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Abstract: In the face of depleting fossil energy and the imperative of sustainable development,
there is a compelling drive towards advancing renewable energies. In this context, sustainable and
predictable alternatives, like marine energy, gain prominence. Marine energy presents a cleaner option
devoid of the adverse effects associated with fossil fuels, playing a crucial role in environmental
sustainability by safeguarding coastlines against erosion. This study focuses on Astara Port in the
Caspian Sea, exploring the utilization of wave energy converters (WECs). The originality of this
study’s research lies in exploring WECs’ dual role in energy generation and coastal protection. Using
MIKE21 software simulations, the impact of number, location, arrangement, and orientation of WECs
across various scenarios was investigated, including two WEC number scenarios (11 and 13), three
structural placement scenarios (north, front, and south of the port), two structural arrangement
scenarios (linear and staggered), two port layout scenarios (original layout and modified layout), and
two orientation scenarios for the structures (facing north-east, which is the dominant wave direction,
and facing southeast). The results show a remarkable decrease in the significant wave height behind
WECs, notably with 13 staggered devices facing dominant waves (from northeast), reducing the
significant wave height Hs by 23–25%. This setup also shows the highest wave height reduction,
notably 36.26% during a storm event. However, linear WEC setup offers more extensive coastline
protection, covering 47.88% of the model boundary during storms. Furthermore, the 11 staggered
WECs facing southeast (SE) arrangement had the lowest sediment accumulation at 0.0358 m over one
year, showing effective sedimentation mitigation potential. Conversely, the 13 linear WECs facing
northeast (NE) had the highest accumulation at 0.1231 m. Finally, the proposed port design redirects
high-velocity flow away from the port entrance and removes rotatory flow, reducing sediment
accumulation near the harbor entrance.

Keywords: wave energy converter (WEC); renewable energy; MIKE21 model; wave height

1. Introduction

In pursuing Sustainable Energy Development, a pivotal consideration lies in substi-
tuting fossil fuels with a myriad of renewable energy sources. This imperative has led to
an escalating demand for the augmentation of renewable energy production. Within the
spectrum of renewable energy generation methodologies, wave energy production emerges
as an up-and-coming option due to the high density of water, the predictability of waves,
and the minimal environmental footprint. Despite its immense potential, wave energy is
still in its infancy, necessitating further in-depth research and substantial investment to
establish it as a dependable and recognized source of energy production in the scientific
and technological domain [1].

Numerical and experimental studies have delved into this energy source, revealing its
potential for sustainable and reliable energy production and its role in safeguarding coasts
and ports from erosion, sedimentation, and storms [2–5].
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Wave energy converters (WECs) are key players in emission reduction efforts. They
generate clean electricity from renewable ocean waves, helping to reduce our dependence
on fossil fuels and their associated emissions. WECs offer a low carbon footprint and
minimal environmental impact compared to traditional power plants, preserving marine
ecosystems while diversifying our energy mix. In a recent study, Choupin et al. [6] analyzed
wave energy converters’ role in reducing emissions. They introduced a process for optimal
converter-location pairs, considering various factors. The study in Southeast Australia
highlighted spatial variations in nearshore pairs and introduced an Index to rank areas
based on their energy demand.

Given the hefty costs tied to wave energy converter (WEC) development, numerical
simulation is vital for refining design precision and deployment strategies, leading to
cost-effective modeling of renewable wave energy. Smith et al. [7] employed numerical
wave models and adapted SWAN codes to evaluate the influence of offshore wave farms
on the nearby wave climate. Their findings demonstrate the correlation between the extent
of the impact and the response characteristics of the devices, as well as the spectral sea state
under consideration. In another study, the SWAN coastal model was used to investigate
the impact of WEC arrays on surrounding wave conditions. The results showed that WEC
arrays could create wakes up to 200 m behind, reducing estimated power performance by
2.3% to 6.0% [8].

Physical modeling of WECs through scaled prototypes in controlled environments
offers insights into real-world performance and helps optimize design for increased effi-
ciency and reliability. Through physical model tests, Ruol et al. [9] explored the efficiency
and transmission characteristics of the DEXA wave energy converter, investigating its
potential dual applications. They proposed deploying a DEXA array in Marina di Ravenna
to evaluate its impact on longshore sediment transport, possibly reversing the net transport
direction. The study concluded that a WEC farm reduces coastal wave energy, significantly
affecting sediment transport. Nader et al. [10] introduced a new experimental method for
studying WEC arrays, overcoming cost and complexity barriers. They aimed to understand
array performance and develop accurate modeling techniques. Initial results showed
promising insights into array hydrodynamics, suggesting potential design improvements.

The distance between a wave farm and the coast significantly influences energy pro-
duction and environmental effects. Optimal placement of WECs involves considering
factors such as wave resource availability, transmission losses, and ecological and envi-
ronmental effects. Abanades et al. [11] examined the influence of the distance between a
wave farm and the coast. Their study, conducted in Perranporth (UK), revealed that the
closest farm offers the most significant protection, resulting in up to a 20% reduction in
erosion. However, this proximity entails a minor trade-off, leading to a slightly smaller
wave resource by approximately 10%.

The Wave Dragon is a Wave Energy Converter (WEC) designed to harness energy
through overtopping. It captures energy primarily by directing waves onto a ramp and into
a reservoir and a set of Kaplan turbines; some studies have investigated the mechanism of
this type of WEC in detail [12–18]. Robertson [19], in a study, compared the Wave Dragon
Over-Topping Device and the Pelamis for deployment along the coasts of Vancouver Island
and the Queen Charlotte Islands. Results showed that both devices have promising capacity
factors: Pelamis achieved 51% on Vancouver Island and 59% on the Queen Charlottes, while
Wave Dragon reached 21% and 30%, respectively. This suggests significant opportunities
for efficient renewable wave energy generation in these regions. In another study, Iglesias
et al. [20] investigated how the distance of a wave farm from the coast affects nearshore
wave conditions. They used case studies with varying distances (2 km, 4 km, and 6 km)
and wave conditions. The study results showed that increasing the distance from the coast
doesn’t consistently reduce the Maximum absolute Nearshore Impact, and the distance
influences where the maximum impact occurs along the coast. Extensive laboratory testing
on a scale model of a Wave Dragon energy converter was conducted from 1998 to 2001
at Aalborg University [21], leading to the creation of a 57 × 27 m prototype in Nissum
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Bredning, Denmark, which became the world’s first offshore wave energy converter in
May 2003. Kofoed et al. [22] concluded that the turbines face three main challenges:
operating at low head values (0.4 to 4.0 m), dealing with frequent regulation due to wave
overtopping variations and limited storage, and operating in a harsh environment with
minimal maintenance on an unmanned offshore platform.

Nørgaard et al. [23] conducted experimental investigations using a 1:51.8 scale physical
model of the 260 × 150 m, 24 kW/m model Wave Dragon device. Their study also examined
the influence of the Wave Dragon’s mooring system and reflector joints on wave height
reduction and transmission.

Given the significance of waves, their influence on coastal areas, and their considerable
energy generation potential, this study utilizes numerical modeling to examine the impact
of Wave Dragon devices on nearshore wave and flow characteristics. The innovation of
this study stems from exploring the dual role of WECs in energy generation and coastal
protection, comparing linear and staggered arrangements, analyzing orientation effects,
and proposing a novel port design for sedimentation management to move it away from
the port entrance. Various scenarios are being investigated to simultaneously achieve
coastal protection and maximize energy generation. Reducing wave height can mitigate
coastal erosion and facilitate energy dissipation by the WECs, with the dissipated energy
being convertible to electricity.

2. Materials and Methods

This research used the two-dimensional hydrodynamic model MIKE21 2024 software
and its subsets to model the wave and flow patterns in the study area. The model uses wind
speed, wind direction, wave height, wave period, and bed topography as meteorological,
hydrodynamic, and geographical input data. This investigation delves into examining
Astara Port in the Caspian Sea. It underscores the port’s significance and the critical need to
prevent coastal erosion and sedimentation in its vicinity. Furthermore, the study explores
the feasibility of harnessing wave energy for electricity generation. It is worth noting
that the methodology employed in this investigation is transferable to similar ports facing
comparable challenges. In future studies, using Boussinesq-type equation models and
software like MIKE21 could be beneficial for simulating hydrodynamic conditions and
sediment transport in offshore, coastal, and harbor areas [24,25].

2.1. MIKE21 Mathematical Model

For the analysis of marine phenomena, the MIKE21 model is one of the most practical
models developed by the Danish Hydraulic Institute (DHI). MIKE21 is a suitable tool for
analyzing phenomena such as wave pattern, current, sedimentation, determination of
sediment transport rate, wind-generated waves, and specific shallow water (SW) processes
such as wave breaking, erosion, and bed effect [26].

The mathematical equations used in the SW module are the equations of equilibrium
density of the wave spectrum, which are solved in the frequency range of the wave’s zero-
order and first-order energy spectra using the finite difference method and ADI (Alternating
Direction Implicit) technique [27].
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Here, m0 and m1 are zero and first-order momentums, respectively; Cgy and Cgx are
wave group velocity components; S1, and S0 are energy sources, which can be increased by
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wind, or decreased by energy dissipation due to bed friction and wave break. In the above
equations, mn(θ) can be calculated using Equation (3):

mn(θ) =
∫ ∞

0
ωn A(ωθ)dω (3)

where ω is the frequency, and A is the wave power spectrum density. For hydrographic
maps used in the SW module, the ratio of the distance of the computational nodes in the y
and x directions and the maximum angle between the direction of the propagated wave on
the x-axis are of great importance. These criteria are determined as follows:

∆x
∆y

≥ 4 (4)

The maximum angle between the wave propagated direction and the x-axis must not
exceed ±60◦.

The SW module simulates the wave-breaking phenomenon based on the proposed
relations of [28].

dE
dt

= − α

8π
QbωH2

m (5)

1 − Qb
lnQb

= − (
Hrms

Hm
)2 (6)

Hm = γ1k−1tanh (
γ2kd
γ1

) (7)

where ω is frequency, Hrms is the square root of the average squares of wave height, Hm is
the maximum allowable wave height, Qb is friction due to wave breaking, which affects
energy dissipation rate, k is wave number, d is water depth, α is the energy dissipation
coefficient, γ1 is a constant coefficient controlling critical wave rise, and γ2 is a constant
coefficient controlling the critical water depth.

Hydrodynamic models can calculate wave refraction, shoaling, wave break, radiation
stresses, wave setup, and the velocity of parallel currents on the shore. Wave characteristics,
including wave height, wave period, and mean wave direction, are used as time series. The
hydrodynamic model operates by numerically solving the two-dimensional shallow water
equations. This includes solving continuity, momentum, temperature, salinity, and density
equations. The model uses both Cartesian and spherical coordinates for the horizontal
domain. Here, the governing equations of hydrodynamic models are not presented due to
document limitations. Additional information is available in [28].

2.2. Problem and Solution

Given the common challenges encountered by coastal regions worldwide, including
the pressing issue of coastal erosion, it remains crucial to formulate prompt and practical
solutions. According to the analysis of the region’s wave and wind climate, it was concluded
that erosion problems exist in the southern parts of Astara Port. However, the sediment
accumulation problem at the port entrance is more severe. This accumulation leads to the
closing of the harbor with sand washed away from the northern parts of the port. The main
problem is keeping the port from being sealed off by accumulating sand. The sand must
be removed from the harbor entrance and transferred into the natural longshore sediment
transport system. This is usually done through a dredging operation, which requires much
effort and is expensive. Figure 1 shows the existing erosion and sedimentation patterns in
the southern and northern parts of the port, respectively. This problem exists in most ports
around the world, and if a solution can be identified in this region, it would have positive
outcomes for addressing similar issues in ports across the globe.
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Wave and Current profiler (AWAC) device for current measurement and wave recording 

Figure 1. Erosion and sedimentation pattern near Astara Port.

As mentioned earlier, the erosion in the southern part of the port, as illustrated in
Figure 1, is problematic and necessitates proactive intervention. It is crucial to address this
issue because it can potentially jeopardize the stability of the breakwater structure, which,
in turn, is instrumental in maintaining a stable flow pattern near the port. Figure 2 shows
the transition of the coastline in the southern part of the port over nine years, from 2012 to
2021. In this figure, the white line represents the coastline in 2021, while the yellow line
corresponds to the coastline in 2012. It is evident from this comparison that erosion poses
a substantial and immediate threat to the properties and stability of the southern areas
within the port.
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2.3. Experimentally Recorded ADCP (Acoustic Doppler Current Profiler) and Bathymetry Data

The calibration of the MIKE21 wave and current model constants requires experimen-
tal data. These data include the speed and direction of the flow, height, and wave direction
at different points. The following section describes the available data used in these studies.
Simulation studies of the northern coasts of Iran near Astara Port have involved several
measurements in the South Caspian Sea. On the coast of Astara Port, flow features were
measured in 2013 at depths of 10 and 25 m [29]. This study uses an Acoustic Wave and
Current profiler (AWAC) device for current measurement and wave recording (Figure 3).
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Using this device, it is possible to accurately record waves and flow details and calibrate
the MIKE21 model.
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2.4. Global and Local Models Setup

To set up the model effectively, coastal geography and seabed topography are essential
data. Additionally, comprehensive wind speed and direction statistics are vital, as they
significantly influence wave patterns, coastal dynamics, and overall hydrodynamics. The
wind data were obtained from ECMWF (European Centre for Medium-Range Weather
Forecasts). According to these data, the dominant wind direction is from northeast to
southwest, the same as the dominant wave direction. To simulate the flow and wave using
the global model, an unstructured meshing system was used in the deep-water area, and
rectangular grids were used in the southern regions. In the initial stages of configuring the
local model, the first step involves furnishing the model with the mesh domain.

Given that this study centers around examining Astara Port, the local model is specifi-
cally tailored to the vicinity of the port. Defining the borders of the local model is deter-
mined by the project’s specific requirements. Once the global model has been calibrated
and executed, boundary conditions are extracted from the global model’s outputs along
the borders of the intended local model. This extraction process is facilitated using the Data
Extraction FM tool within MIKE Zero. Figure 4 illustrates the boundaries of the global and
local models, their mesh structures, and contours of bathymetry values.
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2.5. Outputs of the Local Model

The results generated by the MIKE21 local model are validated with experimental data,
encompassing variables like flow velocity, flow direction, wave height, and wave direction.
It is important to note that the accuracy of the two-dimensional model in predicting flow
along the Astara shores is notable due to its ability to calculate the simultaneous influence
of both wind and waves. Moreover, the model’s simultaneous calculation of both wave
and current variables highlights the importance of precise wave feature prediction. As
mentioned, ADCP devices were utilized to measure the characteristics of waves and
currents at depths of 10 and 25 m near Astara Port. These two points were used to validate
the model values (Figure 5).

Energies 2024, 17, x FOR PEER REVIEW 7 of 20 
 

 

2.5. Outputs of the Local Model 
The results generated by the MIKE21 local model are validated with experimental 

data, encompassing variables like flow velocity, flow direction, wave height, and wave 
direction. It is important to note that the accuracy of the two-dimensional model in 
predicting flow along the Astara shores is notable due to its ability to calculate the 
simultaneous influence of both wind and waves. Moreover, the model’s simultaneous 
calculation of both wave and current variables highlights the importance of precise wave 
feature prediction. As mentioned, ADCP devices were utilized to measure the character-
istics of waves and currents at depths of 10 and 25 m near Astara Port. These two points 
were used to validate the model values (Figure 5). 

 
Figure 5. The exact location of flow and wave measurements. 

The local model was established, and the simulations near the port were performed 
using the global model results. Figure 6 shows wave characteristics for one year’s modeled 
and measured data. Figure 7 compares measured and modeled depth-averaged current 
velocity and flow direction in 2013 at the 10 m depth station. As evident in Figures 6 and 
7, current and wave results across the 10 m station suggest that the model’s predictions 
for coastal regions are reasonably accurate, especially for the storm events in the region 
throughout the year. 

 
Figure 6. Validation of the Spectral Wave (SW) local model using modeled data and measured data 
at the Astara 10 m station. 

Figure 5. The exact location of flow and wave measurements.

The local model was established, and the simulations near the port were performed
using the global model results. Figure 6 shows wave characteristics for one year’s modeled
and measured data. Figure 7 compares measured and modeled depth-averaged current
velocity and flow direction in 2013 at the 10 m depth station. As evident in Figures 6 and 7,
current and wave results across the 10 m station suggest that the model’s predictions
for coastal regions are reasonably accurate, especially for the storm events in the region
throughout the year.

Energies 2024, 17, x FOR PEER REVIEW 7 of 20 
 

 

2.5. Outputs of the Local Model 
The results generated by the MIKE21 local model are validated with experimental 

data, encompassing variables like flow velocity, flow direction, wave height, and wave 
direction. It is important to note that the accuracy of the two-dimensional model in 
predicting flow along the Astara shores is notable due to its ability to calculate the 
simultaneous influence of both wind and waves. Moreover, the model’s simultaneous 
calculation of both wave and current variables highlights the importance of precise wave 
feature prediction. As mentioned, ADCP devices were utilized to measure the character-
istics of waves and currents at depths of 10 and 25 m near Astara Port. These two points 
were used to validate the model values (Figure 5). 

 
Figure 5. The exact location of flow and wave measurements. 

The local model was established, and the simulations near the port were performed 
using the global model results. Figure 6 shows wave characteristics for one year’s modeled 
and measured data. Figure 7 compares measured and modeled depth-averaged current 
velocity and flow direction in 2013 at the 10 m depth station. As evident in Figures 6 and 
7, current and wave results across the 10 m station suggest that the model’s predictions 
for coastal regions are reasonably accurate, especially for the storm events in the region 
throughout the year. 

 
Figure 6. Validation of the Spectral Wave (SW) local model using modeled data and measured data 
at the Astara 10 m station. 
Figure 6. Validation of the Spectral Wave (SW) local model using modeled data and measured data at
the Astara 10 m station.



Energies 2024, 17, 2485 8 of 20Energies 2024, 17, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 7. Measured and modeled flow direction and velocity at the Astara 10 m station. 

2.6. WEC Type, Placement and Orientation 
In the pursuit of achieving outcomes, including erosion control and generating elec-

tricity, strategic positioning of WECs was executed. Wave Dragon overtopping devices 
were used in this study. They are controlled using a mooring system and have six degrees 
of freedom in the real world. However, due to limitations in the modeling of moving ob-
jects within the MIKE21 software and the relatively small movements compared to the 
scale of the global and local models used in this study, wave energy converters (WECs) 
are considered static. The device employed in this study is a 76 × 50 m, 12 kW/m model 
Wave Dragon device that uses wave reflectors to direct waves up a ramp into a reservoir; 
the stored water then flows through turbines to generate electricity (Figure 8). 

 
Figure 8. The basic layout of the Wave Dragon energy converter [31]. 

Testing various scenarios was necessary to maximize wave capture, electricity gener-
ation, and energy dissipation to combat coastal erosion. This involved exploring different 
WEC numbers and arrangements within the wave farm, adjusting the wave farm’s loca-
tion, and modifying the port design. The objective is to optimize energy generation effi-
ciency, protect the coastline, and minimize sedimentation at the port entrance, reducing 
the need for costly operations like dredging. 

In general, the simulations were performed for two WEC number scenarios, 11 and 
13; two arrangement scenarios, linear and staggered; two scenarios for the orientation of 
WECs facing north-east (dominant wave direction) and facing southeast; three wave farm 
placement scenarios: north, front, and south of the port; and two port layout scenarios: 
original layout and modified layout (Table 1). 

  

Figure 7. Measured and modeled flow direction and velocity at the Astara 10 m station.

2.6. WEC Type, Placement and Orientation

In the pursuit of achieving outcomes, including erosion control and generating elec-
tricity, strategic positioning of WECs was executed. Wave Dragon overtopping devices
were used in this study. They are controlled using a mooring system and have six degrees
of freedom in the real world. However, due to limitations in the modeling of moving
objects within the MIKE21 software and the relatively small movements compared to the
scale of the global and local models used in this study, wave energy converters (WECs) are
considered static. The device employed in this study is a 76 × 50 m, 12 kW/m model Wave
Dragon device that uses wave reflectors to direct waves up a ramp into a reservoir; the
stored water then flows through turbines to generate electricity (Figure 8).
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Figure 8. The basic layout of the Wave Dragon energy converter [31].

Testing various scenarios was necessary to maximize wave capture, electricity genera-
tion, and energy dissipation to combat coastal erosion. This involved exploring different
WEC numbers and arrangements within the wave farm, adjusting the wave farm’s location,
and modifying the port design. The objective is to optimize energy generation efficiency,
protect the coastline, and minimize sedimentation at the port entrance, reducing the need
for costly operations like dredging.

In general, the simulations were performed for two WEC number scenarios, 11 and
13; two arrangement scenarios, linear and staggered; two scenarios for the orientation of
WECs facing north-east (dominant wave direction) and facing southeast; three wave farm
placement scenarios: north, front, and south of the port; and two port layout scenarios:
original layout and modified layout (Table 1).
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Table 1. Simulation Scenarios for Wave Energy Converters (WECs).

Simulation Parameters Scenarios

WEC Number 11, 13
Arrangement Linear, Staggered

WEC Orientation NE (Northeast) and SE (Southeast)
Wave Farm Placement North, Front, and South of the port

Port Layout Original, Modified

For example, 13 Linear NE-Front of the modified port describes a simulation with
13 linearly arranged WECs facing northeast and placed at the front of the modified
port layout.

3. Results

This section investigates the impact of different scenarios on wave characteristics and
sedimentation. To this end, time-averaged point analysis, linear analysis, and aerial data
are studied to comprehensively assess how different implementation scenarios affect wave
behavior and sedimentation processes.

3.1. Time-Averaged Wave Height of Different Points

To assess the influence of structures on significant wave height (Hs), an investigation
was conducted at three designated locations in the northern (A), frontal (B), and southern
(C) parts of the port. Subsequently, the Hs values were extracted at these specific points
over three consecutive months (January to March). Figure 9 provides a depiction of the
geographical location of these identified locations. Additionally, these points were studied
for different scenarios involving the location, orientation, arrangement, and number of
WECs. When comparing the no-structure scenario with other scenarios, the analysis reveals
a clear reduction in significant wave height around the wave energy converters.
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Regarding the impact of WECs across various scenarios, Figures 10–12 show that
configurations featuring 13 structures oriented towards the northeast with a staggered
layout exhibit the most effective reduction in wave height. Following this, scenarios
involving 13 structures arranged linearly demonstrate comparatively favorable results.
Conversely, configurations comprising 11 staggered structures facing southeast exhibit the
least pronounced impact on wave height reduction across all scenarios evaluated.
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Following a thorough analysis of the time-averaged results for each of the points above,
the data reveal significant decreases in wave height across some scenarios of placements of
WECs. Specifically, the simulations involving 13 staggered devices show 23.71%, 25.3%,
and 23.57% reductions for points A, B, and C (north, front, and south WEC locations),
respectively. For configurations featuring 13 linear wave energy devices, the corresponding
reductions were 19.31%, 19.91%, and 18.08% for points A, B, and C, respectively. In the
case of 11 staggered devices, the reduction values in wave height were 12.29%, 12.46%, and
12.02% for the points on the north, front, and south of the port, respectively. These sub-
stantial impacts on the wave height reduction show mitigation of erosion behind the Wave
Energy Converters, particularly in the case study involving 13 staggered energy converters
facing the dominant wave direction. This configuration resulted in an approximate 23% to
25% decrease in Hs values, indicating notable effectiveness in wave height reduction and
erosion control measures.

3.2. Line Series to Assess the Impact of WECs on Hs along the Coastline

To further evaluate the impact of WECs along the coastline, the MIKE21 linear data
extraction tool was employed. Data were extracted for a line parallel to the coastline
at position 316,000, focusing on the modified port configuration during a storm event.
The exported data included three WEC location scenarios (north, front, south) and three
arrangement scenarios (staggered 13 NE, linear 13 NE, staggered 11 SE). The objective
was to determine which scenario led to a more significant wave height (Hs) reduction in
a line with identical water depth. The results are depicted in Figure 13 for three cases of
devices installed to the (a) north, (b) front, and (c) south of the port. In these diagrams, the
x-axis illustrates the distance from the southernmost point on the investigated line along
the coast, and the y-axis corresponds to significant wave height values. It is evident from
the diagrams that all three structure arrangements had a notable impact on wave height
compared to the no-structure case.

Furthermore, the staggered arrangement in the 13 NE direction showed the highest
decrease in significant wave height by 29.74%, 36.26%, and 31.86% when installed to the
north, front, and south of the port, respectively. This proves that the maximum wave height
reduction is observed when the WEC farm is in front of the port and staggered with the
arrangement of 13 NE. The values of maximum wave height reduction for 13 NE linear are
22.75%, 29.62%, and 25.76% for north, front, and south of the port installation locations,
respectively, and 26%, 17.1%, and 31.92% for 11 staggered devices to the north, front, and
south of the port, respectively.
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located to the (a) north, (b) front, and (c) south of the port.

The data indicate that the 13 staggered arrangement facing northeast achieves the
highest decrease in significant wave height during a storm across all placements. Specifi-
cally, the front placement scenario shows the most significant reduction, with a decrease
of 36.26%. Therefore, it can be concluded that the optimal configuration for reducing
significant wave height is 13 NE staggered, particularly when installed in front of the port.

However, the 13 NE linear arrangement demonstrated a broader length of effect
(Figure 13), indicating superior performance in mitigating wave height across a wider
region. The linear arrangement of WECs impacted 41.52%, 47.88%, and 46.6% of the
total length of the local model boundaries for the north, front, and south of the port
placements, respectively. For the 13 staggered WECs, these percentages were 35.59%,
35.84%, and 27.11% for the north, front, and south scenarios, respectively. Finally, the
reduction percentages for the 11 staggered devices were 22.88%, 17.79%, and 21.18% for
north, front, and south, respectively. The percentages show that linear arrangements tend
to cover a larger portion of the coastline compared to staggered configurations, indicating
potentially greater effectiveness in influencing wave heights and mitigating coastal erosion
over a broader area. The highest percentage (47.88% length of the local model boundary),
indicating the most significant coastline coverage, is observed for the front of port placement
scenario. Therefore, it can be considered the optimum choice for the linear arrangement
to maximize the coverage of coastline protection by WECs. These results suggest that the
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choice of WEC farm arrangement and location plays a significant role in determining the
extent of the coastline affected.

3.3. Effect of Different Arrangements, Orientation, and Location on Aerial Wave Height Reduction

The significant wave height contours under various scenarios of WECs placement,
orientation, and arrangement are depicted in Figures 14–16. As mentioned in the preceding
section, the linear arrangement of WECs exhibits a broader impact on wave height across
the area (Figure 14), whereas 13 staggered WECs oriented towards the northeast (Figure 15)
demonstrate more significant reductions in wave height values within a smaller spatial
extent. Additionally, the configuration involving 11 WECs facing southeast (Figure 16) has
a marginal effect on wave height reduction. Furthermore, the southeast orientation of these
WECs away from the dominant wave direction reduces their efficacy in power generation
and wave capture.

Selecting the most suitable wave farm arrangement and location is crucial for each
region’s specific needs and the prevailing erosion patterns. In this case, both linear and
staggered arrangements facing northeast have demonstrated acceptable efficiency in wave
height reduction and erosion mitigation. Moreover, more significant wave height reduc-
tion by these structures implies increased energy dissipation, indicating higher poten-
tial for power generation, especially evident in this study for the 13 staggered devices
facing northeast.
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3.4. The Impact of Harbour Layout on Near Port Current Speed and Sedimentation Pattern

The flow model (FM) and sand transport model (ST) were run for the year of 2013
using MIKE21 simulations to see the impact of placement of WECs in front of the port
and port layout on sedimentation and flow pattern near the port entrance. The sediment
transport model (ST) uses empirical equations to simulate sediment movement based on
factors like grain size, sediment concentration, and flow velocity. On the other hand, the
flow model (FM) relies on shallow water equations (Saint-Venant equations) to simulate
water flow dynamics, considering factors such as water depth, flow velocity, and external
forces like gravity and friction. As evident from the annual bed level change diagrams
(Figure 17), there is a noticeable sediment deposition at the port entrance, which can have
severe implications for commuting and the possibility of the port being closed due to
accumulated sediments [32,33]. As the first step to preventing the port’s closure and reduc-
ing sedimentation, wave energy converters were proposed and modeled in simulations.
Results showed that wave energy devices do not provide a complete solution to eliminate
the necessity for dredging and may even make the sediment accumulation issue more
severe (Figure 18).
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Figure 17. Sediment accumulation in the original port design. Figure 17. Sediment accumulation in the original port design.

Proposing a new design for the harbor was suggested to solve this problem. This
modified design incorporates two curved arms that guide the high-velocity currents away
from the harbor entrance. The intended outcome of this layout is a reduction in the
formation of vortices and circular flows, which have been identified as the main reason
behind the accumulation of sediment at the harbor entrance in the original layout of the
port (Figure 19). Owing to this high-velocity flow passing by the port entrance without
rotatory flow (Figure 20), sediment particles do not linger long enough to settle near the
harbor opening. Instead, they are transported towards the port’s southern reaches (the
dominant flow direction of the region is north to south). Thus, sediment deposits (which
were formerly located near the port’s entry) have shifted to its southern portions (Figure 21).
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Furthermore, the rotatory flow contributes to higher bed shear stress [34], thereby
escalating erosion, especially notable in the southern regions of the original port layout.
However, this rotatory flow has been eliminated in the modified port layout, reducing
erosion in that part. These observations confirm that altering the flow dynamics can
significantly impact sedimentation patterns, which in this case study results in a solution
to the Astara Port entrance sediment accumulation problem and erosion issue. This can be
utilized for ports with similar problems.
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The sediment accumulation near the port in 2013 was analyzed using the bed level
change output of the MIKE21 ST (Sand Transport) model (Figure 22). This analysis included
three different WEC arrangements: 11 SE staggered, 13 NE staggered, and 13 NE linear. By
the end of the year, the sediment accumulation values for these scenarios were 0.0358 m,
0.0943 m, and 0.1231 m, respectively. The sediment accumulation analysis near the port
indicates that the 11 SE staggered arrangement demonstrated the lowest sediment accumu-
lation at 0.0358 m, indicating its good potential in mitigating sedimentation. Conversely,
the 13 NE linear arrangement exhibited the highest sediment accumulation of 0.1231 m.
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Figure 22. Comparison of the impact of different WEC arrangements on sediment accumulation
downstream of the port.

4. Discussion

Waves are significant sources of energy that deform beaches and marine structures,
carrying sediments along the shoreline (through longshore sediment transport) and perpen-
dicular to the shore (through on-shore and offshore sediment transport). The main objective
of this project is to achieve a stable pattern of how the waves operate around wave energy
converters. The innovation of this study arises from examining the dual role of WECs in
energy generation and coastal protection, comparing linear and staggered arrangements,
analyzing WECs orientation effects, and proposing a novel port design for sedimentation
management to move it away from the port entrance. Achieving the objectives of this
study is feasible by recognizing the region’s flow, wave, and wind pattern and studying
the phenomena related to sea waves, such as wave height. These layouts were tested and
simulated for both wave (SW) and flow (FM) models in 2013 and different scenarios.

The limitations of the MIKE21 2D model in capturing dynamic components highlight
the need for future research to explore a 3D analysis of the flow field on a smaller scale.
These studies should aim to investigate how Wave Energy Converters (WECs), specifically
Wave Dragon devices, influence flow and wave dynamics as they move within the water.
This shift to 3D analysis aims to provide a more comprehensive understanding of the
interactions between WECs and the flow field, ultimately shedding light on their impact
on coastal erosion and energy production potential. The necessity for this becomes more
evident as many existing studies overlook the dynamic behavior of the Wave Dragon device
by treating it as a static object and neglecting the modeling of mooring lines.

5. Conclusions

In studying the impact of WECs and port layout on flow hydrodynamics, sediment
dynamics, and wave climate, different scenarios, including various locations of wave farms,
the number of WECs, and their arrangement and orientation, were investigated. The result
of this study demonstrates significant reductions in wave height, particularly notable in
the case of 13 staggered energy converters facing the dominant wave direction, resulting
in a 23% to 25% decrease in Hs values and effective erosion control. Moreover, among
the configurations tested, the 13-staggered arrangement achieves the highest decrease in
significant wave height during a storm event, especially evident in the front placement
scenario with a reduction of 36.26%. This suggests that the optimal configuration for
reducing wave height is the 13 NE staggered arrangement, particularly when positioned
in front of the port. However, the linear arrangement of Wave Energy Converters (WECs)
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offers better coastline protection coverage due to its extended impact length during storm
events (47.88% of the length of the local model boundary).

These conclusions can be practically applied to real-world projects, especially those
focused on coastal protection. The findings suggest that the 13 NE staggered arrangement
of WECs, particularly when positioned in front of a port, is the most effective scenario
in reducing wave height during storm events. The linear arrangement of WECs, despite
providing less localized wave height reduction, offers broader coverage for coastline
protection during adverse weather conditions. Integrating linear WEC arrangements into
coastal protection projects can enhance overall coastal resilience by extending protection
along a significant portion of the coastline.

Finally, the study proposes a new port design to address sediment accumulation,
directing high-velocity flow away from the port entrance, effectively mitigating sediment
deposition near the harbor opening. This redirection of flow results in sediment deposits
shifting to the southern portions of the port, contributing to overall sedimentation control
measures and improved port functionality.
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