
Ain Shams Engineering Journal xxx (xxxx) xxx
Contents lists available at ScienceDirect

Ain Shams Engineering Journal

journal homepage: www.sciencedirect .com
State-of-the-Art of the most commonly adopted wave energy conversion
systems
https://doi.org/10.1016/j.asej.2023.102322
2090-4479/� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: AGWO, CS Augmented grey wolf optimizer and cuckoo search;
AB, Aquabuoy; BOWC, Breakwater oscillating water column; CALM, Catenary
anchor leg system; COA, COOT optimization algorithm; EMA, Egyptian meteoro-
logical authority; EMEC, European marine energy center; GA, Genetic algorithm;
HPA, High-pressure accumulator; IMPC, Improved model predictive control;
INCOIS, Indian national center for ocean information services; LCOE, Levelized cost
of energy; LPA, Low-pressure accumulator; MS, The mediterranean sea; MMB,
Multiport magnetic bus; MPC, Model predictive control; NREA, New and Renewable
Energy Authority; OWC, Oscillating water column; PCC, Point of common coupling;
PTO, Power take-off; PSO, Particle swarm optimization; PWP, Pelamis wave power;
RS, The red sea; SALM, Single anchor leg mooring; SSA, Salp swarm algorithm;
TENG, Triboelectric nanogenerator; WATERS, Scottish wave and tidal energy:
research, development, and demonstration support; WD, Wave dragon; WCA,
Water cycle algorithm; WECS, Wave energy conversion system.
⇑ Corresponding author.

E-mail addresses: ahmedmahdy@khadijaacademy.com (A. Mahdy), hanyhasanien@
ieee.org (H.M. Hasanien), engyshady@ieee.org (Shady H. E. Abdel Aleem), mujahed@
kfupm.edu.sa (M. Al-Dhaifallah), azobaa@ieee.org (A.F. Zobaa), dr.ziad.elhalwany@aswu.
edu.eg (Z.M. Ali).

Please cite this article as: A. Mahdy, H.M. Hasanien, Shady H. E. Abdel Aleem et al., State-of-the-Art of the most commonly adopted wave energy con
systems, Ain Shams Engineering Journal, https://doi.org/10.1016/j.asej.2023.102322
Ahmed Mahdy a, Hany M. Hasanien a,b, Shady H. E. Abdel Aleem c, Mujahed Al-Dhaifallah d,e,
Ahmed F. Zobaa f,⇑, Ziad M. Ali g,h

a Electrical Power and Machines Department, Faculty of Engineering, Ain Shams University, Cairo 11517, Egypt
b Electrical Engineering Department, Faculty of Engineering and Technology, Future University in Egypt, Cairo 11835, Egypt
cDepartment of Electrical Engineering, Institute of Aviation Engineering and Technology, Giza 25152, Egypt
dControl and Instrumentation Engineering Department, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia
e Interdisciplinary Research Center (lRC) for Renewable Energy and Power Systems, King Fahd University of Petroleum & Minerals, KFUPM Box 120, Dhahran 31261, Saudi Arabia
f Electronic and Electrical Engineering Department, Brunel University London, Uxbridge, U.K
g Electrical Engineering Department, College of Engineering at Wadi Addawaser, Prince Sattam bin Abdulaziz University, Wadi Addawaser 11991, Saudi Arabia
h Electrical Engineering Department, Aswan Faculty of Engineering, Aswan University, Aswan 81542, Egypt
a r t i c l e i n f o

Article history:
Received 4 April 2023
Revised 5 May 2023
Accepted 19 May 2023
Available online xxxx

Keywords:
Archimedes Wave Swing
Oyster
Oscillating Water Column
Pelamis
Wave Dragon
Wave energy conversion system
a b s t r a c t

The vast diversity of wave energy conversion systems (WECSs) in the literature makes selecting the suit-
able WECS for wave energy harvest a stubborn process. This work summarizes six of the most widely
adopted WECSs used heavily in previous research assessments and practical projects. This includes the
Archimedes Wave Swing (AWS), the Wave Dragon (WD), Pelamis Wave Power (PWP), Aquabouy (AB),
the Oyster, and the OscillatingWater Column (OWC). The work includes the mathematical modeling of these
WECSs and the different projects and prototypes that involve these WECSs. Moreover, the latest research
development in each of these WECSs is presented. Also, the wave energy potential in the world is discussed.
Besides, the wave energy potential in Egypt, including that of the Mediterranean and the Red Sea, is dis-
cussed in detail. Furthermore, the steps required to perform a future feasibility study in Egypt and sugges-
tions for the enhancement of an older study are provided. Finally, some suggestions and required equations
are presented to explore the site power density and the most suitable WECS to be utilized in Egypt.

� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Currently, wave energy is at a development crossroads. The
power density is the main reason for adopting wave energy over
solar and wind. The power density of the wave energy far exceeds
the corresponding values in wind and solar. However, the high
costs and low maturity of the WECSs led to difficulty in exploiting
the wave resource’s real potential. To compare these sources, the
levelized cost of energy (LCOE) is one of the finest measures for
assessing the cost of energy resources; it ranges from 0.18 to
0.87 dollars per kilowatt-hour (k Wh) for WECSs, compared to
0.06–0.38 dollars per k Wh for solar energy and 0.10–0.56 dollars
per k Wh for offshore wind energy [1]. This concludes that the
LCOE of various wave energy systems is significantly higher.
Mainly, the wave energy systems’ high cost is because these sys-
tems are operated in the ocean environment. These systems should
withstand biochemical degradation, the extreme wave forces and
version
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Nomenclature

Ai i component’s amplitude
A1 Chamber area
A2 Orifice area
An The action areas of the nth chamber
Aw Floater plan area
Að1Þ, a1 Additional mass matrix
b Viscous damping
B Air damping
Bcush Cushion damping coefficient
Bm Hydraulic motor and couplings rotational damping
Bnl Viscous damping coefficient
be The oil bulk modulus
bg Generator damping coefficient
bwb Coefficient of the water brakes
c PTO spring stiffness
cD Drag coefficient
Cd Coefficient of discharge
CDDW Drag coefficient of downwards motion
CDUP Drag coefficient of upwards motion
Cg Group celerity
cM Inertia coefficient
d Wet surface length of the chamber at still water level
df The floater depth at mid-position
dp PTO system damping
dout The cylinder’s outer diameter
Dxi Interval of wave frequency
DP tð Þ Difference in pressure between inside the chamber and

the atmospheric pressure
gtl Tide level
gðtÞ The sea waves’ elevation
e Water surface elevation
wPM , wf Permanent magnet’s flux linkage
wPM�abc Flux linkage matrix of the stator
F Total force
f ðtÞ Total forces acting on the water column
FAir Air pressure force
Fdrag Water’s drag force
Fgrav The gravitational force
Fbear Frictional force affecting the AWS bearings
FHorizontal Horizontal force affecting the AWS bearings
Fff Fluid friction force
FhS Force of the hydrostatic pressure
FNitro Nitrogen cylinder force
Frad Radiation force because of the floater’s oscillation inside

the water
Fsp Force of the spring because of the gas pressure in the

AWS
Fsp�eq Spring force at equilibrium
FhS�eq Force of the hydrostatic pressure at equilibrium
Fwb Water brakes force
Fend Force generated in case the floater hits the end stops
Fe, FwðtÞ The waves’ excitation force
Fex

1 Buoy force in the surge mode
Fex

2 Buoy force in the heave mode
Fgenerator Generator applied force
FFK tð Þ Froude- Krylov force
Fa tð Þ The damping force of the added mass
FDpðtÞ Variation of the air force
FmðtÞf g Hydraulic motor force matrix
FexðtÞf g Excitation force matrix
FptoðtÞ
� �

PTO force matrix
Fpto PTO force
g Gravitational acceleration
c Heat capacity ratio or the adiabatic exponent
h and d Depth to seabed and depth of floater, respectively

H Wave height
ha0 Height of the chamber top covers the still water level
Hi Elevation of the wave i
hf Floater height
Hs, Hm, Hm0 Significant wave height
hðsÞ Retardation function
I The body’s moment of inertia
I1 The added moment of inertia
iabc 3-phase currents
id&iq dq stator currents
I5 The buoy moment of inertia around the y-axis
J Average energy flux per unit crest
Jm Hydraulic motor and couplings rotational inertia
k Wave number
K Radiation impulse response function
Ke Surface elevation to the torque impulse response
Khys Hydrostatic recovery stiffness matrix
Khr Hydrostatic restoring coefficient
kp Pitch stiffness
Kpw Waves’ decay factor
K1 and K2 Flow coefficients in PWP
ks Spring constant
L Inductance matrix
Ld and Lq The d-axis and the q-axis inductances
Leq Spring length at equilibrium
Ls Synchronous inductance
Lss and M Phase self and mutual inductances between two stator

phases, respectively
kge Generator pole width
m Buoy mass
M Mass of the water column at the still water level
Ma Added mass
M1 Floater mass
M2 The water mass in the accelerator tube
Mb Mass matrix
m�1 The wave spectrum’s minus first moment
m0 The wave spectrum’s zeroth moment
mn The nth spectral moment
madd Added mass
mf Floater mass
mt Total mass
l Coefficient of the bearing friction
N Number of waves
NP Generator rotor pole number
L Incident wavelength
Lc Single chamber length
x Angular wave frequency
xgen Voltage angular speed
xi The wave i angular frequency
xn Angular tuning frequency
P LPMSG real power
Pabs Absorbed power by the PTO
Pc Instantaneous chamber pressure
Pcs;B;a WD main body’s absorbed power
Pcs;R;i Total available wave power between the cross-section

of the reflectors
PdB The energy flux integrated from the body’s draft up to

the surface
Pwave tð Þ Dynamic pressure field
q Overtopping rate
qn The flow of the nth valve
qN Non-dimensional overtopping rate
R Three-phase resistance vector
RðtÞ Hysteresis function
Rc Crest freeboard
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Rg Ideal gas constant
Rt Damping coefficient of Frad
q Water density
pamp Ambient pressure
pn The pressure of the nth chamber
S xið Þ Component i spectral density
r Violation in the vertical displacement
Shs Hydrostatic stiffness
SF Floater’s outer area
Sf Floater’s inner area
T Incident wave period
Tc Hydraulic motor Coulomb resistance torque
Te Wave period
Tex

3 Buoy action torque in the pitch mode
Telec Generator torque
Tk Ambient temperature in Kelvin
Tm The hydraulic motor driving torque
Tn AWS Tuning frequency
Tp The peak energy density’s wave period
TPTO tð Þ Torque of the PTO
Tw tð Þ Incident wave torque

h Flap rotation
hc Chamber angular length
he Position of the end stop
hi The wave i phase shift
ht The frames conversion angle
hm Wave direction
u and _u Horizontal velocity and acceleration of the wave-

current, respectively
v Velocity of the floater
vabc 3-phase voltages
vd&vq dq stator voltages
VDCL DC link voltage
Vn Volume of the nth chamber of the hydraulic cylinders in

PWP
vn Speed of the nth chamber
VPCC Voltage of the point of common coupling
WB Ramp width
x AWS floater vertical displacement
xeq Equilibrium position of the spring
Xs Synchronous reactance
zG Buoy gravity coordinates
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ensure a secure connection to the power grid. All of these factors
force the stakeholders and the developers to improve the economic
feasibility of the WECSs to be able to compete with other devel-
oped mature resources like fossil fuels, solar, and wind. The con-
cepts of wave energy conversion system (WECS) design are
profuse, and there is no one general unique design agreed on.
Hence, one can find in the literature hundreds of WECSs that lead
to difficulty in selecting the suitable WECS.

In the literature, several previous reviews discussed the poten-
tial and applications of WECSs [2], the layout optimization strate-
gies [3], the tidal current energy converters [4], the performance
assessment of WECSs in the highest power density locations [5],
and WECS array layout optimization [6]. Unfortunately, one cannot
find one comprehensive review that provides the most commonly
adopted WECSs with the latest research, projects, prototypes, and
modeling. This work fills this gap by describing six of the most
widely adopted WECSs used heavily in previous research assess-
ments and practical projects. This includes the Archimedes Wave
Swing (AWS), the Wave Dragon (WD), Pelamis Wave Power
(PWP), Aquabouy (AB), the Oyster, and the Oscillating Water Col-
umn (OWC). This work only lacks the different control systems uti-
lized by these WECSs [7], the environmental impacts of these
WECSs [8], the enhancement in the geometric shapes of WECSs
[9], the installation and running costs of these WECSs compared
to other renewable and non-renewable energy sources, and the
systematic approach for selecting the WECSs [10].

The strategy followed to obtain the WECSs data is illustrated in
Fig. 1. First, a search is performed on Scopus to find the different
assessments of wave energy worldwide. The search is limited to
the subject areas: ‘‘Energy” and ‘‘Engineering.” Then, the number
of times different WECSs were used in these assessments was
counted. The top-mentioned WECSs are selected for review. More-
over, a search was performed for each WECS on Scopus to ensure a
heavy demand for this WECS. For example, the Oscillating Water
Column was mentioned only four times in the assessments. How-
ever, more than 827 research works on Scopus contain the key-
word ‘‘Oscillating Water Column Wave Energy Converter.” That’s
why this WECS must be included in the review. Second, a search
was performed on Scopus, Google Scholar, and the company web-
site to obtain the projects and prototypes for this WECS. Third, a
summary of the latest research in the last five or ten years was dis-
cussed in detail. This includes the main goal and the contribution
3

of each research work. If there are many research works, the most
cited ones were selected instead. Finally, the mathematical model-
ing of each WECS was obtained by searching for relevant papers on
Scopus.

Unfortunately, some challenges need to be considered in future
research. This includes:

1. WECSs must survive extreme sea conditions, which leads to the
high cost of WECSs. The challenge is to enhance the design
WECSs and build them at a lower price and simultaneously with
an excellent ability to survive strong sea waves.

2. The WECS components, including force, speed, and displace-
ment, are designed to provide nominal power at certain condi-
tions. However, as the operating conditions move away from
nominal values, the WECS loses its efficiency. Therefore, more
research should be performed to enhance the energy harvest
under non-optimal conditions [11].

3. The enhancement of the energy harvest at non-optimal condi-
tions can be achieved by improving the control system of the
WECS. As an example for AWS WECS, controlling the quadra-
ture axis current leads to controlling the force of the electrical
generator and achieving much higher power than without con-
trol case. The same principle should be applied to other types of
WECSs to maximize the energy yield.

4. The output power of the WECSs has high fluctuations between
nominal and peak values due to the high variability of the wave
power resource. These fluctuations in power are much worse
than other renewable sources such as wind or solar, making it
a challenge that requires additional components such as energy
storage systems to provide constant power to the grid.

5. The severe restrictions in the power grid requirements and the
high output power variability make it hard for WECSs to satisfy
the grid requirements.

6. Simulation models are required for WECSs to investigate the
generation potential, the control system performance, and the
transient stability. Only grid-connected simulation models exist
in the literature for AWS and WD WECSs. However, the litera-
ture lacks models for other WECSs.

Solving these challenges will make wave energy conversion sys-
tems competitive in the market. In addition, more utilization of



Fig. 1. Strategy followed in the literature review.
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these WECSs will help reduce the global warming crisis due to car-
bon emissions and satisfy the world’s future demand for electricity.

The contribution of this work can be summarized as follows:

1- The mathematical modelling of six WECSs: the Archimedes
Wave Swing (AWS), the Wave Dragon (WD), Pelamis Wave
Power (PWP), Aquabouy (AB), the Oyster, and the Oscillating
Water Column (OWC) are described in detail.

2- The different projects and prototypes involving these WECSs
are presented.

3- The latest research development regarding these converters
is also described.

4- A complete comparison between the six WECSs is
performed.

5- The wave energy potential in the world and Egypt is dis-
cussed in the work.

6- The steps for performing a future feasibility study in Egypt to
observe the generation potential of these WECSs were pro-
vided in addition to the enhancement of an old study.

This work is organized as follows: The types of WECSs discussed
are presented in Section II. Section III discusses the Archimedes
Wave Swing WECS. Section IV describes the Wave Dragon WECS.
The PelamisWave PowerWECS is presented in Section V. Section VI
represents the AquaBuoy WECS. Also, Section VII discusses the
Oyster WECS. The Oscillating Water Column is presented in Sec-
tion VIII. In addition, Egypt’s wave energy potential and the steps
for a feasibility study are represented in Section IX. Lastly, the con-
clusion is introduced in Section X.
4

2. Types of wave energy conversion systems (WECSs)

More than 1000 WECSs were developed to convert sea waves
into useful electrical energy. These WECSs can be classified into
six main categories: submerged pressure differential, point absor-
bers, overtopping devices, oscillating water column, oscillating
wave surge converters, and attenuators. After analyzing 40 assess-
ments for wave energy resources, the most utilized WECSs were
selected for the review. The main categories and the selected
WECSs are shown in Fig. 2 [12,13].
3. Archimedes wave Swing (AWS)

In this section, the essential points of AWS are discussed, in
addition to the projects and prototypes involving the AWS WECS.
Moreover, the latest research regarding AWS is discussed in detail.
Finally, the mathematical modelling of the AWS including the lin-
ear and nonlinear models is presented.
3.1. Introduction to AWS

AWS is a completely submerged WECS. It converts the vertical
motion of its floater because of the sea waves into usable electrical
power. The conversion is achieved using a permanent magnet syn-
chronous generator. This WECS can be installed in depths greater
than 25 m [14]. The most important points of this WECS are illus-
trated in Fig. 3 [15,16].



Fig. 2. An overview of types of WECSs.

Fig. 3. An overview of AWS WECS.
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In Fig. 3, Te and Hm are the wave period and the significant wave
height, respectively.
Table 1
AWS’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[17,18,19] 2004 An AWS pilot plant of a 2 MW power was submerged
at the Leixões harbor in Portugal. The floater was 9.5 m
in diameter and 21 m in height, with a rated stroke of
3.2. AWS projects and prototypes

There are several projects involving AWS WECS and prototypes
for testing AWS. A summary of these projects and prototypes is
shown in Table 1.
7 m and 206 tons.
[20] 2010 In Loch Ness, an AWS-III (1:9 scale model) was tested.
[21] 2012 A 50-kW linear C-GEN prototype manufactured by

Fountain Design Ltd was built and tested in the U.K.
The machine had a stroke of 2 m. The optimized linear
generator for the AWS had an 87.5% average efficiency.

[22,23] 2012 The Costa head wave project:
A 200 MW of AWS-III wave energy converters was
planned to be installed approximately 5 km north of
3.3. AWS research progress

On Scopus, there are currently 81 research papers about AWS.
This work performed detailed research on the latest work about
AWS in the last five years. The most important research works
are represented in Table 2.
Orkney Mainland by Alstom and SSE Renewables. An
initial phase of around 10 MW is installed before the
whole site capacity is installed.
In 2012, full-scale testing of the components was
performed with the help of the Scottish Wave and
Tidal Energy: Research, Development, and
Demonstration Support (WATERS).
In 2014, a full-scale prototype was planned to be
deployed. However, no update about this project is
available.
3.4. AWS linear and nonlinear models

In this section, the mathematical modelling of both the linear
model and nonlinear model of the AWS WECS is presented. This
will help in understanding the importance of utilizing the nonlin-
ear model and why it expresses the actual generation potential of
the AWS.
5



Table 2
AWS’s Latest Research Work.

Reference
Number

Year Summary of the research work

[24] 2018 The dynamic performance of a hybrid grid-connected WECS consisting of two AWS WECSs and a Wells turbine was analyzed. The two AWS
are connected to two linear generators, and the Wells turbine drives a squirrel-cage rotor induction generator. The two AWS are connected to
the grid via two generator-side converters and one grid-side converter.
Notably, the air turbine or theWells turbine is unidirectional regardless of the airflow direction [25]. An oscillating air current is formed in the
oscillating water column (OWC) WECS due to seawater’s rising and falling. Using aWells turbine eliminates the requirement of any expensive
check valves. This reduces the overall cost of the system.

[26] 2019 This paper’s main objective is to model the AWS for wave energy harvest from the Indian Ocean. To analyze the output power from the AWS,
the authors used the data collected by the Indian National Centre for Ocean Information Services (INCOIS). The government obtained data
from different locations using a Moored Buoy that measures Te and Hm . The authors enhanced the energy harvest by increasing the orifice
area by 95%. The result is an increase in the model’s output power from 2.39 to 26.50 kW.

[27] 2019 A decoupled model for AWS was built to investigate the chaos phenomenon in the WECS. It was found that during operation, the WECS may
be chaotic. The disengagement of the WECS from the chaotic state was achieved using a sliding mode controller. Also, a back propagation
neural network was adopted to fit the global control under various control parameters of the sliding mode controller. In addition, the control
parameters were selected using particle swarm optimization (PSO). Finally, the results showed that the system robustness was improved, the
overshoot was suppressed, and the response time was reduced.

[28] 2019 A complete grid-connected model for AWS was built using the PSCAD program. The system consisted of two converters for grid connection.
The first converter minimizes the generator losses and extracts the wave’s largest power. These functions were achieved by controlling the
direct axis (Id) and quadrature axis (Iq) currents of the generator. The second converter controlled the DC link voltage (VDC) and the voltage of
the point of common coupling (VPCC ). In addition, the water cycle algorithm (WCA) was utilized to optimize all of the PI gains of the whole
control system. Finally, the transient stability of the system under different fault conditions was investigated. It was found that the results of
the dynamic performance of the WCA were much better than those obtained using GA.

[29] 2019 In this work, a model similar to [28] was built in MATLAB Simulink but with an additional enhancement. In this work, a bidirectional DC-DC
converter with a supercapacitor was utilized to keep VDC constant. Also, the grid side converter controlled both the supplied active power and
VDC . This helped in smoothing out the fluctuations in the generator power supplied to the grid.

[30] 2020 The structural analysis tool was utilized to perform a fault diagnosis for the AWS during various conditions. The study included damage to the
water brakes, faults in the speed and position sensors, fault in the actuator, and perforation in the central tank. The transient analysis of these
faults was performed in the MATLAB Simulink.

[31] 2020 The model predictive control (MPC) is utilized instead of the conventional PI controllers to control an AWSWECS connected to a DC microgrid.
In this system, the generator side converter contains an MPC to achieve the same functions [28]. Also, similar to [29], the supercapacitor was
utilized to preserve VDC at its reference value. Using MATLAB Simulink, the MPC’s performance was compared to the conventional PI control
system. It was concluded that MPC produced much better results during regular and irregular waves.

[32] 2020 This work presents decentralized power management for an AWS with an islanded microgrid. The control system can be analyzed into three
subsystems. The first one manages the power flow between the hybrid system (AWS and a battery) and the microgrid to keep the frequency
within the allowable limits. The second one is to yield the highest possible power from sea waves and prevent battery overcharging. The third
one is to control the VDC at its reference value. Finally, the system was investigated under different values of the battery’s charge state and the
microgrid’s operating conditions. The control performance of the system was evaluated using MATLAB Simulink.

[33] 2020 Instead of using one AWS, this work presents the usage of a farm of AWS WECSs. This will help eliminate the requirement for an expensive
energy storage system. Also, it will provide almost constant power to the electrical grid. In addition, the 42-year data obtained by the buoy
near Port Kembla were used to analyze the system’s performance. Finally, the flicker level at the point of common coupling (PCC) was
evaluated in grids with different strengths. The results confirmed that the system complies with the grid code of several countries.

[34] 2021 This work presents a generation system formed of a wind turbine and a group of AWSWECSs. Also, the back-to-back converter of the WECS is
replaced by a high-frequency multiport magnetic bus (MMB) DC-DC converter. It acts as an isolator between the wind energy system and the
AWS WECSs. In addition, it makes the system more compact. Also, a damping controller was utilized to yield the maximum power from sea
waves. Also, VDC is regulated using the MMB DC-DC converter. Finally, the results verify the excellent performance of the proposed control.

[35] 2021 This paper represents a combined model that helps forecast sea waves. The waves can be decomposed into wind swells and waves. The model
utilizes the improved grey BP neural network to find the correlation between wind speed and wind waves. Then, based on the wind speed
data, a forecast for the average wind waves can be achieved. Also, the autoregressive integrated moving average can forecast the average wave
height of the swells. Finally, the wave average height can be obtained by combining the wind swell and wave. In addition, the AWS is utilized
to generate electricity from sea waves. Finally, the forecast model’s effectiveness was validated.

[36] 2021 An improved version of the MPC denoted by IMPC was utilized for a system consisting of a supercapacitor energy storage system that helps
provide constant power to a load by stabilizing VDC and a WECS. The control strategy is based on a modified objective function and the
incremental generator model to reduce the final steady-state error. The authors found that this control system can preserve the stability of the
hybrid system under different loading conditions, including regular and irregular waves and faults. This helped in improving the system’s
robustness. The results of the IMPC were compared to the conventional MPC. Under the regular waves, the results showed that the q-axis and
d-axis errors could be decreased by 50% and 37.5%, respectively. Also, under irregular waves, when one leg loses, the IMPC reduces the q-axis
error peak from 73A down to 1.5 A.

[37] 2022 The dynamic stability of an AWS was improved using the salp swarm algorithm (SSA) [38]. The grid-connected AWS is similar to that in [28].
The SSA selects the PI gains in the control system using an integral squared error objective function. In addition, the SSA-based PI gains were
compared to those obtained using the GA during a severe disturbance in the grid. In addition, the measured wave pressure data obtained by
Polinder in the Portugual AWS prototype were applied to the PSCAD model for a more realistic study. The results obtained showed excellent
performance of the SSA controllers compared to the GA controllers. These results are verified during symmetrical and unsymmetrical faults.
Finally, the system showed good performance under the effect of the irregular waves.

[39] 2022 The transient stability for the same system in [28] was improved using the COOT optimization algorithm (COA) [40]. The PI gains were
selected using the COA under the minimum number of iterations compared to previous research works. Moreover, an anti-windup scheme
was added to enhance the transient performance of the system. The results showed superior performance due to the addition of the anti-
windup compared to the controllers without an anti-windup.

[41] 2022 The authors used an AWS nonlinear model instead of the linearized model implemented in the previous research work. The work provides
different reasons why a linearized model is not enough to describe the actual generation behavior of an AWSWECS. Also, the augmented grey
wolf optimizer and cuckoo search (AGWO-CS) was utilized to select the PI gains [42]. The results obtained by this algorithm are compared to
those obtained from the COA and PSO. The real-time simulation of the system was performed using RT-LAB and OP4510 to evaluate the
control system performance. The experimental and simulation results were very close to each other.

[43] 2022 The authors used an AWS nonlinear model parallel with a PV system to supply enough electrical power for a V3 Tesla Supercharging system.
Due to the high variability nature of the AWS, the hybrid system is stabilized using a supercapacitor. The control system is composed of seven
PI controllers that were tuned using Golden Jackal Optimization Algorithm (GJOA) [44]. The system was subjected to different scenarios
including a short circuit and connection of electric vehicles.

A. Mahdy, H.M. Hasanien, Shady H. E. Abdel Aleem et al. Ain Shams Engineering Journal xxx (xxxx) xxx

6



Fig. 4. AWS WECS principle of operation [39].
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3.4.1. AWS nonlinear model
Since [41] represents a critical enhancement to the modeling of

the AWS. The representation of the AWS linear and nonlinear mod-
els will be explained in detail. The AWS is illustrated in Fig. 4.

The AWS floater motion can be represented by Eqs. (1) and (2)
[19]. A description of these forces will be represented further.

mf
dv
dt

¼ Fdrag þ Fgrav þ FhS þ Frad þ Fsp þ Fwb þ Fgen þ Fend

þ Fe þ Fbear ð1Þ

v ¼ dx
dt

ð2Þ

The first force is the drag force of water, which is denoted by
Fdrag . This force during positive and negative velocities can be rep-
resented according to Morison by Eq. (3) [45]. In this equation, the
drag coefficients of upward and downward motions are defined by
CDDW and CDUP , respectively. Also, v is the velocity of the floater.

Fdrag ¼
� 1

2qSFv vj jCDUP;v � 0
� 1

2qSFv vj jCDDW ;v < 0

(
ð3Þ

Fgrav is the floater’s weight gravitational force. Fgrav is repre-
sented by Eq. (4). In Eq. (4), the floater’s mass, outer area, and grav-
ity acceleration are denoted by mf ; SF ; and g, respectively.

Fgrav ¼ �mf g ð4Þ
Eq. (5) represents the force of the hydrostatic pressure (FhS)

[46]. In this equation,
gtl, df , hf , Sf , x, and pamp represent the tide level, the floater top

depth, the floater height, the floater’s inner area, the position, and
the ambient pressure, respectively.

FhS ¼ �SF qg df þ gtl � x
� �þ pamp

� �þ ðSF � Sf Þðqgðdf þ gtl þ hf

� xÞ þ pampÞ ð5Þ
The radiation force (Frad) is represented by Eq. (6) [47]. In this

equation, R(t) and madd are the fluid memory retardation function
and the infinite frequency added mass, respectively. This equation
can be approximated to Eq. (7), in which, Rt is a damping coeffi-
7

cient. Rt can be calculated using Eq. (8). In Eq. (8), the angular tun-
ing frequency and the tuning frequency are represented by xn and
Tn, respectively. xn is equal to 2p=Tn:

Frad ¼ �madd
dv
dt

�
Z t

0
Rðt � sÞvðsÞds ð6Þ

Frad ¼ �madd
dv
dt

� 2Rtv ð7Þ

Rt ¼
xn � 6:4286� 104 � 8:2143� 103;xn < 0:75

40000;xn < 0:89
�xn � 5:2632� 104 þ 8:6842� 104;xn < 1:08
�xn � 7:1429� 104 þ 1:0714� 105;xn > 1:08

8>>><
>>>:

ð8Þ

Eq. (9) represents the spring force (Fsp). In this equation, xeq, c,
Fsp�eq, and Leq represent the spring’s position, the heat capacity rate,
the spring’s force, and the spring’s length at equilibrium. Fsp�eq is
equal to the summation of the hydrostatic force (FhS�eq) at equilib-
rium and Fgrav . Fsp�eq is represented by Eq. (10). Finally, Leq is
obtained by Eq. (11).

Fsp ¼ Fsp�eq
Leq

Leqþx�xeq

� �c

ð9Þ

Fsp�eq ¼ �FhS�eq � Fgrav ð10Þ

Leq ¼ cFsp�eq

ðxn
2ðmadd þmf Þ þ qgSf Þ

ð11Þ

Eq. (12) represents the water brakes force (FwbÞ that operates
when a vertical limit is exceeded. In this equation, the water
brakes’ coefficient and the violation in vertical displacement are
represented by bwb and r, respectively.

Fwb ¼ �bwbv vj j; x � rorx � �r ð12Þ
Eq. (13) represents the end force (FendÞ that operates when the

position he is reached.

Fend ¼ �v madd þmf

� �
0:1

; x � he ð13Þ

The waves excitation force (FeÞ applied by the waves is calcu-
lated using Eq. (14). In this equation, the decay factor of the waves
and the final wave elevation is denoted by Kpw and gðtÞ, respec-
tively. g tð Þ can be obtained using Eqs. (15), (16), and (17) [48]. In
these equations, Hi, xi, hi, Ai, S xið Þ, and Dxi represent elevation,
angular frequency, phase shift, amplitude, spectral density, and
frequency interval of the wave i, respectively. In addition N, Hs,
and Tp are the number of waves, significant wave height, and the
peak energy density’s wave period, respectively. Note that SðxÞ
represents the wave spectrum, in this model, the Bretschneider
was adopted. Also, the values of xi and hi are in the range of
[0.5–2.5] rad/s and [0 � 2p] radian. This spectrum is shown in
Fig. 5(a).

Fe ¼ qgSFgðtÞKpw ð14Þ

gðtÞ ¼
XN
i¼1

Hi

2
sinðxit þ hiÞ ð15Þ

Ai ¼ Hi

2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SðxiÞDxi

p
ð16Þ

SðxÞ ¼ 486Hs
2

Tp
4x5

e
� 1948:2

Tp4x4 ð17Þ



Fig. 6. An overview of WD WECS.

Fig. 5. (a) The Bretschneider spectrum, (b) gðtÞ, and (c) Fe .
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Table 3
WD’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[56] 1997–
2007

This work gives us several phases towards the
development of WD. In 1997, a 1:45 simple WD
model was built in a wave tank to obtain primary
data about WD. In 1998, a 1:50 floating model was
constructed at Danish Maritime Institute. From 1999
to 2001, the WD model was adjusted several times.
From 2002 to 2005, a WD prototype Scaled at 1:4.5
consisting of 10 turbines was developed in Denmark.
This prototype started supplying electrical power to
the power grid in 2003. Each generator has a rating
of 2.5 kW. Also, this prototype is developed to help
deploy a 4 MW WD in the Atlantic or the North Sea
by 2007.

[59] 2006 Milford Haven Wave Dragon:
A 7 MW WD was built 4–5 miles off Milford Haven,
offshore Wales. It consists of 18 turbines. Each one of
these turbines has a 400 kW generator.

[60] 2012 1.5 MW Wave Dragon North Sea:
This project is a 1.5 MW at the test center DanWEC,
Hanstholm. It has been built based on 20,000 test
hours of the smaller prototypes. Also, it consists of 8
turbines, and each generator’s rating is 185 kW.

[55,61] – According to the WD company website, preparations
are underway for building a 50 MW WD array in
Portugal. However, according to the Tethys database,
a delay occurred due to the financial crisis in Wave
Dragon Ltd company. They are currently looking for
investors for research development.

Table 4
WD’s Latest Research Work.

Reference
Number

Year Summary of the research work

[62] 2013 This work investigates the wave energy deficit in a WD
array. An approximate analytical solution describes
the diffracted and transmitted waves in the array. This
helps in exploring the sensitivity of the wave energy
shadow to the level of energy extraction, array
configuration, etc. The results suggested that the
diffraction spreads part of the waves away from the
array shadow region. This diffraction defocuses the
wave energy passing through the WD array.

[63] 2013 This work discusses the effect of a wave farm formed
of six WDs on the coastal wave climate in the Black
Sea. The modeling of this farm is based on the SWAN
spectral model. This model’s advantage is that it
considers the effect of the wave farm presence on the
waves. The results show that the waves are affected
near the wave farm, but this effect diminishes
gradually to the coast. One of the interesting
conclusions is that the presence of the wave farm
doesn’t affect much the nearshore waves. However,
the maximum longshore current velocity is more
sensitive than Hs in the presence of a wave farm.

[64] 2014 This work investigates the sensitivity and the quasi-
static analysis of two mooring systems: a single anchor
leg mooring (SALM) and a three-legged catenary
anchor leg system (CALM). The reference case for the
two loads is a 2000 kN horizontal load and a 30 m
depth. Also, other parameters were changed around
this reference case, such as the depth of water, the
horizontal load, and one of the design parameters of
the mooring system.

[65] 2017 This work represents the control and modeling of an
array of WDWECS that supplies electrical power to the
power grid. The system is connected to a medium
voltage network. Therefore, each generator has an AC/
DC converter merged with a DC/DC boost converter to
increase the output voltage. The output is supplied to a
DC link connected to a multi-level inverter. This
inverter is responsible for controlling the power flow
to the grid. Finally, this system was validated
experimentally.
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Eqs. (18) and (19) are used to obtain Kpw [49]. In these equa-
tions, k, d, and h denote the wave number, the depth, and the
seabed depth [50]. As an approximation, in these equations, the
force is calculated at the floater’s mid-position. gðtÞ and Fe are
shown in Fig. 5(b) and Fig. 5(c).

Kp ¼ coshðkðh� dÞÞ
cosh kh

ð18Þ

[66] 2022 This work compared several renewable energy

sources, such as PV, wind, and WD WECS, to a coal-
based generating power plant. By using a 7 MW WD
instead of a coal power plant, the CO2 emissions are
reduced by 96.9%. Also, acid gases were saved by
99.8%. In addition, the land requirement m2=MWH is
reduced by 60%. The challenge that the WECSs face is
the cost. In this work, the WDWECS cost is 0.09 $/kWh
compared to 0.028 $/kWh for the coal power plant.
Some of these WECS’s demerits are the collision with
ships and its underwater parts can harm marine life.
x2 ¼ gk tanhðkhÞ ð19Þ
Eqs. (20) – (24) are used to obtain the bearings’ frictional force

(Fbear) [51]. In these equations, FHorizontal, l, cM , dout , cD, u, and _u are
the horizontal force applied on the bearings of the AWS, friction
coefficient, inertia coefficient, floater’s outer diameter, drag coeffi-
cient, horizontal velocity of the wave, and horizontal acceleration
of the wave. These values are calculated at mid-position, similar
to Kp. Finally, Eq. (25) is used to get the depth (d).

Fbear ¼ �l: signðvÞ FHj j ð20Þ
dFH z; tð Þ ¼ cMq
p
4
dout

2 _u z; tð Þdzþ cDq
1
2
doutuðz; tÞ uðz; tÞj jdz ð21Þ
FH ¼
Z z¼hf

z¼0
dFHðz; tÞ ð22Þ
u ¼ Hx
2

coshðkðh� dÞÞ
sinh kh

cosðxtÞ ð23Þ
_u ¼ �Hx2

2
coshðkðh� dÞÞ

sinh kh
sinðxtÞ ð24Þ
Fig. 7. Different types of power in WD WECS.
d ¼ df þ hf � z ð25Þ
The generator force (Fgen) is explained in the next section.
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Table 5
PWP’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[74] 1998–
2000

This work mentions six different experiments on
three tank models for the PWP. Two experiments
were done on the 80th and 35th scale in 1998. Also,
four experiments were done on the 20th scale in
1999 and 2000.

[75] 2004–
2007

Between 2004 and 2007, the P1 (the first generation
of Pelamis) prototype of 120 m long and a diameter
of 3.5 m was developed, tested, and analyzed before
installation at the European Marine Energy Centre
(EMEC) in Scotland.

[76] 2006 This work provides several tests on a 20th-scale PWP
model in a 42 m depth. This model has motorized
joints that replicate the control and dynamics of the
actual full-scale PWP prototype.

[77] 2006 Aguçadoura Wave Farm Project:
In 2006, Enersis, a Portuguese company, developed a
2.25 MW farm of three P1 prototypes on the coast of
Peniche in Portugal. Unfortunately, the Babock &
Brown company went bankrupt, ending the project.
In 2008, After this incident, the Scottish Power
Renewables company took over the project and
started developing the second generation of Pelamis
‘‘P2.” Note that P2 is more efficient than P1.

[78] 2013–
2016

The Scottish Power Renewables company installed
the P2 that ran from 2012 to 2014 in Orkney,
Scotland. Then, the Scottish company sold them to
EMEC. In 2016, EMEC requested input on the best
way to install this system in Lyness, Scotland.
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3.4.2. Dq frame voltages of the AWS generator
Using Faraday’s law, the three-phase output voltages of the

AWS linear generator can be represented by Eq. (26) during the
positive velocity. In this equation, the three-phase voltages, cur-
rents, the resistance, the inductance matrix, and the flux linkage
of the stator are denoted by vabc , iabc , R, L, and wPM�abc , respectively.
Eqs. (27) and (28) represent the matrices of both L and wPM�abc . In
these equations, Lss, M, kge, and wPM denote the self-inductance,
mutual-inductance, generator pole width, and permanent magnet
flux linkage.

vabc ¼ �Riabc þ dð�Liabc þ wPM�abcÞ=dt ð26Þ

L ¼
Lss M M

M Lss M

M M Lss

2
64

3
75 ð27Þ

wPM�abc ¼
wPM sinð2px=kgeÞ

wPM sinð2px=kge � 2p=3 Þ
wPM sinð2px=kge þ 2p=3 Þ

2
64

3
75 ð28Þ

Also, the three-phase output voltages of the AWS linear gener-
ator can be represented by Eq. (29) during the negative velocity
when v < 0.

vabc ¼ �Riabc þ dðLiabc þ wPM�abcÞ=dt ð29Þ
A Clarke-Park transformation represented by matrix [K] is uti-

lized to obtain the dq voltages. [K] is represented by Eq. (30). In this
equation, the frames’ conversion angle is denoted by ht = 2px/kge –
p/2. The voltages in the dq frame (vdq0Þ are obtained using Eq. (31).

½K� ¼ ð2=3Þ
cosðhtÞ cosðht � 2p=3Þ cosðht � 4p=3Þ
� sinðhtÞ � sinðht � 2p=3Þ � sinðht � 4p=3Þ

1=2 1=2 1=2

2
64

3
75

ð30Þ

vdq0 ¼ ½K�vabc ð31Þ
After applying K½ � to vabc during positive and negative velocities,

the direct axis voltage (vd) and quadrature axis voltage (vq) are
represented by Eqs. (32) and (33) during the positive velocity. Also,
vd and vq are represented by Eqs. (34) and (35) during the negative
Fig. 8. An overview
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velocity [52]. In these equations, induced voltage angular speed
and synchronous inductance are denoted by xgen and Ls, respec-
tively. These values are equal to 2pv/ k and Lss �M, respectively.

vd ¼ �Rid þxgenLsiq � Lsðdid=dtÞ ð32Þ

vq ¼ �Riq �xgenLsid � Lsðdiq=dtÞ þxgenwPM ð33Þ

vd ¼ �Rid �xgenLsiq þ Lsðdid=dtÞ ð34Þ

vq ¼ �Riq þxgenLsid þ Lsðdiq=dtÞ þxgenwPM ð35Þ
of PWP WECS.



Table 6
PWP’s Latest Research Work.

Reference
Number

Year Summary of the research work

[79] 2018 This work discusses electrical generation from sea
waves using a triboelectric nanogenerator (TENG). The
TENG structure is based on the PWP design. Due to the
wave’s curvature, the TENG can harvest energy from
low amplitude sea waves by using
polytetrafluoroethylene balls that roll. Also, the
snake’s segments are connected by springs that allow
them to bend easily and produce higher output power.
The results show that this generator can be used in
water conditions such as in high salinity water. Finally,
the TENG proposed has a maximum power density of
3 kW=m3.

[80] 2018 This work discusses the stability and bionics of two
types of WECSs, cylindrical and elliptical. It provides
the essential structural parameters that affect the
energy harvest in a three-level sea state. Also, the work
discusses the different structural parameters that
influence optimum capture efficiency. These
parameters were compared to the PWP’s design. It is
concluded that the energy captured from waves
increases when the average wave period is shorter and
the average wave height is higher.

[81] 2019 This paper discusses the possibility of combining both
wave and wind energies to satisfy electrical needs in
the Texas Coast region. The 750 kW PWP was selected
for this study. The potential of wave energy was
discussed based on the data obtained by the buoys
from 2000 to 2012. By combining wind and wave
powers, the wave energy variability and installation
costs were reduced, and the output power per surface
unit increased. One important conclusion is that the
wave power output could be much higher for this
region if another WECS was selected.

[82] 2020 This work performed a feasibility study of a hybrid
renewable energy system that utilizes PV, wind,
battery, and PWP. This study discussed the possibility
of supplying electrical power to 3000 households in
three areas in Iran. The concluded energy cost in
Genaveh, Anzali, and Jask using PV, wind, and battery
were 0.233, 0.242, and 0.219 $/kWh, respectively. This
system is the best in terms of cost. However, in Anzali,
if PWP was included, the cost was reduced to 0.233 $/
kWh. This system is more economical due to the
higher potential of waves in the Caspian sea.

[83] 2022 Under the effect of a nonlinear second-order Stokes
wave, the dynamic behavior of a P2 was simulated in
the AQWA software. This behavior was analyzed in
various sea conditions such as H, water depth, angles,
and Te . The results show that as the depth increases,
the Pelamis function decreases. Also, the system offers
higher operating efficiency during lower wave heights
and lower efficiency during long wave periods. Also,
the best wave collision angle is when the waves are in
the same direction as the WECS. Finally, it was
concluded that the performance of the PWP under
irregular waves is much better than in the presence of
regular waves.

[84] 2022 This work analyzed different factors of a WECS like
Pelamis to obtain a complete hydraulic model. Using
the FORTRAN language, the model was applied to the
AQWA software. Also, two simplified models were
simulated and compared with the hydraulic model
obtained. It was found that the Coulomb torque model
was more accurate than the linear damping system
model. The Coulomb torque model can simplify the
hydraulic model because its motion, energy capture,
and torque characteristics are more accurate than the
linear damping model. This helps make the utilization
of AQWA much easier when simulating the hydraulic
model.

Fig. 9. PWP hydraulic PTO.
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vd and vq during both directions can be combined in one com-
pact form represented by Eqs. (36) and (37). In these equations, Xs

represents the synchronous reactance, and its value is equal to
xgen

		 		Ls. Finally, the generator’s real power and the force required
in the model are represented by Eqs. (38) and (39) [53].

vd ¼ �Rid þ Xsiq � Lsðxgen=jxgenjÞðdid=dtÞ ð36Þ

vq ¼ �Riq � Xsid � Lsðxgen=jxgenjÞðdiq=dtÞ þxgenwPM ð37Þ

P ¼ 1:5xgeniqwPM ð38Þ

Fgen ¼ P=v ¼ ð3xgeniqwPMÞ=ð2vÞ ð39Þ
3.4.3. Linear model of the AWS device
In the linearized model, Fbear , Fdrag , and the integral term of Frad

are all neglected. Also, the brakes are applied throughout the whole
operation. The linear model can be represented mathematically by
Eqs. (40) and (41) [54].

v ¼ dx=dt ð40Þ

F ¼ mtðdv=dtÞ þ bgv þ bxbv þ ksx ð41Þ
In these equations, the total mass, the generator damping coef-

ficient, the spring constant, and the total force affecting the floater
are denoted by mt , bg , ks, and F , respectively [39]. In the second
equation, Fgen is represented by bgv . One significant coefficient to
notice is the bxbv ; which represents the water brake damping
force. This force is always operating, limiting the system’s actual
generating power. Unlike the nonlinear model in which the water
brakes operate only when a vertical displacement violation occurs.
The spring force ksx can be further analyzed into air pressure force
(FAirÞ, nitrogen cylinder force (FNitroÞ, Fgrav and FhS. This force is rep-
resented by Eq. (42).

ksx ¼ FAir þ FNitro þ Fgrav þ FhS ð42Þ
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4. Wave Dragon (WD)

In this section, the most important points of the WD are dis-
cussed, in addition to the projects and prototypes involving the
WD WECS. Moreover, the latest research regarding WD is dis-
cussed in detail. Finally, the mathematical modelling of the WD
is presented.

4.1. Introduction to WD

WD is an offshore overtopping WECS in the form of a floating
hydroelectric dam. The incoming sea waves are concentrated using
reflector wings. These waves are passed up a ramp into a giant
floating reservoir. The water is returned to the sea through low-
head turbines that generate electrical power. The most important
specs of this WECS are illustrated in Fig. 6 [55,56,57,58]. This clas-
sification is based on the wave climate (kW/m).

4.2. WD projects and prototypes

There are several projects involving WD WECS and prototypes
for testing the WD. A summary of these projects and prototypes
is shown in Table 3.

4.3. WD research progress

On Scopus, there are currently 214 research papers about WD.
This work performed detailed research on the latest work about
WD in the last ten years instead of five years because the research
papers focus on assessing the energy source in different locations.
This is discussed in a separate section. The most important
research works are represented in Table 4.

4.4. WD hydrodynamic model

The WD comprises two main components: the wave reflectors
that reflect part of the waves’ power to increase the total incident
waves towards the main body, in addition to the main body that
absorbs as much power as possible from the incident waves. The
absorbed power by the main body is represented by Eq. (43)
[67]. The different reflected, transmitted, and absorbed powers
are illustrated in Fig. 7.

Pcs;B;a ¼ qRcgqWB ð43Þ
where the main body’s absorbed power, the ramp width, the

overtopping rate, and the crest freeboard are denoted by Pcs;B;a,
WB , q, and Rc , respectively.

q can be obtained by using Eqs. (44) – (46) [68]. In these equa-
tions, the non-dimensional overtopping rate, total available power
of the waves between the reflectors’ cross-section, and the energy
flux integrated from the body’s draft up to the surface are denoted
by qN , Pcs;R;i, and PdB, respectively. Also, the ratio between PdB and
Pcs;R;i is denoted by kdB .

q ¼ qNkdB

ffiffiffiffiffiffiffiffiffiffi
gHs

3
q

ð44Þ

qN ¼ 0:4e�3:2Rc=Hs ð45Þ

kdB ¼ PdB=Pcs;R;i ð46Þ
Pcs;R;i can be considered as the total wave power available in the

cell of each section. This can be obtained using Eqs. (47) and (48).
In these equations, the mean wave energy period, the minus first
moment, and the zeroth moment of the wave spectrum are
denoted by Te;m�1; and m0, respectively [69].
12
Pcs;R;i ¼
Xk¼ncells

k¼1

qg2

64p
H2

s;kTe;k ð47Þ

Te ¼ m�1=m0 ð48Þ
More in-depth analysis of these equations can be found in [67].

5. Pelamis wave power (PWP)

In this part, the most important points of the PWP are dis-
cussed, in addition to the projects and prototypes involving the
PWP WECS. Moreover, the latest research regarding PWP is dis-
cussed in detail. Finally, the mathematical modelling of the PWP
is presented.

5.1. Introduction to PWP

PWP is an offshore floating WECS consisting of a group of semi-
submerged cylinders connected using hinged joints [70]. These
cylinders move under the effect of the motion of the waves. The
PWP WECS contains hydraulic cylinders that resist this motion
by pumping high-pressure oil through hydraulic motors using
accumulators. These motors drive electrical generators. The most
important specs of the two generations of this WECS are illustrated
in Fig. 8 [71,72].

5.2. PWP projects and prototypes

There are several projects involving PWP WECS and prototypes
for testing the PWP. A summary of these projects and prototypes is
shown in Table 5. Several projects weren’t mentioned because the
Pelamis company announced a layoff in 2012 and went into
administration in 2014. This led several companies to end their
projects with the Pelamis. Other companies like E.ON pulled out
due to the delay in the progress of the wave technology [73].

5.3. PWP research progress

There are currently 1460 research papers on Scopus containing
the ‘‘Pelmais” keyword. This work performed detailed research on
the latest work in the last five years. The most important research
works are represented in Table 6.

5.4. PWP hydrodynamic model

The PWP hydraulic cylinder is assumed to be double acting. This
means that the cylinder provides oil to the high-pressure accumu-
lator (HPA) regardless of the motion direction. Both lower and
upper cylinders transmit force. The PWP section leads to the
motion of the upper or lower cylinder of the two cylinders, and
the other moves in the opposite direction simultaneously. A sche-
matic diagram for the power take-off (PTO) is illustrated in Fig. 9.

The pressure change in the upper and lower cylinders are
expressed by Eqs. (49) and (50), respectively.

_p14 ¼ beðq1 � q2 � A4v1 þ A1v2Þ
V1 þ V4

ð49Þ

_p23 ¼ beðq3 � q4 � A2v2 þ A3v1Þ
V3 þ V2

ð50Þ

where the volumes of each chamber of the hydraulic cylinders are
denoted by V1, V2, V3, and V4, respectively. Also, the flows of the
valves are denoted by q1, q2, q3, and q4, respectively. Moreover,
the action areas of each chamber are denoted by A1, A2, A3, and A4,
respectively. Also, the speeds and the pressures of the chambers



Fig. 10. An overview of AB WECS.

Table 7
AB’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[86] 2001 Makah Bay Offshore Wave Pilot Project:
A 1 MW project of four 250 kW ABs provides electrical
power to approximately 150 homes near Makah Bay in
the USA. This project was canceled in 2009 due to
several concerns about project financing and economic
feasibility.

[87] 2007 A 1:10 scale model of the AB prototype helped analyze
the WECS performance in sea testing in Nissum
Bredning, Denmark.

[88] 2009 Finavera Renewables, which developed AB, was
planning to do several wave projects in Portugal,
Canada, South Africa, and the USA. However, in 2009,
the company abandoned wave energy and focused on
wind energy.

Table 8
AB’s Research Work.

Reference
Number

Year Summary of the research work

[85] 2003 This work involves the simulation of the performance
of an AB WECS, which includes the development of the
numerical model, design optimization, and
experimental testing of this WECS. A 1:50 model of AB
with different floating systems is evaluated at Aalborg
University, Denmark. Also, during the conference, the
experimental results were presented. These results
include testing under different mooring systems and
footprint configurations under survival conditions. In
addition, the performance under five sea states was
presented.

[89] 2010 This work presents the formulation of the equations
used to model the vertical motion of the ABWECS. This
work includes the equations’ numerical solutions that
can help predict the output power of this device. The
numerical results during irregular and regular waves
are presented in the time domain in addition to the
experimental results during regular waves.

[90] 2019 This work provides a method for investors to
determine the economic feasibility of a floating wave
energy farm. This method depends on calculating the
Levelized Cost of Energy and the Internal Rate of
Return of a wave farm using Geographic Information
Systems. This work selected the AB WECS, and the
method was applied to the Galician coast in Spain. The
results showed that this methodology could help
obtain the economic feasibility of different locations,
which can help investors.
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are denoted by v1, v2, p14, and p23, respectively. Finally, the oil bulk
modulus is denoted by be. Also, the flow of each one-way valve can
be expressed by Eq. (51).

qi ¼
0 : p1 � p2 � p3

K1ðp1�p2�p3Þ
ffiffiffiffiffiffiffiffiffiffi
p1�p2

p
p4�p3

: p3 < p1 � p2 � p4

K2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1 � p2

p
: p1 � p2 > p4

8><
>:

9>=
>;i ¼ 1;2;3;4 ð51Þ

where the inlet pressure, the outlet pressure, the opening pressure,
and the maximum opening pressure are denoted by p1;p2; p3, and
p4, respectively. Also, the flow coefficients when the valve doesn’t
reach the maximum opening and when it reaches the maximum
opening are denoted by K1 and K2, respectively.

The flow into HPA (qA), the low-pressure accumulator (LPA) (qB),
and the flow into the hydraulic motor (qm) are expressed by Eqs.
(52) – (54). In addition, in these equations, Dm and xm represent
the hydraulic motor displacement and speed, respectively.

qA ¼ q2 þ q4 � qm ð52Þ

qB ¼ qm � q1 � q3 ð53Þ

qm ¼ Dmxm ð54Þ
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Eqs. (55) and (56) express the liquid volumes of the HPA and
LPA accumulators. In these equations, the initial liquid volumes
are represented by VA0 and VB0.

VA ¼
Z t

0
qAdt þ VA0 ð55Þ

VB ¼
Z t

0
qBdt þ VB0 ð56Þ



Fig. 11. Modelling of the vertical dynamics of AB.
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The pressure of the hydraulic PTO can be expressed by Eq. (57).
In this equation, the accumulator pressure, the initial pressure, the
accumulator volume, the initial volume, and the adiabatic expo-
nent are denoted by Pj, Pj0, Vj, Vj0, and c, respectively.

Pj ¼ Pj0ð Vj0

Vj0 � Vj
Þ
c

; j ¼ A; B ð57Þ

The hydraulic motor driving torque (Tm) and the dynamic bal-
ance are represented by Eqs. (58) and (59), respectively.

Tm ¼ DmðpA � pBÞ ð58Þ

_xmJm ¼ Tm � Te �xmBm � Tc ð59Þ
where the hydraulic motor and couplings rotational damping, the
generator torque, the hydraulic motor and couplings rotational
inertia, and the hydraulic motor Coulomb resistance torque are
denoted by Bm, Telec , Jm, and Tc , respectively.

The Telec is expressed by Eq. (60). In this equation, the generator
rotor pole number, the permanent magnet flux linkage, the q-axis
inductance, and the d-axis inductance are denoted by NP , wf , Lq, and
Ld, respectively.

Telec ¼ 3
2
NPiq½ Ld � Lq

� �
id þ wf � ð60Þ
Fig. 12. An overview
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Finally, the buoy kinematic formula can be expressed by Eq.
(61).

Mb þ Að1Þf g €XðtÞ
n o

þ
Z t

�1
Rðt � sÞ _XðtÞ

n o
dsþ Khys XðtÞf g

¼ FexðtÞf g þ FptoðtÞ
� �þ FmðtÞf g ð61Þ

where the mass matrix, the additional mass matrix, the hysteresis
function, hydrostatic recovery stiffness matrix, hydraulic motor
force matrix, excitation force matrix, and PTO force matrix are
denoted by Mb;Að1Þ, RðtÞ, Khys, FmðtÞf g, FexðtÞf g, and FptoðtÞ

� �
,

respectively.
Both Mb and FexðtÞf g can be obtained using Eqs. (62) and (63),

respectively. In these equations, the buoy mass, the buoy gravity
coordinates, the buoy moment of inertia around the y-axis, the
buoy force in the surge mode, the buoy force in the heave mode,
and the buoy action torque in the pitch mode are denoted by m,
zG, I5, Fex

1, Fex
2, and Tex

3, respectively.

Mb ¼
m 0 mzG
0 m 0

mzG 0 I5

2
64

3
75 ð62Þ

FexðtÞf g ¼
Fex

1

Fex
2

Tex
3

2
64

3
75 ð63Þ
6. AquaBuoy (AB)

In this section, the most important points of the AB are dis-
cussed, in addition to the projects and prototypes involving the
AB WECS. Moreover, the latest research regarding AB is discussed
in detail. Finally, the mathematical modelling of the AB is
presented.

6.1. Introduction to AB

AB is an offshore floating WECS consisting of a buoy with a ver-
tical tube beneath it. This tube allows seawater to flow through it
by opening at both ends. As the water passes, it causes the piston in
the middle of the tube to move up and down. This motion causes
the extension and compression of a hose pump. Then the pressur-
of Oyster WECS.



Table 9
Oyster’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[97] 2007 Several testings were done at Queen’s University
Belfast containing wave makers capable of generating
real and complex sea-states. The majority of these
tests were performed using sea-states with a
Bretschneider spectrum. The testings were done using
1/40th and 1/20th models.

[93] 2008 At the Isleburn shipyard in Nigg bay, the first full-scale
Oytester 1 was manufactured.

[98] 2009 The Oyster 1 full-scale WECS was installed at the
EMEC. It achieved 6000 h of operation during its two-
year lifetime.

[99] 2012 Oyster 2, also known as Oyster 800, was connected to
the grid at EMEC’s Billia Croo test site until the test was
finished in 2015.

Table 10
Oyster’s Research Work.

Reference
Number

Year Summary of the research work

[100] 2015 In this work, optimizing an array of oysters was the
goal. The array was modeled mathematically, and a
semi-analytic method was presented that helped in
modeling the hydrodynamics of the device. One of the
crucial suggestions is that the optimum width of the
flap is 24.6 m instead of 26 m. Several suggestions for
optimizing the spaces between WECSs were presented
based on this value. In addition, an enhancement in the
performance was obtained by staggering the devices.
This staggering led to increasing the interactions
between them.

[101] 2016 This work discusses a solution for optimizing the
layouts of an array of WECSs. The challenge includes
the difficulty of analysis, expensive computations, and
large computational time, in addition to an increase in
these problems with the number of WECs used in the
array. A statistical emulator was utilized to predict the
array performance, then an innovative learning
strategy that simultaneously explores and focuses on
different interest problem regions. Finally, GA is used
to obtain the optimal array layout. The advantages of
this methodology include being fast and easily scalable
according to the array size. The studies were
performed on a wave farm consisting of 40 WECSs,
specifically, the Oyster.

[102] 2016 In this work, Oyster’s hydrodynamics were discussed,
which showed some problems in the original design of
the rigid flap. Instead of using a rigid flap, six modules
of width 24 m will be used. The system interactions of
the six modules were analyzed using a mathematical
model. The results showed that close units could lead
to multiple resonances that can be exploited to harvest
more energy. Also, the modules in the center collect
more energy than those on the edges. In addition, the
power take-off system optimization showed good
wave harvest at lower wave periods similar to those
obtained by the rigid flap. Also, the modules captured
more energy at higher wave periods than the rigid flap
due to multiple resonances.

[103] 2019 In this work, the efficiency, wave power, and motion
response of an Oyster WECS were studied under the
effect of irregular waves. Several conclusions were
obtained:
At any given depth, the energy efficiency and motion
response decrease as the wave height increases.
As the depth increases, the efficiency of the WECS and
the excitation force decrease. This is true until a critical
depth value. After which, the WECS performance will
remain constant.
As the wave frequency increases, the WECS rotation
angle and the motion response decrease. This is true
until a critical frequency, after which the performance
will remain constant.

[104] 2020 This work discusses the environmental impact of
Oyster 1 and Oyster 2 at the EMEC in their lifetime. The
study includes the ecological consequences, human
health, and resource use. Several conclusions were
obtained: Oyster 2 has a lower environmental impact
than Oyster 1. However, the high infrastructural needs
of the WECS technology make it the worst choice
compared to other WECSs. Oyster 1 and 20s energy
payback period was 42 months and 45 months,
respectively. In addition, the carbon footprint for
Oyster 1 and 2 was 79 gCO2 eq/kWh and 57 gCO2 eq/
kWh, respectively. These values are much worse than
most renewable sources but still better than fossil
fuels.
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ized water will be pushed up into the buoy where a turbine exists.
This turbine converts the wave motion into electricity. The most
important specs of this WECS are illustrated in Fig. 10 [58,85].

6.2. AB projects and prototypes

There are several projects involving AB WECS and prototypes
for testing the AB. A summary of these projects and prototypes is
shown in Table 7.

6.3. AB research progress

There are currently 24 research papers on Scopus containing the
‘‘AquaBuoy” keyword. Most of these research works focus on
assessing the WECS, so the remaining important research works
are represented in Table 8.

6.4. AB hydrodynamic model

The AB vertical dynamic model is modeled as a two-body sys-
tem shown in Fig. 11, including the floater connected to a sub-
merged mass. The vertical motion is obtained using D’Alembert’s
law. This law states that the summation of all forces applied to a
body is equal to zero. Eqs. (64) and (65) can represent second-
order linear equations of the AB. Also, the fluid friction force (Fff )
can be calculated using Eq. (66) [91]. In addition, the added mass
(a1) is calculated using Eq. (67).

M1 þ a1ð Þ €z1 þ b _z1 þ Shsz1 þ dp _z1 � _z2ð Þ þ c z1 � z2ð Þ þ Fff

¼ FwðtÞ ð64Þ

M2 €z2 ¼ dp _z1 � _z2ð Þ þ cðz1 � z2Þ ð65Þ

Fff ¼ AwCdq _z1 _z1j j ð66Þ

a1 ¼ a xð Þ þ 1
x

Z 1

0
hðsÞsinðxsÞds ð67Þ

where the floater mass, viscous damping, hydrostatic stiffness,
the PTO system damping, PTO spring stiffness, the wave excitation
force, the water mass in the accelerator tube, the float displace-
ment, the float velocity, the float acceleration, the piston displace-
ment, the piston velocity, the piston acceleration, a measured
coefficient (between 1 and 2), floater plan area, and retardation
function are denoted by M1, b, Shs, d, c, FwðtÞ, M2, z1, _z1, €z1, z2, _z2,
€z2, Cd, Aw, and hðsÞ, respectively.

For linear damping, the PTO force (Fpto) and the absorbed power
by the PTO (Pabs) are represented by Eqs. (68) and (69). In addition,
15
the nonlinear damping force Fpto can be obtained by combining the
linear spring constant with nonlinear Columb damping. This can be
done by replacing Eq. (68) with Eq. (70). The excitation force FwðtÞ
modeling can be found in [92].



Fig. 13. Oyster vertical cross-section.
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Fpto ¼ d _z1 � _z2ð Þ þ c z1 � z2ð Þ ð68Þ

Pabs ¼ Fpto _z1 � _z2ð Þ ¼ d _z1 � _z2ð Þ2 þ cðz1 � z2Þ _z1 � _z2ð Þ ð69Þ

Fpto ¼ Ffricsign _z1 � _z2ð Þ þ c z1 � z2ð Þ ð70Þ
where

sign xð Þ ¼
�1 ifx < 0
1 ifx > 0
0 ifx ¼ 0

8><
>:

9>=
>; ð71Þ
7. Oyster

In this section, the most important points of the Oyster are dis-
cussed, in addition to the projects and prototypes involving the
Oyster WECS. Moreover, the latest research regarding Oysters is
discussed in detail. Finally, the mathematical modelling of the Oys-
ter is presented.

7.1. Introduction to Oyster

An oyster is formed of a large hinged buoyant flap that moves
back and forth by the effect of sea waves. This motion drives two
Fig. 14. An overview
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hydraulic pistons that pressurize freshwater pumped to an onshore
hydroelectric turbine. This turbine converts the hydraulic pressure
into electrical power. The low-pressure water returns to the device
through a different pipeline. The most important specs of this
WECS are illustrated in Fig. 12 [93,12,94,95,96].

7.2. Oyster projects and prototypes

There are several projects involving Oyster WECS and proto-
types for testing the Oyster. A summary of these projects and pro-
totypes is shown in Table 9.

7.3. Oyster research progress

There are currently 27 research papers on Scopus containing the
‘‘Oyster Wave Energy Converter” keyword. The assessment
research works were excluded, and the most important research
works in the last ten years are presented in Table 10.

7.4. Oyster hydrodynamic model

Oyster mathematical model equations using Laplace equations
in the fluid domain can be found in [105] and [106]. The numerical
hydrodynamic model of the Oyster can be represented by Eqs. (72)
and (73) [98]. Also, the schematic diagram for the Oyster vertical
cross-section is shown in Fig. 13.

Tw tð Þ ¼ I þ I1ð Þ€hþ
Z t

t�D
Kðt � sÞ _h sð Þdsþ kp sin hð Þ þ Bnl

_h _h
		 		

þ Bcushh
2 _h _h
		 		þ TPTO tð Þ ð72Þ

Tw tð Þ ¼
Z tþD2

t�D1

Keðt � sÞe sð Þds ð73Þ

where the elevation of the water surface, the surface elevation
to the torque impulse response function, the torque of the PTO,
the flap rotation, the cushion damping coefficient, the viscous
damping coefficient, the pitch stiffness, the radiation impulse func-
tion, the added moment of inertia, the moment of inertia of the
body, and the incident torque of the wave are denoted by e, Ke,
TPTO tð Þ, h, Bcush, Bnl, kp, K , I1, I, and Tw tð Þ, respectively.
of OWC WECS.



Table 11
OWC ’s Projects and Prototypes.

Reference
Number

Year Summary of the project or prototype

[111] 1991 A 75 kW prototype was constructed on Islay island by
the Queen’s University of Belfast. After the successful
experiment, the university and Wavegen planned to
build a full-scale OWC.

[112] 1996 A 20 kW OWC prototype was constructed on
Dawnshan island in china. After the success of this
prototype, a 100 kW OWC was built in the location.
This OWC is designed to provide a total rated power of
100 kW at a significant wave height of 1.5 m.

[113] 1999 Pico Power Plant:
A 400 kW OWC plant was developed on Pico island in
Portugal. This plant was exposed to different problems
that ended it. The first unwise decision is avoiding the
requirement of unique or expensive resources by
having the concrete structure cast on the site.
Unfortunately, the contractor’s lack of experience led
to one of the significant weaknesses of this plant.
That’s why the replacement of equipment or repairs
were always needed. In 2018, a strong sea storm
caused a partial collapse of the structure’s foundation
leading to the project’s end.

[114] 2000 Islay LIMPET:
In cooperation with Queen’s University Belfast,
Wavegen company developed a 500 kW OWC on Islay
island. This WECS contained a Wells turbine of 2.6 m
diameter. Later, the capacity was downgraded to
250 kW. In 2018, the wave plant was decommissioned,
and all the installations were removed except the
concrete construction.

[115,116] 2011 Mutriku Breakwater Wave Plant:
A 296 kW breakwater oscillating water column
(BOWC) was constructed in Mutriku bay in Spain by
Ente Vasco de la Energía. This plant is composed of 16
generators, and each one is 18.5 kW. In addition, after
nine years of operation, the company announced that
BOWC supplied more than 2 GWh to the power grid,
which makes it the record holder for the most
cumulative operating hours and electricity produced
by a WECS. The power plant capacity factor in the
years 2014 – 2016 was 0.11. This factor can be
enhanced by improving control of the turbine’s speed.

[117] 2014 Oceanlinx 1 MW Commercial Wave Energy
Demonstrator:
A 1 MW OWC power plant was intended to be built at
Port MacDonnell, South Australia. However, due to
transportation complications, the OWC was damaged
beyond repair, leading to the end of this project.

[118] 2015 A 500 kW OWC has been installed in South Korea. This
OWC is 31.2 m wide and 37 m long.
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Both Bnl and Bcush are empirical quantities that can be obtained
from the tank tests. A more detailed description of the equations
can be found in [107].
8. Oscillating water column (OWC)

In this section, the most important points of the OWC are dis-
cussed, in addition to the projects and prototypes involving the
OWC WECS. Moreover, the latest research regarding OWC is dis-
cussed in detail. Finally, the mathematical modelling of the OWC
is presented.
8.1. Introduction to OWC

The OWC is a partially submerged hollow structure. When the
sea waves move up and down, this causes the airflow to an air tur-
bine. This turbine rotates, leading to electricity generation. The
types of the OWC are illustrated in Fig. 14 [94,108,109,110].
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8.2. OWC projects and prototypes

There are several projects and prototypes involving OWCWECS.
A summary of the important projects and prototypes is shown in
Table 11.

8.3. OWC research progress

Currently, 827 research papers on Scopus contain the ‘‘Oscillat-
ing Water Column Wave Energy Converter” keyword. The review
of all of these research works will be a complex process. The study
will focus on the BOWC. BOWC is similar to an OWC WECS, but the
difference is that it acts as a breakwater to protect the shores and,
simultaneously, as a WECS [119]. Currently, 48 research papers on
Scopus contain the ‘‘Breakwater Oscillating Water Column Wave
Energy Converter” keyword. The top most cited research works
in the last ten years are represented in Table 12.

8.4. OWC hydrodynamic model

The fixed-structure OWC linearized equations of motion can be
represented using Newton’s second law using Eq. (74) [127]. Also,
the numerical model can be illustrated using Fig. 15.

M þMað Þ€gþ B _gþ Khrg ¼ f ðtÞ ð74Þ
where the water column displacement, speed, and acceleration are
denoted by g, _g, and €g, respectively. Also, the mass of the water col-
umn at the still water level (M), the added mass (Ma), the air damp-
ing (B), the hydrostatic restoring coefficient (Khr), and the total
forces acting on the water column (f ðtÞ) are represented by Eqs.
(75) – (79).

M ¼ qwA1d ð75Þ

Ma ¼ qwA1g ð76Þ

B ¼ 0:2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K M þMað Þ

p
ð77Þ

Khr ¼ qA1g ð78Þ

f tð Þ ¼ FFK tð Þ � Fa tð Þ � FDpðtÞ ð79Þ
where the chamber area, the wet surface length of the chamber at
still water level, Froude- Krylov force, the added mass damping
force, and the air force variation are denoted by A1, d, FFK tð Þ, Fa tð Þ,
and FDpðtÞ. Fa tð Þ can be represented using Eqs. (80) and (81).

Fa tð Þ ¼ Ma
@2u
@t2

� @2g
@t2

 !
ð80Þ

@2u
@t2

¼ x2 H
2
sinh kðh� dÞ½ �

sinhðkhÞ cosðxt þ hcÞ 2hc sinð
hc
2
Þ ð81Þ

where the water particle velocity vertical component, the wave
height, the chamber angular length, the incident wavelength, the
single chamber length, the wave number, the angular wave fre-
quency, the incident wave period, and the water depth are denoted

by @2u
@t2

, H, hc (hc ¼ 2pLc
L ), L, Lc , kðk ¼ 2p

L Þ, xðx ¼ 2p
T Þ, T , and h. FFK tð Þ, the

dynamic pressure field (Pwave tð Þ), and FDpðtÞ can be obtained using
Eq. (82) – (84). In Eq. (84), DP tð Þ represents the difference in pres-
sure between inside the chamber and the atmospheric pressure.

FFK tð Þ ¼ A1Pwave tð Þ ð82Þ

Pwave tð Þ ¼ qg
H
2
cosh kðh� dÞ½ �

coshðkhÞ cosðxt þ hcÞ 2hc sinð
hc
2
Þ ð83Þ



Table 12
BOWC ’s Research Work.

Reference
Number

Year Summary of the research work

[110] 2012 This work provides a methodology to identify the performance of a WECS in a specific location accurately. The methodology is applied to an
OWC constructed in Spain at the breakwater of A Guarda. The first step was to characterize the wave climate in the installation site by using
energy bins representing wave period, height, and direction. The second step is the computation of the energy resource at the site. The final
step includes combining the WECS power matrix with the site’s information to determine the WECS’s output power.

[120] 2013 This work proposes using asymmetrical (front and rear chambers are not symmetrical) instead of symmetrical chambers in the floating BOWC
WECS. The results showed that the motion response and wave transmission in the asymmetrical is as good as the symmetrical configuration.
Also, this configuration can help extend the range of frequencies for energy harvest. This system can be helpful in areas that have seasonal
variations. Finally, the floating breakwater can be cost-effective as it captures wave power and, at the same time, protect the shorelines

[121] 2016 This work utilizes two large-scale models (1:5 and 1:9) OWCs to investigate the loading and wave reflection. This investigation is under
different conditions, such as orifice dimension and water depth. The selection of the orifice dimension that provides minimumwave reflection
is the one that will lead to maximum energy harvest. In addition, the forces on the walls and chamber ceiling obtained using formulas are
underestimated for the heaviest loading conditions compared to those obtained from the experiments. The experiments showed that setting
the relative orifice surface at 0.9% led to a reflection coefficient of 0.5, the minimum value measured, which maximizes the power generated.

[122] 2017 This work investigates the hydrodynamics of two different types of Bent Duct OWCs. One is circular cross-sectional shaped, and the other is
rectangular. The numerical analysis was done using a FEM-based frequency domain. In addition, the study was performed experimentally in
the Australian Maritime College at frequencies between 0.5 Hz and 1.2 Hz. The numerical analysis and experiments were accurate regarding
the volume flux and the capture width. The conclusion is that both the two geometries provided the same results, which means that the
geometrical shape has a negligible effect on the captured power. However, the rectangular shape is more viable from constructability and
maritime structure integration perspectives.

[123] 2019 This work discusses one of the problems faced during the OWC design: the wave loads’ uncertainty. This uncertainty has a critical influence on
capital costs. Therefore, an estimation of the forces using a model proposed in this paper is presented. The results were compared with the
measurements of a large-scale model in Germany. The results showed that the model fits well with the large-scale model measurements to
the factors of 0.8 ± 0.2 and 1 ± 0.2 for irregular and regular waves, respectively. This model will help in the future constructions of the
breakwater OWC WECS with lower uncertainties.

[124] 2019 This work investigated the hydrodynamic performance of an OWC array and a single unit along a straight vertical coast. The OWCs’ chambers
have different radii, sizes, submergence, and wall thickness. The results showed that the wave energy harvest could be enhanced at certain
wave conditions due to the array and constructive coast effects compared to a single unit. In addition, as the radius of the chamber increases,
the power capture factor’s peaks shift towards the lower frequencies of the waves. Also, the submergence and the OWC wall thickness must
be reduced to harvest the highest wave power across large bandwidth. Moreover, the OWCs near the center have the highest peak power
capture factor. Finally, the OWCs power harvest can be balanced by using a layout of a non-uniform array.

[125] 2019 In this work, a theoretical model of the OWC was proposed. One of the model’s merits is fewer truncating terms in the eigenfunction
expansions. Also, the model has no thin-wall restriction and no singularities. Also, this model will be used to investigate the effect of the
chamber’s radius, submergence, and wall thickness on the wave power harvest. One of the conclusions obtained is that captured power by the
WECS increases when the incident sea waves are more perpendicular relative to the breakwater. Another conclusion obtained is that when
the ratio of R/h increases, the peak values increase linearly, more resonant and natural frequencies are obtained, bandwidth reduces, and g
peaks shift toward lower values of wave frequencies. Finally, the smaller the ratio of (R-Ri)/h, the broader and higher the g peaks, resulting in
more power absorption.

[126] 2019 In this work, the hydrodynamics of the OWC were investigated. This is achieved using an analytical method based on linear wave theory and
matched eigenfunction expansion. The back-wall draft is increased locally to enhance energy harvest and minimize wave transmission. One of
the conclusions is that optimizing the damping of the PTO to obtain maximum power led to enhanced power extraction and wave
transmission. However, optimization for minimizing wave transmission led to a reduction in power harvest. That is why the first option is
much better. Finally, adopting a two-level practical optimization led to the same wave transmission and power harvest, which is considered
the best approach.

Fig. 15. Model of the OWC WECS.
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FDpðtÞ ¼ DPðtÞA1 ð84Þ
By using the ideal gas equation, DP tð Þ can be obtained using Eq.

(85).

D _P ¼ RgTkC
2
dA2

A1ðha0 � gÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2DPqair

p
þ Pc

ha0 � g
ð85Þ

where the coefficient of discharge, the orifice area, the ideal gas
constant, the ambient temperature in Kelvin, the instantaneous
chamber pressure, and the height of the chamber top cover to the
still water level are denoted by Cd, A2, Rg , Tk, Pc , and ha0,
respectively.
18
9. Final comparison between the converters investigated in this
study

In this section, a summarized comparison between the six con-
verters is provided. This includes the power rating, the suitable
depth, the generator type, speed, LCOE, advantages, and disadvan-
tages. This comparison can be summarized in Table 13.

An important note regarding the LCOE, these numbers change
based on the location, the wave climate, and the number of units
installed [130]. Unfortunately, no study compares the six convert-
ers from the LCOE perspective. The values used in the table repre-
sent different studies of various locations.
10. Wave energy potential

In this section, the wave energy potential in the world and
Egypt will be discussed. In addition, the steps required to perform
a future feasibility study in Egypt for any nominated location and
suggestions for the enhancement of an older study will be
provided.



Table 13
A Summarized comparison between the six converters.

Device Power
rating/
unit

Suitable
depth

Generator type and
speed

LCOE Advantages Disadvantages Reference
for LCOE

AWS 15–
500 kW

> 25 m LPMSG with variable
speed

Not
available

It is completely submerged, which makes the
system less vulnerable to storms.
Minimum environmental effect.

According to the study in [16], the AWS produces a lower amount of energy compared
to the other WECSs like OWC, WD, and Pelamis with the same power rating. Hence, a
higher power rating AWS is needed to achieve the same annual output energy.

–

WD 20–
15000 kW

> 20 m PMSG with variable
speed

513.17€/
MWh

Great utilization of the installation area. It has
a large amount of generated MWh=m2

compared to the other WECSs.
Low maintenance cost, as it can be carried out
at sea.
Scalable and the most tested WECS
technology.

The more water is stored in WD, the heavier it becomes, leading to lower potential
energy.
In addition to the potential effects on the marine ecosystems.

[128]

PWP 750 kW > 50 m Induction generator
with a fixed speed

1710.98€/
MWh

Requires minimal onsite construction and has
a low impact on the nearby shoreline.

The occupation area requirements are very large compared to other WECSs such as
the AWS and WD.

[128]

AB 250 kW 150–
250
feets

Pelton turbine with a
PMSG with a variable
speed

2627.6€/
MWh

One of the simplest and most promising
concepts in WECSs. It can offer energy in
remote areas.
It has the potential to match seasonal
electricity demand with wave power
availability.

It can be a potential problem for ships.
It has an expensive structural design that must withstand heavy loading in extreme
weather conditions.

[128]

Oyster 315 and
800 kW

10–15 m Induction generator
with a variable speed

0.35–
0.47€/k
Wh

It has a few moving parts underwater.
Its simplicity allows for survivability in
extreme weather conditions.

The high infrastructural needs of the WECS technology make it the worst choice
compared to other WECSs.
The carbon footprint values are much worse than most renewable sources but still
better than fossil fuels.

[129]

OWC 45–
200 kW

< 20 m The Limpet utilizes an
induction generator
with variable speed.
The Pico utilizes a DFIG
with a variable speed.

1.5–
2.17€/k
Wh

Low maintenance.
The BOWC provides two functions, not only
acts as a WECS but additionally, it acts as a
breakwater to protect the shores.

Expensive structure. It must withstand harsh stormy conditions. [129]
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10.1. World’s wave energy potential

In the literature, several works discuss the global wave energy
resource. The wave energy resource strength is measured in kW/
m. This represents the annual mean power density which repre-
sents how many kW are available in the wave resource per crest
width. For example, in [131], the average yearly power density in
different locations is provided. The values can reach up to more
than 120 kW/m. However, this work lacks several areas, such as
the Red Sea (RS) and the Mediterranean Sea (MS). In [132], Sea-
power wave energy company offers ranges of kW/m for different
locations, including RS and MS. According to Seapower, the average
wave energy density in MS and RS is between 0 and 15 kW/m.

10.2. Egypt’s adoption of renewable energy sources

Egypt has an important strategic position in the world, located
in the Arab region and North Africa. In addition, it has long coast-
lines on RS and MS (nearly 2000 km) [133]. Egypt is still generating
electrical power from fossil fuels instead of renewable energy
sources, which is one of the biggest concerns of the world bank.
If Egypt continues building new fossil fuel-based power plants,
the current CO2 emissions will increase by more than 300% in
2030 [134]. That is why Egypt started new projects that generate
electricity from renewable sources, such as wind and solar. Unfor-
tunately, wave energy is not utilized yet in these projects.

10.3. Average power density of waves in RS and MS

Several works studied the average power density of waves in
both RS and MS. A summary of the references and power densities
is shown in Table 14. A feasibility study is required for the selected
WECS location for more precise results.

10.4. Steps for a feasibility study for wave energy in Egypt

In 2010, a feasibility study was conducted for harvesting wave
energy in Egypt [135]. This study is divided into five stages. The
first four stages can be performed cheaply at educational institu-
tions cooperating with several Egyptian authorities like the Egyp-
tian Meteorological Authority (EMA), the Egyptian Navy, and the
New and Renewable Energy Authority (NREA). These phases are
explained in brief. In addition, some suggestions are added for
the stages to enhance the future actual feasibility study.

� Phase 1: Site Selection
Table 14
RS and MS power densities.

Reference
Number

Location Average power density

[135] MS at Sidi-Barrani 2–5 kW/m using the Pierson-
Moskowitz spectrum.

[136] The Eastern
Mediterranean Levantine
Basin

2.5 kW/m in the most energetic
offshore area (western coastline of
Cyprus).

[137] The eastern coastline of
RS

0.89, 1.0, 1.05, and 1.12 kW/m
during post-summer, summer,
post-winter, and winter,
respectively.

[138] The Southern
Mediterranean basin on
the Egyptian coast

6.8 kW/m during winter and
3.35 kW/m during summer, with
wave heights between 1 and 4 m.

20
The site is selected based on its wave energy potential. The pre-
vious research works can help us choose a suitable location for a
wave energy conversion device at the coastlines.

Suggestions:
Previous studies provide values for the annual average power

density in MS and RS. For the RS, an assessment of wave energy
resources using numerical modeling has been performed [137].
The average wave power in RS obtained in this study can reach
up to 4.5 kW/m. For the MS, an assessment based on a 35-year
study was conducted [139]. The average energy flux per unit crest
(J) for the 1979–2013 period can reach up to 15 kW/m. Moreover,
in [140], a study by a group of Italian researchers provided the
energy flux values in MS between 2001 and 2010. The values
obtained were very close to those obtained in [139].

All these research works can help find a good location for instal-
ling ourWECS. After selecting some nominated sites in Egypt, wave
measurement buoys should be installed in these locations to col-
lect wave data, which can help obtain the wave conditions of a par-
ticular site. The wave height (Hm0), period (Te), and wave direction
(hm) can be evaluated using Eqs. (86) – (88) [16].

Hm0 ¼ 4ðm0Þ1=2 ð86Þ

Te ¼ m�1

m0
ð87Þ

hm ¼ m0
�1
Z 2p

0

Z 1

0
hSðf ; hÞdfdh ð88Þ

where the spectral energy density, frequency, direction, the �1st
spectral moment, and 0th spectral moment are denoted by Sðf ; hÞ,
f , h, m�1, and m0. Also, the nth spectral moment (mn) can be
obtained using Eq. (89).

mn ¼
Z 2p

0

Z 1

0
f nSðf ; hÞdfdh ð89Þ

By using these values, J can be calculated using Eq. (90). In this
equation, the group celerity (Cg) represents the speed at which the
wave energy is carried. Cg can be calculated using Eq. (91) [141].

J ¼ qg
16

Hm0

2
Cg ð90Þ

Cg ¼ 1
2

1þ 2kh
sinhð2khÞ

� �
gt
2p

tanhðkhÞ
� �

ð91Þ

where k and h denote the wave number and the water depth,
respectively.

Each of the sea states is assigned to an energy bin. Each energy
bin contribution is obtained by multiplying the annual occurrence
by the corresponding power. Combining all these states will form a
wave energy resource matrix for the selected site in Egypt.

� Phase 2: WECS Selection

The selection of the WECS is very effective in enhancing the
wave energy harvest. There are lots of wave energy devices that
can be utilized. According to the data obtained from the first stage,
suitable WECS can be identified. Also, some factors should be con-
sidered when selecting a WECS:

1. The wave spectrum’s dominant component should coincide
with the most acceptable frequency for the WECS.

2. The WECS should be able to adapt to the sea state variations.
3. The WECS should be able to harvest the other components’

energy efficiently.
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� Phase 3: Computational Modeling and Tank Experiments of the
WECSs

The different WECSs’ performances must be evaluated numeri-
cally (computational modeling) and experimentally (tank experi-
ments) to estimate the annual energy output of these devices.

Suggestions:
The numerical evaluation can be done by combining the power

matrix of the WECS with the wave energy resource matrix to
obtain how much energy can be produced annually.

� Phase 4: Ecological and Economic Assessments

An economic feasibility study of the WECS should be performed
to determine the cost of the generated electrical power [142–145].
It is unlikely that the WECS would be competitive since the exist-
ing designs of the WECSs are still developing, and there is currently
no WECS that can compete in the market. In addition, an ecological
study for the WECS should be performed and ensure that theWECS
will fulfill the environmental requirement as a nonpolluting WECS.

� Phase 5: Full-Scale Prototype Deployment

After completing the previous phases, a full-scale prototype for
the WECS should be constructed at the site. This will help identify
and solve any possible problems that may occur.

11. Conclusions

This work summarizes six of the most widely adopted WECSs
used heavily in previous research assessments and practical pro-
jects. This includes the Archimedes Wave Swing (AWS), the Wave
Dragon (WD), Pelamis Wave Power (PWP), Aquabouy (AB), the
Oyster, and the Oscillating Water Column (OWC). The work
includes the mathematical modeling of these WECSs and the dif-
ferent projects and prototypes involving these WECSs. Moreover,
the latest research development in each of these WECSs was pre-
sented. Also, the wave energy potential in the world and Egypt
was discussed. Finally, the steps required to perform a future fea-
sibility study in Egypt and suggestions for enhancing an older
study were provided.

Important key points from the discussion can be presented as
follows:

� For the AWS, the WECS is available commercially for wave
energy harvest. Each unit has a rating between 15 kW and
500 kW. The units can be combined in an array to form a wave
farm. Also, the most significant advantage of this WECS is that it
is completely submerged, which means it will not be affected by
floating objects.

� WD has units with ratings between 20 kW and up to more than
15 MW. Moreover, WD is a promising WECS as it has been uti-
lized a lot in many assessments of locations worldwide. In many
research works, it provided the highest annual energy com-
pared to other WECS. However, the disadvantage of this WECS
is that it is a floating WECS, which may be affected by the ships.
In addition, the Wave Dragon company is currently suffering
from a financial crisis and seeking capital.

� For PWP, there are two generations, P1 and P2. Both of these
generations have a rating of 750 kW. Similar to WD, it is one
of the most promising WECS. However, the Pelamis company
announced a layoff in 2012 and went into administration in
2014. Moreover, PWP is a floating WECS similar to WD, which
21
means it has the same issue of being affected by the surround-
ing floating objects. In addition, marine creatures can get
trapped in the PWP sections. Also, it can cause visual pollution.

� Also, AB is a floating WECS with a rating of up to 250 kW devel-
oped by Finavera Renewables. The company planned to do sev-
eral wave projects in Portugal, Canada, South Africa, and the
USA. However, in 2009, the company abandoned wave energy
and focused on wind energy. This is due to the primary concern
of the high cost of developing these WECSs.

� There are two types of Oysters 1 and Oyster 2, with a power rat-
ing of 315 kW and 800 kW, respectively. The Oyster 1, installed
at the EMEC, achieved 6000 h of operation during its two-year
lifetime. Also, Oyster 2 was connected to the grid at EMEC’s Bil-
lia Croo test site until the test was finished in 2015. In [104], the
environmental impact of Oyster 1 and Oyster 2 at the EMEC was
discussed. Several conclusions were obtained: Oyster 2 has a
lower environmental impact than Oyster 1. However, the high
infrastructural needs of the WECS technology make it the worst
choice compared to other WECSs. Oyster 1 and 20s energy pay-
back period was 42 months and 45 months, respectively. In
addition, the carbon footprint for Oyster 1 and 2 was 79 gCO2
eq/kWh and 57 g CO2 eq/kWh, respectively. These values are
much worse than most renewable sources but still better than
fossil fuels.

� The OWC WECS is available at 45 kW and up to 500 kW. The
most significant advantage of the OWC is that it can be installed
to act as a breakwater and protect the shores from waves while
simultaneously converting the incoming waves into electrical
power. This will lead to a reduction in the WECS cost. However,
the disadvantage is the low annual energy harvest compared to
other WECSs, because the waves near the shore are much
weaker than those in the deep seas.

� Unfortunately, wave energy conversion technology is not
mature enough to compete in the market due to the high cost
of WECSs, as these systems should survive in extreme sea con-
ditions. For this reason, several companies have gone bankrupt,
and others started working on other renewable sources. How-
ever, there is more research on wave energy because wave
energy is one of the highest-density sources compared to differ-
ent renewable energies. Therefore, more development and
enhancement of these systems are mandatory for harvesting
wave power and making it more economically competitive.

� Moreover, the wave energy potential of both Egypt and the
world was presented. Also, the approach for performing a feasi-
bility study in Egypt was introduced. The world’s wave energy
potential values range from 0 to more than 120 kW/m. Also,
Egypt has long coastlines on RS and MS. According to previous
works, the average wave energy density in MS and RS is up to
15 kW/m and 4.5 kW/m, respectively. This wave energy amount
is not the best compared to other regions worldwide. That is
why wave energy may not be economically the best option to
generate electricity from RS and MS in Egypt.
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