design. The trend 
of the RAO pattern, response spectra, and significant response for heave and pitch 
motion represent only slight differences between the two proposed designs. However, 
substantial disparity emerges in roll motion, with the difference in response values in 
prevailing 0o -roll heading standing at 53%, 39%, 27%, and 18% for sea states 1 through 
4, respectively. Moreover, in 45o wave heading (quartering sea) it demonstrates a slightly 
lower disparity compared to the 0o wave heading (following sea) through sea-state 1-4 
standing for 50%, 37%, 24% and 16% respectively. 
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1. Introduction 
 

Indonesia is determined to boost its use of renewable energy to approximately 10.72% of the 
national energy mix, aiming to reach 23% (equivalent to 10.6 GW) as outlined by the State Electricity 
Company (PLN) [1]. This plan retains a predominant reliance on coal (62.08%), natural gas (14.52%), 
and petroleum fuels. According to PLN, the expansion of hydroelectric and geothermal power plants 
is indispensable for meeting the 23% national energy mixed target since both can generate a 
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considerable amount of energy [2]. However, due to the challenges associated with land acquisition, 
environmental exploration, social issues, and a high investment value, these government projects 
have been frozen until now. 

Initiative actions must be taken to explore alternatives to renewable energy resources. One 
example is the utilization of Floating Photovoltaic (FPV) technology. Over the last decade, extensive 
global research has been conducted on FPV technology, as detailed in previous studies [3-5]. This 
research includes various timelines for Floating PV projects, the global potential of FPV hybridized 
with hydropower, and several design solutions incorporating additional features such as tracking and 
cooling systems. 

The World Bank has shown its attraction by publishing a book for practitioners interested in the 
field of FPV [6]. Subsequently, to ensure the safety design of FPV installation, DNV GL Class 
recommendations can be taken into consideration [7]. 

Ramasamy and Margolis [8] observed that the development of FPV technology is continuously 
growing, with China leading the way in 2020 by contributing 52% of the total 2.6 GW global installed 
capacity. Taiwan followed with 12%, Japan with 10%, Vietnam with 6%, South Korea with 5%, 
Netherlands, Israel, and India with 4% each and other countries contributed 3%. However, in the 
same year Indonesia started by partnering with Masdar [9] to implement FPV technology for the first 
time to generate 145 MW of power on a 250-hectare water area. With the successful previous project 
implementation of FPV, Indonesia collaborated with Sunseap commenced in 2021 on a 2.2 GW FPV 
project in the Batam Region [10]. 

Furthermore, several studies regarding the potential applications of FPV in Indonesia have been 
published. According to the Institute for Essential Services Reform (IESR) [11], approximately 42 of 
the water dam surface area in Central Java could generate up to 723.07 MWp of energy through FPV. 
The study by Joshi et al., [12] suggests that, when fully optimizing the potential of all water dam 
surface areas across Indonesia, the power generation capacity could reach approximately 27.79 
GWp. Supported by the highest potential Global Horizontal Irradiation (GHI) in Indonesia as informed 
by Ardiansyah and Ekadewi [13] within reaching up to 4.8 kWh/m2 compared to other countries, it 
indicates that the application of FPV technology in Indonesia has significant and wide-open 
opportunities that require strategic planning for the future. 

Within the design phase of an FPV system, a fundamental aspect is the floating structure 
component. This part is essential to ensure the system remains afloat and has enough buoyancy 
capacity. A study conducted by Sahu and Sudhakar [14] that typically the floating structure is made 
of non-hazardous, UV light-resistant, maintenance-free plastic materials with high tensile strength 
like High-Density Polyethylene (HDPE). However, there are other options such as concrete or steel 
proposed by Mittal et al., [15] and Cazzaniga et al., [16] respectively. Furthermore, Rosa-Clot and 
Tina [17] suggested that material selection for the floating structure shall consider several factors like 
modularity, flexibility, robustness, safety, sizing, and ease of launching technology to the site 
location. 

Presently, HDPE blocks are predominantly employed in implementing FPV technology in lakes 
characterized by generally calm water conditions. These lakes are often surrounded by limited wind 
fetch, which minimizes wave generation and disturbance in the mountains-surrounded area as 
described well by Sigtryggsdottir [18] and Pullen et al., [19]. Moreover, the effectiveness of FPV 
technology could be enhanced when deployed in near-shore locations and this represents an 
innovative leap forward due to open access in ocean space for a given greater technical area 
compared to installation over water dam surface area, which is restricted to only 5% of their total 
area based on Indonesia’s Public Work and Housing regulation [11]. 
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Additionally, Wang et al., [20] presented that nearly 50% of the world's population resides within 
100 kilometers of the coastline, positioning floating photovoltaic (FPV) systems as a promising 
solution to meet the growing energy demands of coastal regions. As these populations continue to 
expand as predicted by Kit et al., [21], the consideration of FPVs as a sustainable energy source 
becomes increasingly important. 

Due to this perspective, Liu et al., [22] and Ahmed et al., [23] presented that there are a few 
challenges that must be dealt with great external factors that impact the FPV system, such as wind-
induced waves, current, seawater corrosion, biofouling, and long-term UV depreciation. An FPV 
structure must meet all environmental design requirements to keep the structure afloat and prevent 
capsizing. 

Additionally, Andrady [24] emphasized that the problem of microplastic waste has become a 
major concern for marine ecosystems. Therefore, it is necessary to re-evaluate the use of HDPE on a 
large scale. Ciel & Terre [25] disclosed that the floater structure of FPV technology persists in the use 
of HDPE, which generally floats within a pin’s connection type, which makes it ideal for places with 
insignificant wave heights (1 meter). The basic connection type of this HDPE floating structure is the 
weakest and most determines the strength system, so the area at this connection will be very 
sensitive to experiencing hot spots of stress concentration if there is an escalation in wave height 
from the design limit, resulting in the reliability of the structure in its operating area as stated by 
Oliveira-Pinto and Stokkermans [26]. 

Considering those various factors, there is a need to enhance the approach to developing the 
shape of PV technology floaters within certain study boundaries. This study introduces an innovative 
research gap performance that utilizes the geometric shape of steel hulls, offering the advantage of 
resilience to harsh marine environments and mitigating UV degradation effects. The effect of hull 
configuration as an initial design shall be evaluated under the JONSWAP wave spectrum using a BEM 
potential velocity theory-based simulation in various sea-state scenarios regarding both proposed 
designs with monohull and twin-hull floating platforms in correlated with stochastics approach for 
findings the external excitation motion. 

The paper is organized as follows: in Section 2, the problem definition for the initial design of the 
floating hull structure is presented. Section 3 provides an overview of the research methodology and 
details the BEM numerical setup. Section 4 reports the results of a grid independence test conducted 
to evaluate the grid sensitivity used to discretize the computational domain of simulation results. 
Section 5 explains the BEM numerical simulation results and investigates the effect of hull 
configuration on motion characteristics. Finally, Section 6 offers a summary of the work along with 
its main conclusions. 
 
2. Problem Definition 
 

A single structure with a service deck of 36.00 m² areas could generate 3.99 kWp with 6 solar 
panels within 665 Wp capacity for each provided by CSI Solar [27], equivalent to the electricity 
demand of 3 households (HHs) which is estimated at around 200 Watts per HHs. 

In ship design, the pivotal consideration of principal dimension ratios is related to crucial aspects 
such as longitudinal strength, ship manoeuvrability, cargo space, stability, and reserve buoyancy, as 
indicated in Table 1 below. These ratios are typically used for designed ships such as tankers, general 
cargo, bulk carriers, and/or high-speed vessels like the multihull concept. However, these ratios are 
neglected due to the stationary of the floater (non-propelled) and its exclusive purpose to provide 
buoyancy only. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 124, Issue 2 (2024) 124-141 

127 
 

Table 1 
Main principal dimension ratios 
Ratio Twin-hull [28] Monohull [29,30] Correlation [29] 

L/B 6.0 < L/B < 12.0 3.5 < L/B < 10.0 Ship manoeuvrability and cargo space 
L/T - 10.0 < L/T < 30.0 Longitudinal strength 
B/T 1.0 < B/T < 3.0 1.8 < B/T < 5.0 Stability 
T/H - 0.7 < T/H < 0.8 Reserve buoyancy 

 
The dominant pure oscillatory response motion of heave-, rolling-, and pitching characteristics in 

regular waves will be derived by examining the free-floating conditions of both proposed designs. 
The results will be presented in a Response Amplitude Operators (RAOs) graph, which will have the 
frequency parameter on the horizontal axis and the ratio of motion amplitude in a specific mode to 
the wave amplitude on the vertical axis as explained by Djatmiko [31]. 
 
3. Methodology 
 

The numerical method utilizes the BEM simulation package in this study. The initial data of the 
main principal dimension, electricity demand, and weight calculation are presented in the subsection 
below, followed by a general arrangement. The seakeeping quality is determined by significant 
response spectra with stochastic calculation. 
 
3.1 Model Description and Initial Calculation 
 

The innovative initial design of floating PV structures, both single-hull and twin-hull for near-
shore-based has been proposed as illustrated in Figure 1. 
 

 
 

(a) (b) 

Fig. 1. Initial proposed design: (a) Twin hull (b) Monohull 

 
The main principal dimensions correlated with the hydrostatic properties of each design are 

tabulated in Table 2. 
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Table 2 
Design main principal dimension 
Parameter Twin-hull Monohull Unit 

Length Over All (LOA) 9.00 9.00 m 
Breadth (B) 4.00 4.00 m 
Height (H) 1.35 1.07 m 
Draft (T) 0.53 0.25 m 
Demihull Width (B1) 1.07 - m 
Spacing (S) 2.93 - m 

Hydrostatic properties 

Displacement (Δ) 9.96 9.13 ton 
Block coefficient (CB) 0.51 0.99 - 
Prismatic coefficient (CP) 0.99 1.00 - 
Midship coefficient (CM) 0.51 0.99 - 
Keel to buoyancy (KB) 0.28 0.13 m 
Longitudinal Center of 
Buoyancy (LCB) from AP 

4.49 4.5 m 

 
The general arrangement for both designs is illustrated in Figure 2. Walkway access is also 

considered with a width of 0.60 meters to provide space for maintenance purposes. the design of the 
tilt angle used a uniform 10 degrees for all panels relative to the stool at the main deck. 
 

 
Fig. 2. General arrangement of the initial design of FPV 

 
In addition, for electricity demand, topside weight and steel weight calculations are tabulated in 

Table 3. These initial calculations provided a global overview related to the selection of floaters for 
FPV technology. Nevertheless, this study shall be optimized in the future to improve design 
comprehension. 
 
 
 
 
 
 
 
 
 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 124, Issue 2 (2024) 124-141 

129 
 

Table 3 
Initial calculations 
Parameter Value  Unit Remarks 

FPV Electricity System 

PV capacity 665 Watt peak (Wp) Canadian Solar Specification 
[27] Module efficiency 21.4 % 

Length of PV 2.38 Meter 
Width of PV 1.30 Meter 
PV module weight 34.4 kg 
Irradiation 4.80 kWh/m2 Ardiansyah and Ekadewi [13] 

Electricity cons. Estimated per HH 200 Watt  
Time consumption 24 Hours  
Energy consumption per day 4.80 kWh  
System capacity included 25% of SF 1.25 kWp Directorate General of 

Renewable Energy and Energy 
Conservation [32] 

Number of PV needed 2 pcs Per HH 

Topside Weight Calculation 

Live Load for Operation & 
Maintenance (O&M) 

400 kg 100 kg for each person 
assumption during O&M 

Total Module Weight 206.40 kg 6 numbers of module 
Panel Stool Construction  51.60 kg 25% of total module weight 

Steel Weight Calculation 

Total hull construction (twin-hull) 9.15 ton  
Total hull construction (monohull) 8.34 ton  

 
3.2 Governing Equations 
 

The governing equation in the BEM simulation software assumed that the fluid was homogenous, 
inviscid, irrotational and incompressible as described by Sjøberg and Lund [33] to identify the 
potential velocity function serves as a criterion for determining fluid characteristics such as velocity 
and pressure. ANSYS [34] has been utilized to compute RAOs within Boundary Element Method 
(BEM) techniques. The potential velocity can be written as Eq. (1) with i, j, and k being unit vectors 
along the x-, y-, and z axes respectively. 
 

𝑉 =  ∇𝜙=
𝜕𝜙

𝜕𝑥
𝑖 +

𝜕𝜙

𝜕𝑦
𝑗 +

𝜕𝜙

𝜕𝑧
𝑘            (1) 

 
Within the assumption that the fluid is incompressible, i.e. no change in mass in a flow into and 

out of control surface, the Laplace equation used the following Eq. (2) 
 

∇2
𝜙=

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0            (2) 

 
Subsequently, to satisfy the continuity equation, all potential velocity solutions shall be followed 

with the non-rotation condition given in Eq. (3). The irrotational fluid is when the vorticity vector is 
zero everywhere in the fluid. 
 
𝜔𝑣 = ∇2 × 𝑉 = 0             (3) 
 

Then there will be no flow through the surface of a fixed body in a moving fluid. This condition 
indicates the body's impermeability and is written as Eq. (4). 
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𝜕𝜙

𝜕𝑛
= 0               (4) 

 
While Eq. (4) expressed the impermeability of a fixed body, such as the seabed, with n denoting 

a normal vector pointing from the seabed and out in the fluid, Eq. (5) generalizes the equation for a 
moving body with a velocity V. 
 
𝜕𝜙

𝜕𝑛
= 𝑉 . 𝑛              (5) 

 
The kinematic free-surface condition explained that under the assumption of small waves, the 

fluid particles on the surface are supposed to stay on the free surface. Furthermore, the dynamic 
free-surface condition states that the water pressure on the free surface equals constant 
atmospheric pressure. The simplified and linearized kinematic and dynamic free-surface conditions 
can be stated as the following Eq. (6) using linear theory and the assumptions of small waves, zero 
current, and zero forward speed of the body. 
 
𝜕2𝜁

𝜕𝑡2 + 𝑔
𝜕𝜙

𝜕𝑧
= 0       𝑜𝑛  𝑧 = 0            (6) 

 
Finally, when the vessel interacts with the waves, the potential velocity can be used to express 

the wave flow field around the hull sections. Furthermore, the potential velocity can be used to 
calculate the fluid force around the hull section, as well as the hull motion and wave force. As a result, 
the potential velocity caused by external waves can be superimposed using the following Eq. (7). 
 
𝜙 = 𝜙𝑖 + 𝜙𝑟 + 𝜙𝑑             (7) 
 

𝜙𝑖, 𝜙𝑟 , 𝜙𝑑 denote the potential functions for the incident wave, radiation wave, and diffraction 
wave, respectively. 𝜙𝑖  computed by utilizing the Airy linear theory, whereas the derivation of 𝜙𝑟 and  
𝜙𝑑 relies on the utilization of the diffraction theory. In diffraction theory, the potential function is 
determined by solving the Laplace equation, applying the relevant boundary conditions, and 
subsequently calculating the pressure and the resulting forces acting on the body. Furthermore, the 
pressure was extracted using the Bernoulli equation while the potential function was determined. In 
conclusion, the integration of pressure over the complete wet surface area produces wave excitation 
forces that are then utilized in the AQWA software. 
 
3.3 Response Amplitude Operators (RAOs) 
 

RAOs is a dynamic motion characteristic of a structure induced by waves within a specific 
frequency range in translation and rotational modes. Translation and rotational RAOs followed by 
Eq. (8) and Eq. (9). 
 

𝑅𝐴𝑂(𝑘=𝑥,𝑦,𝑧) =
𝜁𝑘0

𝜁0
             (8) 

 

𝑅𝐴𝑂(𝑘=𝜃,𝜙,𝜓) =
𝜁𝑘0

(
𝜔2

𝑔
)𝜁0

             (9) 
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In 3D panel BEM simulations, Response Amplitude Operator (RAO) data for different types of 
floating structure motion may be generated in the 0° to 360° range, with 45° increments. It should 
be noted that the Response Amplitude Operator (RAO) for two degrees of freedom, specifically 
heaving and pitching, is calculated individually based on the methodologies detailed in previous 
studies by Tavakoli et al., [35] and Fitriadhy et al., [36]. Waves only arrive from one direction, leading 
to uncoupled motions as study conducted by Wulandari et al., [37]. 
 
3.4 Calculation of Wave Spectral 
 

JONSWAP’s wave spectrum formulation is a modified version of the Pierson-Moskowitz spectrum 
with integrating parameters to accommodate the characteristics of waves in enclosed waters or 
island environments [31]. Therefore, it is suitable for application in Indonesia’s archipelago with the 
following Eq. (10) to Eq. (14) based on DNV-GL recommendation [38]. 
 

𝑆𝐽(𝜔) = 𝐴𝛾𝑆𝑃𝑀(𝜔)𝛾
𝑒𝑥𝑝[−0.5(

𝜔−𝜔𝑝

𝜎𝜔𝑝
)

2

]
                     (10) 

 

𝑆𝑃𝑀(𝜔) =
5

16
. 𝐻𝑠

2𝜔𝑝
4. 𝜔−5𝑒𝑥𝑝 [−

5

4
(

𝜔

𝜔𝑝
)

−4

]                   (11) 

 

𝜔𝑝 =
2𝜋

𝑇𝑝
                        (12) 

 
𝐴𝛾 = 1 − 0.287 ln(𝛾)                       (13) 

 
𝜎 = 0.07 for 𝜔 ≤ 𝜔𝑝 or 𝜎 = 0.09 for 𝜔 > 𝜔𝑝                   (14) 

 
Where, SJ (ω) is the JONSWAP spectrum, SPM (ω) is the Pierson-Moskowitz spectrum, ωp is the 

angular spectral peak frequency, Tp is the spectral peak period, Hs is the significant wave height, Aγ is 

the normalizing factor,  is the non-dimensional peak shape parameter, and σ is the spectral width 
parameter. 
 
3.5 Calculation of Responses Spectral 
 

The responses of a floating structure in irregular waves shall be obtained by correlating the RAO 
with the wave spectrum within transforming wave energy into response energy with the following 
Eq. (15). Subsequently, the amplitude significant response is calculated as Eq. (16). 
 
𝑆𝜁𝑟(𝜔) = 𝑅𝐴𝑂2 × 𝑆𝜁(𝜔)                      (15) 

 

𝜁𝑠 = 2√𝑚0                        (16) 

 
Where Sζr (ω) is the response spectrum, Sζ (ω) is the waves spectrum and m0 is the area under the 

response spectrum curve as shown in the following Eq. (17). 
 

𝑚0 = ∑ 𝑆𝜁(𝜔)𝛿𝜔 = ∫ 𝑆𝜁(𝜔)𝑑𝜔
∞

0
∞
𝑛=1                     (17) 

 

𝛾 
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3.6 3-D Diffraction BEM Simulation Setup 
 

Maxsurf modeler by Bentley has been used for three-dimensional (3D) models of floating 
structures [39]. In the next step, the 3D model is exported in a .step (dot step) by utilizing Rhinoceros 
software to Ansys Aqwa for seakeeping analysis. The statistical validation between Ansys Aqwa and 
related 3D model software should not exceed of 2% threshold for all considered with the results as 
shown in Table 4 [40]. 
 

Table 4 
Statistical validation for both designs 
Parameter Ansys Aqwa 3-D Model Software Difference (%) 

Twin-hull Monohull Twin-hull Monohull Twin-hull Monohull 

Hydrostatic properties 

Displacement Δ (ton) 9.93 9.13 9.96 9.13 0.28 0.00 
Water plane area (m2) 19.31 36.10 19.32 36.00 0.05 0.27 
Longitudinal center of 
gravity, LCG (m) from AP 

4.49 4.49 4.54 4.55 1.26 1.42 

Parameter Ansys Aqwa 3-D Model Software Difference (%) 

Twin-hull Monohull Twin-hull Twin-hull Monohull Twin-hull 

Inertia properties 

Inertia moment, Ixx (kg.m2)  11563.37 34335.48 11409.19 33816.97 1.33 1.51 
Inertia moment, Iyy (kg.m2)  61037.20 57169.20 60264.61 56303.18 1.27 1.51 
Inertia moment, Izz (kg.m2)  72566.07 89699.83 71655.47 88367.90 1.25 1.48 

 
As shown in Figure 3, the 3D BEM domain was defined with dimensions as follows [34]: 
 
X = 10 × LOA (90 m), Y = 4.5 × LOA (40.5 m), Z= water depth (27 m) 
 
for setting up sea-grid geometry in X, Y, and Z directions. 
 

 
Fig. 3. Computational domain in Ansys Aqwa. Unit in meter 

 
Furthermore, the motion characteristics are the combination of the mass properties and hull 

surface geometry of the floating structure. The mass properties such as inertia values and centre of 
gravity (CoG) indicate how resistant a body is to changes in its rotational state. The mass properties 
are defined in Ansys Aqwa as a “point mass” with automatically calculated in mass and only input in 
radius gyration as can be seen Table 5. 
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Table 5 
Radii of gyration both of floating structures 
Component Twin-hull (m) Monohull (m) 

kxx 1.079 1.939 
kyy 2.479 2.502 
kzz 2.703 3.134 

 
The generating mesh provides to calculation of pressures and forces on each number element in 

hull surface geometry [41]. A finer mesh was used in interface between wet and dry surface region. 
Both of floating were meshed as shown in Figure 4. 
 

 
 

(a) (b) 

Fig. 4. Mesh visualization: (a) Twin hull (b) Monohull 

 
4. Grid Independence Test 
 

Grid independence tests were conducted to determine the optimal number of cells (elements) 
for ensuring convergence in the final numerical simulations. This mesh convergence study was 
performed to maintain stability and accuracy throughout the computational simulations as stated by 
Fitriadhy et al., [42]. The area under the RAO curves as a function of the number of elements for 
heave and roll modes in the heading angle of 90o will be evaluated with various element sizes both 
of design. The selection of the optimal mesh size depends on reaches convergence graph in each 
mode indicating with minimal fluctuation in varying mesh sizes. Figure 5 shows the less than 2% 
convergence graphs for different varied mesh throughout the 3D BEM simulation within the optimum 
number of 20,230 elements and 18,456 elements are used for twin-hull and monohull respectively, 
as shown in the red dashed circle. 
 

  
(a) (b) 

Fig. 5. The area under RAO curves and function of number element: (a) Twin-hull, (b) Monohull 
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5. Result and Discussion 
 

The result and discussion in this paper are divided into subsections: Response amplitude 
operators, wave spectra under various sea states, and response spectra and stochastic values. 
5.1 Response Amplitude Operators (RAOs) 
 

The results of seakeeping numerical simulations for both designs are presented in this section. 
Due to the symmetrical geometry in the stern and bow of both floating structures, the wave heading 
is considered only in 0o (following sea), 45 o (quartering sea) and 90 o (beam sea). Figure 6 shows the 
comparison of the effect of hull configuration in heave motion. The largest heave response is for the 
wave heading 90o, followed subsequently by 45o and 0o. In detail, the monohull model has a lower 
heave response – but the difference is not too significant – compared to the twin-hull for 0o and 45o, 
however in 90o for both designs heave response is rather similar to each other. 

This aligns with the findings from studies by Kallio and Ricci [43] which indicate that heave motion 
at a beam sea heading (90°) is greater than at other headings under stationary conditions (Vs = 0 
knots), and is smallest under conditions of maximum speed (Vs = 32 knots). Further study conducted 
by McGibbon and Rizvi [44] investigated that both heave and roll motions are sensitive to beam seas. 
 

 
Fig. 6. Heave RAO for both designs hull type 

 
For the roll motion as illustrated in Figure 7, shows that the wave heading in 90o (beam sea) is the 

dominant rolling motion of the floating structure. The significant difference between each design 
shows at high wave frequencies (short-wavelength) when the monohull model has a higher motion 
response than the twin-hull model in all wave headings. 

According to a study conducted by Bhattacharya [45], the rolling motion of a twin-hull 
(catamaran) is also particularly different from that of a conventional monohull, because a twin-hull 
undoubtedly has a higher value for metacentric height. Thus, twin hulls have lower roll angles, natural 
rolling periods, lateral accelerations, and high transverse stability. 
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Fig. 7. Roll RAO for both designs hull type 

 
Following with similar pattern to the rolling motion. In pitch motion as presented in Figure 8, the 

response values for both models significantly increase at high wave frequencies. With the twin-hull 
design showing slightly higher response values compared to the monohull design. For this case, the 
dominant wave heading causing the pitch motion is at 0o (following sea). 
 

 
Fig. 8. Pitch RAO for both designs hull type 

 
Upon a closer examination of Figure 6 to Figure 8, which represent various RAO graphs for both 

models, it becomes clear that each model demonstrated specific advantages in distinct modes. In 
particular, the monohull design was more reliable in the heave and pitch modes than the twin-hull 
design, whereas the differences are not significantly apparent. 

However, the remarkable aspect lies in the roll RAO, which the twin-hull design convincingly 
demonstrates its dominance less in motion when compared to the monohull, due to the indication 
of a lower curve compared to the monohull design, whereas showing a substantial difference of 
approximately -71.97% at a frequency of 2 rad/sec. Furthermore, the addition of the hull laterally 
induces a dampening effect on the roll motion, resulting from the increased moment of inertia as 
weight is concentrated in the two hulls of the catamaran. 
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5.2 Wave Spectra under Various Sea-State Conditions 
 

The next step for quantifying the effect of the hull configuration is to calculate the wave spectra. 
Figure 9 shows JONSWAP’s wave spectra for sea-state 1 – 4 by following Table 6 which represents 
sea condition. 

The wave spectrum curve graph shows that as the significant wave height increases, it also affects 
the peak value and energy density within the wave spectrum. Furthermore, this also leads to a shift 
in the peak value of the wave spectrum curve towards lower frequencies with the following 2.00, 
1.58, 1.09, and 0.67 rad/sec for sea-state 1 through 4 respectively. 

The relationship can be quantified by observing that the wave height in sea-state 4 is doubled 
that of sea-state 3. However, the energy density under curve in wave spectrum shows a remarkable 
increase of approximately 4.37 times. 
 

Table 6 
Sea-state codes 
Sea-State Description of sea Significant Wave Height (m) 

1 Calm (rippled) 0.10 
2 Smooth (wavelets) 0.50 
3 Slight 1.25 
4 Moderate 2.50 

 

 
Fig. 9. JONSWAP’s spectrum wave for various sea-state 

 
5.3 Response Spectra and Stochastic Value 
 

The calculation of response spectra is influenced by two key parameters: the wave spectrum and 
RAO in specific modes. As depicted in Figure 10 and Figure 11, the spectral responses in heave and 
pitch modes for both designs remain relatively minor distinctions in all sea states considered. This 
observation is following the characteristics of the RAO curves detailed in the previous sub-section. In 
specific values, for the peak of heave and pitch spectral response in sea-state 4 within wave-
frequency of 0.68 rad/sec, the differences between twin-hull and monohull designs are quietly close 
for 0.08% and 0.02% respectively. 
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(a) (b) 

Fig. 10. Heave response spectra both designs: (a) Twin-hull, (b) Monohull 

 

  

(a) (b) 

Fig. 11. Pitch response spectra both designs: (a) Twin-hull, (b) Monohull 

 
However, response characteristics in the roll motion are distinct significantly between the two 

proposed designs. To be more specific, the twin-hull model has a decrease in spectral response within 
the frequency range of 1.44 rad/sec to 2 rad/sec for sea-states 3 and 4, whereas the monohull model 
has an escalation in response behaviour at the same wave frequencies range due to short waves 
force excitation occur at the beam seas, as indicated by higher values in its RAO curve, with the red 
dashed box following in the appropriate graph as shown in Figure 12. 
 

  
(a) (b) 

Fig. 12. Roll response spectra both designs: (a) Twin-hull, (b) Monohull 

 
Furthermore, the stochastic parameters were derived from the response spectra curve from each 

mode. Nevertheless, for this study, the focus will remain confined to the determination of significant 
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response amplitudes – an average measurement of the largest 33% of responses – within the range 
of sea-state 1-4. 

In Figure 13, the bar graphs illustrate the significant response values in heave motion indicating 
a rise response as the wave height increases as the function of sea-state. However, in numerical 
simulation show that there is no significant differentiation between the two designs. Hence, 
confidently stated that the significant response heave value in all sea-state is almost identical. 
 

 
Fig. 13. Heave significant responses 

 
This is similarly reflected in the significant pitch response, as depicted in Figure 14. It reveals that 

in the dominant pitch heading, the response values are higher compared to the 45o-wave heading. 
The distinction in pitch motion response between the twin-hull and monohull design models are 
3.3%, 2.5%, 1.2%, and 0.7% for sea states 1 through 4, respectively. However, in wave heading 45o, 
the pitch response remains identical throughout all sea states. 
 

 
Fig. 14. Pitch significant responses 

 
The significant roll response has a more substantial effect. This specific response significantly 

leads to a strong differentiation between the two designs. As illustrated in Figure 15, the difference 
in response values in prevailing 90o-roll heading stands at 53%, 39%, 27%, and 18% for sea states 1 
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through 4, respectively. Subsequently in 45o wave-heading (quartering sea) it demonstrates a slightly 
lower disparity compared to the 90o wave-heading (beam sea) through sea-state 1-4 stand for 50%, 
37%, 24% and 16% respectively. 
 

 
Fig. 15. Roll significant responses 

 
Figure 13 to Figure 15 make an interesting observation. The bar graph patterns for heave and 

pitch responses indicate only slight differences between the two design approaches. However, a 
significant discrepancy appears in the case of roll motion, when the disparities rise above 1.5 times, 
specifically in sea state 1. 
 
6. Conclusions 
 

A study into the effect of hull configuration on seakeeping characteristics of floating photovoltaic 
systems has been investigated. Numerical BEM with Green-Function simulations based on 3-D 
diffraction were conducted to identify pure oscillatory motions in heave, pitch, and roll. The 
simulation results show that the twin-hull model has more advantages than the monohull design. 
The trend of the RAO pattern, response spectra, and significant response for heave and pitch 
motion represent only slight differences between the two proposed designs. However, substantial 
disparity emerges in roll motion, with the difference in response values in prevailing 0o -roll heading 
standing at 53%, 39%, 27%, and 18% for sea states 1 through 4, respectively. Moreover, in 45o wave-
heading (quartering sea) demonstrates a slightly lower disparity compared to the 0o wave-heading 
(following sea) through sea-state 1-4 standing for 50%, 37%, 24% and 16% respectively. 

The focus of future design optimization will be on enhancing the hull configuration and selecting 
appropriate materials. The goal is to create a floater model that is both affordable and resilient, 
particularly in challenging environments. Additionally, as FPV technology continues to evolve, it is 
expected to move towards the concept of energy farming at sea. This will involve evaluating various 
configurations on the water surface within the mooring design model, considering their 
hydrodynamic response through time domain analysis. 
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