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Abstract

This study introduces a novel adaptive Mechanical Wave Energy Converter (MWEC) de-
signed to efficiently capture nearshore wave energy for sustainable electricity generation
along the southeast surf coast of NEOM (135◦ longitude). The MWEC system features a
polyvinyl chloride (PVC) cubic buoy integrated with a mechanical power take-off (PTO)
mechanism, optimized for deployment in shallow waters for a depth of around 1 m.
Three buoy volumes, V1: 6000 cm3, V2: 30,000 cm3, and V3: 72,000 cm3, were experimen-
tally evaluated under consistent PTO and spring tension configurations. The findings reveal
a direct relationship between buoy volume and force output, with larger buoys exhibiting
greater energy capture potential, while smaller buoys provided faster and more stable
response dynamics. The energy retention efficiency of the buoy–PTO system was measured
at 20% for V1, 14% for V2, and 10% for V3, indicating a trade-off between responsiveness
and total energy capture. Notably, the largest buoy (V3) generated a peak power output of
213 W at an average wave amplitude of 65 cm, confirming its suitability for high-energy
conditions along NEOM’s surf coast. In contrast, the smaller buoy (V1) performed more
effectively during periods of reduced wave activity. Wave climate data collected during
November and December 2024 support a hybrid deployment strategy, utilizing different
buoy sizes to adapt to seasonal wave variability. These results highlight the potential of
modular, wave-adaptive mechanical systems for scalable, site-specific renewable energy so-
lutions in coastal environments like NEOM. The proposed MWEC offers a promising path
toward low-cost, low-maintenance wave energy harvesting in shallow waters, contributing
to Saudi Arabia’s sustainable energy goals.

Keywords: wave energy harvesting; adaptive MWEC; PVC cubic buoy; NEOM surf zone;
shallow-water converter; Red Sea renewable energy

1. Introduction
Neom city in Saudi Arabia has an extensive coastline along the Red Sea that provides

continuous and highly active wave conditions. The main shoreline orientations are the
southeast coast (135◦) and the northwest coast (315◦). Wave energy is one of the available
clean energy resources in Neom. Sea waves play an important role in meeting the increasing
electricity demand in many coastal cities worldwide [1].
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Neom projects face several challenges, particularly the scarcity of natural resources
such as water and clean energy. To address these challenges, Neom requires the exploitation
of renewable energy resources, including solar, wind, and wave energy, to meet future
power demands. Several studies have discussed the sustainability of Neom in this con-
text [2,3]. One of Neom’s central objectives is to become a sustainable city, and investment
in renewable resources is essential to achieve this goal.

Wave energy has been recognized as a renewable energy source since 1991 by the
European Commission, which integrated it into its renewable energy program. By 1992,
several official projects began across European countries. Research and development efforts
in Norway started as early as 1975, and by 1985, two shoreline wave energy converters
(WECs) were already installed [4]. In the United States and Canada, multiple projects
were launched after 2007. In Saudi Arabia, particularly in the Neom region, wave energy
converters still represent an opportunity for research, development, and the proposal of
suitable designs that can match the wave conditions of the Red Sea and provide optimal
clean electricity generation.

The choice of an appropriate WEC design for Neom requires evaluating the existing
WEC technologies. Several wave energy conversion technologies are available in the
literature and real-world applications. The most suitable design depends on the wave
characteristics of a specific location. Wave type and local hydrodynamic behavior are
key in selecting the right WEC. Based on several studies [4–6]. WECs can be classified
into different groups: shoreline, breakwater, and floating devices. The following includes
some examples:

Attenuator WECs are long floating structures composed of segments connected by
flexible joints, aligned parallel to incoming waves. Their oscillatory movement is converted
into electricity using generators. Examples include Pelamis [7–11] and Wave Star [12–14].

Point absorbers consist of buoys floating on the water surface, moored to the seabed,
and oscillating vertically with waves. Their motion drives generators through mechanical
or hydraulic PTO systems. Examples include OPT Power Buoy [15], Aqua Buoy [16–18],
Archimedes Buoy [19,20], Uppsala WEC [21,22], Wave Bob [23,24], Wave Roller [25,26], Bio
Wave [27,28], and Pendulum WEC [29–31].

Oscillating Water Column (OWC) WECs convert wave-induced air pressure variations
inside a chamber into rotational energy using turbines. Designs include Limpet [32], Pico
Plant [33,34], Mighty Whale [35–37], Osprey [38], and Scanline systems [39].

Overtopping WECs capture waves in elevated reservoirs and release the collected
water through turbines. Examples include TAPCHAN [40–43] and Wave Dragon [44].

The success of WEC deployment also depends on wave behavior and site selection.
Several studies have investigated Red Sea wind and wave patterns using meteorological
models [45]. The Neom coastline, located in the north of the Red Sea, has one of the highest
nearshore potentials with approximately 3 kW/m of wave power and 500 W/m of wind
power [6]. The identification of optimal installation sites is, therefore, critical.

Wave height measurement is essential for WEC design and energy prediction. Wave
energy depends primarily on wave height. Models such as WAVEWATCH III and SWAN
simulate wave conditions under various inputs. For example, the work of Hwang et al. [46]
measured wave height using a convolutional neural network combined with ocean wave
images. Red Sea studies by Sabique Langodan et al. [47] divide the basin into northern,
central, and southern regions. In the northern Red Sea near Neom, waves are generated
by winds blowing from the northern end and narrow jets from the Arabian side. Ahmed I.
et al. [48] analyzed Red Sea wave climatology from 1959 to 2022 and reported significant
wave heights (Hs) ranging from 0.5 to 3 m (mean 0.8 m) and mean wave periods (Tm)
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between 3.1 and 7 s (annual mean 4 s). Longer-period waves are common near Neom, close
to the Gulfs of Suez and Aqaba.

Another major challenge is the PTO system. WECs operate under harsh marine
conditions with random waves, high salinity, and difficult access for maintenance. The PTO
system must be reliable, robust, and cost-effective. PTO design strongly influences overall
WEC cost, sometimes reaching 30% of the total [49]. Different WEC types use different PTO
systems: OWC devices employ air turbines, while point absorbers typically use mechanical
or hydraulic PTOs [50].

The optimization of hydraulic PTO design and control remains a key challenge for
improving energy capture. Recent studies also emphasize the need for accurate modeling
of wave evolution and hydrodynamic processes to estimate maximum wave heights and
surface power [51]. Simulation-based studies such as the work of Ahmed I. et al. [48] and
datasets such as the Global Forecast System (GFS) from Aquilink [52] support long-term
wave characterization. Also the work of Misaa Alkhayyat et al. [6] analyzed eight locations
at depths between 21.5 m and 55.4 m, reporting significant wave heights of 0.54–0.79 m
and wave periods of 3.5–4 s.

Based on the available wave resources, this study proposes a new Mechanical Wave
Energy Converter (MWEC) for deployment in the surf zone along Neom’s southeast coast
(135◦). The MWEC incorporates PVC cubic buoys of three different volumes coupled with
a mechanical PTO. The experimental results from these buoy types are presented and
compared to evaluate performance and suitability for the Neom Red Sea conditions.

2. Materials and Methods
The main component of the MWEC that interacts with waves is the buoy. For this

study, PVC buoys were selected due to their light weight, low cost, and widespread market
availability. The design concept of the MWEC focuses on developing a low-cost wave
energy converter suitable for shallow-water installation, with flexibility to adjust the power
take-off (PTO) system, modify buoy volume, control the impact angle with waves, and
regulate buoy height. The entire MWEC assembly is mounted on a metallic frame fixed to
the seabed (Figure 1). As incoming waves lift the floating buoy (3), the attached toothed
gear rack (2) moves upward (Figure 1). This translational motion drives the gear (7) to
rotate clockwise during the buoy’s ascent. Gear (7) is connected to shaft (12), which is
supported horizontally by two ball-bearing blocks. A pulley (13) is mounted on the same
shaft to transmit rotational motion via a belt to an electrical generator (Figure 2). To stabilize
the rotary dynamics, a flywheel (6) is also fixed to the shaft. The rack slot (2) and chain
(14) are attached to the buoy’s center. As the buoy oscillates with the waves, two ball
bearings and guiding slots constrain its movement to translation (Figure 3). Wave power
transmission occurs during the upward motion through the pinion gear (7), while a spring
(8) attached to the external frame restores the buoy to its downward position. The shaft
(12), through the pulley–belt system, continuously transfers the rotation to the generator,
enabling electricity production.

The cubic buoy geometry (Figure 3) was chosen for this prototype because it offers
more consistent motion compared to the commonly used spherical or cylindrical buoys,
while also reducing vortex formation and induced drag. Its flat, well-defined waterplane
area supports stable and repeatable movement of the MWEC.

Several studies have reported that energy extraction efficiency decreases when using
different buoy shapes and various PTO systems [53]. To address this, a prototype was
developed to experimentally evaluate different buoy volumes with a mechanical PTO
system using a cubic buoy (Figure 4).
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Part number Part name 

1 Adjustable base support 
2 Fixed bar to the buoy 
3 Floated buoy 
4 Vertical linear guide 
5 Movable top support  
6 Equilibrium flywheel  
7 Chain wheel 
8 Adjustable Spring-chain system 
9 Electrical generator 

10 Fixed horizontal platform 
11 Housed bearing unit 
12 Horizontal bar Shaft 
13 Belt-pulleys system 
14 Chain (Figure 3)  

Figure 1. Design of the MWEC prototype.

Figure 2. The MWEC horizontal transmission system.
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Figure 3. The PVC cubic buoy vertical transmission system for the upward movement.

 
Figure 4. The prototype of the MWEC illustrates all assembled pieces.

The MWEC design in this study employs a purely mechanical rack-and-pinion, spring-
restoration, and flywheel system. This approach aims for low maintenance, high robustness
in high-salinity environments, and low cost. Furthermore, the system is designed for
shallow waters (~1 m depth) so that larger offshore WECs cannot exploit energy in the
same water depth. The novelty of the proposed MWEC is that the system is modular, and
a cubic buoy design allows for easy adaptation to seasonal wave climates based on buoy
volume, a feature not commonly emphasized in standard point absorber designs.
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The buoy is a cubic shape formed from Polyethylene with characteristics illustrated in
Table 1.

Table 1. Different buoy characteristics used in the MWEC.

Buoy Volume (cm3) Mass (kg) Dimensions (cm)

V1 6000 0.6 10 × 20 × 30

V2 30,000 1.2 20 × 30 × 50

V3 72,000 3.6 30 × 40 × 60

It is important to mention that the metallic frame is vulnerable to corrosion in the
high-salinity Red Sea, requiring protective measures such as resistant alloys or coatings.
In this case, a polyurethane paint coating was applied to prevent corrosion, with periodic
inspections needed for repair. Seabed disturbance is another major concern in shallow
waters, as it can affect system performance over time and requires regular maintenance.
Managing these issues is essential for the environmental sustainability and long-term
reliability of the MWEC.

The Wave Resources in Neom Coast

The Red Sea waves are more dominant in the northern region [48], where Saudi
Arabia’s Neom shoreline is located (Figure 5). Average wind speeds for the Neom area
along the northern Red Sea coast were estimated using historical data from the Windy
website [54] and compared with previous studies [6,48,55].

Figure 5. Neom shoreline in Red Sea (screenshot from Google Maps) in December 2024.

The results show that peak wind speeds occur in summer (June–August), driven
by dominant wind patterns and thermal rises across the Red Sea. According to Windy
historical data and GFS27 estimates for the Neom coast, wind conditions are not constant,
with the dominant wind speed range between 4 and 9 m/s.

To evaluate the energy production of the MWEC, an analysis of significant wave
height (Hs) was carried out in the Neom surf zone at five test points in 1 m water depth.
The selected locations were created and saved on the Aqualink platform, which supports
monitoring efforts by providing free, publicly accessible reef and ocean data. This platform
offers instant access to valuable information for researchers, scientists, and the general
public worldwide (Aqualink.com).

Table 2 presents the average wind and sea wave parameters along the Neom coastline
during November and December 2024 (points created using the Aqualink platform). Data
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were obtained from the NOAA Global Forecast System (GFS), accessed in November and
December 2024 through https://registry.opendata.aws/noaa-gfs-bdp-pds/, (accessed on
1 November 2024 and 1 December 2024).

Table 2. Average Neom coast line wind and sea wave parameters during November and Decem-
ber 2024.

Week Wind Speed
(km/h) Wind Direction (◦) Wave Height

(m)
Wave Period

(seconds) Wave Direction (◦)

Average per
Week Novem-

ber 2024

Week 1 12 239 0.7 5 291

Week 2 3.7 243 0.6 5 296

Week 3 9.6 178 0.6 4 359

Week 4 15.7 201 1.1 6 284

Average per
Week Decem-

ber 2024

Week 1 25 245 1.5 6 284

Week 2 29.3 226 1.3 4 268

Week 3 28.2 261 1.5 5 287

Week 4 26.3 293 2.1 6 300

The significant wave height (Hs) was calculated using the GFS weather forecast model,
and the results are provided in Table 3.

Table 3. Monthly significant wave heights (Hs) in Neom coast.

Month Significant Wave Height (Hs) (m) Deviation (±m)

January 1.3 ±0.3

February 1.1 ±0.3

March 0.9 ±0.3

April 0.8 ±0.1

May 0.9 ±0.3

June 1.0 ±0.3

July 1.1 ±0.3

August 1.2 ±0.3

September 0.9 ±0.3

October 0.8 ±0.1

November 1.0 ±0.3

December 1.3 ±0.3

The significant wave period (Ts) was calculated based on the Global Forecast System
(GFS) weather forecast model; the results are listed in Table 4.

Table 4. Significant wave period in Neom coastline.

Month Significant Wave Period (Ts) Deviation (±seconds)

January 6.5 ± 0.5

February 6.3 ± 0.5

March 6.2 ± 0.4

https://registry.opendata.aws/noaa-gfs-bdp-pds/
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Table 4. Cont.

Month Significant Wave Period (Ts) Deviation (±seconds)

April 6.0 ± 0.4

May 5.8 ± 0.3

June 5.5 ± 0.3

July 5.3 ± 0.3

August 5.2 ± 0.3

September 5.4 ± 0.3

October 5.9 ± 0.4

November 6.3 ± 0.4

December 6.7 ± 0.5

3. Results and Discussion
3.1. Mathematical Illustration of Wave-Energy Extraction Equations

The design of the MWEC must balance buoy mass, volume, and the PTO system to
optimize energy conversion efficiency, ensuring sufficient motion for power generation
without excessive damping. For that reason, a simulation of the MWEC is conducted based
on the equation of motion.

Stored Energy of Waves

The real sea wave may be considered as composed of many elementary waves of
different frequencies and directions. This stored energy of waves is the summation of
kinetic energy and potential energy. The equation of stored energy of waves could be
written as Equation (1):

E =
ρgHs

2

16
= ρg

∫ ∞

0
S(f)df (1)

where ρ, the mass density of sea water; g, the acceleration of gravity; Hs (m): the significant
wave height for Neom coastline; S(f) (m2/Hz) is the wave spectrum; f: wave frequencies.

The current design focuses on the vertical motion of a floating buoy in response to
wave action. The buoy oscillates up and down with the wave crests and troughs, following
the vertical motion generated by passing waves, see Figure 6. For that reason, mathematical
illustration of wave-energy extraction can be based on the work of Johannes Falnes [56]
that assumes the linear theory: if the amplitudes of waves and oscillations are sufficiently
small, then the dynamic equation of the buoy could be written as follows:

(m + A)
..
S(t) + Bf

.
S(t) + Kr(t) ∗

.
S(t) + Cs(t) = Fe(t) + Fu(t) ≡ Fext(t) (2)

where

Fext(t) is the extracted force;
Fe(t) is the excitation force resulting from the incident wave;
Fu(t) is a force applied intentionally for control and power take-off;
m is the body’s mass;
C is the stiffness: restoring-force coefficient;
A is the hydrodynamic parameter;
Bf is a mechanical loss resistance due to mechanical PTO friction and viscosity of sea water;
kr(t) is the radiation-force impulse-response function;
S(t): The excursion (the displacement of the buoy).
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Figure 6. The vertical motion of a floating buoy in response to wave action.

The dynamic Equation (2) can be written as follows:

(m + A)
..
S(t) = Fext(t)− Bf

.
S(t) + Kr(t) ∗

.
S(t) + Cs(t) (3)

where
A ≈ Cm·ρ·Vi

where Cm is added mass coefficient in the range of 0.6–0.8.
If we combine the mechanical loss resistance due to mechanical PTO friction

and viscosity of sea water ‘Bf’ and the radiation-force impulse-response function kr(t),
Equation (3) becomes

..
S(t) =

Fext(t)
(m + A)

−
.
S(t)(

Bf

(m + A)
− Kr(t)

(m + A)
)− s(t)

C
(m + A)

(4)

3.2. Simulation of the MWEC

Equation (4) could be written in a block diagram as shown in Figure 7:

Figure 7. The block diagram of the MWEC.



Processes 2025, 13, 3229 10 of 19

The results of simulation of MWEC with consideration of three different buoys with
volumes V1, V2, and V3 are shown in the following Figure 8:

Figure 8. Simulation of MWEC amplitude S(t): S1 buoy with volume V1; S2 buoy with volume V2
and S3 buoy with volume V3.

The simulation results obtained for the three buoy volumes show that a larger volume
results in a higher oscillation period, while a smaller volume leads to a higher amplitude.
The larger the buoy, the lower the efficiency of the PTO system (see Figures 8 and 9). The
larger the buoy volume and mass, the lower the oscillation amplitude. This suggests that
increased inertia and hydrodynamic effects dampen the buoy motion. The phase shift
between the different responses indicates that the system’s dynamic characteristics change
with buoy size (see Figures 8 and 9).

Figure 9. Simulation of MWEC velocities Vsi (t): VS1 buoy with volume V1, VS2 buoy with volume
V2, and VS3 buoy with volume V3.

3.3. The Instantaneous Power

The instantaneous power Pu(t) delivered to the control and PTO system is

Pu(t) ≡ −Fu(t)u(t) = Pb(t) + Pd(t) (5)

where Pb(t) is the instantaneous active power;
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Pd(t) is the instantaneous reactive power;
u(t) is the heave velocity (the velocity of the oscillating buoy).

The wave is considered sinusoidal, for which the excitation force is Fe(t) = Fecos(wt)
and the heave velocity is u(t) = ucos(wt −φ)

Here, φ is the phase angle between the velocity and the excitation force.
For the case of MWEC with a point absorber, the oscillating buoy generates axisym-

metrical (circular) waves:
The wave period Tc:

Tc= (
32π4g−2V

H
)

1/4

(6)

The output power:

Pc =
πρgVH

4Tc
= (

ρg
3
2

8
)(

V3H5

2
)

1/4

(7)

where H: wave height; V: The volume of the buoy.
The power output is directly proportional to the volume of the buoy and the wave

height, and inversely proportional to the wave period. This means that a larger volume or
higher wave height results in greater power output, while a longer wave period reduces
the power output. Then, based on the output power equation (5), it is possible to optimize
the design of the MWEC and optimize wave energy efficiency to maximize the output
power Pc.

Distribution of Wave Energy over Frequency

In order to describe the distribution of wave energy over frequency, the Pierson–
Moskowitz spectrum mathematical model [57] is used to describe the distribution of wave
energy over frequency in a fully developed sea state. The wave spectrum in terms of the
significant wave height can be written as follows:

S(w)
αg2

ω5 e
−0.32g2

H2
sω4 (8)

The significant wave height, Hs, can be estimated by

Hs = 4η2 = 0.21
U2

g
(9)

relationship between the peak or modal frequency and the significant wave height,
as follows:

ωm = 0.4√
( g

Hs

)
(10)

The free-surface variance is given by

η2 =
∫ ∞

0
S(ω)dω = 0.00274

U4

g
(11)

where α = 8.1(10−3) and ω0 = g/U19.5.
The plot of the Pierson–Moskowitz spectrum in Figure 10 shows how wave energy den-

sity varies with angular frequency. The peak of the curve corresponds to the peak frequency
ω0, where the wave energy is maximum. The comparison of the Pierson–Moskowitz spec-
tra for December 2024 and November 2024 reveals significant differences in wave energy
distribution. December 2024 had higher wave energy, shorter-period waves, and a more
concentrated energy distribution compared to November 2024. These differences are likely
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due to seasonal changes, increased wind speeds, and storm activity. Understanding these
variations is essential for applications such as offshore engineering, ship design, and wave
energy harvesting.

(a) (b) 

Figure 10. Plot of the Pierson–Moskowitz spectrum for December 2024 curve (a) and November 2024
curve (b).

The response of the buoy can be found by solving this differential equation, which
would typically require knowledge of the wave forcing function and damping character-
istics of the buoy. It is expected to install the MWEC in shallow water waves. And it is
important to mention that shallow water waves are affected by interaction with the floor of
the sea, see Figure 1. The Energy conversion is typically achieved through a PTO system,
which is a mechanism that converts the relative motion between the buoy and a fixed
structure of the MWEC. The power generated from the relative motion is given by

P(t) = Fwave(t). V(t) (12)

This equation gives the time-varying power output of the system.
Here P(t) is the instantaneous power generated, Fwave(t) is the wave excitation force

acting on the buoy, and v(t) is the velocity of the buoy (related to the derivative of z(t))

v(t) =
•
z(t).v(t) (13)

To optimize the energy conversion process, the efficiency of the energy conversion
would depend on the PTO mechanism and the optimum design of MWEC. The efficiency
needs to be introduced into the equation of energy, and that gives

Pgen = η PTO·P(t) (14)

That gives
Pgen = ηPTO·Fwave(t)·v(t) (15)

where Pgen is the generated power; ηPTO is the power take-off efficiency.
The use of a buoy is essential for MWEC; the efficiency of the buoy needs to be

introduced into the equation of energy, and that gives

Pgen = ηPTO·ηbuoy Fwave(t)·v(t) (16)
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ηb is the buoy shape efficiency.
Based on the physics of wave motion, the wave energy is proportional to the square of

the amplitude. Then Wave Energy Retention Coefficient (η RC)

ηRC = ηPTO ηbuoy = (Output Amplitude/Input Amplitude)2 (17)

where ηb is the buoy shape efficiency and ηPTO is the power take-off efficiency

3.4. Experimental Identification of the Energy Retention of the MWEC

To evaluate the energy retention coefficient (ηRC) of the MWEC system (Figure 11),
three different buoys with the same material and cubic shape, with different sizes, were
installed and tested. The grouped test results are shown in Table 5. Two sensing systems
were used: an ultrasonic sensor to measure the output amplitude and Loadcell fixed in the
PTO system to measure the output force, as shown in Table 6.

 

 
Figure 11. Experimental setup for MWEC to determine buoy volume effect and PTO retain
energy coefficient.

Table 5. Experimental results of an MWEC on the wave retention amplitude on a cubic buoy with
three different volumes.

Input Wave Am-
plitude (cm)

Avg. Output
Amplitude V1 (cm) ±Error (cm) Avg. Output

Amplitude V2 (cm) ±Error (cm) Avg. Output
Amplitude V3 (cm) ± Error (cm)

20 11 ±0.6 8 ±0.4 6 ±0.3

32 12 ±0.6 10 ±0.5 9 ±0.5

44 18 ±0.9 15 ±0.8 12 ±0.6

52 21.3 ±1.1 20 ±1.0 19 ±1.0

65 30.2 ±1.5 27 ±1.4 24 ±1.2
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Table 6. Experimental results of an MWEC on the wave output force on a cubic buoy with three
different volumes.

Input Wave
Amplitude (cm)

Avg. Output Force
V1 (N) ±Error (N) Avg. Output Force

V2 (N) ±Error (N) Avg. Output Force
V3 (N) ±Error (N)

20 12 ±1.0 20 ±1.6 28 ±2.2

32 22 ±1.8 35 ±2.8 45 ±3.6

44 30 ±2.4 48 ±3.8 62 ±5.0

52 38 ±3.0 58 ±4.6 74 ±5.9

65 50 ±4.0 75 ±6.0 95 ±7.6

The MWEC’s performance is limited by its shallow water deployment (~1 m depth),
which restricts available wave energy, and by mechanical losses in its PTO system. This
leads to a capture efficiency of 10–20%, which is below that of deep-water WECs. Future
designs could enhance efficiency through the following:

• Optimization of buoy geometry.
• Improvement of PTO performance.
• Deployment in deeper, more energetic waters.
• Implementation of an adaptive damping PTO system to better handle irregular

waves [58].

An uncertainty analysis was conducted to quantify errors in the measured output force
and buoy displacement. Vertical displacement was tracked with an ultrasonic sensor, while
force was measured using a load cell. The estimated uncertainties of ±5% for amplitude
and ±8% for force are attributed to several factors: The natural variability of generated
waves, non-sinusoidal oscillatory forces leading to inertial errors in the load cell, and
fluctuating mechanical friction in the PTO’s linear guides and bearings. The propagation
of these errors resulted in a combined power uncertainty of ±9.4%. The consistency of
this relative error across all the tests indicates a primarily systematic, rather than random,
source of uncertainty.

Based on the experimental results, an overall efficiency of the PTO system with a buoy
is illustrated in Table 7. The data shows that the efficiency is not constant and varies with
wave amplitude and buoy mass:

Table 7. Average capture efficiency and standard deviation.

Buoy Volume Average Efficiency (η_RC) Standard Deviation

V1 0.1988 0.0572

V2 0.1389 0.0278

V3 0.1027 0.0268

The smallest buoy (V1 = 6000 cm3) achieved the highest average capture efficiency
(ηRC = 19.88%) but also showed the largest variability (σ = 0.0572) with the lowest average
output power. This indicates that V1 is highly sensitive to changes in wave amplitude,
which limits its suitability for higher wave conditions and makes it more appropriate for
seasons with low wave energy.

The medium buoy (V2 = 30,000 cm3) showed moderate efficiency (ηRC = 13.89%) with
lower variability (σ = 0.0278), suggesting a more stable response compared to V1. The
largest buoy (V3 = 72,000 cm3) recorded the lowest efficiency (ηRC = 10.27%) but also the
least variability (σ = 0.0268), indicating a more consistent performance under larger wave
amplitudes, though with reduced responsiveness compared to V1 and V2. Overall, Table 8
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demonstrates that larger waves deliver higher energy but drive greater vertical motion,
leading to the recommendation of using smaller buoys during low wave amplitudes and
larger buoys under stronger wave conditions.

Table 8. Average output power (W) for each buoy volume.

Input Wave
Amplitude (cm)

Avg. Output
Power V1 (W) ±Error (W) Avg. Output

Power V2 (W) ±Error (W) Avg. Output
Power V3 (W) ±Error (W)

20 8.2 ±0.8 29.6 ±2.8 53.3 ±5.0

32 8.9 ±0.8 37.0 ±3.5 80.0 ±7.5

44 13.4 ±1.3 55.5 ±5.2 106.6 ±10.0

52 15.8 ±1.5 74.0 ±7.0 168.7 ±15.9

65 22.4 ±2.1 100.0 ±9.4 213.1 ±20.0

The rate of response differs among buoy volumes due to mass, buoyancy, and hydro-
dynamic damping.

• Small buoy V1 shows the highest relative output amplitude because of its low mass
and inertia, allowing a quick response to wave motion.

• Medium buoy V2 provides a balanced response, with moderate amplitude and effec-
tive energy absorption.

• Large buoy V3 produces the lowest relative amplitude because higher mass and
hydrodynamic effects reduce motion.

For output force, larger buoys generate higher forces despite lower displacement. Al-
though they move more slowly, their greater mass produces stronger force output. Small
buoys perform better in low-energy waves due to higher responsiveness, but excessive motion
does not always translate into efficient energy conversion. For maximum force output, the
large buoy performs best, making it more suitable for high-energy waves and more compatible
with the PTO design, as it enables efficient conversion of force into usable energy.

As shown in Figure 12, a comparison of the theoretical and experimental results indi-
cates that the model successfully captures the general trend of increasing output power with
wave amplitude and buoy volume. However, a consistent discrepancy is evident, as the
measured power values fall below the theoretical predictions. The smallest buoy shows the
closest agreement with the model, while the deviation grows more pronounced for larger
buoys. This is primarily attributed to energy dissipation mechanisms not accounted for in
the theoretical model, such as frictional losses, shallow-water turbulence, and mechanical
losses in the PTO system.

Figure 12. Comparison of experimental and theoretical output power for different buoy sizes.
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The MWEC prototype in this study, with an approximate efficiency of 10–20%, rep-
resents a low-cost and mechanically simple option for shallow-water deployment. Its
performance contrasts with established technologies like the Pelamis attenuator and Pico
Plant oscillating water column (OWC), which achieve higher efficiencies of 20–30% and
20–40%, respectively, and power ratings in the hundreds of kilowatts. However, these
systems involve greater mechanical complexity, higher maintenance, and a requirement
for deep water. Similarly, point absorbers like the Power Buoy achieve moderate efficiency
(15–25%) with proven designs, while large overtopping devices such as the Wave Dragon
can generate several megawatts but require massive structures, unique sites, and deep
water. This comparison highlights a core trade-off in wave energy: higher efficiency and
output often demand increased complexity, deep-water sites, and higher installation and
maintenance costs.

The MWEC prototype uses a PVC buoy for its lightweight properties and sufficient
resistance. However, long-term deployment in the Red Sea demands materials with
superior UV resistance and structural durability under cyclic loading. While alternatives
like fiber-reinforced composites or marine-grade aluminum offer greater strength-to-weight
ratios and longevity, they come at a higher cost. For this study, PVC’s characteristics are
suitable, but future designs using denser materials must account for the resulting changes
in the buoy’s dynamic response.

4. Conclusions
This study confirms the technical feasibility and performance potential of deploying a

PVC-based Mechanical Wave Energy Converter (MWEC) along the southeast shoreline of
NEOM (approx. 135◦ longitude), an area characterized by favorable nearshore wave condi-
tions. Shallow waters (~1 m deep) in the surf zone were identified as suitable for MWEC
installations, enabling low-cost deployment with minimal environmental disruption.

Three PVC cubic buoys of varying volumes—6000 cm3 (V1), 30,000 cm3 (V2), and
72,000 cm3 (V3)—were experimentally assessed in conjunction with a mechanical power
take-off (PTO) system. The results showed that energy retention decreased with increasing
buoy volume, with efficiencies of ~20% for V1, ~14% for V2, and ~10% for V3. Despite its
lower efficiency, the largest buoy (V3) achieved the highest energy capture, generating up
to 213 W at a 65 cm average wave amplitude—highlighting its potential for energy-rich
wave climates. Each buoy configuration offers distinct operational advantages:

V1 (small) demonstrates rapid responsiveness and is best suited for low-power appli-
cations and low-amplitude wave conditions.

V2 (medium) provides a balanced trade-off between responsiveness and output,
making it a versatile, all-season option.

V3 (large) excels in energy capture under high-energy conditions but at the cost of
reduced efficiency, suggesting its use in energy-intensive deployments.

To supply meaningful power for NEOM, the MWEC system would be deployed
in modular arrays, analogous to offshore wind farms. The cumulative energy yield is
substantial; for instance, approximately 5000 units would generate 1 MW of continuous
power. This modular strategy offers significant practical advantages, as the system’s
capacity can be incrementally scaled to align with growing energy demands. Furthermore,
the use of shallow-water sites reduces installation and maintenance expenses compared
to deep-water alternatives. Finally, by generating power near the point of use, an MWEC
farm can minimize transmission losses and avoid the high infrastructure costs associated
with a single, large-scale power plant in deep water.

Based on the findings of this study, several promising directions for future work
are recommended:
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• First, the mechanical efficiency of the system should be enhanced by optimizing
the linear movement of the buoy to reduce frictional losses in the power take-off
(PTO) system.

• Second, a comparative investigation into buoy geometry to test spherical, cylindrical,
and other shapes.

• Finally, multi-buoy array experiments in the NEOM surf zone are essential, as these
would provide data on the system’s durability, seasonal performance, and energy
yield in the marine environment.
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