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Abstract

Wave Energy Converter (WEC) buoys operate in aggressive marine environments that
impose demanding requirements on structural materials, particularly in terms of mois-
ture resistance, mechanical reliability, and long-term durability. Conventional glass fiber
reinforced composites meet these performance requirements but raise sustainability con-
cerns due to their high environmental footprint and limited recyclability. This study
addresses this challenge by introducing a systematic, application-driven multi-criteria
decision-making (MCDM) framework specifically tailored for material selection in ma-
rine renewable energy devices. The novelty of this work lies in the integration of marine
durability-dominated criteria weighting with sustainability metrics, moving beyond cost-
driven selection approaches commonly reported in the literature. Four cellulosic natural
fibers, flax, hemp, kenaf, and sisal, are evaluated as reinforcements for polymer composites
intended for point-absorber WEC buoy structures, using conventional E-glass as a baseline
reference. Ten performance criteria covering mechanical properties, environmental durabil-
ity, manufacturing feasibility, and sustainability are defined and objectively weighted using
the entropy method to minimize subjective bias. Moisture resistance emerges as the most
influential criterion with a weight of 0.142, underscoring its role as a primary degradation
mechanism in marine environments, while material cost receives the lowest weight of 0.057,
reflecting the prioritization of long-term performance over initial cost. The results identify
flax as optimal reinforcement, achieving the highest aggregated score of 4.022 by effectively
balancing mechanical performance, resistance to marine exposure, and environmental sus-
tainability. This work introduces a novel decision-support tool for the sustainable design of
buoy structures using natural fiber-reinforced composites and establishes a foundation for
future optimization of such composites in wave energy applications.

Keywords: natural fiber composite (NFC); cellulosic fiber; glass fiber; wave energy
converter (WEC) buoy; multi-criteria decision-making (MCDM)

1. Introduction

Wave energy buoys experience severe hydrodynamic loads. These loads cause struc-
tural damage and material degradation [1-3]. Environmental exposure worsens the prob-
lem. UV radiation, biofouling, and repeated wet-dry cycles accelerate material failure [4].
Conventional buoys mainly use synthetic composites [5]. Damage to these materials
generates non-recyclable matrix and fiber waste that pollutes the marine environment [6].

One proposed solution would be to replace synthetic fibers with natural fibers. The
goal is a sustainable and biodegradable alternative that reduces marine pollution and
carbon footprint [7-9]. Synthetic composites show good resistance in marine conditions.
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However, at the end of their service life, they create persistent marine waste, particularly
from synthetic fibers [10].

Natural cellulosic fibers derived from agricultural residues address two issues at
once. They reduce agricultural waste and lower pollution linked to synthetic fiber pro-
duction [11,12]. The performance of natural fiber composite products depends on several
factors. These include fiber and matrix characteristics, interfacial adhesion, and compatibility.
These variables control material properties for specific applications [13-16]. Natural fiber
composites can substitute traditional reinforcements, such as glass or carbon fibers. This is
especially valid in hybrid composite systems [17]. Their use in marine applications has been
discussed in recent studies [10,18].

Natural fiber composites also show a lower life-cycle carbon footprint than synthetic
materials. They offer several benefits. These include low cost, low density, and high specific
strength. Environmental benefits include CO, sequestration and energy recovery potential.
Functional advantages include thermal and acoustic insulation. Practical benefits include
reduced health risks and lower equipment wear [19,20].

Material selection for fibers and composites can be effectively addressed using multi-
criteria decision-making methods [21,22], which depend on the availability of reliable
input data. Data collection, therefore, represents a critical step in composite material
analysis [21]. Mohammed Ahmed Mustafa et al. [23] proposed a decision-making model for
selecting carbon-reinforced materials for composite pipelines, demonstrating that material
selection must account for factors such as cost, temperature resistance, printing speed, and
mechanical performance.

Recent work by Durgeshwer Pratap Singh et al. [24] applied MCDM to select natural
fibers for a marine engine compartment. The study used M-TOPSIS and fuzzy AHP in four
steps. First, the three relevant criteria, such as mechanical properties, density, and cost,
were defined, and candidate natural fibers were listed. Second, expert surveys provided
pairwise comparisons of criteria. Third, fuzzy AHP determined criterion weights while
accounting for uncertainty in human judgment. Finally, M-TOPSIS ranked all alternatives
to identify the best fiber [24].

Material factors are based on natural fiber characterization [25]. Characterization
follows fiber extraction. It identifies mechanical performance, thermal resistance, and
chemical composition after processing [26-28]. Chemical surface modifications improve
fiber-matrix interaction. Common methods include alkalization, acetylation, and silane
treatments [29-35]. Process optimization in composite manufacturing is also important.
This includes methods such as injection molding and compression molding [36].

WEC buoys encompass many designs. Each differs in energy extraction principle,
installation location, buoy type, and geometry [37—-40]. Point absorbers harvest energy
from heave, pitch, or surge motion relative to a fixed or submerged reference. They can be
modeled as single-body or two-body systems [37,38]. Attenuators, such as Pelamis, use
elongated segmented structures aligned with wave crests. Energy is captured through joint
flexure. Terminator devices, such as oscillating water columns, are placed perpendicular to
the wave direction and use air turbines. Oscillating wave surge converters rely on a bottom-
hinged flap near shore that responds to horizontal wave motion. Overtopping devices,
such as Wave Dragon, use a floating ramp to collect water in an elevated reservoir [40]. The
present analysis, however, is centered on the point-absorber configuration.

Selecting a suitable material for a wave energy converter buoy is a complex multi-
criteria decision-making problem in which technical, economic, and environmental factors
must be evaluated simultaneously [21-24,41]. Performing an MCDM analysis is, therefore,
a necessary step prior to manufacturing and real-sea testing. Despite increasing interest
in bio-based composites, a clear gap remains in the systematic, multi-criteria selection of
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natural fibers capable of withstanding the demanding service conditions of WEC buoys. In
response, this study develops and applies a quantitative MCDM framework to identify the
most appropriate natural fiber reinforcement for a point-absorber WEC buoy. By integrating
objective entropy-based weighting with performance scoring across ten key criteria, the
proposed approach offers a replicable and data-driven methodology for selecting natural
cellulosic reinforcement fibers that balance structural performance with environmental
durability, thereby supporting the development of sustainable marine energy infrastructure.

Accordingly, the specific objectives of this work are to identify the key factors gov-
erning natural fiber selection for WEC buoy composites, to apply a multi-criteria decision-
making approach to rank candidate fibers, and to recommend the most suitable natural
fiber reinforcements for WEC buoy applications.

2. Materials and Methods

This section describes the systematic methodology adopted, covering fiber selection,
property harmonization, and the development and application of the entropy-based MCDM
model, thereby ensuring a transparent and reproducible evaluation process.

2.1. The Floating-Point Absorber

To apply the Multi-Criteria Decision-Making (MCDM) method, this study focuses
specifically on a floating-point absorber and its mooring system. This configuration
was selected because it exposes the buoy to the most severe environmental conditions—
particularly repeated wet—dry cycles and prolonged ultraviolet (UV) radiation—thereby
representing a worst-case scenario for Wave Energy Converter (WEC) buoys manufactured
from Natural Fiber Composites (NFCs). This study adopts a systematic, multi-stage re-
search framework to comprehensively evaluate the feasibility of using NFCs in WEC buoy
construction. The methodology progresses from an extensive literature review to a focused
MCDM analysis and is structured into three sequential phases.

Phase 1: Problem Definition and Literature Review.

The first phase establishes the research scope through a synthesis of the existing
literature. It identifies key challenges and opportunities associated with the use of NFC
materials in marine environments, with particular emphasis on WEC buoy applications.
This phase examines critical performance requirements and material selection criteria
relevant to marine exposure.

Phase 2: Comparative Analysis and Criteria Development (Figure 1).

In this phase, a detailed comparative assessment is conducted across multiple dimen-
sions to develop robust evaluation criteria:

Mechanical Performance Benchmarking: Comparison of mechanical properties (e.g.,
strength and modulus) of natural fibers with those of conventional synthetic fibers to
identify performance trade-offs.

Environmental Durability Assessment: Evaluation of moisture absorption behavior
and long-term degradation mechanisms of NFCs under simulated marine conditions.

Operational Longevity Evaluation: Analysis of durability factors critical to buoy
performance, including resistance to UV radiation and susceptibility to biofouling.

Manufacturing Feasibility Analysis: Examination of processing methods, scalability,
and fabrication challenges associated with NFC-based buoy production.

Economic and Sustainability Assessment: Review of cost considerations and life-cycle
environmental benefits, such as reduced carbon footprint and biodegradability, associated
with cellulosic NFCs.
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Based on the outcomes of these five analytical dimensions, four candidate natural
fibers and a comprehensive set of ten evaluation criteria were identified for the subsequent
decision-making stage.

Specific Modulus

Specific Strength

Moisture E-Glass
)/
UV Resistance
Selection of Flax )/
Suitable Natural
Fiber Biofouling
Hemp
Adhesion 4
Manufacturing Kenaf |/
CO; Impact .
Sisal

Biodegradability
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Figure 1. Schematic of the multi-criteria decision-making (MCDM) framework for selecting natural
fibers for buoy composite materials.

Phase 3: Application of the MCDM Framework.

In the final phase, a structured MCDM approach is employed to rank the selected NFC
materials. The Entropy Method is used to calculate objective weights for the ten evaluation
criteria based on variability in performance data, thereby minimizing subjective bias. These
weights are then integrated into a scoring model to systematically evaluate and compare
the four shortlisted fiber options, as illustrated in Figure 1.

The WEC point absorber is modeled with a single buoy, which may be configured
as either a single-body or multi-body system and can operate in floating or submerged
modes [38]. Operation may occur in single or multi-mode configurations [21-24,41,42].
In this case study, a one-body floating point absorber operating in single mode with a
spherical buoy shape is considered. Figure 2 illustrates this configuration, and the primary
forces acting on the buoy are described as follows:

The governing equation of motion for a one-body point-absorber WEC, shown in
Figure 1, can be derived from Newton's second law, given below as Equation (1).

mz(t) = Fe(t) + Fr(t) + Fn(x) + F4(t) + Fpro(t) + Fm(t) + Fw(t) + Fg 1)

where
Fe: Excitation force;
F;: Radiation force—the reaction force exerted by the oscillating buoy on the water;
Fy,: hydrostatic (buoyancy) force;
Fq4: Viscous drag force (damping force);
Fpro: Power take-off (PTO) force;
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Fm: Mooring tension, which acts through the mooring lines;
Fw: Wind force, which acts on the exposed surface of the buoy;
Fg: Gravitational force.

[w\\ ﬁ Bouy Oscillation
\\\3

Ocean Wave

/—\_/ BUOY | N/

Feg
. i 4 Biolouling
Biofouling
l Frro
. Foundation
Sea Bed

Figure 2. Forces and environmental conditions acting on a spherical point-absorber WEC buoy.

A reduced equation form was predicted by Beirao et al. [43] and presented as Equation (2),

(Mpyoy + Magq )Z + Fq + Fy = Fe(t) 4+ Fr(t) 4 Fpro(t) )
where [44]
Fq = Bz 3)
Fp,=Cz=pgAz 4
Fe(t) =|Fe| cos(wt) ®)
Fpro(t) = 7z (6)
F, =Rz @)

z: the buoy displacement;

z: the buoy velocity;

z: the buoy acceleration;

Mpyey: the buoy mass;

M,q4q: the added mass that represents the inertia of the water volume moving with the
buoy during heave motion;
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B: the radiation damping coefficient, representing the buoy damping caused by energy
transferred to waves radiated away during heave motion;

C: the restoring, or stiffness, coefficient, representing the buoy’s instantaneous position
relative to the undisturbed free surface;

R: the radiation coefficient, which quantifies the force opposing the velocity of motion
due to wave radiation;

7: the damping coefficient;

g: the acceleration due to gravity;

A: the buoy cross-sectional area.

A point-absorber buoy’s material selection is governed by the necessity to withstand
complex hydrodynamic and mechanical forces, as shown in Equations (1)—(7). Further-
more, long-term performance is challenged by biofouling, which increases drag and alters
hydrodynamics, and by environmental factors like UV radiation, salinity, and temperature
cycles that progressively degrade the composite’s integrity. For specific red sea waves:
significant wave height Hs = 0.8 m and mean wave period Tm = 4 s [40]; the simulation of
the spherical point-absorber buoy is shown in Figure 3.
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Figure 3. Heave response of a spherical point absorber under red sea wave conditions (Hs = 0.8 m,
Tm =4s).

Figure 3 shows the spherical point absorber exhibiting a vertical heave motion of about
£0.01 m under irregular waves. This indicates low oscillation amplitude. The velocity
response follows a smooth periodic pattern. The peak velocities reach about £0.01 m
per second. This confirms a dynamic response to wave forcing, which supports energy
extraction, but at a low displacement level for this sea state. Under the same conditions, the
heave motion occurs at a frequency close to the incident wave frequency of about 0.25 Hz.
Although the displacement remains small, the continuous cyclic motion introduces fatigue
risk. This risk increases when the buoy uses composite materials. For composite structures,
such as glass fiber reinforced polymers, repeated cyclic loading can cause progressive
damage even at low stress levels. The degradation mechanisms include matrix cracking,
fiber matrix debonding, and interlaminar delamination. These damage mechanisms depend
strongly on the number of load cycles and can initiate far below the static strength limit.

In a WEC environment, millions of cycles can accumulate and cause sudden failure
without visible warning. For NFCs, the observed motion is more harmful than for synthetic
composites. Fatigue life assessment must therefore guide design decisions. As such,
fatigue-resistant laminate configurations, damage-tolerant structural concepts, and real-
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time structural health monitoring are essential to ensure long term operational reliability of
composite point absorbers in these sea states.

Incorporating natural fibers into a polymer matrix leads to a notable enhancement
in the mechanical performance and resistance of NFCs. This is particularly beneficial for
buoyant structures, where reduced mass directly improves hydrodynamic response and
lowers mooring loads, positioning natural fibers as effective reinforcements in plastic—
matrix composites for marine applications. Natural fiber selection is also a critical step in
choosing an appropriate NFC for the WEC buoy.

2.2. Literature Data Selection and Comparative Framework

Literature data were selected to support the interpretation of fiber behavior and to
provide a comparative framework for the present study, rather than to serve as direct
quantitative inputs to the proposed model. The selection criteria focused on fiber types
subjected to chemical extraction, surface treatment methods, and the use of standardized
testing procedures. Only studies that clearly reported natural fiber extraction processes
were considered, with priority given to those that provided detailed descriptions of fiber
processing routes and experimental methodologies.

The reviewed fibers originate from different plant sources and geographic regions and
were obtained using various extraction techniques, including mechanical decortication,
chemical treatment, and combined approaches. Differences in surface treatments, such as
washing, alkaline treatment, and other chemical modifications, were also considered, as
these processes are known to significantly influence fiber-matrix interactions and overall
composite performance [45-55].

Standardized test methods reported in the literature include moisture absorption mea-
surements according to ASTM D570 [56], tensile testing in accordance with ASTM D638 [57]
and ASTM D3822-01 [58], and fiber density determination based on ASTM D792 [59]. Test-
ing and measurement conditions vary among studies, particularly with respect to specimen
preparation, loading rate, frequency range, and environmental conditions. To address this
variability, natural fiber data from the literature were compiled in Sections 2.3-2.6, and the
evaluation criteria are defined in Section 2.7. In Section 3, the data are analyzed in terms of
general trends and property ranges rather than direct numerical comparisons.

2.3. Mechanical Performance and Moisture Resistance

The mechanical performance of natural fibers and their composites continues to be a
central research priority, as these properties are critical determinants for industrial adop-
tion [45]. The main disadvantage of plant fibers is their tendency to absorb water, which
compromises the integrity of the fiber-matrix interface and ultimately degrades the com-
posite’s mechanical properties; for example, at 65% RH (relative humidity), several natural
fibers have a water absorption saturation rate of 7% to 8% [45]. Several studies [46-50] have
reported on natural fiber mechanical behaviors and moisture content (See Table 1). The data
present the average of the results observed, with standard deviation, for density, moisture
content, tensile strength, and maximum elongation at break.

Table 1 highlights significant variability among natural fibers in terms of density,
moisture sensitivity, mechanical strength, and ductility—key factors that influence their
suitability as reinforcements in composite materials. In terms of tensile strength, fibers
like kenaf (930 MPa), pineapple (=900 MPa), palf (=900 MPa), and banana (722 MPa)
exhibited high tensile strength. For moisture content, nettle (14%) and jute (13.1%) showed
the highest hygroscopicity, which can compromise dimensional stability and interfacial
adhesion in marine environments. Palf, pineapple, and bamboo exhibited large standard
deviations in tensile strength, indicating high variability due to source, processing, or
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testing methods, which poses challenges for engineering design. Coir stands out with 30%
elongation, indicating high toughness and flexibility, but it has the lowest tensile strength,
177.5 MPa. After analyzing the data presented in Table 1, flax, hemp, kenaf, and sisal were
selected as candidate reinforcements for the buoy. This selection reflects a balance between
mechanical performance and suitability for marine applications. Flax is distinguished by
its relatively low moisture absorption of about 4.6%. This improves dimensional stability
in wet conditions, which is critical for long-term buoy operation in seawater.

Table 1. Mechanical properties and moisture content for various natural fibers.

Fiber Density Moisture Tensile Elongation at References
(g/cm?) Content (%)  Strength (MPa)  Break (%)

Sisal 15 10 573 £ 62 5+2 [46,50]
Abaca 1.5 75+£25 690 + 290 6.5+35 [47-49]
Bamboo 0.855 £ 0.255 9.16 470 £ 330 1.40 [47]
Banana 1.35 10.75+ 043  721.5+192.5 3 [49]
Coir 1.35+0.15 9.68 £ 1.68 1775+ 25 30 [47]
Cotton 1.55 £+ 0.05 8.175+0.325 442 +155 75+05 [47]
Flax 1.5 46+34 690 + 345 2.95+0.25 [47,48]
Hemp 1.48 91+29 690 1.6 [46,47]
Jute 14401 13.1£0.6 486.5 4 286.5 1.65 £0.15 [47]
Kenaf 1.4 91+£29 930 1.5 [46,47]
Nettle 1.51 14 £3 650 17 [47]
PALF 12404 11.8 903.5 +723.5 8.05 + 6.45 [47]
Pineapple 12404 115+15 898.5 £ 728.5 24 [47]

Hemp offers a high tensile strength of approximately 690 MPa. Kenaf provides the
highest tensile strength among the selected fibers, reaching up to 930 MPa, while maintain-
ing low density. This enables the design of lightweight and stiff buoy structures with stable
hydrodynamic response under wave loading. Sisal, despite its moderate hydrophilicity, is
selected for its mechanical reliability, with a tensile strength of 573 MPa. Together, these
fibers offer an effective compromise between sufficient structural performance and reduced
environmental impact compared with synthetic reinforcements, supporting the sustain-
ability goals of wave energy conversion systems. To make the comparison more realistic
between the four selected natural fibers and the synthetic glass fiber, Table 2 provides a
comparative overview of the four natural fibers, flax, hemp, kenaf, and sisal, and the syn-
thetic glass fiber, with emphasis on specific stiffness and specific strength, metrics essential
for evaluating materials in weight-sensitive applications. The specific strength and the
specific modulus of elasticity are calculated by using Equations (8) and (9), respectively:

Specific Strength = Tensile Strength /Density 8)

Specific Modulus = Young’s Modulus/Density )

Table 2 highlights the fundamental trade-offs and considerations when choosing
between natural and synthetic fibers. The performance gap of the synthetic fiber, E-glass,
illustrates superior absolute tensile strength and stiffness. This makes it the default non-
sustainable choice for high-performance wave buoy applications. The observed properties
of the natural fibers show lower mechanical performance than the synthetic fiber; however,
they confer sustainability, especially in a marine environment.

When considering specific properties, flax, hemp, and kenaf have a specific modulus
that represents a good candidate for the construction of a wave buoy. Flax, hemp, kenaf,
and sisal provide a strong alternative to synthetic E-glass fiber for buoy structures in
wave energy converters. Their main advantage lies in the reduced environmental impact
and favorable specific properties. E-glass fiber offers a high absolute tensile strength of
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about 2750 MPa and good resistance to moisture. However, it has a high density, nearly
2.5 g/cm?3. Natural fibers have much lower densities in the range of 1.4 to 1.5 g/cm?. This
results in competitive specific strength and specific modulus, particularly for kenaf at about
664 MPa-cm?/g and flax at about 460 MPa-cm?/g. These properties are well-suited for
lightweight and buoyant structures.

Table 2. Comparison of mechanical properties in selected natural fibers and synthetic glass fiber.

Fiber Type  Density Tensile Young's Strain at Specific Specific References
(g/cm?) Strength Modulus Failure (%)  Strength Modulus
(MPa) (GPa) (MPa-cm®/g) (GPa-cm®/g)

Synthetic Fiber

E-glass 25254+ 0.014 2750 +£433 745+2.6 275+014 1089+172 295+12 [51,52]
Natural Fibers

Flax 1.50 690 =+ 345 56 £+ 16.7 295+£0.25 460 +230 373 £ 111  [53,54]
Hemp 1.48 690 50 £ 11.6 1.6 466 33.8£78 [51,52]
Kenaf 1.40 930 355+141 15 664 254 £101  [53-55]
Sisal 1.50 573 £ 62 15.7 £ 3.6 5+2 382 +41 105+24 [53,54]

2.4. WEC Buoy in Marine Biofoulings and UV

Over their operational lifespan, wave energy buoys endure a range of severe envi-
ronmental stress, including prolonged submersion in saline seawater, intense ultraviolet
(UV) radiation from sunlight, and biofouling by marine organisms. Numerous studies em-
phasize the critical importance of engineering these systems to withstand such real-world
marine conditions to ensure long-term reliability and performance [10,44,46,60,61].

Saltwater immersion presents a threat to polymer composites, as it accelerates the
degradation of polymeric and composite materials through moisture absorption. This
is particularly problematic for natural fiber-reinforced composites due to their weaker
moisture resistance [10,60]. Long-term exposure to seawater leads to a measurable decline
in the mechanical properties of composite structures, as water entering causes plasticization,
interfacial debonding, and hydrolytic breakdown over time [44].

Based on the study of K Abdurohman et al. [44], water immersion causes clear mass
uptake and strength loss in natural and glass fiber composites. Flax composites reached a
weight gain saturation near 13.5%, while glass composites saturated near 1.05%. Flax epoxy
systems showed water diffusion up to 12.8% and tensile strength losses of about 28% after
one year in seawater and 23% in water. Glass-based composites also degraded, with tensile
strength losses ranging from about 12% to more than 60%, depending on resin type and
exposure time. Long-term immersion reduced stiffness as well, with modest losses for glass
epoxy and large losses up to 39% for flax epoxy. Overall, the natural-based composites
absorbed more water and lost more mechanical performance than glass-based composites
under similar conditions.

UV radiation further aggravates material degradation by breaking down polymer
chains in surface matrices, resulting in reduced structural integrity.

A UV environment emits UV photons that could be absorbed by the polymer matrix
of the composite, which results in photo-oxidation reactions, which causes brittleness in
the material through the microcracking of the matrix [61]. Several studies report clear
degradation of polymer composites under UV exposure. Naveen et al. [62] showed that
cured epoxy laminates lost 22.6% of their tensile strength after 180 h of UV radiation.
Lukachevskaia et al. [63] reported that GFRPs exposed for up to 2000 h retained only 59
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to 64% of their original flexural strength, along with increased surface roughness and
deeper microdefects. Shokrieh et al. [64] found that UV exposure reduced the mechanical
performance of glass—polyester laminates, with up to 30% loss in ultimate strength, 18%
reduction in tensile modulus, 15% decrease in failure strain, and about 20% reduction in
shear modulus. One of the solutions was to add TiO; as a supporting agent to create a
UV barrier, and moisture resistance showed better results when the agent was added to
polysaccharide-based materials [65].

Biofoulings represent the accumulation of microorganisms, algae, barnacles, and other
marine life, which poses another significant challenge. It not only increases hydrodynamic
drag, reducing energy capture efficiency, but can also create localized acidic microenviron-
ments that accelerate material corrosion and composite degradation [66].

Marine exposure studies show that biofouling and degradation strongly depend on
polymer type and surface properties. Trishul Artham et al. [67] reported that after one year
in the Bay of Bengal, weight loss reached 1.9% for LDPE, 1.6% for HDPE, 0.69% for poly-
carbonate, and 0.65% for polypropylene, with fouling influenced by season and polymer
chemistry, and confirmed biodegradation via FTIR analysis. Thangavelu Muthukumar
et al. [68] showed that one year of marine exposure caused maximum gravimetric weight
loss in PET at 7.49%, followed by polyurethane at 4.25%, while carbon fiber-reinforced
plastic showed a minimal loss of 0.45%, with biofouling increasing surface roughness and
reducing surface energy, hardness, and tensile strength. This issue could be resolved by
the application of external coatings on the buoy that release metal ions and exhibit biocide
action, such as coating it with metal copper powder or silver nanoparticles, or by using an
organic carbon nanomaterial. A biobased coating could be applied, which has shown to be
essential in keeping a high smooth surface finish on the buoy surface [4].

2.5. Manufacturing Considerations for Buoy

The manufacturing methodology and design of the buoy are two of the most important
steps in the construction of a wave energy converter. It is important to obtain the required
buoy shape and to obtain a reliable material structure, and, ultimately, a good surface finish
to guarantee high resistance to sea wave impact and stresses, moisture resistance, and
UV and biofouling resistance. The performance of buoys must achieve favorable density,
buoyancy, impact resistance, and saltwater durability [69].

The design, volume, and shape of the buoy are important aspects of its construction,
alongside the material and the manufacturing process. In addition, efficiency and resis-
tance to wind and waves are important qualities to account for, while also mitigating the
difficulty and cost of design and deployment [40,70,71]. NFC material based on renewable
resources can provide viable low-cost structural components and eco-friendly alternatives
to conventional glass fiber composite structural materials [71].

Van Paepegem et al. [71] studied filament-wound composite buoys and showed
that monolithic skins required very high thickness and unrealistic material cost to meet
failure criteria. Internal stiffeners improved structural performance but were difficult to
integrate into the filament winding process. Sandwich constructions provided the most
effective solution, where optimized inner and outer skins and foam core thickness achieved
satisfactory survivability, although this approach significantly increased manufacturing
cost due to process interruptions during filament winding. The composite manufacturing
methods for NFCs buoy production include the following [72]:

Hand Lay-up/Spray-up: a low-cost, simple tooling method, highly adaptable for large
structures. However, there are difficulties in achieving consistent fiber alignment and low
void content, which can cause high resin uptake of natural fibers, leading to increased
weight and providing poor surface finish and weak moisture resistance.

https:/ /doi.org/10.3390/su18031277


https://doi.org/10.3390/su18031277

Sustainability 2026, 18, 1277

11 of 23

Vacuum Infusion/Resin Transfer Molding (RTM): a highly recommended method
because it is a good method for large parts, providing a good fiber-to-resin ratio, lower void
content, and better mechanical properties. However, the high permeability and capillarity
of the natural fiber preform can lead to race-tracking and uneven resin flow. Pre-drying
of fibers is essential to prevent steam formation and voids during cure. Its tooling cost is
higher in comparison to other methods.

Compression Molding: a method suitable for producing smaller buoy components
using NFC sheets. However, high pressure can damage the natural fibers, which limits this
method to parts that fit within press plates. Current fabrication methods for lightweight
composites, such as resin transfer molding, filament winding, and advanced additive man-
ufacturing, remain resource-intensive and costly, which limits their widespread industrial
adoption. Additionally, recycling composite materials is particularly difficult due to the
heterogeneous nature of their constituents, making it challenging to separate and recover
matrix and reinforcement components without compromising material integrity [73].

The technological process for manufacturing buoy material follows a structured com-
posite production route suitable for marine energy applications [70,71]. Based on fiber
selection, the chosen natural fibers are first subjected to standard pre-processing steps,
including cleaning, drying, and, when required, surface treatment to improve moisture
resistance and fiber-matrix adhesion [72]. The treated fibers are then incorporated into a
polymer matrix selected for marine durability and sustainability, forming a natural fiber-
reinforced composite. Composite fabrication is envisaged using scalable manufacturing
techniques, such as compression molding or resin infusion, which allow for controlled fiber
volume fraction, uniform impregnation, and reduced void content. After curing, the buoy
structure is shaped to the required geometry and subjected to post-processing operations,
including surface sealing or protective coatings, to enhance resistance to seawater, UV
radiation, and biofouling [47,66].

Optimizing the manufacturing parameters for a natural fiber composite buoy requires
a structured, iterative process aimed at maximizing material integrity and ensuring con-
sistent performance. This is typically achieved through Design of Experiments (DoE)
methodologies to determine the ideal settings for critical variables, including mold tem-
perature, infusion or injection pressure, curing time, fiber drying duration, and resin
viscosity [73].

2.6. Cost and Sustainability of Cellulosic NFC for Wave Buoy

In addition to their mechanical properties, cellulosic NFCs often have a lower cost and
a significantly lower environmental footprint in terms of energy consumption and CO,
emissions during production. Mitigating moisture absorption will cost extra, as it will be
necessary to prevent the rapid degradation of the buoy when facing seawater. Additional
coating processing is essential, and it needs to be with a biopolymer, such as the PLA
observed in [47,74].

It is also important to mention that processing and safety cost less for cellulosic NFCs
because they are less abrasive to machining tools, and they do not pose the same skin
and respiratory irritation risks as glass or carbon fibers, making them safer for workers to
handle. Sristi et al. [75] found that natural fibers are increasingly used as alternatives to
glass fibers due to lower cost, lower density, and improved environmental performance.
Life-cycle assessment studies showed that natural fiber composites generally have lower
environmental impact because fiber production is less energy intensive, higher fiber volume
fractions reduce polymer use, lighter components improve fuel efficiency, and end of life
incineration allows for energy recovery. Glass fibers have a density of about 2.6 g/cm® and
cost between 1.30 and 2.00 USD/kg, while flax fibers have a much lower density of about
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1.5 g/cm? and cost between 0.22 and 1.10 USD/kg. In the next phase of this study, it is
assumed that all selected natural fibers exhibit a lower cost and a reduced carbon footprint
relative to synthetic glass fibers.

2.7. Multi-Criteria Decision-Making Framework

Based on the systematic analysis presented in the previous sections, the selection of
10 evaluation criteria and 4 natural fibers resulted directly from the literature review and
comparative analysis. These criteria and the selected natural fiber candidates for the buoy
NEFC, with glass fiber used as the synthetic reference material, are summarized in Table 3.

Table 3. Fibers and criteria for buoy material MCDM.

Material Category Criterion Metric

Mechanical Specific modulus C1
Kenaf Specific strength C2
Moisture C3

Flax
Durability UV resistance C4
Hemp Biofouling C5
Adhesion Cé6
Sisal Processing Manufacturing c7
CO, impact C8
E-glass Biodegradability 9
Sustainability Material cost C10

Critical performance requirements were identified for wave energy converter (WEC)
buoys in marine environments, revealing that material selection must balance mechanical
performance (specific modulus and specific strength), environmental durability (mois-
ture resistance, UV resistance, and biofouling), manufacturing feasibility (adhesion and
manufacturing ease), and sustainability factors (CO, impact, biodegradability, and cost).
These ten criteria collectively capture the multifaceted demands of buoy applications,
where longevity in harsh marine conditions is as important as structural integrity and
environmental impact.

The ten evaluation criteria (C1-C10) were systematically developed to capture the
key dimensions affecting both performance and sustainability of natural fiber composite
(NFC) buoys for wave energy converters (WECs). The selection process began with a
functional decomposition of the buoy’s design requirements, which yielded four over-
arching categories: Mechanical Performance, Environmental Durability, Manufacturing
Feasibility, and Sustainability. Drawing on the literature synthesized in Sections 2.1-2.5,
the most critical factors within each category were identified. Mechanical performance is
represented by specific modulus (C1) and specific strength (C2), emphasizing lightweight
properties crucial for buoyancy and hydrodynamic efficiency. Environmental durability
encompasses the three dominant marine degradation mechanisms: moisture resistance
(C83), UV resistance (C4), and biofouling resistance (C5). Manufacturing feasibility is evalu-
ated through adhesion (C6), vital for effective stress transfer and long-term integrity, and
manufacturing ease (C7), which reflects process compatibility and scalability. Sustainability
is assessed via CO, impact (C8), biodegradability (C9), and material cost (C10), addressing
both environmental footprint and economic considerations across the material life cycle.

The four natural fibers: kenaf, flax, hemp, and sisal were selected based on the
selection process discussed in Section 2.2. The synthetic E-glass fibers excel in mechanical
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and durability metrics, and the natural fibers offer compelling advantages in sustainability,
biodegradability, and lower carbon footprint. This trade-off is clearly reflected in the
scoring table, where E-glass ranks first in weighted score due to superior durability and
processability, but natural fibers lead significantly in environmental categories.

Moisture content plays a central role in determining fiber-matrix adhesion through in-
tegrated physicochemical and mechanical interactions. While synthetic glass fibers typically
develop stronger interfacial bonds than natural fibers, the present evaluation framework
treats moisture resistance and adhesion as equally influential criteria. The significantly
lower moisture content of flax (4.6%) compared to alternatives such as hemp/kenaf (9.1%)
and sisal (10%), as shown in Table 1, directly supports its higher moisture resistance rating
in the multi-criteria assessment (Table 3), reflecting its enhanced potential for maintaining
interfacial integrity in humid marine environments.

The Multi-Criteria Decision-Making (MCDM) framework in this analysis follows a
clear sequence. The process starts with min—max normalization. This step rescales each
of the ten criteria (C1-C10) to a uniform 1-5 scale. It aligns different units, such as tensile
strength in MPa and moisture absorption in percent, which keeps one criterion from
overpowering the others.

The next step is to use the Entropy Method to calculate objective weights. This method
measures variation in the data. A criterion with high variation achieves a higher weight
because it separates the options more clearly. This reduces subjective judgment. The final
step uses a weighted linear sum. Each normalized score is multiplied by its entropy weight.
The sum gives one performance score for each natural fiber. This score reflects technical
performance, durability, and sustainability. The ranking uses all criteria instead of relying
on one property. The equations are as follows [75].

The min—-max normalization scales all criteria to the 1-5 range using Equation (10):

Y= M g (10)
max—min
where

min: Minimum value of the criterion j across all alternatives;

max: Maximum value of the criterion j across all alternatives.

The entropy calculation to measure information uncertainty uses Equation (11):

1
%= ~Tn(m) Y piiln(py) (11)

where
m: the number of alternatives;
Pij: the normalized proportion of alternative i with respect to criterion j.
The weight calculation for objective weight determination uses Equation (12):

1- 6]‘ (12)
w] = —_—
E(l-¢)
The weighted score to overall alternative evaluation uses Equation (13):
&:Z@x% (13)

where w; : Objective weight of the criterion j
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3. Results and Discussion

This section presents the results of the MCDM analysis, interpreting performance
scores, sensitivity outcomes, and the ranking of natural fibers, while connecting material
properties to their functional suitability for marine energy systems.

The criteria for weight distribution across the buoy materials are shown in Figure 4.
Based on the Entropy Method, the calculated objective weights for the ten criteria reveal
a clear prioritization driven by data variability across the five material alternatives. The
highest weight is assigned to Criterion 3 (moisture resistance) at 0.142, indicating that this
property exhibits the greatest discrimination power among the materials—natural fibers
show significantly higher water absorption than E-glass, making it a critical differentiator
for marine durability. Closely following are Criterion 2 (specific strength) and Criterion
1 (specific modulus) with weights of 0.135 and 0.125, respectively, underscoring the im-
portance of mechanical performance per unit weight for buoy design. Criterion 4 (UV
resistance) and Criterion 5 (biofouling resistance) also carry substantial weight (0.098 and
0.085), reflecting the harsh environmental conditions buoys face. The lowest weight is
assigned to Criterion 10 (material cost), at 0.057, suggesting that while cost is a factor, its
variation among the selected materials is relatively low compared to other technical and
durability metrics. This objective weighting scheme ensures that the final material ranking
is driven by the most decisive and variable properties, minimizing subjective bias and
providing a robust, data-driven foundation for selecting the optimal buoy material.

10 .
9 -
@ 8 -
E 7 )
=]
=z 6 1
@ 5 4
£ 4 0.147]
O 3 i
2 0.135
1 0.125 .
0 0.05 0.1 0.15

Weight
Figure 4. Criteria weight distribution for buoy material decision-making.

The multi-criteria decision in Table 4 brings together the criteria factors that shape
buoy performance in marine conditions. The data from the previous section guided the
selection of a short list of natural fibers for the analysis. The scoring system uses a 1-5 scale,
where 1 is considered poor and 5 is considered excellent. Raw values are normalized to
this scale based on the best or worst performance. The weighted score is the sum of each
criterion score multiplied by its weight, as shown in Equation (14).

Weighted Score= X(Criterion Score x Weight) (14)

Table 4 reports the results of the objective MCDM analysis based on the entropy-
weighting method, comparing four natural fibers: flax, kenaf, hemp, and sisal, with E-glass
as a synthetic reference for wave energy converter buoy applications. Each material is
evaluated using a 1-5 scoring scale across ten criteria grouped into mechanical, durability,
processing, and sustainability categories. Criterion weights are derived exclusively from
data dispersion, ensuring an objective and bias-free evaluation.
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Table 4. Entropy-based multi-criteria evaluation and ranking of buoy materials.

Category Criterion (Ci) Weight Flax Kenaf Hemp Sisal E-Glass

Mechanical Specific modulus (C1) 0.125 4.0 3.0 4.0 2.0 5.0
Specific strength (C2) 0.135 4.0 5.0 4.0 3.0 5.0

Durability Moisture (C3) 0.142 4.0 3.0 3.0 3.0 5.0
UV resistance (C4) 0.098 3.0 3.0 3.0 3.0 5.0
Biofouling (C5) 0.085 3.0 3.0 3.0 3.0 4.0

Processing Adhesion (C6) 0.076 4.0 3.0 3.0 3.0 5.0
Manufacturing (C7) 0.067 3.0 3.0 3.0 3.0 5.0

Sustainability CO, impact (C8) 0.112 5.0 5.0 5.0 5.0 1.0
Biodegradability (C9) 0.103 5.0 5.0 5.0 5.0 1.0
Material cost (C10) 0.057 5.0 5.0 5.0 5.0 2.0

Totals Weighted score 1.000 4.022 3.814 3.804 3.419 3.884
Ranking 1 3 4 5 2

Figure 5 presents the overall MCDM-weighted scores of the buoy fibers. The final ag-
gregated scores of the material alternatives, obtained from the MCDM analysis, combined
mechanical, durability, environmental, and economic criteria using their assigned weights.
Flax ranked first with a weighted score of 4.022, indicating the most balanced overall perfor-
mance for the buoy application. E-glass followed in second place with a score of 3.884, with
the difference of 0.138 reflecting the advantage gained by flax when environmental criteria
are strongly emphasized. Kenaf and hemp occupied the third and fourth positions with
very close scores of 3.814 and 3.804, respectively, suggesting near-equivalent performance
within the model resolution and indicating that additional secondary factors would be
needed to differentiate between them. Sisal ranked last with a score of 3.419, making it
the least suitable option under the defined criteria. Overall, the ranking highlights the
strong competitiveness of bio-based composites, with flax emerging as the optimal choice
by effectively balancing mechanical performance, durability, environmental impact, and
cost for wave energy converter buoy applications.

Figure 6 presents a criticality matrix resulting from a deterministic, one-at-a-time
sensitivity analysis. This analysis quantifies the percentage change in the total score for
each material alternative when the weight of a single criterion is doubled. The matrix
reveals which criterion-weight pairings have the greatest influence on the model’s output,
thereby identifying areas where the ranking is most sensitive to uncertainty across the
assigned weights.

Figure 6 shows high sensitivity for the synthetic fiber, with the E-glass fiber alternative
showing the highest sensitivity in the matrix, with a 7.5% score change when the weight of C8 is
doubled and a 6.9% change for C9. This is a logical result, as these criteria relate to CO, impact
and biodegradability, which are well-known environmental weaknesses of synthetic fibers.

The results also showed moderate sensitivity across the natural fibers. Among natural
fiber alternatives, sisal exhibits the most pronounced sensitivity, though it is moderate in
magnitude (approximately a 4-4.5% score change for criteria C1 and C2). The maximum
sensitivity for all-natural fiber alternatives is limited to approximately 4.5%. This indicates
that the relative ranking among natural fibers is more robust to weight perturbations. The
final selection within the natural fiber category is therefore less vulnerable to uncertainty
in criterion importance. The sensitivity analysis confirms the logical structure of the
decision model and highlights that, while the overall hierarchy of materials is stable, the
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precise scoring of the synthetic fiber is highly contingent on the importance assigned to
environmental criteria. This underscores the importance of carefully justifying the weights
for criteria C8 and C9 in the final material selection recommendation.

45 ' . s : .
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Figure 5. Overall weighted MCDM scores for the five material alternatives.
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Figure 6. Sensitivity analysis when weight is doubled.
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Figure 7 summarizes the global sensitivity analysis by ranking the decision criteria
according to their average significance, defined as the mean percentage change in the
total material scores when the weight of a given criterion is perturbed. The results clearly
show that environmental criteria dominate the model response, with CO, impact (C8) and
biodegradability (C9) exhibiting the highest sensitivities at 4.18% and 3.87%, indicating
that variations in their weights lead to the largest changes in overall material ranking.
In contrast, adhesion (C6), biofouling (C5), and manufacturing (C7) display the lowest
criticality values, between 1.19% and 1.37%, demonstrating that the model outcomes are
relatively insensitive to uncertainties in these criteria. A middle group, including specific
modulus (C1), moisture resistance (C3), material cost (C10), UV resistance (C4), and specific
strength (C2), shows moderate influence with average criticality values around 1.85-2.16%.
Overall, this analysis confirms the robustness of the model while highlighting that the
final material selection is primarily driven by how environmental sustainability criteria are
weighted, whereas several traditional engineering and process-related criteria have a more
limited impact on the final decision.

C6: Adhesion 1.19% e

C5: Biofouling 1.30% 4
C7: Manufacturing
C2: Specific Strength 1.85% 1
C4: UV Resistance| 1.94% 4
C10: Material Cost
C3: Moisture 2.09% 1

C1: Specific Modulus|
C9: Biodegradability|

C8: CO2 Impact

1 1 L 1 1
0 0.5 1 15 2 25 3 35 4 45

Average Criticality (%)

Figure 7. Overall ranking of the criteria.

Figure 8 shows a refined sensitivity analysis that evaluates the effect of a £20%
variation in each criterion weight on the overall model results, using a Sensitivity Index
defined as the average percentage change in the total scores of all material alternatives.
Compared with extreme perturbation scenarios, this approach provides a more realistic
measure of ranking robustness by reflecting reasonable uncertainty in weight assignment.

Figure 8 shows a clear tiered sensitivity structure, where CO, impact (C8) and
biodegradability (C9) remain the most influential criteria, with sensitivity indices of 3.2%
and 3.9%, indicating that even moderate uncertainty in environmental weighting can signif-
icantly affect material scores. Structural and durability criteria, including specific modulus
(C1), specific strength (C2), and moisture resistance (C3), show moderate influence in
the range of 1.6-1.8%, while economic and secondary performance criteria, such as UV
resistance, material cost, biofouling, adhesion, and manufacturing, exhibit low sensitivity
below 1.1%, demonstrating strong robustness to weight uncertainty. These findings are
consistent with earlier criticality analyses and confirm that material selection in this context
is primarily governed by environmental performance, whereas most engineering and cost-
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related criteria have limited impact, emphasizing the need for careful and well-justified
weighting of CO, impact and biodegradability. On the other hand, the model is robust to
uncertainties in the weights of processing, cost, and durability criteria, as their variation
caused minimal score changes (<2%). This adds confidence that the primary result is stable
despite potential disagreements on secondary factors.

C7: Manufacturing

C6: Adhesion 0.8% -

C5: Biofouling

C10: Material Cost

C4: UV Resistance

C3: Moisture 1.6% .

C2: Specific Strength 1.6% .

C1: Specific Modulus

C9: Biedegradability 3.0% .

C8: CO2 Impact 3.2%

L i i

i
0 0.5 1 15 2 25 3 3.5
Sensitivity Index (%)

Figure 8. Sensitivity index by criterion +20% weight change.

The emphasis placed on environmental durability criteria, such as moisture resistance,
UV resistance, and biofouling, over economic factors like material cost in the weighting
scheme is a deliberate choice that reflects the life-cycle requirements of the application. For
a wave energy converter buoy intended for long-term operation in a harsh marine envi-
ronment, material degradation is the main factor driving maintenance needs, replacement
frequency, and overall environmental impact. A composite that degrades prematurely
due to moisture uptake or UV exposure would negate any initial cost benefit and increase
waste generation, thereby undermining the sustainability goals associated with the use of
bio-based materials. Accordingly, the weighting strategy prioritizes long-term performance
and durability, ensuring that the selected material not only reduces environmental impact
during production but also preserves its structural and functional integrity throughout its
service life, ultimately supporting true whole-life sustainability.

The MCDM analysis provides a robust ranking of natural fiber candidates based on
their intrinsic properties; however, the practical realization of a durable NFC buoy requires
a system-level perspective that extends beyond fiber selection alone. Matrix selection is
critical, as conventional epoxy matrices, despite their high performance, may conflict with
sustainability objectives due to their environmental footprint and lack of biodegradability,
whereas bio-based or biodegradable polymers, such as PLA, bio-epoxies, or polyhydrox-
yalkanoates (PHA), offer a more sustainable profile but often exhibit higher moisture
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sensitivity and reduced toughness [76,77]. Fiber—-matrix compatibility, therefore, becomes
essential, as hydrophilic natural fibers require surface modification, such as alkalization or
silane treatment, to ensure adequate adhesion with hydrophobic matrices [78]. Although
these treatments introduce additional processing steps and cost, they are necessary to
achieve the required mechanical performance and moisture resistance. Furthermore, long-
term durability in seawater is an emergent property of the entire composite, since matrix
degradation, interfacial debonding, and moisture ingress collectively govern performance
loss rather than fiber behavior alone [79].

The fiber-matrix interphase plays a decisive role in limiting degradation, and, there-
fore, moisture resistance scores must be interpreted within the context of a properly en-
gineered composite rather than in isolation. Additives in the form of nano-objects can
be introduced at the fiber surface to tailor the fiber-matrix interphase [80]. However, the
use of additives to improve UV resistance or biofouling performance introduces addi-
tional trade-offs, as some approaches—such as nanoparticle fillers, metal ion release, or
biocidal coatings based on metal powders—may pose environmental risks if released into
the marine environment [4]. Consequently, sustainable composite design must prioritize
environmentally benign modification strategies, including green surface treatments and
non-leaching protective coatings. Overall, while flax emerges as the most suitable fiber can-
didate, its successful application depends on integrating an appropriate bio-based matrix,
engineering a robust interphase, and selecting environmentally safe additives, highlighting
the need for future extensions of the MCDM framework toward a comprehensive compos-
ite design strategy that balances performance, durability, and environmental integrity in
marine applications.

This study delivers key contributions to sustainable materials and marine energy
engineering by establishing a novel, integrated decision-making framework. An entropy-
weighted MCDM model is applied to select natural fiber reinforcements for WEC buoys.
Unlike earlier research that evaluates isolated properties or general composites, this model
simultaneously integrates ten critical criteria across four categories: mechanical perfor-
mance, marine environmental durability, manufacturability, and life-cycle sustainability.
Methodologically, the Entropy method assigns objective weights based on data variability,
reducing subjective bias and ensuring proper emphasis on durability factors such as mois-
ture resistance rather than economic factors alone. The analysis provides a quantitative
sustainability—performance trade-off, benchmarking natural fibers (flax, hemp, kenaf, sisal)
against synthetic E-glass. Crucially, it demonstrates that flax achieves the highest overall
score under a holistic assessment, validating a viable path for bio-based substitution in ma-
rine structures. The resulting rankings and sensitivity analysis offer a practical, replicable
decision-support tool for engineers, bridging the gap between advanced materials research
and the design of a sustainable WEC buoy.

4. Conclusions

This study established a comprehensive, data-driven multi-criteria decision-making
(MCDM) framework to identify the most suitable natural fiber reinforcement for a sustain-
able wave energy converter (WEC) buoy. By integrating ten critical performance criteria
spanning mechanical properties, marine environmental durability, manufacturability, and
life-cycle sustainability and employing an objective entropy-based weighting method, the
analysis provides a robust and reproducible tool for sustainable material selection. The
framework consistently identified flax fiber as the optimal candidate, achieving the highest
aggregated score (4.022). Flax excels by effectively balancing essential mechanical prop-
erties (specific modulus and strength) with superior moisture resistance and a leading
environmental profile characterized by low CO, impact and high biodegradability.
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The sensitivity analyses (Criticality Matrix, Overall Criteria Criticality, and £20%
Sensitivity Index) consistently demonstrated that the ranking is highly sensitive to the
weights of environmental criteria (C8: CO, Impact and C9: Biodegradability). Flax’s
excellent performance in these high-leverage categories is the fundamental driver of its
top rank. The clear stratification in sensitivity correlates perfectly with the performance
data. E-glass, while strong in mechanical and durability metrics, is heavily penalized by
its poor environmental profile. The close scores among the other natural fibers (kenaf,
hemp, and sisal) further validate the model’s discrimination, with flax distinguishing itself
through a marginally better overall profile, particularly in key mechanical and moisture
resistance properties. Therefore, shifting from conventional glass-reinforced composites
to flax-based bio-composites presents a viable route to developing wave energy converter
(WEC) buoys that retain essential structural performance while significantly lowering
their environmental impact. This study bridges materials science and offshore renewable
energy engineering by offering a practical, decision-support methodology for sustainable
material selection.

Future research should focus on prototype development and validation, including the
optimization of the flax-matrix interface, long-term seawater exposure testing, and a full
life-cycle assessment to verify the environmental and performance advantages predicted
by this analytical model under real operational conditions.
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