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The use of renewable energy instead of oil and gas reservoirs in the Persian Gulf
can be a good platform for renewable energy farms. This study investigates the
energy generated by the tidal flow velocity in the Qeshm channel, using a three-
dimensional hydrodynamic model, MIKE3, Flow Model FM. By installing a

Keywords: hypothetical tidal turbine from Voith Company, with a diameter of 1 m at seven
Energy extraction different stations of the model (respectively from east to west of the channel),
furbine he tidal f he horizontal flow of th is calculated. In th

Khuran Strait the tidal energy from the horizontal flow of the area is calculated. In the
Tides mentioned simulation, wind stress and thermohaline flow are ignored so that
Mike3 the dominant current is the current caused by the change of water level due to

the tide. The flow velocity pattern in spring and neap tides at Higher High Water
(HHW) was then analyzed at the seven stations. The energies of the simulated
currents showed that the east side of the channel had more energy potential on
the days of spring tides, so that at IP1 station, in the first spring tide, 175 watts
of electricity is generated, which in the second spring tides decreases by 28.5%.
On the other hand, the west side of the channel had the potential to generate
electricity in neap tides. Station IP6 had the potential to generate electricity in
both the spring and neap tides, which had more neap tides potential than the
spring tides. The difference in power generated in the first and second neap tides
at IP6 was only 0.7%, which is less than 30.2 W compared to the first and
second spring tides. Therefore, it can be said that according to the shape of the
region, the second bend of Qeshm channel was a more suitable place for energy
extraction with the assumed tidal turbine in the region.

1. Introduction

One of the most important ways to use renewable
energies is the use of the seas energies. Using seas to
receive energy has attracted attentions of the
international community after the oil crisis of the
1970s. Marine Renewable Energies (here after MRE)
have the ability to provide 7% of global electricity
demand [1]. Among all MRE, the tidal current energies
are due to the tides, resulting the gravitational pull of
the moon [2][3]. Tidal energy is one of the most reliable
and promising energy sources [4], due to its
predictability and many other attractive features [5]. It
can also reduce reliance on fossil fuels. Tidal energy is
expressed both as the kinetic energy of tidal currents
and as potential energy of the water level difference
between the tides.

The flows of tides in tidal channels are particularly
important, especially in places where the density

difference and wind-driven flows (as the other two
types of marine currents; [6] are insignificant.
Moreover, the flow pattern can be locally affected by
shoreline shape and depth changes [7]. Therefore,
identifying the best place to install tidal current turbines
will be one of the challenging issues in the MRE basin.
In this regard, countries such as China (e.g. [3]), the
European Union (e.g. [8], the United Kingdom (e.g.
[9], and other developed countries, have conducted
researches in this field in order to take a step towards
economic savings of this type of renewable energy.
Few researches have been done in Iran [10][11][12]
that deal with these issues. In this study, the Qeshm
tidal channel, located in the north of the Strait of
Hormuz, which is strongly affected by the tides
[13][14], has been simulated to identify the location of
the maximum tidal flow velocity in the channel. Then,
the best place to receive tidal energy is calculated by
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assumptive tidal turbines in different selected positions
along Qeshm channel.

2. Materials and Methods

2.1. The study area

The studied area was the Qeshm tidal channel (Figure
1, 26.66-27.15°N, 55.23-56.27°E), located in the north
of the Strait of Hormuz, Persian Gulf (24-30°N, 48-
56°E). Persian Gulf is a semi-closed basin [16] with a
length of 990 km, a width of 56-338 km, and an average
depth of 35 m [17][18]. It is located in the southwest of
Asia on a continental shelf. The Persian Gulf is
connected to the Oman Sea and the Indian Ocean by
the Strait of Hormuz and is surrounded by Iran, Iraq,
Kuwait, Saudi Arabia, Bahrain, Qatar, and the United
Arab Emirates.
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Figure 1. Geographical location of Qeshm channel relative to
Persian Gulf. Stations 1 to 7 are the position of model outputs
along the channel to determine the maximum tidal velocity of
the channel. Stations | to VII are tidal stations. The triangles
are meteorological stations and the star is the location of ADCP.
This figure is prepared in ArcGIS [15] environment.

The Strait of Hormuz is also a curved waterway (Figure
1) that separates the Iranian plate from the Arabian
plate and connects Persian Gulf to Oman Sea. The
bottom of Strait of Hormuz has a steep slope in the
north-south direction. This strait is internationally
strategic and the countries of its border produce 30% of
the world's oil which is exported through the Strait of
Hormuz. In addition to oil, 45% of the world's natural
gas reserves are held by the region countries [19]. The
existence of oil has led to the economic dependence of
countries in the region on oil, and therefore in the field
of MRE, no serious action has been taken by countries
of the region [20]. Qeshm Island, is the largest island
of Persian Gulf with an area of 2.5 times the country
(island) of Bahrain [21] in the Strait of Hormuz. Qeshm
channel is located between the north of Qeshm Island

and the south coast of Iran. This channel is also
sometimes called the Khuran Strait (Figure 1). This
channel is also known by its eastern important ports
(Shahid-Rajai and Bahonar port) and its western
aquatic environment (mangrove forests) near 1P4 of
Figure 1 and it has unique complexities.

Although the length of the Persian Gulf from the Strait
of Hormuz to the northwestern part of Arvand River
(with discharge of 435 m3™, [22]) is approximately
1000 km [23][24], but the length of the Qeshm channel
is about 110 km [25]. The maximum width of the
channel is 25 km between Bandar Abbas and Qeshm
city and the minimum width of the channel is 3.5 km
between the Pohl port and Laft port in the Khuran Strait
[25].

The Persian Gulf’s climate is affected by extra-tropical
weather system, which comes from the northwest. On
the other side, the Oman Sea is affected by the tropical
system of the Arabian Sea and the Indian Ocean, so that
the monsoon cycle causes south winds in summer and
strong north winds in winter. The Strait of Hormuz is
the border of these two climate systems [18], which
modulates the effects of those two systems; so that the
prevailing wind is local and short-lived duration.
Hence, the Qeshm channel is more affected by tides
[25] than the prevailing climatic patterns. The Qeshm
channel tides are mixed semidiurnal tides and affected
by Ki, N2, Sz, My, and O; components [26][27][28].
Since Qeshm channel is affected by the shape of its
coastline [29], then the natural characteristics can affect
the placement of devices in energy extraction.

2.2. The simulation method

To study the Qeshm channel MRE, the three-
dimensional hydrodynamic model MIKE 3 [30],
Service Pack 3, 2012 version, related to the Danish
Hydraulic Institute (DHI) has been used, which has
already been used in other aquatic basin studies (such
as [31], [30], [32], [33], [34]). Besides, the models of
this institute have been already tested in the Qeshm
channel area (for example [35], [36], [37] and [29]).
The MIKE 3 flow model, abbreviated MIKE 3 FM,
hereinafter referred to MIKE, uses the finite volume
method. This hydrodynamic module solves the three-
dimensional equations of stability, mass, and time-
dependent momentum, the incompressibility of Navier-
Stokes equations using the Boussinesq approximation
and the hydrostatic pressure. MIKE uses the UNESCO
equations for seawater state (1980) [38] in the form of
a series of relationships between salinity, temperature,
and density [39]. Its most important feature is the
flexible triangular and rectangular grid with different
sizes in its computational range [40], which it is used a
triangular grid in this study (Figure 2). Figure 2 shows
the details of grids and bathymetry of the Qeshm
channel, prepared in the MIKE Zero. Numbers of
created triangular grids were 4433 with 3136 points.
The topographic information of the area is provided by
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NOAA NGDC and provided by ERDDAP Server [41].
The main source of NOAA NGDC data is the ETOPO1
satellite, which is made up of multiple regional and
global datasets and connects the data with an
alternative global model of the land surface, land
topography, and ocean bathymetry.

[deg]

552 553 554 555 556 557 558 559 560 561 562 563
[deg]

Figure 2. The bathymetry of Qeshm channel with the flexible
triangular mesh scheme of the model in MIKES3.

The used coordinate system for the simulation was the
Cartesian coordinate system in horizontal directions,
and the Sigma coordinate system in the vertical
direction, so that the vertical coordinates could follow
the elevation of the bed. The numbers of layers of the
Sigma coordinate system were considered five levels,
which was appropriate due to the shallow depth of the
area (with maximum depth of -30 m). The thickness of
each layer varies from at least 0.4 m to 6 m (depending
on bed depths and changes of water levels in spring and
neap tides).

Two land (hard) borders in the north and the south of
domain and two open borders in the east and the west
were considered (Figure 2) where the open borders
could change the water level due to tides. The length of
the channel was 110 km and its width was 19.8 km in
the eastern border and 11 km in the western border with
the maximum depth of -30 m. Tidal data were used on
the open borders. Table 1 shows the location of tidal
stations around the Qeshm channel (flags I to VII of
Figure 1). It was used the stations of | and VI for tidal
injection into the simulation.

Table 1. Tidal stations on the domain.

. Location

No. Station Name Latitude ("N)  Longitude (°E)

| Ba”daFr{;a?hah'd 2711003415  56.0605717
1l Hormuz Island 27.0678342 56.46119855
11 Larak 26.85571385 56.36407975
\V4 Bandar-E Bahman 26.9455038 56.2775832
Vv Basaidu 26.6447722 55.2829242
VI Bandar Lengeh 26.5640657 54.8908389
VII Bandar Kong 26.6028576 54.94731545

Since the location of Qeshm channel is almost
horizontal, narrow, and long and because of small
variations of its latitude (26.6°N-27.2°N, with the width
of approximately about 0.8 degrees), it does not cause
much deviation in the Coriolis parameter. Maximum
changes in the Coriolis parameter are less than one
percent (0.45%). Therefore, the changes of the Coriolis
force can be ignored in the current simulation.

Maximum wind speed and direction information, in
two synoptical stations of Bandar Abbas (27.13°N and
56.22°E and 9.8 m above sea level [42], black triangle
on Figure 1) and Qeshm (26.73°N and 55.91°E and 6 m
above sea level, white triangle on Figure 1) were
extracted from the Meteorological Organization of Iran
in January 2016. Figure 4 shows these data in Matlab
software [43]. It can be seen that the two
meteorological stations are slightly different from each
other. The average wind speed of Qeshm station is
5.80+2.31 m/s (mean + standard deviation) and Bandar
Abbas station is 5.67£1.71 m/s (mean * standard
deviation). Therefore, due to the small size of Qeshm
channel, the wind speed can be considered constant and
equals to 5.74 m/s in the whole domain. To simplify the
simulation, the wind speed was considered to be zero,
which was previously assumed in the study of [25]. The
wind patterns are also local, so it is reasonable to
consider the wind speed equals with zero. Therefore, it
was assumed that wind stresses of the basin are
negligible (according to the study of [25]) and equal to
zero. It was also assumed that the current due to the
density difference does not have much effect on the
channel (according to the study of [25]) and the current
caused by the waves has not been considered. As a
result, it was assumed that the current pattern of Qeshm
channel in this simulation were effected by tides.

Bandar Abbas Qeshm
0

20- 25 mis.
15- 20mis
10- 15mis
5-10mis
0-5mis

[T

180 180

so/1/201e
Date(January 2016)

Figure 3. Comparison of wind speed between two synoptical
stations of Bandar Abbas (black triangle of Figure 1) and
Qeshm (white triangle of Figure 1), in January 2016. Up) Wind
rose of Bandar Abbas and Qeshm. Down) The same feather
diagram, for Bandar Abbas (black solid line) and Qeshm (gray
dash line).

The simulation outputs included the flow speed and
direction along horizontal and vertical directions, the
velocity components along x, y and z axes. For the
longitudinal check of Qeshm channel, seven stations
(IP1 to IP7 of Table 2) were selected to study outputs
quantitatively. These stations are shown on Figure 1 as
gray points numbered one to seven. In each station it
was installed an assumptive turbine.
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Table 2. Location of turbines on the studied area as illustrated
on Figure 1.

Geographical location
Latitude (°N) Longitude (°E)

Station names

IP1 27.06656 56.23585
IP2 26.94609 55.84574
IP3 26.9633 55.75624
IP 4 26.91282 55.622

IP5 26.80152 55.6002
IP 6 26.71891 55.45219
IP7 26.70973 55.27549

The appropriate input data is a good way to achive a
good simulation. And then the model was run for one
month (January, 2016) and the model outputs were
extracted in the stations mentioned on Table 2 in spring
and neap tides (Table 3).

Table 3. Spring and neap tides of the model

Date Time Tidal tvpe Model time
(year/m/d)  (hour) yp step
1:00 HHW* 24
7:00 st HLW* 30
2016/1/2 13:00 1t Neap LHW™ 36
19:00 LLW** 42
4:00 HLW 243
10:00 ot Cpri LHW 249
2016/1/11 16:00 15t Spring LLW 255
22:00 HHW 261
3:00 LHW 410
9:00 nd HLW 416
2016/1/18 15:00 2" Neap HHW 429
22:00 LLW 429
4:00 LLW 603
10:00 2nd LHW 609
2016/1/26 16:00 Spring HLW 615
22:00 HHW 621

“HHW stands for Higher High Water
*LHW stands for Lower High Water
"HLW stands for Higher Low Water
**LLW stands for Lower Low Water

To extract the most suitable water level data for open
boundaries, it was used Tidal Model Driver, hereafter
TMD package version 2005 [44], related by Oregon
State University [45] in Matlab software [43]. This
software was written by Oregon State University in
2003 and was used in other studies such as [46]. This
package can predict tides by the accuracy of at least one
minute by one minute at any various point of the whole
world. It was used the tidal amplitudes and phases of
the eight main components (M2, S2, N2, K2, K1, O1,
P1, Q1) of Persian Gulf on the special Persian Gulf
version of TMD package by the resolution of 30
seconds on 30 seconds in January 2016 [47][48].

The reason of using TMD package was good accuracy
on the field measurement comparisons. Figure 4 is a
sample comparison (in January 2016) between TMD
model (solid lines) and the field Iran National
Cartographic Center water levels data in an eastern
station (Bandar Abbas, Figure 4, up) and a western
station (Bandar Lengeh, Figure 4, down) of open
boundaries (dot lines). It is obvious that TMD can
predict roughly accurate tidal information. This is
obvious from the comparisons of measured data of all

stations of Table 1 with TMD and tidal information of
Tides4fishing website [49].

Figure 4: Comparison of model input data achieved by TMD
(solid lines) and Iran National Cartographic Center field data
(dot lines) in (up) eastern and (down) western boundaries in
January 2016.

In order to force MIKE3 by tidal inputs of open
boundaries, the average of four eastern station (I, I, 111
and IV of Table 1) was used for eastern boundary and
the average of three western stations (V, VI and VII of
Table 1) were used for western boundary of Qeshm
channel. Their means were respectively 1.68 m and
2.03 m on the eastern and western boundaries. To
import tidal data to MIKES3, it was used the middle of
each eastern and western boundary.

To calibrate and validate MIKE3 model, measured
ADCP current speed (located 26.963°N and 55.779°E)
at depth 13 m from the bed near the Qeshm channel
narrowing (Figure 1, star point) by one-hour interval
from 1 September 2005 to 11 September 2005 was
compared with model (Figure 5) by two different tidal
inputs of TMD and Tides4fishing website. These tidal
data were entered into the open east and west
boundaries of the MIKE3 model, as times series, with
the extension of dfs0. Because each time-series data of
the stations can be extracted and mapped for analysis
and statistics at those stations and maps [51]. Then, the
exact correct point of the field data (Figure 1, star point)
was also defined in the model as an output. The
horizontal tidal velocity described as:

U =vu®+v? 1)
where in Eq.(1), U , stands for the horizontal tidal

speed and u and Vv are horizontal components of tidal

currentinm/s.

The proper bed coefficient was also checked for the
accuracy of results. In order to do that the model was
implemented with the tide of 2005 and with different
bed coefficients to compare the horizontal speed of the
model sorted by different type of tides with the
horizontal speed of the field data. From all tested and
compared values of the bed coefficient of the model,
the value of 0.004 was the most appropriate bed
coefficient (Figure 5). As it is also obvious by the final
outputs of MIKE3, there is better match between TMD
input to the open boundaries of MIKE3 than
Tides4fishing ones. Therefore, TMD was a better
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choice as tidal boundaries inputs of MIKE3. Although,
there is a phase difference of 2 and 3 hours with the
ADCP data. Since the type of tides of area are
semidiurnal by the period of 12 hours and 50 minutes,
then this phase difference, is about 15-23%, and
therefore it is roughly appropriate and acceptable.

For tidal energy, various formulas have been proposed.
Here, it was used Eq.(2) which was previously studied
by others (e.g. [52], [53], and [54]) as:

1 JE—
P ==5 AU, 2)

where in Eq.(2) p stands for the flow density and is
equal to 1025 kg /m? for the studied area [25]; A is

the cross-section of the turbine in m*, and U is the
averaged fluid velocity achieved by the simulation in
m/s. Since on different bed depths and at different
tidal currents scales, different type of turbines can be
used, then a small type of Pit turbine type has been
selected from Voith company for this simulation. These
turbines have a diameter of 0.80 to 8.40 m [55] and the
diameter of the installed turbine in the model was
considered equal to one meter.

The model included turbines and was run in January
2016 on Widows 8.1 Enterprise by a corei7 CPU, RAM
of 8 GB and hard of 1 TB by time intervals of one hour.
The times series of model velocity components on the
exact time of Higher High Water, HHW, of each day,
transferred to Microsoft office Excel [56] to achieve the
horizontal velocity speed of the stations.
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4. Results and Discussion

The horizontal speed of HHW in both neap and spring
tides in January 2016 are stated in Table 4 and 5,
respectively. The average surface horizontal speed of
HHW in spring tides is 0.22 m/s (IP2 to IP6). This value
is 0.17 m/s in neap tides. For bottom layer, these values
decrease to 0.16 and 0.13 m/s in spring and neap tides
respectively. It means that the average speed is higher
at surface layer in compare with bottom layer in both
spring and neap tides. As it is also obvious for all
stations, the tidal horizontal flow speed trend is also the
same for surface and bottom layers by reduced values
of bottom layer.

Table 4. The calculated horizontal speed (in meters per
seconds) at the stations (IP2 to IP6, Figure 1) of Qeshm
channel at neap tides in January 2016.

The horizontal speed (m/s)

Difference
Date Station Surface Bottom (Surface—
layer layer Bottom)

(%)
IP2 0.13 0.10 2.90
2n January IP3 0.27 0.19 7.38
2016 IP4 0.14 0.11 3.27
(1%t Neap IP5 0.13 0.09 3.23
Tide) IP6 0.26 0.20 6.76
Average 0.19 0.14 4.71
IP2 0.10 0.08 2.10
18M January IP3 0.19 0.15 4.60
2016 IP4 0.13 0.10 2.95
(2" Neap IP5 0.12 0.10 1.23
Tide) IP6 0.24 0.18 6.15
Average 0.16 0.12 3.41
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Figure 5. Comparison of MIKE3 current speeds (in meters per seconds) by different tidal input sources in September 1, 2005 to
September 11, 2005. Tidal Model Driver input to MIKE3 are as solid line-cross points; Tides4fishing website [49] input to MIKE3
are as dot line-dot points and field data of [50] are as solid line-dot points.
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Table 5. The calculated horizontal speed (in meters per
seconds) at the stations (IP2 to IP6, Figure 1) of Qeshm
channel at spring tides in January 2016.

The horizontal speed (m/s)

Difference

Date Station Surface Bottom (Surface—

layer layer Bottom)
(%)
11th IP2 0.19 0.15 4.25
January IP3 0.37 0.26 10.42
2016 IP4 0.21 0.16 5.10
(1% Spring IP5 0.17 0.13 4.03
Tide) IP6 0.27 0.20 6.93
Average 0.24 0.18 6.14
26t IP2 0.16 0.12 3.49
Januar IP3 0.31 0.22 8.61
201ey P4 0.16 0.12 3.72
(2 Spring IP5 0.13 0.10 3.21
Tide) IP6 0.25 0.19 6.40
Average 0.20 0.15 5.09

Moreover, the average speed is higher on 1% and 2"
spring tides (0.24 and 0.20 for surface layer, and 0.17
and 0.15 for bottom layer, respectively). This amount
is lower on 1% and 2" neap tides (0.19 and 0.16 for
surface layer, and 0.14 and 0.12 for bottom layer,
respectively). At all stations (Table 4 and 5), the tidal
horizontal speeds increase in both surface and bottom
layers at spring tides while lower values are available
for tidal speeds at neap tides.

Table 5 also shows that on the surface and bottom
layers, the highest speeds referred to IP3 at the two
spring tides (0.37 and 0.26 m/s during the first spring
tide and 0.31 and 0.22 m/s during the second spring
tide, respectively). It means that this station has
potential for extract of tidal current energy. According
to Table 5, the lowest values of surface and bottom
layers referred to IP5 (0.17 and 0.13 m/s during the first
spring tide and 0.12 and 0.10 m/s during the second
spring tide, respectively) in the two spring tides (Table
5). Furthermore, in neap tides, IP6 has more high speed
values on the surface and bottom layer (0.26 and 0.20
m/s at higher high water of the first neap tide and 0.24
and 0.18 m/s at HHW of the second neap tide,
respectively) in compare with IP3 at the same time due
to Table 4. It is also obvious that the horizontal speed
of IP2 and IP5 both are small in neap tides and it means
that these two stations are not suitable for extracting
tidal current energy.

Therefore, results of Table 4 and 5 made clear that the
positions of stations are important for high values of
tidal horizontal speed (Eq. 2). The speed is low on IP2,
the station before the narrowing part of the channel on
the right of domain. Then it suddenly increases on IP3,
the station exactly located on the first and most
narrowing part of Qeshm channel. The IP3 speeds
approximately doubles in compared with the previous
station, IP2. Thereafter, the tidal horizontal speed
decreases at IP4 before the mangrove forests and after
the narrowest part of the channel. On IP5, after the
mangrove forests, the horizontal tidal speeds decrease

again and then increase again at the second narrowing
part of the channel, IP6. This rhythm repeats by the
period of 4 days between stations from IP2 to IP6.

On the other hand, as it is stated, there is a significant
difference in station IP3 compared to IP2. The speed at
station IP3 is almost twice that of IP2, which may be
due to the difference in morphological characteristics
of the location of station IP3 compared to IP2. This can
reinforce the initial hypothesis about the effective
location for extracting the most tidal energy.

Figure 6 shows the average tidal energy power in both
the spring and the neap in January 2016 at each of the
seven stations of Table 1.

= 1St neap tides = 1st spring tides

2nd neap tides 2nd spring tides

=@ Averaged spring tides == 4= Averaged neap tides
180

LA

90 -
60

Power (W)

30

e

IPL IP2 IP3 IP4 IP5 IP6 IP7
Stations

Figure 6. The averaged tidal energy powers (in watts) of
turbines in January 2016 in spring and neap tides.

It can be seen that the highest tidal power is related to
IP1 in the first spring tides (175.4 W) and then at the
point IP6 in the first neap tides (134 W). Then, the first
neap tides on IP6 and the second spring tides on IP1 are
next with 125.5 and 133 watts, respectively. Relatively,
the IP6 point has the most power among the stations at
all four periods, with a maximum difference of 30 watts
relative to each other. Station IP5 also has the lowest
power between stations, which, due to its position after
the middle curve of the channel, it makes sense to have
the lowest tidal current velocity and therefore the
lowest tidal energy. In general, except IP6 and IP7
stations, which have more power in neap tides, in other
stations, the highest amount of power generation
energy by the turbines are allocated to the days of the
spring tides.

5. Conclusions

Results clearly showed that tidal velocities of Qeshm
channel increased in both surface and bottom layers at
the spring tides. It will be because of higher water
levels of spring tides in compare with neap tides.

The model results of tidal current energy in Qeshm
channel also illustrate that the location of the turbine
installation is important. A spatial study of the highest
power of installed turbines in different studied stations,
showed well that the IP6 station has the highest amount
of power generation capacity in both the spring and the
neap tides, which according to the model results, it has
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the highest flow velocity. Although the greatest depth,
and of course the highest speed was near the Qeshm
channel (IP3 station), the potential of IP6 station was
more than IP3 station in both the spring and the neap
tides at HHW.

It should be noted that in this study, only one turbine
with the lowest cross section (turbine diameter) had
been used in the simulations and calculations. Of
course, in areas with more depth than the channel,
turbines with more number and cross-section can be
used to increase energy production capacity, which has
the greatest depth near the narrowing part of the Qeshm
channel.

List of Symbols

A cross-section of the turbine [in M’ ]
HHW Higher High Water [in m ]
HLW Higher Low Water [in m]
LHW Lower High Water [in m]
LLW Lower Low Water [in M ]

P Tidal energy power [in Watts]
u The first horizontal component of tidal current
[inm/s]
U The averaged simulated fluid velocity for the
A A
turbine [inm/s]
U, The horizontal speed of tidal current [inm/ s ]

The second horizontal component of tidal
current [inm/s]

P density [in kg /m®]
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ABSTRACT

Biofuels are the up and coming alternative to exhaustible, inenvironmentally
and unsafe fossil fuels. Microalgae as a source of biofuels have been widely
studied for biodiesel/biogas/biohydrogen/biochar/bioelectricity production and
has been gathering much contemplation right away. Increasing in energy
demand and in greenhouse gas emission makes it important to develop
alternative energy carriers that are renewable, clean and environmentally
friendly. The use of arable land for biofuels in some cases has been associated
with food insecurities and increased greenhouse gases caused by indirect land
use change effects. Microalgae can grow on land not suitable for agriculture and
would alleviate these concerns. The high lipid and mineral contents of
microalgae render it beneficial for the production of biofuels and value-added
products. On the other hand, result in to the reducing pollution and protecting
the environment, because as a result of generating electricity in fuel cells or
mechanical force in blast engines, the only output is water vapor. This review
focuses on the current scenario and future prospects of microalgae aimed at
biofuel production and the technologies available for converting the biomass
produced into biofuel are analyzed. The goal of this work was to give a

comprehensive review on biofuel production from microalgae biomass.

1. Introduction

Microalgae are unicellular and  multicellular
photosynthetic microorganisms that grow rapidly and
have highly efficiencient, and their biomass production
is 50 times higher than that of fast-growing terrestrial
plants [1]. Microalgae are eukaryotic organisms found
in almost all ecosystems and are well adapted to a wide
range of environmental pressures such as cold, heat,
drought, salinity, light oxidation, UV radiation,
anaerobic conditions and osmotic pressure [2]. They
have low nutritional needs, high growth rate and the
ability to accumulate or secrete the right metabolites,
which is the main reasons for their biotechnology in the
near future [2].

Microalgae have been suggested as good candidates for
fuel production because of their higher photosynthetic
property, efficiency, higher biomass production, and
faster growth compared to other energy crops. Algae
contain protein, carbohydrates and lipids. Lipids can be
processed to biodiesel, carbohydrates to be ethanol and
H>, and proteins as raw material for biofertilizer. There
are many ways to convert the oil and fats into biodiesel,
namely transesterification, esterification, blending,
micro emulsion and pyrolysis, but transesterification
and esterification are the most commonly used

10

methods. Other important factor in biodiesel
production is fatty acids (FA) type, and its amount.
There are three main type of the FA that can be present
in a triglyceride, i.e., saturated, mono-unsaturated and
poly-unsaturated with two or three double bonds. The
cetane number (CN), kinematic viscosity, density and
heating value of biodiesel can be predicted from the FA
composition [3].

Microalgae cells are able to convert and store energy
instead of using it for growth. Thus, microalgae
biomass can be considered as new systems for the
production of biofuels that potentially replace fossil
fuels due to the renewability, stability and short growth
cycle of algae. Biofuels are not only suitable for
replacing fossil fuels, but also reduce the concentration
of carbon dioxide in the atmosphere [2].

Microalgae are located at the bottom of the aquatic food
chain and, as photosynthetic organisms, capture carbon
dioxide and water and convert them into organic
compounds (such as triglycerides) or electron acceptors
(such as molecular hydrogen) with the help of sunlight,
which eventually accumulate or precipitate [2].

The lipid and biomass content of microalgae can reach
over 80% and 7.3 grams per liter per day of biomass
dry weight makes them an ideal candidate for biofuel
[4] and lipids can be extracted for biodiesel production
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from  microalgal biomass [5], while the
residual/leftover biomass can converted into different
liquid and gases biofuel including bio-alcohols through
fermentation [6], bio-H; through dark fermentation [7],
and bio-CHjy via anaerobic co-digestion [8].

The different microalgae cultivation systems consist of:
Open system, Closed system (Photobioreactor), Algal
turf scrubber (ATS), Hybrid cultivation system (HCS).
The most common methods of harvesting microalgae
are gravitational deposition, flocculation,
centrifugation, filtration and micro-screening, flotation
and electrophoresis technologies. The choice of
technology for harvesting depends on the properties of
the microalgae [9].

2. Microalgal Biofuels Production

Several characteristics that make microalgae suitable
for energy recovery. These include: (i) absence of
competition with food supply, (ii) high productivity
with reduced cultivation areas (oil yield of about 70%
by weight of dried biomass, with area requirement of
just 0.1 m?year per kg extracted), (iii) growth
possibility on areas not suitable for other crops, without
subtraction of soil from food crops cultivation, (iv)
production in most types of water (fresh, brackish and
waste water), with minimal or positive impact on water
resources use [10].

The adverse impact of fossil fuel combustion products
on the environment and its depletion as non-renewable
energy has accelerated the pace of energy
transformation in various countries [11, 12, 13].
Among the various types of biomass, algal biomass is
highly considered for biofuel production due to higher

lipid and sugar content in algal biomass [7, 14, 15].
Microalgal biomass has the potential for production of
a broad range of biofuel through different routes.
Microalgal biomass can be transformed into biodiesel
through the transesterification of lipid [16], bioethanol,
bioH, through the fermentation of carbohydrates [7,
17], while bio-CH, via co-digestion [18].

The use of algal biomass for bio fuels production has
many advantages, namely: algal bio-mass can be
produced all over the year and have a rapid growth
capability, it grows in aqueous media, but it requires
less water than terrestrial crops, it can be grown in
brackish water on non-arable land, algae cultivation
does not need herbicides or pesticides application and
the nutrients for algae growth (mainly nitrogen and
phosphorus) can be obtained from wastewater, thus as
the algae grow, water effluent from agro-industrial
sectors are treated. Algae growth does not compete
with food production and it improves air quality due to
CO, bio-fixation, as 1 kg of dry algal biomass uses
around 1.83 kg of CO2. Many species of microalgae
have oil content between 20 and 50% dry weight and
by changing the growth conditions the oil yield may
increase significantly. The thermochemical processes
developed for biomass energetic valorization may be
also used for algal biomass, having in mind the
specificities of this type of biomass. Thermochemical
processes are usually divided into dry or conventional
and wet or new hydrothermal processes that operate
under sub or supercritical conditions [3]. A conceptual
model for integrated microalgal biomass and biofuel
(biomethane, biodiesel, biohydrogen, and biogas)
production is shown in Figure 1 [19].

Biohydrogen Triacylglyceride errizz;  Biodiesel
(TAG)
' r )
2 H,O + Nutrients
H,O +Nut111timltlst Algal biomass | Biomass | Biomass . Fermentable
CgO production recovery "| extraction carbohydrate
)
r Fertilizer
Trrigation Bioethanol
A F Y
PN Effluent
ENT
Power Biogas 77 Anaerobic | + Animal feed, other
generation | digestion | high-value co-product

Figure 1. A conceptual model for integrated microalgal biomass and biofuel production.

2.1. Biodiesel

The biodiesel production should involve cell
disruption, extraction, and transesterification of the oil
to biodiesel. There are several methods for the effective
extraction of lipids from microalgae, including
autoclave, microwave, sonic and 10% NaCl solution to
identify the most effective method of cell degradation
[20].
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The rapid increasing in the concentration of carbon
dioxide in the atmosphere along with the depletion of
fossil fuel reserves has led to an increase in attention to
renewable fuels. Due to the high biomass production of
microalgae, rapid lipid storage in their cells and the
ability to survive in saline water have been identified
as important food storage for industrial biodiesel
production [21]. Among the microalgae that are
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potentially used as biodiesel biofuels, Chlorelea is the
most considered due to its ability to adapt to
heterotrophic and phototrophic breeding conditions [4].
Microalgae is able to produce a considerable quantity
of lipids in the range of ~5000 to 100,000 L/hector/day,

while microalgal derived biodiesel have a high energy
content (39 to 41 KJ/g). Table 1 shows oil content of
certain microalgae suitable for biodiesel production
[19].

Table 1. Oil content of certain microalgae suitable for biodiesel production.

Microalgae Oil content (% dry wt) Reference

B. braunii 25-75 Chisti 2007 [62]
Chlorella emersonii 63 Iliman et al. 2000 [63]
Chlorella minutissima 57 Iliman et al. 2000

C. vulgaris 56.6 Liu et al. 2007

C. vulgaris 40 Iliman et al. 2000

C. protothecoides 23 Iliman et al. 2000
Chlorella sorokiniana 22 Iliman et al. 2000

C. cohnii 20 Chisti 2007
Cylindrotheca sp. 16-37 Chisti 2007

D. primolecta 23 Chisti 2007
Isochrysis sp. 25-33 Chisti 2007

M. salina >20 Chisti 2007

Monodus subterraneus 39.3 Khozin-Goldberg et al. 2006 [64]
Nannochloris sp. 20-35 Chisti 2007
Nannochloropsis sp. 31-68 Chisti 2007

N. olecabundans 54 Metting 1996 [65]

N. oleoabundans 35-54 Chisti 2007

Nitzschia laevis 69.1 Chen et al. 2008b
Nitzschia sp. 45-47 Chisti 2007
Parietochloris incise 62 Solovchenko et al. 2009 [66]
P. tricornutum 20-30 Chisti 2007
Schizochytrium sp. 50-77 Chisti 2007

T. sueica 15-23 Chisti 2007

Chlorella sp. 28-32 Chisti 2007

Biodiesel can be produced by direct transesterification
with heterogenous/homogenous catalyst or via in-
situ(trans)esterification of the microalgal lipids [22].
High lipid efficiency of dominant and rapidly growing
algae is one of the main preconditions for commercial
production of bio-gasoline from microalgae lipid.
Although large amounts of algal biomass are produced
under optimal growth conditions, they are relatively
low in lipids, while species with high lipids are
typically slow-growing. Major advances in this area
can be made by inducing lipid biosynthesis, for
example, through environmental pressures. There has
been a wide range of studies to identify and develop
efficient lipid induction techniques in microalgae such
as nutrient stress (eg, nitrogen or phosphorus
deficiency), osmatic stress, radiation, pH, temperature,
heavy metals and other chemicals. In addition, several
genetic methods have been developed to increase
triglyceride production and inductance [23].

Growth stress conditions can often be used to increase
natural lipid formation. This stress was either due to the
use of nutrient-deficient breeding cultivation or the
addition of excess salt to nutrient-rich cultivation. It
seems that the combination of nutrient deficiency and
salt enrichment increases lipid formation in Isochrysis
sp., but this condition reduces lipid in Dunaliella
salina. Interestingly, the amount of free glycerol for
Dunaliella sp. seems to be quite high. Botryococcus
braunii produces relatively high lipid content in each
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set of different growth conditions, but the highest value
was 54.2% (DW) in nutrient deficiency conditions [3].
Nannochloropis, which grows in nitrogen-deficient
cultivations, can increase lipid levels from 28% to more
than 50%. Lipid production indicates that a maximum
of 150 mg/L per day is achieved when cellular nitrogen
reaches 5 to 6%. However, in this study, the initial
concentration of nitrogen in the breeding medium
reached more than 25 mg/I [3].

Microchloropsis salina (Monallantus salina) is able to
produce 72% of lipids in nitrogen deficiency
conditions. To produce lipids, the percentage of them
in microalgae is less important than maximizing
growth rate. The result is that nitrogen-deficient
cultivation increases lipid production compared to
cultures with sufficient nitrogen. High light
environments have more lipids than low light
environments. In addition, the amount of lipids in
culture and lipid production rates indicate that higher
amounts of lipids are produced under conditions of
sufficient nitrogen and high light, due to greater
biomass growth [24].

2.2. Biogas

In the biogas production model, it is assumed that the
inflows to the AD are derived from five process steps.
These include the vinasse, a by-product in ethanol
production; the primary sludge from the wastewater
primary treatment stage; the algae residues (lipid-
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extracted algae (LEA) and the undisrupted algae) from
the oil extraction step; the filtered algae in the
harvesting section; and crude glycerol, a by-product
from the transesterification step in the biodiesel
production.

The vinasse from the ethanol production factory was
one of the components with a high mass flow rate.
Considering the molasses-based distillery effluent,
vinasse, as the main component in the anaerobic
digestion, the following four reactor configurations
were implemented on a commercial scale: a continuous
stirred-tank reactor (CSTR), an upflow anaerobic
sludge blanket (UASB) reactor, a fixed film/media
digester (or anaerobic filter, AF), and a thermophilic
digester. The most successful configurations today are
the UASB and CSTR reactors. The UASB reactors are
used for the treatment of a wide range of industrial
wastewaters (from low-to-high-strength wastewater)
including vinasse. UASB reactors are being
encouraged because of their several advantages
including plain design, uncomplicated construction and
maintenance, low construction and operating costs, low
sludge production, robustness in terms of chemical
oxygen demand (COD) removal efficiency and wide
applicability, less CO2 emissions due to less energy
requirement, as well as quick biomass recovery [25].
co-digestion of microalgae biomass and primary sludge
(PS) enhances 65% CH. productivity as well as
microcontaminants removal efficiency achieved up to
90%.

During the AcoD process, the produced biogas contains
CH, (50-65%) and CO- (40— 50%) and traces amount
of H2S04, N2O, which need separated from the methane
[26]. Therefore, innovative and sustainable biogas
upgrading technologies are immediately required.
However, there are several traditional upgrading
technologies  (chemical  adsorption, membrane
separation, and pressure swing adsorption) available,

which demand a high cost [27]. Recently, microalgae-
based biogas upgrading are under investigation to
avoid the major disadvantages of conventional biogas
upgrading [28].

2.3. Biohydrogen

The need to safeguard our planet by reducing carbon
dioxide emissions has led to a significant development
of research in the field of alternative energy sources.
Hydrogen has proved to be the most promising
molecule, as a fuel, due to its low environmental
impact. Even if various methods already exist for
producing hydrogen, most of them are not sustainable
[29].

Hydrogen as the cleanest source of energy is a
promising alternative to conventional fossil fuels.
Among different technologies for hydrogen
production, photosynthetic microorganism, such as
microalgae, has a great potential to produce hydrogen,
by using only water and sunlight, as both clean and
cheap sources. Microalgal biohydrogen
photoproduction: scaling up challenges and the ways
forward [30].

Many algal species show potential to produce hydrogen
under certain conditions. Nonetheless, certain technical
barriers like developing low-energy methods to harvest
microalgal cells, difficulties in continuously producing
biomass at a large scale, the presence of invasive
species in large-scale ponds, low light penetrance in
dense microalgal cultures, and the lack of cost-effective
bioenergy carrier extraction technigues, are required to
overcome before using microalgae as an economically
viable biofuel feedstock [31].

Microalgal hydrogen production is made possible by
biological processes directly or indirectly, depending
on sunlight, or by fermentation processes and
thermochemical technologies for biomass conversion
(Figure 2)[29].

BIO-PHOTOLYSIS

FERMENTATION

Direct
Bio-photolysis

Indirect
Bio-photolysis

Photo
Fermentation

Dark
Fermentation

HYDROGEN

Figure 2. Hydrogen production processes in microalgae.

A large number of unicellular, filamentous, fresh water,
and marine cyanobacterial species and strains have
been produced large quantity of hydrogen. Gloeocapsa
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alpicola, Anabaena variabilis, Anabaena azollae,
Arthrospira  (Spirulina)  platensis,  Anabaena
cylindrica, Cyanothece, Nostoc muscorum, etc. has
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been produced a high quantity of hydrogen gas.
Anabaena sp. is produced extraordinarily significant
amount of hydrogen. Among them nitrogenstarved
cells of A. cylindrica produces highest amount of
hydrogen (30 ml Hy/lit/h) [19].

Microalgae can produce biohydrogen naturally by light
or its biomass can be used as a raw material for
fermented biohydrogen.

The pivotal process of microalgal metabolism consists
of oxygenic photosynthesis and complex redox
reactions that take place at the level of the thylakoid
membranes in chloroplasts through two successive
phases. During the first light-depending reactions, ATP
and reduced NADH, and NADPH, are generated to be
involved in the next dark reactions where the
atmospheric CO; is fixed by a RuBiSco (ribulose-1,5-
bisphosphate carboxylase/oxygenase) enzyme to
ultimately generate energy rich-carbohydrate stores.
Specifically, during the light phase, an electron
transport chain is generated along with photosystems 11
(PSII) via the plastoquinone (PQ) pool, cytochrome b6f
complex (Cyt bef) and photosystems | (PSI) due to the
light energy received as photosystems are associated
with light-harvesting complexes I and 1l (LHC | and
LHCII), consisting of numerous photoreceptive
pigments. These electrons through PSI leave the
electron transport chain and reach the final acceptor
ferredoxin (Fd) [32]. In anoxic conditions, Fd is able to
address electrons to the hydrogenase enzyme.

This kind of enzyme catalyzes a reversible reaction in
which hydrogen can also be split into electrons and
protons [29]:

2H" +e o H,

In direct photolysis, there is a dissociation of water into
hydrogen and oxygen in the presence of light, that is,
H.O — H; + %0,. Green microalgae can use light to
carry out photosynthesis as they possess chlorophyll a
and the photosynthetic systems: Photosystem (PS) 1l
and Photosystem (PS) I, respectively. Disadvantages
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are the enzyme hydrogenase is very sensitive to oxygen
so when a certain amount of oxygen is present, will
inhibit hydrogenase activity and will stop it from
producing hydrogen. Also, it requires high intensity of
light. The advantages include tenfold more solar
conversion in green microalgae.

There is two step processes during Indirect photolysis,
firstly there is a splitting of water molecules in the
presence of sunlight and protons and oxygen is formed.
Secondly carbon dioxide fixation occurs storage
carbohydrate is being produced, followed by the
production of hydrogen gas by hydrogenase.

12H,0 + 6CO, + |Ight energy — CsH1206 + 60,
CsH1206 + 12H,0 + light energy — 12H, + 6CO;,

Blue-green algae (cyanobacteria) are promising
microorganisms for this. Advantages are hydrogen
evolution is separated from oxygen evolution. It can
also produce relatively higher hydrogen yields.
Furthermore, by-products can be efficiently converted
to hydrogen. Disadvantages are like significant
adenosine triphosphate  (ATP) requirement of
nitrogenase. Also, this requires continuous light source
which is difficult for large scale processes [31].
Furthermore, genetic modification in the bio-H.ase
gene can increase the resistance ability of the
hydrogenase enzyme. A different genetic approach
used for enhancement of bio-H, production in
microalgae such as (i) overexpression of PSII gene,
cytochrome bsf, hemA, and Iba gene, translational
repressor NAB1 protein; (ii) knockout of light-
harvesting gene, IFR1 protein, OEE; gene; (iii) cloning
of pyruvate oxidase gene, DT hydA gene; (iv) antisense
transformation of sulp/sulp2 gene or amino acid
substitution; (v) insertion of GAL4 gene, CRY1, and
CRY2 gene, VP 16 and other light inducible system can
enhance the bioH; production in microalgae (Figure 3)

[71.
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1. Introduction

ABSTRACT

This study is a new design of a vertical axis turbine that generates renewable
energy from low-speed currents tidal. Tidal Energy is one of the most important
available resources among the renewable and environmentally friendly energy
resources in oceans and seas. Tidal turbines are used to produce renewable
energy. Some types of tidal turbines widely used and studied are vertical axis
tidal turbines (VATT) such as Savonius, Darrieus, Gorlov, Lucid, etc., in which
the flow direction is not essential for them. And some types of tidal turbines are
Horizontal axis tidal turbines (HATT) which the flow direction is important and
often have good performance than vertical axis turbines. These turbines are well
suited for absorption of high-speed current, but most ocean areas have tidal flow
at low speed. The main purpose of this research is a numerical study of tidal
turbines with a horizontal and vertical axis rotor and designing and modeling
VATT to increase the power efficiency in low-speed currents. In numerical
modeling, the HATT at high speeds has high efficiency, and Cp to TSR is more
than 0.4, but with the design of the vertical Savonius turbine, with the focus of
the flow on the concave blade and the removal of force from the convex blade,
almost equality in speed Less than 2m/s. In the modern design of the Savonius
turbine, the ratio of Cp to TSR has been increased three times and reaches more
than 0.3 in compare the simple Savonius classic turbine. Therefore, due to
advantages such as easier installation and lower maintenance costs of Savonius
turbines, and with the new design, the use of these turbines in renewable energy
will be appropriate.

energy is contrary to wind force or solar radiation

nowadays, with the reduction of underground resources because it cannot be interrupted due to environmental
and fossil fuels, researchers are trying to use clean and conditions. The power density of the ocean is about 832
renewable energy. The use of renewable energy in times greater than that of the air, making it potentially
addition to economic savings brings good conditions a much more efficient energy source [2].

for the environment [1]. One of these sources is the use In general, there are various methods for extracting
of current energy generated by the tide. The use of tidal tidal current energy, such as tidal dams, tidal kites,
currents is of interest to researchers in the extraction oscillating hydrofoils, and tidal turbines. One of the
and production of energy because this energy is tidal energy extraction options is hydrofoils and kites
available intermittently and regularly. This feature of with limited installation depth.[3] Research also shows
tidal energy is contrary to wind force or solar radiation Tidal turbines have less harmful effects on the
because it cannot be interrupted due to environmental environment.[4] Therefore, the use of this type of
conditions [2]. The use of tidal currents is of great technology (tidal turbines) is much more efficient than
interest to researchers in the extraction and production other methods of tidal energy extraction. As shown in
of energy because this energy is available the below graph, the most commonly used technology

intermittently and regularly. This feature of tidal
23
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is current and wave energy extraction, indicating these
energies' importance and superiority. [5]
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Fig 1. Technology distribution among projects [5]
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Nowadays, research, design, and construction of tidal
turbines are increasing rapidly. Many places have
potential extraction and use of this energy.

Generally, the tidal turbine has two categories,
horizontal and vertical. [6] Horizontal axis turbines
convert fluid energy into mechanical energy by passing
a current through a system of fixed and moving blades.
And operates according to the drag system. Horizontal
axis turbines are parallel flow turbines that are similar
in concept to horizontal axis wind turbines. Vertical
axis turbines are the same as horizontal axis turbines,
except the vertical axis connects the turbine blades.
This indicates the rotation performance of the blades
due to the torque caused by the water force inside the
blade. These types of turbines operate on the basis of a
lift system [7].

Much research has been done on selecting horizontal
and vertical axis tidal turbine types. Each of these types
of turbines has its unique characteristics. The vertical
axis turbine is easier to start and can rotate on both sides
[8]. These turbines are also being developed for wind
energy extraction and are less expensive to build and
easier to install than vertical axis turbines [9]. Another
feature of these turbines is that in the marine
environment, especially for hydrokinetic applications,
the equipment is exposed to water. As an electrical
component, the generator needs to be sealed, so this
becomes one challenge. In a horizontal axis turbine,
gear and generator must be placed underwater.

In contrast to a vertical-axis turbine, the generator can
be coupled to one end of the shaft. So, it can be placed
on top and at one end of the shaft. So, it can be placed
on top and reduce the cost of arranging water-sealed
technology [10].

The equipment is exposed to water in the marine
environment, especially for hydrokinetic applications.
As an electrical component, the generator needs to be
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sealed, which has become one challenge. In a
horizontal axis turbine, gear and generator must be
placed underwater.

On the other hand, the most critical challenges of
vertical axis turbines, compared to horizontal axis
turbines, can be mentioned as follows:

Irregular current velocity: Irregular current velocity is
a typical challenge for all hydrokinetic turbine types.
The current movements of seawater are dominantly
driven by changing tides. Tides have predictable
velocity according to tide time or ebb time. However,
tidal currents velocity are irregular and fluctuate
depending on location and specific time. [11]

Fatigue loading: The variation of radial force can effect
on shaft or bearing. The closest effect is friction on the
bearing, and the other impact is broken in the shaft. It
happened experimentally in towing tank Shaft cannot
resist fluctuation force with a big peak.

Vibration: The variation of radial force also can effect
the supporting structure and other equipment. It is
known as vibration. Some components like the
generator are susceptible to vibration. On the other
hand, if this vibration frequency coincides with the
natural frequency of the support structure, it can be
destructive. [12].

Cavitation: Cavitation is always to be a challenge in the
hydrokinetic turbine. It can be defined as the formation
of water bubble or voids when the local pressure falls
below the vapor pressure. Slowly it can damage turbine
material. Rough blade surface will decrease the
performance. [12].

A tidal current turbine rated at 2-3 m/s in seawater can
results in four times as much energy per year/m2 of
rotor swept area as similarly rated power wind turbine.
Although accessing tidal stream energy may be costly,
the high energy availability if exploited will more than
compensate for the higher costs as a result, the use of
this energy is useful and practical and research on the
performance of tidal turbines is important.

According to the advantages and disadvantages of tidal
turbines, There are many types of research about the
modeling of tidal turbines and the new designs of them
in both horizontal and vertical axis types to increase
efficiency, angular velocity, and output power of the
turbines.

For example, Nachtane et al. (2020) studied the
hydrofoil designs of horizontal axis tidal current from
the technology development point of view. Also, the
newest marine tidal current turbine technologies and its
historical development were reviewed. Besides, they
reviewed CFD models used to investigate the
performance of tidal turbines and their optimization
methods [13]. Gaurav and Prasad Saini (2019) studied
the several rotor configurations of the vertical axis
hydrokinetic turbines (VAHT). This research help
researchers in selecting, performance-enhancing, and
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design optimizing the design of cross-flow
hydrokinetic turbines [8]. Qian et al. (2019) reviewed
the control methods and configuration of tidal turbines,
with a focus on horizontal axis tidal turbines [14]. Li et
al. (2016) present a review of the technological
developments of the tidal turbine blade structure and
hydrodynamics design. Subsequently, the key
technologies to be researched for the tidal current
turbine blade design were concluded and forecasted
[15].

Many tidal turbines broadly studied and used are
vertical axis tidal turbines such as Darrieus, Gorlov,
Savonius, Lucid, etc., which work in any flow
direction.

In another study, Payambourpour et al. (2020)
investigated a turbine with a flow deflector as a
laboratory and numerical analysis. The studied turbine
has 2 blades with a large number of semicircles with
different diameters and an axis perpendicular to the
flow direction. In this study, the researchers examined
various parameters. Finally, they evaluated the
turbine's efficiency, and as a result, the best deflection
criteria obtained the collision current with the turbine
to produce more efficiency. [16].

Gorle et al. (2019) introduced a method based on
kinematic relations in the Darrieus turbine [17].
Kerikous and Thevenin (2019) improved the blade
profile of a water current Savonius turbine for
maximizing the output power of the turbine with a
particular thick blade. They introduced 12 geometrical
terms to shape optimization. Their optimum blade leads
to considerably higher efficiency than common blades
in Savonius turbines [18].

Elbatran et al. (2017) presented a new system for
increasing the turbine efficiency with a ducted nozzle
around Savonius rotor (6 different duct nozzle designs).
Their design increased the maximum power coefficient
by 78% compared to the commonly modified rotors
[19].

Derakhshan et al. (2017) introduced a movable blade
VATT and studied it numerically and experimentally.
They achieved higher efficiency with their new design
[20].

In this research, horizontal axis and VAT of Savonius
type are modeled under the same conditions, and their
output power results are compared. Then, the obtained
results are compared with the newly designed Savonius
turbine, and the results of each Will be examined.

In this research, a Savonius turbine has been designed
that has the ability to generate energy in low tidal

currents. Most Savonius turbines can’t produce good
energy, but, with the changes in the turbine, the
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conditions for energy production for this model of the
turbine have been provided. The performance of the
designed turbine will be evaluated using numerical
modeling. And the results will be discussed

2. Material and method

For modeling, it should be noted that the height of the
turbine installation, temperature changes and water
salinity, viscosity effect, the effect of disturbances in
the course of all of the influential parameters in the
turbine production energy [6] hence all the influential
variables in the model It is considered the same.

In the Horizontal axis of one blade and two blades,
according to the deviation and torque of swing, they
produce significant alternate load. Rotors with more
than two blades, rotor moment during a rotor rotation
round, almost completely in general balance.
Therefore, the horizontal axis of the 3 blade and the
Airfoil in the design are used. In the design of the
horizontal turbine, the choice of a profile in the form of
Airfoil should have important criteria.

The profile should have a high lift coefficient, while
keeping the drag coefficient low. As a result, the
coefficient of C;,/Cp should have a high value before
the pre-design of the blade should be examined for the
selective profile. The production of blades should be
easy and began to resist environmental conditions.
Also, the selected profile should be effective for the
stability of the blade against the accumulation of
marine and dirty plants .[21]

The optimal tip speed ratio depends on the number of
turbine rotor blades. The smaller number of blades, the
turbine should rotate faster than the maximum capable.
The optimal tip speed ratio is obtained depending on
the number of rotor blades.

@)
Aopr = 47”

In the above relationship, n number of rotor blades.

By applying the momentum theory of Betts and the
strip's theory, the blade form's optimal form can be
calculated. If producing a coefficient of lift and local
length, follow a hyperbolic pathway during the blade
radius, the flow rate of flow on the plate is not high, and
the coefficient of the lift in its highest value is noted. In
calculating the amount of chord on the airfoil, the
mechanical power of the rotor from the wind flow or
water is affected by the geometric form of rotor blades.
With certain simplification and by ignoring the profile
of the blade profile and tip vortices, a mathematical
formula that can be solved analytically can result in the
optimal aerodynamic distribution during the blade:

)
C __2mr 8 vwp
Opt Z 9Cp Avy
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In the above formula, the optimum local length of the
blade in meters C,,,, design flow speed in meters per

second, vy, p, local effective flow velocity in meters per

second, v, = +/vZ + u?, peripheral speed Meters per
second, u, local tip speed ratio, A, local distribution
coefficient, C;, local length of blade, r, the number of
rotor blades, Z, are.

Many studies have been investigated in terms of a
variety of horizontal turbine airfoils, and their various
characteristics are discussed. This study uses a
horizontal axis turbine expression to use airfoil Naca
63-415 because it has good aerodynamic properties.
Also, the naca63 airfoil series has a lot of time and less
sensitivity to roughness and friction compared to other
airfoils. [22]

In the vertical turbine modeling, the conventional
Savnious turbine, which includes two half-cylindrical
sections, will be modeled. The turbine, which has been
proven to be a shaft, absorbs a portion of flow due to
the collision of flow, and another part prefers to move
in the opposite direction.

In the CFD modeling, Flow3D software is used. This
software uses the first and second-order accuracy
methods in solving equations

2.1. Theoretical consideration

The rules governing the flow of an incompressible
fluid, expressed by the continuity equations and the
size of the motion in the coordinate axes known as the
equations of Navier Stokes, represent the sustainability
of mass and size of movement to mathematical
expression. If the fluid element is considered a constant
volume in the computational atmosphere,

in this case, the forces of which and the principle of
survival of the mass in this element are represented as
partial derivative equations .

©)
oui _
aXl‘ - 0
aui o, ui_ ~10p
ai + ul aXl‘ - P aXi (4)
gi + vV,

In the relationships expressed Ui, the instantaneous
speed component in the direction of i (m/s), V dynamic
fluid (Ns/m?, p density fluid (kg/m®), g gear
acceleration component in the order i (m/s?), And P
pressure at any point of the fluid. In the CFD modeling,
the equations governing the non-density flow are
expressed as the following relationships [23]

0 0 0
& (UAx) + ﬂ_y ('UAy) + a (WAZ) = (5)
0
ou; 1 ou;\ _ la_p .
T (uiAil a_xi) = tet (6)
fi
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In the relationships expressed 5 and 6 u,v,w, fluid
velocity components in the direction of x,y,z (m/s), V¢
Volume fraction of Chase (m3), Ay, Ay, A; Surface in
the direction of x,y,z (m?), p density (kg/m?), P pressure
at any point of fluid (Pa), gi accelerated gravity
component in the direction of i (m/s?) and fi represents
Reynolds stress (Pa).

2.2. Turbulence modeling

Researchers develop much disturbed models to
simulate turbulent currents. The number of differential
equations used for disturbing quantities to different
categories, including alternate models, single equation
models, second model models, models It has a tension
equation and large vortex simulation, models. The
simulation of turmoil in the Flow-3D modeling
software using one of the five models of parental
mixing length, a kinetic energy equation, the two
equivalents of the K-g¢ model of the groups and the
simulation model of large facial vortices It takes

The momentum and continuity equations with k-g
turbulence model are the governing equations of this
study which are used to CFD simulation [24] with the
volume of fluid (VoF) model for simulating free-
surface flow according to the following equations [25].

ap | d
Vs -~ T3 (pud,) + 7 (vay) + (7
]
E(pWAz) =0

Momentum equations for the fluid velocity
components (1,1, in the three coordinate directions:

ou 1 ou u
E+V—f{qua+vAy$+ ®)

du 10P
wA }:_;a-{_Gx-{_fx

ary

©)

v 1 ov ov v
E+V—f{UAx£+UAy£+ WAZE} =

(10)
ok ok .

uAya—yT + wA, a—ZT} = Py + Gy + DiffK; —

ér

Turbulence transport equation in the three coordinate
directions:

okr 1 ok dkr
¥+V—f{qu¥+uAyE+ (11)
WAZ%} = PT +GT +lefKT_gT

Where P is the pressure, V; Is the open volume fraction
of the flow, p is the fluid density, and the components
of velocity (u, v, w) are in the directions about x, y, and
z. Ay, Ay and A, are the open surface fraction in the x,
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y, and z directions. K, Pr, Gr, Diff Ky, and et are
turbulent velocity fluctuations in the flow, the turbulent
kinetic energy, the buoyancy production term,
diffusion term, and the turbulent energy dissipation
rate, respectively.

To evaluate the efficiency and output power of turbines
from dimensionless coefficients, power factor (Cp) and
blade tip speed ratio (TSR) is introduced as the ratio of
blade tip speed to free flow velocity. The mentioned
coefficients are introduced below. [6]

(12)

_ Protor
Cp ="+ f
available

Where Protor aNd Pavailanle are the power generated by the
rotor (W) and incident flow power passes from the
cross-section area of the turbine, respectively. Pavailable
is obtained as follows:

(13)

1
— 3
Pavailable - EPAU

In which U and p are the free stream speed (m/s) and
fluid density (kg/m?®), respectively.

(14)
TSR =52
U

o is the rotational speed of the rotor (rad/s), and R is
the radius of the turbine rotor (m). Therefore, the last
power that can be exploited is obtained as:

(15
1
Protor = > CppAU®

3. Verification of the model

To ensure the accuracy of the modeling process and
control the software outputs, the articles Bhuyan and
Biswas have been used. Due to the laboratory and
numerical model of this research and the design of a
new hybrid turbine model, this research has been used
for validation. In that research, a Savonius Hybrid
Turbine is in the below table. It was investigated in two
cases, laboratory and numerical. [26]

Table 1. Turbine’s parameters Bhuyan and Biswas [26]

Parameter Dimensions
Dimensions of H rotor

Blade profile NREL S818
Number of blades 3 (120° apart)
Blade chord length 0.1m

Blade height 0.3m
Diameter of H-rotor 0.3m

Dimensions of Savonius rotor
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No. of Savonius blades 2
Height 0.25m
Diameter 0.08m
Thickness 0.005m

According to the specification provided in Table 1,
first, the turbine is modeled in solid work software and
then the model designed in numerical modeling
software.

Figure 2, a show the experimental model of the Biswas
and figure b and c represents turbine modeling

"}..
T

o8
4

¢ immansmes
- L) e B lgle P RE KE

O eESr EEDUE BX

Fig 2. a: Bhuyan and Biswas laboratory turbine, b: design
turbine in solid work, c: analysis model in software

Based on the figure shown in Fig 3, the values obtained
from the proportion of torque coefficient to TSR have
a good matching; therefore, the classical Savonius
turbines and new design Savonius turbine and
horizontal turbine are modeled and analyzed.
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Fig 3. Comparison of the experimental and numerical model

4. Turbine model
In this section of research, Turbine modeling is done.

4.1. Simple Savonius turbine

The turbine model of this study is shown in Fig. 4, and
Table 2 shows the quantities of parameters of that
turbine. The overlap coefficient of the blades is defined
by the following equation effects on the turbine's
performance. Yaakob et al. show that the maximum
turbine power coefficient relationship is obtained at
of between 0.2 and 0.25 [27]. Hence, this ratio in this
study was selected at 0.23 approximately.

(16)
e
B=4
Table 2. Dimensions of turbine used in CFD simulation
Specification Input Data
Rotor diameter 3.00m
Turbine height 3.00m
Hub diameter 0.80m
thickness of blades 0.30m
Overlap ratio 0.22

1
i

thickness

Hub Diameter

Rotor Diameter
N

Fig 4. Schematic top view of simple savonius turbine

4.2. Horizontal turbine

The horizontal turbine model was used to model three
blades with Airfoil Naka 43-415. To prevent long time
and computational space are avoided by modeling the
turbine body. Also, for the same modeling conditions,
the surface of the fluid surface is identical in both
turbines. Therefore, in modeling, the turbine
characteristics are following Table 3.
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Table 3. Dimensions of horizontal turbine used in CFD

simulation
Specification Input Data
Rotor diameter (d) 3.65

thickness of blades(m) 3 Blades-Airfoil Naka 43-415

Al

Fig. 5: Airfoil Naka63-415

4.3. New Savonius turbine

The blades used in this research are designed inspired
by the study blades of Tian et al. [28]. The turbine
design of this study with its obstacles is shown in Fig.
6, and Table 4 shows the quantities of parameters of
that turbine and its obstacles.

Table 4. Dimensions of turbine and its obstacles used in CFD

simulation
Specification Input Data
Rotor diameter 3.00m
Obstacle diameter 220m
Hub diameter 0.80m
Turbine and obstacles height 3.00m
Maximum thickness of blades and obstacle 0.3 m
Minimum thickness of blades and obstacle  0.10 m
Overlap ratio 0.22

. “Mininum thickness
’
! Hub Diane rtr~|-.
i

Fig 6. Schematic top view of turbine and obstacles

5. Results and Discussion

CFD simulation was done for four models (simple
savonius turbine, horizontal turbine, new savnious
turbine and Savonius Hybrid Turbine that had been
done modeling for validation) in Constant and identical
inlet current velocity. Computational fluid dynamics is
a branch of fluid mechanics that uses numerical
analyses to solve problem involving fluid flows.
Computational Fluid Dynamics (CFD) is a computer
solution of the governing equations for fluid flows (the
conservation of mass, momentum, and energy) in up to
three dimensions. This research has used Flow-3D
software for CFD. FLOW-3D provides a complete and
versatile CFD simulation platform for engineers
investigating the dynamic behavior of liquids and gas
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in a wide range of industrial applications and physical
processes.

FLOW-3D focuses on the free surface and multi-
phase applications, serving a broad range of industries,
including microfluidics, bio-medical devices, civil
water infrastructure, aerospace, consumer products,
additive manufacturing, and inkjet printing, laser
welding, automotive, offshore, energy, and
automotive.

The boundary condition and solution domain are the
same selected. Fig. 7 shows the two and 3D time frames
of CFD models.

(@)

®) (b)

Fig 7. 3D view of the turbine a: simple savonius b: horizontal
C: New savonius

In the modeling performed, C,-TSR ratio is displayed
in the following graphs. It is observed new turbine
design savonius had low slippage than the horizontal
turbine when the current velocity below 2m/s. In
continuing with raise the current speed, the ability both
Savonius turbine decreased. This is important, mostly,
sea current is accompanied low speed, so use of
horizontal turbine at the low velocity isn’t a good
choice.

One of the reasons for raising Cp,-TSR in the horizontal
turbine is turbine area motion. Obviously, with
increasing the diameter of the Savonius turbine, the
turbine efficiency will be high.

The considerable results of modeling show that Cp has
an upward trend by increasing the speed of water flow
in the Simple savonius turbine. However, Cp has an
upward trend till 2m/s current speed and after that
unexpectedly, has a downward trend in rotors with a
new turbine.
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In the modeling performed, the C,-current velocity
ratio and power-current velocity ratio are displayed in
the following graphs. It is observed new turbine design
savonius had low slippage than the horizontal turbine
when the current velocity was below 2m/s.

This issue is vital because marine currents often have
low velocity. And since savonius turbine has fewer
installation costs and the ability to rotate from both
sides, it has suitable conditions for exploitation. And
the other hand, the process of changes in two other
turbines indicates a significant difference at high
speeds that represents the horizontal turbine is better
than the vertical turbine.

With consideration, the power graph can be concluded
that the design of new turbines and the use of combined
turbines will increase the turbine efficiency. So in
Table 5, the amounts of the obtained capabilities are
displayed and well-increasing the power of combined
turbines compared to the simple Savonius turbine. The
amount of turbine designed at a speed of 1m/s is almost
equal to the horizontal turbine and drops 40% at speeds
of 2m/s. In other words, it can be concluded from Table
5 that at low flow velocities, a good power can be
achieved by selecting a designed Savonius turbine. And
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due to the low cost of installation and operation of this
turbine, it is a more suitable choice than the horizontal
axis turbine. On the other hand, as the flow rate
increases, the ability of the horizontal axis turbine is
well increased, so it can be concluded that turbines
designed for high-speed flows are not suitable.
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Fig. 11: Cp-current velocity ratio
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Fig. 12: Power-current velocity ratio
Table 5. Power Amounts
Simple New Hybrid H-
Turbine Savonius Horizontal Savonius ~ Savonius
Power in 269 1388 1375 754
velocity=
1m/s
Power in 5530 19209 13776 10763
velocity=
2ml/s

6. Conclusions

The typical tidal turbine can absorb the tidal flow of the
ocean at a relatively high speed. But some areas with
the tidal flow are low speed. VATT, due to its low
power coefficient, is not popular, while they have got
less cost installation and have a good situation for
maintenance. If this power increases, this turbine will
be suitable for energy extraction. Using CFD modeling
and designing a new turbine in this study has increased
the ratio of Cp to TSR. The base of this design was

30

focused on the current blade and the removal force
from the convex blade. Simple Savonius turbines are
not suitable for water currents less than 2m/s at all.
Putting the semi-cylinder barriers as a manner in the
turbine, front and back of the Savonius rotor, has a
significant increase in the output performance.
According to the obstacle that has been designed in this
research, the result has shown that the power has risen
to 2.50 times.

Also observed from numerical modeling, hybrid
turbines and new VATT have increased their power
near to HATT’s performance
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Figure 3. A different genetic approach used for enhancement of bio-Hz production in microalgae.

2.4. Bioelectricity

One energy from aquatic herbs which is potential to be
developed, eco-friendly, and competitive is
microalgae. The potency of microalgae development is
important in the future since microalgae have
preeminence as food material, supplement, biodiesel,
and bioethanol. It can also be utilized as the electricity
producer. Microalgae-Microbial Fuel Cell (MMFC)
technology utilizes the result of microalgae
photosynthesis as an oxygen in the cathode with the
tapioca wastewater as the anode to produce
bioelectricity. The power density value was calculated
based on the influence of the wide of electrode surface
and the membrane circle. The wide of the electrode
surface and the membrane circle was calculated by
following equation:

P=VxI 1)
where P is power density (W), | is Current (A), and V
is Voltage (V).

Power density can be influenced by the wide of
electrode surface and membrane, so the equation is:

P=V x t/ Atotal (2)

Tools that are used in MMFC technology are based on
modified. MMFC tools design is based on the
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microbial fuel cell research, namely electrode and
membrane usage type of substrate, the reactor design
[33].

Microbial fuel cell is a technology that utilizes
microbes to produce energy in the form of electricity.
Microbes convert various kinds of organic compounds
into CO,, water, and energy. Recently, one of MFC
technologies developed is MMFC (Microalgae
Microbial Fuel Cell) technology. MMFC is an
alternative that be used as a source of electricity
generator through hydrolysis and fermentation of
microalgae in one process unit. MMFC consists of an
anode and cathode that connected through a load
(usually a resistor). Anode chamber is containing
microorganism cultures that catalyses the composition
of organic materials into electrons and protons. Power
will be produced by the reduction of oxygen or other
compounds at the cathode chamber. On the operation
of MFC, electrogene which will produce CO..
Microalgae in the cathode chamber use CO; as a carbon
source for growth [34].

These are the greenest and most sustainable types of
fuel cells, and undoubtedly represent the future of
energy production. MFCs can be double-chambered,
with separated anodes and cathodes, or single-
chambered, having the electrodes in the same container
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[35]. In both cases, they exploit microorganisms and
their metabolism to produce the fuel necessary for the
fuel cell to function. Most MFCs are mixed, using
anode bacterial cultures for hydrogen production and
cathode microalgae strains for oxygen supply [36].
However, prototypes of fuel cells that work only with
algal strains are in development [37]. MFCs have
significant environmental benefits. Thanks to the
biological processes underlying their functioning, they
can combine energy production with other functions,
such as bioremediation activities [38, 39]. It also
bypasses the hydrogen storage limitation, since
hydrogen is produced and utilized almost at the same
time in the anodic chamber. However, this technology
is not yet widely applied due to high costs and
ineffective yields, which require further study for
improvement [40]. Some recent investigation
suggested that the integration of MB-MFCs system
with microalgal based bioH, production are a cost-
effective approach for wastewater treatment and bioH>
production. In this system, wastewater is used as

nutrient rich substrates for bacterial growth, the
bacteria oxidize the substrates and generates H+ and
e—, the e— moves towards the anode, and is then
transferred to the cathode where electron flow
generates a bioelectric current. Then, H+ moves
towards cathode through the proton membrane
exchanger and reacts with O, (which are produced
during microalgal respiration) and forms H,O. In algal
cells, direct photolysis occurs, which produces bioH,
furthermore, produced algal biomass during this
treatment process can be utilized for fermentative
bioH, production [41]. Table 2 shows the different
microalgae strains utilized for bioelectricity generation
[42]. Moreover, advance approaches are integrated for
advancement of MB-MFC, while its large scale
realization need to be demonstrated for real-world
application and commercialization [43]. Although,
single MB-MFC process is ineffective to generate the
power of different commercial implementation;
therefore, it can be integrated with AD technology.

Table 2. Different microalgae used for bioelectricity generation.

Microalgae Cathode

Anode Power Density

Chlorella vulfaris; Ulva

lactuca brush

Graphite fiber

Air cathode with
platinum (Pt)
catalyst

980.0 mW ,/m?

Carbon fiber

brushes

Carbon felt

containing Pt 187.0 mW /m?

catalyst
Toray carbon cloth Toray carbon cloth 13.5 mW,/m?
Graphite felt Carbon fiber cloth 2572.8 mW /m?
Carbon felt Carbon felt 24 4 mW /m?2

Chlorella vulgaris

Carbon felt

Carbon fiber cloth 2485.3 mW /m?

Carbon fiber

Carbon cloth 5600.0 mW /m?

brushes
Graphite rod Graphite rod 0.95 mW /m?
Carbon felt Carbon fiber cloth 3720.0 mW ,/m?
Chlorella sp. Graphite carbon Graphite carbon 3.35 mW /m?

Lagoon (algae culture)

Plain carbon cloths

Plain carbon cloths 11.5 mW,/m?

Laminaria saccharina Graphite felt

Graphite felt 250.0 Mw /m?

Mixed algae culture

Carbon fiber brush

Carbon cloth
coated with
platinum

30.0 mW ,/m?

Scenedesmus obliquus

Toraycarbon paper

Toray carbon

paper 102.0 mW ,/m?2

Synechococcus leopoliensis Black acrylic

Carbon fiber veil 42 5 mW,/m?>

Polontalo et al. (2021) studied the performance of the
MMFC system based on the influence of yeast (8 g L™
and 4 g L), “Batik wastewater” concentration (50 %
and 100 %), and graphite electrodes (1:1 and 2:2). The
MMFC system was carried out by filling anode
chamber with “Batik” wastewater and the cathode with
C. vulgaris. MMFC simulation was operated for 7 d.
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Concentration of 100 % “Batik” wastewater and 2:2
number of electrodes gave the best result in MMFC
with voltage 0.115 Volt, algae absorbance 0.666. The
COD decreased from 824 mg L to 752 mg L ! after
the MMFC. The addition of 8 g L™ yeast gave the
optimum of bioelectricity production reached 0.322
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Volt and the microalgae grew until the absorbance
reached 1.031.

2.5. Biochar

Biochar is a carbon-rich charcoal made up by thermal
decomposition (pyrolysis, hydrothermal liquefaction,
and torrefaction) of different organic biomass under
low oxygen and high temperature [44].

Pyrolysis is the thermal degradation of biomass in the
absence of oxygen, resulting in the production of liquid
(bio oil) and solid (biochar) residues, and gaseous
products (pygas), effectively transforming wastes into
valuable products [45].

Depending on heating velocity and residence time of
the process, pyrolysis can be broadly classified as slow
(conventional), or fast. Slow pyrolysis maximises solid
fraction (biochar) production, and occurs at long
residence times and slow heating rates, while liquid and
gaseous energy-rich products (bio-oil or pygas)
fractions are increased during fast pyrolysis [46]. An
increase of pyrolysis temperature generally maximizes
the gaseous fraction, minimizing the solid yield [47].
Properties of the solid residue (biochar) also vary in
terms of carbon content and composition. Concerning

energetic aspects, bio-oil and biochar could be used as
fuels, meeting increasing needs for energy from non-
fossil fuels sources [48].

However, biochar derived from sewage sludge
generally presents high ash content and lower heating
value, diminishing its energetic worth [49]. Biochar
generally used as biofertilizer or absorbent for
wastewater treatment, carbon sequester, etc. However,
recent studies suggested that it can be used as a source
of coal or coal fuel for the electricity generation [44].
High growth rate, cultivation ease, high lipid and low
ash contents makes microalgae highly appealing,
compared to other biomasses, with high yields in terms
of both bio-oil and biochar [50], as determined with
satisfactory results by numerous studies [51, 52, 53].
Microalgal biochar has lower carbon content than
biochar from other feedstocks, lower surface area, and
lower cation exchange capacity ,while pH, ash and
nitrogen contents and extractable inorganic nutrients
are high. These properties make it a useful additive to
enhance soils characteristics and improve crop
productivity, particularly for acidic soils [54]. Table 3
and 4 summarizes the fuel properties of different
biochar derived from microalgal biomass and other
biomass in dry and wet torrefaction, respectively [42].

Table 3. Fuel properties of different biochar derived from microalgal biomass.

t&T

Ultimate Analysis (wt%)

, HHV .
Type of Biomass p m N 0 (MJ/kg) EY (%)
C’“'J’g’(':'l’fi’s’ifi’l‘f; - ;U;SUB“L‘E L6726 7244 4064 W2165 176248 743998
Chiamyjdsaéifn:zs sp. 33({]J Srug, 35 501 60 %54 _ _
G””’gg},‘;!g‘"” ;[;fsggmé 01453 7951 5067 38029 179052 -
Chlorella vulgaris 30 min:
ESP.31 by wet 170 3(:’ 59.0 78 8.6 45 26.02 6295
torrefaction
Scenedesmus 60 min; ~
obliguus CNW-N 200-300°C BIH3 3536 6573 BB - -

Note: t & T: temperature and time duration; HHV: higher heating value; EY: energy yield.
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Table 4. Fuel properties of different biochar derived from other biomass.

t&T

Ultimate Analysis (wt%) HHV
T f Bi EY (%
ype of Biomass C - N o (MJ/kg) (%)
Calophyllum 10 min; -

inophyllum L 260°C 391 439 03 %7 A6 %2

. 30 min;
Energy sorghum 275°C 55.2 49 1.7 38.1 23.80 73
10 min; 1 1
Humulud lupulud 260°C 60.5 6.0 27 30.8 253 385
Jatropha-sced 30 mim; 611 52 42 207 2701
residue 300°C ) - : : : -
Waste bamboo 40 min; _
chopsticks 200°C 55.5 54 02 38.3 2304 -
Landfill food waste 40 ruy; 61.2 58 34 26 26.15 7.2
275°C

Leucaena by

microwave 250W 763 26 1.0 15.1 2825 3404
torrefaction

Leucaena by

microwave 250 W 80.3 28 11 159 2972 36
torrefaction

, 10 min;
D ;

Plumeria alba 260°C 60.7 6.8 06 319 257 457
Sewage sludge 400 W 66.8 23 27 283 13.21 19
Sunflower seed 60 min; _ _

chell 300°C 69.5 53 0.5 4.6 276 -
Sweet sorghum 30 min; _
bagasse 300°C 59.3 4.6 0.9 35.2 26.88 70

Note: t & T: temperature and time duration; HHV: higher heating value; EY: energy yield.

3. Challenges of Microalgal Biofuel Production
and Future Perspectives

Third generation biofuels and high-value bioproducts
produced from microalgal biomass have been
considered  promising  long-term  sustainable
alternatives for energy and/or food production,
potentially decreasing greenhouse gas emissions.
Microalgae as a source of biofuels have been widely
studied for bioethanol/biodiesel/biogas production
[55].

Microalgae present positive impact also on carbon
dioxide emissions, in fact they contain about 50%
Cover dry weight derived mainly from atmospheric
COg, therefore, production of 100 tons of microalgae
allows fixation of about 183 tons of carbon dioxide
[56].

A typical process for obtaining lipids from microalgae
involves the following steps: cultivation in open ponds
or photo-bioreactors followed by harvesting of algae
using technologies like sedimentation, flocculation,
filtration, centrifugation, etc. Depending on the process
and conditions, primary harvesting concentrations in
the range of 2-8 wt% solids are obtained [57]. This is
generally followed by secondary harvesting using
technologies like filtration or centrifugation. Algae
concentrations after secondary harvesting are in the
range of 20-27 wt %. Depending on specific
technology chosen, feedstocks resulting from primary
or secondary harvesting process steps are subject to
lipid extraction. Most common methods for the
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extraction of lipids from microalgae include: solvent
extraction, direct transesterification, and algae that
secrete products directly into the growth medium
(milking). Microalgae as a currently recognized
bioenergy producing biomass, its liquid biofuels such
as biodiesel and bioethanol have been widely studied
[58].

However, there are several knowledge gaps and
problems associated with biomass production and
lower vyield, high expenses, and lack in
commercialization of algal bioprocess. To enhance the
biomass productivity, high inputs of nitrogen source
can be used to enhance the biomass productivity, while
modern genetic engineering tools such as CRISPR-
Cas9, TALEN, and ZFN-17 can be applied to alter the
genome and metabolic pathways of microalgae to
enhance the biomass productivity for biofuel
production as well as synthesis of various bioactive
compounds for various commercial applications. For
the reduction of energy consumption during
microalgae-based  bio-fuel  production,  further
strategies need to be explored. Therefore, several steps
need to be integrated to achieve a sustainable low-cost
bio-fuel production process [42].

4. Conclusions

Increasing industrialization, demographic expansion
and expansion of the transportation and mobility sector
worldwide, and especially in developing countries, are
the cause of excessive conventional fossil fuels
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exploitation, leading not only to repeated energy
shortages worldwide, but also to increasing global
levels of greenhouse gases emissions [59].

Rapid industrial development, depletion of mineral oil
reserves, and rise in atmospheric CO2 require the
development of carbon-neutral renewable alternatives.
Biofuel production from microalgae is supposed to
provide technical and economic feasibility that has the
potential for CO; sequestration and is therefore, likely
to get wide acceptance. Algal biofuels appear to be the
only current renewable energy source that could meet
the global demand for transport fuels [19].

Algae are one of the most primitive microorganisms on
the Earth. They are small photosynthetic organisms that
have an ability to completely replace the need of
conventional fossil fuel for energy demand. They are
robust microorganisms and can be grown in photo-
bioreactors, open ponds, sewage or industrial waste
without the need of arable land. Microalgal biomass
can be converted to variety of biofuels via biochemical
and thermochemical methods, they can also be used for
the production of high value nutraceuticals at industrial
scale [60].

Commercial production of microalgae biofuels remains
a major constraint due to the higher cost of microalgae
cultivation and biomass harvesting. Therefore, algal
biomass should be investigated for potential
application in various sectors, mainly marine industries
and other sectors. By using microalgae biomass as an
alternative raw material energy sources like
biohydrogen, methane can be produced through
fermentation and photosynthesis. Unlike solar energy,
which has the disadvantages of low energy density,
instability and difficulty in storage, biohydrogen and
biogas are one of the novel ideal energy sources at
present. The utilization of microalgae has various
attractive prospects in their production due to its cost-
effectiveness, renewable biomass and ease of scaling-
up technology [61].
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In recent years, scientists have considered the development and utilization of
sustainable and environmentally friendly energy resources to replace fossil
fuels. One of the newest topics of new energies is the extraction of energy from
salinity gradients in seas and oceans. One of the practical methods of energy
extraction from salinity gradient is reverse electrodialysis and delayed osmosis
pressure. These methods result from mixing two types of water with different
salinity concentrations, which are one of the best places to extract energy in the
river estuary, where freshwater is naturally mixed with seawater . In this study,
using physical parameters measured in 3 hydrometric stations located in Arvand
River, achievable Gibbs energy and electrical energy from reverse electro
dialysis method and delayed osmosis pressure as physical model setup were
investigated. The amount of Gibbs energy obtained using delayed osmosis
pressure method from data from three hydrometric stations in Arvand River
shows that Khorramshahr station has the highest amount of extractable energy
with 0.75 MJ. By calculating the voltage of two heads of each inverse
electrodialysis cell in the three studied stations on the Arvand River, it was
found that the highest potential difference with the amount of 80 mV was related
to Khorramshahr station. Also, the efficiency of the two devices and the
selection of the appropriate geographical location for its location were
examined.

Keywords:
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1. Introduction

With the rapid economic and industrial growth of
countries in the world in recent decades and their
increasing and comprehensive development, the use of
fossil energy resources has increased dramatically. The
limitation of fossil fuel resources, diversification of
energy resources, sustainable development and energy
security and environmental problems resulting from
fossil energy consumption on the one hand, and the
clean and renewable of new energy resources, on the
other hand, have led to the world has paid serious
attention to the development and expansion of the use
of renewable energies and increasing its share in the
world's energy basket. Salinity gradient power (SGP) is
one of the renewable and extractable energies from the
sea. This potential is mostly in freshwater rivers
estuary. Patel first presented the concept of energy
production through the mixing of salty and fresh water
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in 1954, and he mentioned the existence of this energy
source [9]. In 2014, a comprehensive and thorough
study was conducted at IRENA Institute to investigate
the energy gradient energy of salinity and examined
how energy extraction and power generation were
evaluated when the river flows into the sea by delayed
osmosis pressure and electrodialysis methods [11]. He
believed that the membrane is the most important factor
in both approaches to increase productivity. Sabet Ahd
Jahromi et al. (2015) evaluated a physical model based
on the reverse electrodialysis method of power density
and energy efficiency [14]. In 2016, Emadi et al.
investigated the energy potential for energy generation
from the intrinsic water of Zarrinehrud River to Urmia
Lake and compared energy extraction processes with
RED and PRO methods [10]. May et al. (2018)
investigated recent developments in energy extraction
by reverse electrodialysis method and considered the
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use of Nano membranes to increase energy and flow
effectively [15]. In 2019, Young et al. investigated
water treatment before entering different concentration
solutions using ultrafiltration and Nano filtration
membranes and increased the reverse osmosis pressure
device's efficiency [12]. Iran also has several rivers
along the Persian Gulf coasts with a suitable position to
access this energy source. Therefore, this study aimed
to investigate the salinity gradient in the estuary of
Arvand River leading to the Persian Gulf and its energy
absorption method, which will eventually lead to a
laboratory model for energy extraction from the
salinity gradient.

2. Materials and methods
2.1. Salinity gradient power (SGP)

Salinity gradient power is one of the renewable and
extractable energies from the sea. This potential is
mostly in freshwater rivers estuary. As shown in Figure
1, instead of direct discharge of river water into the sea,
a cycle of energy generation is used by the salinity
gradient's power process on its way, and electrical
energy is extracted. The SGP method is based on
spontaneous processes and membrane techniques. The
automatic process is a kind of reaction carried out
without receiving energy from an external source. For
this purpose, a thermodynamic function is introduced.
This function is called Gibbs’ free energy (G)
[6].
G=H-TS (1)

This energy follows enthalpy (H) and entropy (S). A
thermodynamic process is possible when Gibbs' free
energy changes are negative .

Saturation

|——

Salinity Gradient

Evaporation l Energy lPrecipitation

Water mixing

S r——

River

Sea

Figure 1: The location of salinity gradient power process in
water cyclic for extraction of electrical energy [1]

Delayed osmosis pressure and reverse electrodialysis
can be mentioned as energy extraction techniques.

2.2. The theory of delayed osmosis pressure process
(PRO)

In the PRO process implementation, finding a stable
process with constant pressure and energy production
is one of the main energy extraction goals. The high-
concentration lethal solution (higher salinity) enters the
membrane modulus after passing through a pressure
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converter, which increases the pressure applied in the
flow to reach a constant pressure. Feed flow is pumped
at ambient pressure in the opposite direction of the
membrane modules. Due to osmotic pressure
difference throughout the membrane, which is larger
than hydraulic pressure difference, water molecules
move from feed solution to lethal solution, which
increases concentration flow and dilution of
concentration solution and decreases feed flow and
concentrates of feed solution. The concentration
solution is then pushed towards a current that passes
through the turbine, creating a current that passes
through the pressure transducer and transmits pressure
and re-converts into concentration current [7]. Figure 2
describes a view of this process. Gibbs' energy from
mixing two solutions with various concentrations in
delayed osmosis pressure will be calculated according
to 1 equation [5]. Gmix is the energy change of Gibbs
energy, where Gs represents the energy from saline
water and G, denotes Gibbs energy from fresh water
and Gg is the energy from the mixture of two water at
different concentrations.

AG,;, =G; —(G,-G,) 2

_Ci,BVB In(Xi,B)]

- RTZ[CLSVS In(x,5)+C,.V, In(x;, )

AGmix = Z(Gi,s +Gi,r _Gi,B)

Seawater
Bring

Brackish
Water

Figure 2: shows the delayed osmosis pressure process [2]

2.3. Inverse electrodialysis process theory (RED)

In this method, concentration difference between
successive cells is used. In this case, after the
membranes separate the ions, they enter the electrode
chamber on both sides of the system, whereby
performing oxidation-reduction reactions, an ion
current becomes an electron current. This phenomenon
causes a potential difference between the electrodes
and leads to the charge of a battery. Two types of
membranes are used in this battery. One is a cation
exchanging membrane (CEM), and the other one is
Anion exchanging membrane (AEM). By emitting ions
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through the membranes, an ion current is produced.
This ion current is converted to electron current with
suitable reduction reactions in electrodes [4]. Figure 3
describes a view of this process. The theoretical
calculation of Gibbs energy derived from the entropy
of mixing two solutions with different concentrations
is calculated from the following relationship [8].
AG = —2RT[CSVS In g—s +CViIn gR} @)
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Figure 3: shows the reverse electrodialysis process [3]

One of the most important parameters for calculating
the voltage of two heads of each cell is reverse
electrodialysis. Using the Nerest equation and
determining the ratio of seawater concentration (Cs) to
river water (Cr) in different stations, the difference in
potential created between the two ends of each cell in
the reverse electrodialysis battery is calculated from
this equation.
Eon—(RTJInCS “)
ZF

2.4. The site of study

Arvand River consists of joining the Tigris and
Euphrates rivers in the Gharne near Basra city and then
by connecting Karun river to it at a distance of 33 km
from this city. This river flows into the Persian Gulf
after a distance of 110 km. Arvand River basin covers
an area of about 948375 km?[14]. The location of the
estuary is in the latitude N 25, 55, 29 ° N and the
longitude E 33, 33 35, 48 °.
To investigate the amount of achievable energy from
the average of 8 years data from 3 hydrometric stations
of Khosrowabad, Dirifram and Khorramshahr located
in Arvand River between 2010 and 2018 is used.
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Figure 4: View of Arvand River [13]

3. Results
3.1. Gibbs energy calculation
First, we investigate the physical parameters of river
water. These parameters include the total dissolved
solids (TDS), electrical conductivity of water (EC) and
river water flow. For this purpose, data from the last ten
years (from 2010 to 2018) related to the nearest
hydrometric station to the Arvandrud estuary were
used. To calculate the concentration of river and
seawater (C;), the TDS parameter is divided into the
mass of one mole of NaCl.
C, =TDS/5844 (ol m) (5)
For the Persian Gulf, the study area showed that
seawater salinity in this area is considerable. Its
annual average in this area with an appropriate
approximation is 40 ppt, which can be considered
based on TDS equal to 40000 mg/lit. Therefore,
seawater Concentration (CS) is:

(6)
= 1DS _ 40000 _ ge4 46mol/m?
58.44 58.44
To obtain Gibbs free energy, first, the

concentrations of river and sea water were
obtained in 3 hydrometric stations of
Khosrowabad-Direfram and Khorramshahr in
Arvandrud according to Table 1.
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Table 1: Water Concentrations of Arvand River and the Persian Gulf from 2010-2018 in 3 Hydrometric Stations

o _ _ . DS C, =TDS/58.44 C - CsVs +CRVy
Monitoring station | Latitude | Longitude Year Cs = @(mol/m3) . M V, +V,
(molm™
Khosroabad 30-09-53 | 48-24-48 | 2010-2018 684.46 187.0308 500.4
Dirifam 30-22-58 | 48-11-09 | 2010-2018 684.46 85.5462 307.14
Khoramshahr | 30-26-36 | 48-08-26 | 2010-2018 684.46 64.1907 293.68

Gibbs energy in equations 2 and 3 is calculated with the
river and sea concentration values. Since the amount of
input and output volume is very important First, Gibbs
free energy (AG) for combining different volumes of
seawater (VS) and river (Vr) is investigated. In the
combination of different sea and river water ratios,
increasing the amount of river water compared to
seawater has a more effective role in increasing the
amount of Gibbs free energy extraction. Therefore, by
obtaining the best volume of input and output of Gibbs
energy in 3 hydrometric stations, it was calculated
according to table 2. Since its value was negative, it
shows that this is a spontaneous process .

Table 2: Gibbs energy in 3 hydrometric stations using two

methods
o . (PRO) (RED)
Monitoring station
AG (MJ) AG (MJ)
Khosroabad -0.33 111
Dirifam -0.66 -1.32
Khoramshahr -0.75 -1.88
T=298K V;=1.46m?
Vr=0.74m?3
Cs~684.46mol/m-3

3.2. The physical model of PRO

To design and construct a physical model based on
delayed osmosis pressure method, a plate with a
diameter of 11 cm was initially considered. Then, 34
holes with an approximate area of 1 cm per hole were
created. The membrane retaining plate was also cut on
a 3 mm thick Plexi-glass plate using a laser cutting
machine. In PRO, the active membrane layer
encounters a high concentration solution (seawater)
and porous support with feed solution (river water).
PRO membranes are characterized by their intrinsic
membrane properties such as water permeability,
solute permeability, and the support layer's structural
parameter. The membrane used in the physical model
of TFC membrane is a nanostructure that can improve
system performance by increasing the process speed
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and reducing sedimentation. In figure (5) the schematic
design of the physical model made is shown .

To test the physical model of pure water without ion
and then the solution of different concentrations was
made. These solutions consisted of three different
concentrations, including 50 ppm, 25 ppm, and 35 ppm,
considered saltwater of the sea. Also, water with a
concentration of 10 ppm was prepared under the title of
river water (freshwater).

After Balancing

The Concectration

River Water Sea Water

1

x ’
IR ™ .
e -

? ‘,: e X : Height Difference
2eoll &
‘e - ‘—:‘.‘ 2]

248 ¥

"?:}"’

a2—>%3

Semi-Premeable Membrane

Figure 5: Schematic design of physical model PRO

Then, 3 different seawater concentrations with river
water were placed alternately to test the physical
model. The volume of each solution is 4000 cc. Both
waters with different concentrations were placed on
either side of the semi-permeable membrane with an
involved surface area of 34 cm? In vitro and in
different periods, the difference in height created in
saline water solution column for different
concentrations was obtained according to the table (3).

The results showed that the highest height created in
the mixing conditions is 50 ppm in seawater and 10
ppm in river water.

Table 3: the difference created by mixing

25 ppm 35 ppm 50 ppm
Time(min) H(cm) H(cm) H(cm)
0 0 0 0
30 1 1.2 15
60 1.6 2.3 4.1
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90 2.4 4.1 6.2
120 3.9 54 7.7
150 4.6 6.3 8.2
180 4.9 6.7 8.7
210 5.2 6.9 9
240 5.6 7.3 9.2

The difference in height between the two columns of
water in the U-shaped tube compared to the time for

different salinity gradients shows that the height
difference at the concentration of 50ppm has increased
with increasing time.

Using the created height difference and increasing
the water source volume with a high concentration of
turbine has moved and produced flow. The higher the
height difference, the higher the reservoir's energy
potential and the output current from the mini-
generator increases. Table 4 shows the flow rate
obtained from the water micro-generator.

Table 4: the flow rate obtained from the height difference created by the salinity gradient

Water
Current taken . o . Maximum o
Reservoir Tank Outlet flow from | Draining valve | discharge rate | The volume of | Water tank . Salinity
from a water . . . . . height of the .
. potential | emptying the tank drain Cross from water inthe | cross section ) gradient
micro- water
energyU(J) | timer(s) | valve Q(cm2/s) | sectionA(cm2) Drain tank V(cm3) A(cm2) ppm
generatorl(mA) columnH(cm)
valveV(cm/s)
25.35 0.65 6.85 105.41 0.785 134.28 722.20 78.5 9.2 50
17.67 0.41 6.10 93.90 0.785 119.62 573.05 78.5 7.3 35
11.69 0.24 5.25 82.24 0.785 104.77 431.75 78.5 5.6 25

3.3. RED physical model

To evaluate the performance of designed reverse
electrodialysis battery, the reverse electrodialysis
battery chambers are filled with a volume of seawater
Vs and river water Vr with different salt
concentrations. In this system, an ion process is
produced converted to electron current by reduction-
oxidation reactions in electrodes. This process
continues until the concentration of the solutions
becomes identical on both sides. The membrane used
in the physical model of nanostructure membrane. The
aim of selecting nano-membranes is to help increase
the process speed and reduce sedimentation .

AEM ,‘L/' .

_ Current
)

1/

ectrolyte
o

Cathode

Figure (6): shows the performance of the reverse electrodialysis
battery [15]

In this study, first, 4 liters of each of the diluted and
thick salt solutions and electrolyte solutions were
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prepared. The concentration of these solutions is
specified in the table (5). By injecting electrolyte
solutions into the electrode chamber, dilution and thick
solutions were injected into the membranes at two flux
rates. In both cases, first, the system entrances are
opened for a few seconds so that the salty and sweet
water cells are fully filled. In this case, the system exits
are completely closed. The time it takes for the system
to be filled with ten ml/s flux rate is 32 seconds, and for
the flux rate of 20 ml/s, it is 24 seconds.

Table 5: the concentration of used solutions

Number Solution Concentration
1 Dilute solution (river 0.017M (gNacCl / lit.)
water)
2 Concentrated solution 0.4 M (gNaCl / 1it.30)
(sea water)
3 Electrolyte solution 0.01 M
(Cuso4)

In table (5), the amount of potential difference between
the two heads of each cell in the reverse electrodialysis
system is calculated theoretically and according to the
ratio of seawater to river water concentration for each
hydrometric station .

Table 6: Potential difference between the two heads of each cell
in the battery

River Station V(mV)
Khosrowabad (A) 48
Arvand Dirifram (B) 55
Khorramshahr (C) 80
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4. Conclusion and discussion

Arvand River is the largest and most important river in
the Persian Gulf, so the study of gradient power is of
special importance.

The amount of Gibbs energy obtained using delayed
osmosis pressure method from data of three
hydrometric stations in Arvand River shows that
Khorramshahr station with 0.75 MJ has the highest
amount of extractable energy. Since this negative value
is obtained, it can be said that salinity gradient energy
is a spontaneous process from which energy can be
extracted. Since the investigation of energy extraction
methods from salinity gradient is a new method for
generating electrical energy; therefore, the results were
obtained by establishing the physical model of PRO.
Initially, with increasing the volume of water with high
concentration, the highest height difference created in
the physical model PRO with a height difference of 9.2
cm was related to the concentration of sea salinity of 50
ppm and river concentration of 10 ppm. The highest
generated flow was 9.2 cm in height and ten ppm
salinity concentration, which produced 26.35 mA.
Arvand River is the largest and most important river in
the Persian Gulf, so the study of gradient power is of
special importance. The amount of Gibbs energy
obtained using delayed osmosis pressure method from
data of three hydrometric stations in Arvand River
shows that Khorramshahr station with 0.75 MJ has the
highest amount of extractable energy. Since this
negative value is obtained, it can be said that salinity
gradient energy is a spontaneous process from which
energy can be extracted. Since the investigation of
energy extraction methods from salinity gradient is a
new method for generating electrical energy; therefore,
the results were obtained by establishing the physical
model of PRO. Initially, with increasing the volume of
water with high concentration, the highest height
difference created in the physical model PRO with a
height difference of 9.2 cm was related to the
concentration of sea salinity of 50 ppm and river
concentration of 10 ppm. The highest generated flow
was 9.2 cm in height and ten ppm salinity
concentration, which produced 26.35 mA.

In the reverse electrodialysis method, Gibbs energy
obtained from three hydrometric stations in Arvand
River shows that this river has the highest amount of
extractable energy in Khorramshahr station with 88.1
MJ. For the theoretical voltage of two heads of each
cell, reverse electrodialysis in a RED system in three
stations on the Arvand River shows that the greatest
potential difference with 80 mV is related to
Khorramshahr station .

By examining and comparing these two methods, it
can be said that both processes can be done
spontaneously, and Khorramshahr station has the best
efficiency. The advantage of RED over PRO is that the
electrical energy generated occurs at a lower salinity
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gradient, while in the PRO process, a higher salinity
gradient difference is required. Therefore, placement of
PRO device next to Khorramshahr desalination plant is
an important step towards energy extraction. Another
advantage of RED compared to PRO is that turbines are
needed for electrical production in the delayed osmosis
pressure method. Still, in the reverse electrodialysis
method, an ion current is produced by emitting ions
among the membranes.

4.1. Suggestions

The results show that the membrane system covers
50-80% of the cost of making the device according to
the salinity difference level. Therefore, further
development in  membrane technology and
identification of suitable membranes will significantly
impact the possibility of processing and pathway to the
market. As membrane permeability is determinative,
the interaction between fluid and membrane is
important in the system's permeability, so it is
suggested that carbon nanotubes be used in the model
in subsequent research. The physical model test in
areas with output potential such as Lake Urmia; and
using a delayed osmosis simultaneously with other
devices related to salinity gradients, can be effective as
well.
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ABSTRACT

Since renewable energy can be a good solution to respond to oil crises, the
disadvantages of using them and increasing energy demand in a sustainable way
in the future, and because the oceans cover two-thirds of the earth's surface,
harnessing the energy of the oceans can be a source of green energy for coastal
areas. At present, the generation of electricity from ocean waves by wave
energy converters is considered as a potential future energy source in many
countries. Currently, the electricity generation from ocean waves by wave
energy converters is considered as a potential future energy source in many
countries. Therefore this study aims to investigate the potential of wave energy
in the Caspian Sea from the Iranian perspective, and in the next step, propose a
framework to select an absorber to harvest this energy. Although there are
studies to assess the potential of wave energy in this region,but none of them
considered more than one type of absorber in the models. To this aim, the wind
data samples of the European Center for Medium-Range Weather Forecasts are
used to model the Caspian sea by implementing Mike 21 software from which
the power and height of waves data are obtained within the years 2001 to 2015.
Based on the results of this phase and the geographical conditions, a weighting
framework is applied to select an absorber for harvesting wave energy. The
results indicate that the best technology to harness energy in the Caspian Sea is
the WEPTOS absorber. This technology benefits from low complexity while

offering high efficiency.

1. Introduction

The oil crisis in the 1970s prompted the world to
explore alternatives for fossil fuels [1]. Furthermore, it
is expected that the world's energy demand will
increase by 30 percent from 2010 to 2040 [2,3].
Renewable energies could be a solution to meet
demand in a sustainable way in the future [4] and since
the oceans cover two-thirds of the Earth's surface,
harnessing ocean energy could be a green energy
supply for coastal regions [5]. Currently, the electricity
generation from ocean waves by wave energy
converters (WECSs) is considered as a potential future
energy source in many countries [6,7]. Fluctuated
power generation due to inherently fluctuations of
renewables such as wind and solar electricity supplies
could cause instability in energy systems. This
instability comes from a mismatch between the
electricity production pattern and electric load profile.
Wave energy converters (WECs) can produce
electricity from the waves with a lower rate of power
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fluctuation and higher capacity factor compared to
wind and solar supplies, which have the capacity
factors around 30% and 20%, respectively [8-11].
Moreover, the wave resources compared to other
variable renewable resources generate energy with
advantages including, predictability, availability, and
less land acquisition [12-17]. Although numerous
research regarding renewable energies utilization has
been conducted in Iran, the wave energy harvesting has
been studied the least. In this study, we intend to
evaluate the Caspian sea shoreline wave energy
potentials and to propose the most befitting wave
energy converter (WEC) technology to harness this
energy. Table 1 provides the details of these projects.
[18].
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Table 1. Specification of renewable energy projects of Iran

Renewable Project name Capacity of

energy project (Mw)

111 installed turbines in
Manjil

43 installed turbines in
Binalud

4 installed turbines in
Tabriz

Darbid Yazd and
SarKavir Semnan Power
plant development
Solar water heater in
Yazd, Khorasan, Sistan
and Baluchestan and
Isfahan

Shiraz solar plant (Vapor 0.25
phase)

Meshkinshahr
geothermal power
plant(Conduct
exploration drilling,
production and injection)
in Ardabil

Construction 3-5 MW
package in Ardabil
Manufacture of semi-
industrial stack
Vanadium redox battery
in Alborz(Energy
reservation)

Feasibility study for
installing of biomass
power plant in Fars and
Khorasan(Survey
potential-land fill)
Construction biomass
power plant in Shiraz
and Mashhad(Land fill)
Feasibility study for
manufacturing of Biogas
in Saveh

Purchase, installation
and operation of 25 kW
fuel cell polymer and
Accessories in Alborz
Semi-industrial scale
pilot projects in
hydrogen technology in
Alborz

61.18
28.38
0.67

Wind

0.012-0.017

Solar 4312

50
Geothermal
3-5

0.001

Biomass and 1.06 - 0.65
Biogass

1.2-0.66

0.6

Fuel cell and 0.025
Hydrogen

0.2

Although the first wave energy converter (WEC) was
created in 1799 in France by Gerard and his son,
Masuda can be recognized as the father of the modern
wave energy. He launched a navigation buoy equipped
with an air turbine, which is now called the OWC
converter. In recent years, the WEC technologies have
improved and developed significantly [19-23].
Moreover, studies [24] tested the commercial size of
WECSs in the oceans to harvest energy from waves. The
value of the wave energy hinges on the wavelength and
wave height [25]. As a result, studies [26] in this field
mostly focused on the aforementioned features to
assess the energy characteristics of wave energy
resources. Studies [25] investigated the potential of
wave energy resources in the Caspian Sea, the Persian
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Gulf, and the Gulf of Oman and found a large number
of hotspots with high energy potential Iran. Previous
studies [27], with the same regions of study, proposed
three districts in Iran (Qeshm, Chabahar, and Anzali )
as the best candidate for deployment of wave energy
stations using 3-h wind data from 2010. Other studies
[28] found two districts in Iran, including Noshahr and
Babolsar, as attractive locations to install wave energy
converters. Studying 11-year wind data of the Caspian
Sea using the (Simulation Wave Numerical) SWAN
software [29] depicted that the central zone of this
region has the highest wave energy potential while the
northern zone has the lowest potential. In other studies
[30], the same software, SWAN software, is used to
model wave energy resources in the Gulf of Oman in
the south of Iran, indicating 2.8 kW/m annual energy
for this region. Studies found a range of 0.2 and 1.2
kW/m annual energy for the wave energy resources in
the Caspian Sea (Anzali port coast), showing that the
wave power is more considerable in winter and spring
than summer and autumn.

The WECSs are divided into four main categories: Wave
Bodies Active (WAB) [31], Oscillating Water
Column(OWC) [32], Point Absorbers [33] and
Overtopping [34] that can be placed from the shore to
the sea.

Although there are studies [35,36] to assess the
potential of wave energy around the world, there is a
gap in the scope of studies to fully investigate the
different types of absorbers. In Iran, so far, no energy
converters have been installed for capturing the energy
of the Caspian Sea. Therefore, the aim of this study,
initially, is to model the waves characteristics of this
sea, and subsequently choose an energy converter
system by evaluating the characteristics of the sea
waves and examining the dynamic and geographical
features of the Caspian Sea.

2. Model Description

Numerous software can be used to simulate and
determine the wave energy. in the present study, MIKE
software was selected and implemented. Initially, we
model the waves of Caspian sea using the third
generation of Mike 21 SW software. This version is one
of the latest MIKE 21 software modules, replaced the
OSW (Off Shore Wave) module. The SW model is a
third-generation wavelength spectral model which is
used to simulate the production, growth, decay and
transformation of wind-generated waves and swell
offshore and coastal areas [37]. The basic conservation
equations are formulated in either Cartesian coordinate
for a small-scale application. To generalize the
governing equation in geographical and spectral space,
the cell centered finite volume method is applied. An
unstructured mesh technique is wused in the
geographical domain. The time integration is
performed using a fractional step approach where a
multi-sequence explicit is applied to the propagation of
wave action.
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The dynamics of the gravitational waves are described
by the transport equation for wave action density. The
wave action density spectrum is a function of two wave
phase parameters (varies in time and space). The two
wave phase parameters can be the wave direction, 0,
and either the relative (intrinsic) angular frequency, or
the absolute angular frequency. Alternatively, the wave
phase parameters can be also the wave number vector,

k with magnitude, k and direction, 6. The relative
angular frequency, ¢ ,and the wave direction, 0., have
been chosen to formulate the dynamics of the
gravitational waves in the current model.

The action density relates to the energy density by:
N==2

= (1)
where in Eq.(1) N (o, 0) and E (o, 0) stand for action
density and energy density, respectively.

For wave propagation over gradually varying depths
and currents, the relation between the relative angular
frequency and the absolute angular frequency, are
described by the linear dispersion relation:

(2)

= ./gktanh(kd) = w — k.U

Where in Eq.(2) g is the acceleration of gravity, d is
the water depth, w is absolute angular frequency, and U
is the current velocity factor. The magnitude of the
group velocity of the wave energy relative to the
current, cg, is described by:

g
€9 =5, _( smh(de)) (3)
Where in Eq.(3) ¢ describes the phase velocity of the
wave relative to the current follows:

c=5 (@)

A range between a minimum frequency, ¢,,,;,, limits the
frequency spectrum which is split up into a
deterministic prognostic part for frequencies lower than
a cut-off frequency and analytical diagnostic part for
frequencies higher than the cut-off frequency. Based on
WAMDI Group (1988) and Komen et al. (1994), a
dynamic cut-off frequency depending on the local wind
speed and mean frequency is used as in the WAM
Cycle 4 model.

The governing equation, based on Komen et al. (1994)
and Young (1999), is defined as the wave action
balance equation which has been formulated in either
Cartesian of spherical coordinate.

2.1. Cartesian coordinates
The conservation equation for wave action, in
horizontal Cartesian coordinate, can be describes as:

oN Sy S
Z4+V.(BN) == (5)
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Where in Eq.(5) N(X. 0. 6. t) depicts the action density
and t shows the time, x = (x.y) is the Cartesian co-
ordinates, S is the source term for the energy balance
equation, and U = (cy,Cy,Cq, o) refers to the
propagation velocity of a wave in the four-dimensional
phase space X, o and 0. V is the four-dimensional

differential operator in the X, o, 6-space. The four
characteristic propagation speeds are described by:

T — -4
(cx. cy) = d—f =cg+U (6)
do - U
=== £—+U|7d] cgk. 2 7
6 _ dogad | 7 au
=%~ " %ladom " “om (8)

Where in Eq.(7) s represents the space coordinate in
wave direction 6, and in Eq.(8) m is a coordinate
perpendicular to s. Vi Is the two-dimensional
differential operator in the x-space.

2.2. Spherical coordinates

The conserved property is spherical coordinates, is the
action density N(%,0,6,t). Here, ¥= (¢,\) is the
spherical co-ordinates, where ¢ is the latitude and A is
the longitude. The action density N is related the
normal action density N (and normal energy density E)
while Ndod@d¢pdA = NdodOdxdy, or:

ER?cos ¢

N = NR?cos ¢ = (9)

o
Where in Eq.(9) R shows the radius of the earth. The
wave action balance equation in spherical polar
coordinates is following:

azv 0 0
afl—') C¢N + ClN +
5
%CJN +£C9N —; (10)

Here in EqQ.(10) $(%,5,0,t)=SR? cos ¢ is the total source
and sink function. S is the energy source term which
depicts the superposition of source function describing
various physical phenomena:

S =8m+Su+Sas + Spor + Ssurf (11)
Here in Eq.(11) S;, represents the generation of energy
by wind, S,,; is the wave energy transfer due to non-
linear wave-wave interaction, S, is the dissipation of
wave energy because of white-capping, Sp,: IS the
dissipation because of bottom friction and S, is the
dissipation of wave energy because of depth-induced
breaking.
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The spectral moment of order ith for the calculation of
spectral wave parameters is computed by the equation
in mike 21 SW model:

my= " [CE(f.0)fidfde

Where in Eq.(12) E(f,0) is the direct spectrum of wave
energy and f is the wave frequency. Thus, the height
characteristics of the wave Hs, the wave period Te and
the mean period of time Tm are obtained from the
following equations:

Hs = 4/m,

(12)

m—q

Te = —_ (13)
T =72

The flux of energy per unit length, so-called wave
power, P, is defined by equation (14):

P=pg [ [T c,(f-O)E(f.0)df db (14)

Where in Eq.(14) p is the density of the seawater as
follows. In deep water(d> 0.5L) follows equation (15):
2

P =5 HZT, ~ (0.49)HZT, kW /m (15)
2.3. Model setup

Data from monitoring wind for 6 hours at a distance of
10 meters from the ECMWF (European Center for
Medium-Range Weather Forecasts) was used with a
resolution of 0.75x0.75 square kilometers in order to
model the sea waves. To validate this model, results are
compared with the measured data of buoys on the
Anzali coast with geographical coordinates of 49.52
degrees north and 37.55 degrees eastern within May
2003 to June 2003 as well as city of Neka with
geographical coordinates of 51.51 degrees north and
37.87 degrees east from October 2006 to May 2007.

2.4. Model Validation

The model validation is done using the aforementioned
parameters and periods. For a more accurate evaluation
of the accuracy of the validation results, for each of the
courses, the scatter results are plotted and the statistical
parameters that represent the accuracy of the matching
two series of data are presented. These parameters
include: Model skill (la), Scattering Index (Sl),
Correlation Coefficient (CC), BIAS and Root Mean
Square Errors (RMSE).

Each of the above parameters are described in the
following statistical relationships where x is the
statistical series for results of the measurements, y is
the statistical series of the results of the mode, x and ¥
are mean of each of these two series and n is the total
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number of data in the statistical series. The results of
the final validation are described in detail in Table 2.

l,=1- Z(Xi_yi)z 2
(% ~X|+|y, - ¥]) (16)

JE2(0 )09
Sl = _

X
CC = 2(Xi _K)(yi B 7)
V= = X)*2(y, - ¥)?
Bias = (Y —X)

RMSE = ,fEZ(yi —X)?
n

Table 2. Summary of error values obtained at the Caspian Sea
Validation Station

H (m)
1, SI  CC BIAS(m) RMSE(m)
Anzali 089 089 082 0.11 033
Neka 093 045 089 0.15 0.37
T, (s)
Anzali 079 034 076 0.86 1.38
Neka 089 021 079 0.01 111

As can be seen in Figures 1a and 1b for port of Anzali
and Figures 2a and 2b for port of Neka as well as Table
2, the modeling results show a good fit based on the
measurement values in the mentioned time periods.
Thus, the modeling of the Caspian Sea for 15 years
from 2001 to 2015 is performed using the proposed
model.
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Figure 1. wave characteristics of port of Anzali in 2003

Figure 2. wave characteristics of port of Neka in 2003
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3. The simulation of the Caspian Sea waves

3.1. Caspian Sea Wave

In this section, we provide details about modeling
Caspian Sea for 15 years (from 2001 to 2015). Figure
3 shows the location of the Caspian Sea which is
located between the 47.13 and 36.34 latitudes and
46.43 and 54.51 longitudes. The Caspian Sea ,with
7000 km shoreling, is the largest lake around the world
surrounded by Iran in the south, Kazakhstan and
Turkmenistan in the east and Russia in the north and
North West and Azerbaijan in the west.

Figure 3. Location of Caspian Sea

The associated counter related to the wave heights in
2015 is shown in Figure 4 and Figure 5. As it can be
seen, due to the low wind speeds in the spring, the
average wave height is about 1 meter in the first season
of the year for April to May months. Though, with the
arrival of the summer season, due to the high
temperature variation within day and night, the wind
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Speed has increased and the average wave height
increased slightly and reached about 2 meters, around
twice that of the spring. In the autumn, the wave height
values in the Caspian Sea peak, and this amount
decreases slightly in winter, but with thesecontours, it
can be seen that the highest wave height values occur
in the autumn and winter seasons.
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Figure 4. Counter of the Caspian Sea wave peaks in the first
half of the year
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Figure 5. Counter of the Caspian Sea wave peaks in the
second half of the year

Figure 6 depicts the locations which has been chosen
for further investigation on the southern coast of the
Caspian Sea. The main criteria for choosing these
points is their importance based on harbor activities.
Therefore, in commercial or fishery ports, the results of
modeling and statistical analysis are presented with
higher accuracy than the other points. These 23 stations
are represents of the region of the case study which are
described in Table 3.

N38:45"

N38:15+

Figure 6. Location of the Chosen Stations

Table 3. The characteristics of the selected wave stations

Selected Coordinates Water Closest urban
point (Lon/Lat)(®) depth(m) centers

P1

P2

P3 49.09N,3790E -155 Talesh

P4 49.23N,37.74E -26 Paresar
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P5 49.41N,37.65E -56 Sangachin

P6 49.62 N, 3758 E -235 Hassanroud
P7 49.84 N, 37.57E -287 Hagi Bekandeh
P8 50.14 N, 37.52E -272 Mohsen Abad
P9 50.34 N, 37.40E -250 Amirabad
P10 50.48 N, 37.26 E  -366 Rudsar

P11 50.66 N, 37.17E -380 Oshiyan

P12 50.83 N, 37.06 E -349 Ramsar

P13 51.03 N, 36.97E -471 Tonekabon
P12 51.22N,36.94E -551 Nashtarud
P13 51.44N,36.92E -584 Namakabrud
P12 51.69 N, 36.83E -499 Nowshahr
P13 51.85 N, 36.83E -488 Tooskatok
P14 52.08 N, 36.83E  -467 Nur

P15 52.27 N, 36.85E -379 Mahmudabad
P16 52.50N,36.90E -392 Sorkhroud
P17 52.76 N,36.95E -213 Babolsar

P18 53.01N,36.99E -176 Khazarabad
P19 53.24 N,37.06 E -95 Zeynaroud
P20 53.49N,37.13E -21 Emamadeh
P21 53.76 N, 37.15E -10 Bandar Torkaman
p22

P23

The result of the modeling is presented as wave
characteristics and wave roses graphs. The simulation
was performed for the selected stations and the mean
results for fifteen years were presented in Figure 7. As
it can be seen in this Figure, the selected stations P6 to
P19 have the highest amount of wave power in the
central-southern side of the Caspian sea which makes
them suitable locations to harness wave energy. This
potential wave energy in the west-southern and east-
southern sides is lower compared to the central side (the
eastern side has the lowest wave power potential). In
the spring, due to low-speed wind blowing in the
Caspian Sea, the wave power reaches its minimum (see
Figure 7 (a)). This power increases in the summer by
raising the wind speed and then reaches its highest
value in the autumn. The wave power in the winter and
autumn is almost twice the power in the summer and
spring for the region of the case study (see Figure 7).
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Figure 7. The measured mean wave power within the 15
years period for the selected stations in: (a) spring, (b)
summer, (c) autumn, (d) winter and (e) annual

Figure 8 represents the wave rose, wind rose and power
rose charts of the selected stations during the period of
15 years. Each unit in the x and y axis correlate to 10%
of the total surface. The efficiency of the WECs highly
hinges on the wave direction which should be consider
in the installation procedure. The simulation results
show that the direction of the waves, on the southern
coast of the Caspian Sea, is towards north-east for the
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west side, towards the north in the middle side, and
towards north-east for the east side.

4. Wave Energy Converters

4.1. Technologies

To select the best converter for the Caspian Sea wave
energy recovery, a variety of wave energy converters
are evaluated in the next section. There are currently
about 80 technologies for wave energy conversion.
Wave energy converter systems can be categorized into
four main categories, including wave-activated bodies,
point absorbers, oscillating wave columns and
overtopping systems. These categorizations are based
on installation and deployment on shoreline, offshore,
or on the sea bed and a brief description of each
provided in this subsection [38—-41].
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Figure 8. wave rose diagrams from the fifteen-years modeling

Active devices operate by moving relative oscillation
bodies from the wave motion. These devices include an
unbreakable reference that the absorbing body can
fluctuate towards, and the energy is constrained by the
power transmission system via dipping or resisting
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movement of these objects. The converters are Pelamis
[42], DEXA [43], WEPTOS [44], Anaconda [45],
SEAREV [46], Salter Duck [47], McCabe [48],
WaveRoller [49], Oyster [50], and BioWave [51], the
characteristics of which are given in Table 4.

Table 4. Characteristics of WAB devices

be the most efficient method, since its efficiency is
about 80% with a relatively simple mechanism and is
resistant to storms. The characteristics of these
converters can be found in Table 6 which include
OSPREY [56], Limpet [57], Mutriku [58] and Mighty
Whale [59].

Table 6. Characteristics of OWC devices

Water Average Output
Device Type Depth  Wave Power  Power
(m) (KW/m) (kW)
osprey  Hleatingon ;g 50 500
sea surface
Limpet Fixed on 6 20 113
coast
Mutriku Fixed on 5 26 68.5
coast
Mighty Fixed on
Whale sea surface 40 15 110

Water Average Output
Device Type Depth  Wave Power  Power
(m) (KW/m) (KW)
Pelamis  loating on 50 40-70 750-2250
sea surface
DExA  Floatingon o, 10 160
sea surface
wepTos Fixedon 16.3 39 925
sea surface
Anaconda  leatingon g 50 1000
sea surface
SEAREY ~ ixedon 50 40 500
sea surface
Salter Duck  leatingon 4, 24 375
sea surface
McCabe  Floatingon o, /4 53 257
sea surface
WaveRoller ~ xedon 540 40 300
sea coast
Fixed on
Oyster seabed 20 19 200
Biowave  Fedon oo 4, 35-50 250
seabed

4.1.2 Point Absorbers

Point absorbers are devices that move their relative
oscillation bodies via wave motion. These devices
include an unbreakable reference that the absorbing
body can fluctuate towards, and the energy is
constrained by the power transmission system by
dipping or resisting movement of these objects. OPT
Power [52], AquaBuoy [53], WaveBob [54] and
Archimedes Wave Swing [55] are of a variety of
converters, and their characteristics are described in
Table 5.

Table 5. Characteristics of Point Absorber devices

4.1.4. Overtopping Devices

These systems are partly dipped in water, which uses
wave energy to transfer seawater into a sloping canal
and fill a reservoir. Using the height difference, low
height turbines move and generate energy. The
characteristics of Wave Dragon [60], Tapchan [61] and
Sea Slot-Cone Generator (SSG) [62] are described in
Table 7.

Table 7. Characteristics of Overtopping devices

Water Average Output
Device Type Depth  Wave Power  Power
(m) (KW/m) (kW)
Wave Fixedon =, 4 60 625-940
Dragon sea surface
TAPCHAN ~ Fixedon 20 20-30 350
coast
SSG Fixedon ¢ ;g 14-16 49-62
coast

Water Average Output
Device Type Depth  Wave Power  Power
(m) (KW/m) (kW)
OPT Power  Hloatingon 4, ¢, 50 40-500
sea surface
Fixed on
AquaBuoy sea surface 45-76 20-50 250
WaveBob ~ xedon 5 oy 70-80 131
sea surface
Archimedes Fixed on
Wave 43 30-40 221
. seabed
Swing

4.1.3. Oscillating Water Column (OWC)

Oscillating Water Column is an offshore deep water
converter which compresses the air above the surface
of the water and the swells cause the water column to
force the air through an air turbine, resulting in the
movement of the turbine. This method is considered to
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4.2. WEC Selection Framework

The factors affecting the selection of a wave energy
converter in the Caspian Sea are divided into two main
parts; the first part is related to the physical conditions
associated with the Caspian Sea, and the second part is
related to the structural properties of the wave power
converter. Having considered all these criterions, the
most suitable energy converter for Caspian sea is
selected.

e Wave energy potential: As shown in Figures
7 and 8, the waves of the Caspian Sea have a
characteristic wave height of 0 to 2 meters and
a potential power average of 1 to 4 kilowatt-
per-meter near the coast.

e The converters power output: The amount of
power generated by a device that is normalized
according to mass, volume, and capital cost.
This factor is the most important decision
making parameter. Each wave power converter
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system is rated on a scale of 1 and 10 points
based on its power generation potential.

e Sea-bed conditions: Wave energy converters
that are hooked to the seabed cannot be
deployed in the Caspian Sea due to its
relatively unstable seabed. Hence we assign a
score of 1 for systems that are fixed onto the
seabed, a Score 4 for systems that are fixed on
the shore, a score of 7 for systems floating on
the surface of the water, and a score of 10 for
converters that do operations without need of
seabed.

e The development of wave power converter
devices: Wave energy converters vary in terms
of technology advancements and development.
Figure 9 depicts the share of each technology
in worldwide wave power generation [24].
Therefore, score 10 for point absorber buoy
converters, 6 for WABs, 3 OWCs, and 2 scores
for overtopping converters are assigned,
respectively.

m Wave Actived Bodies

H Point absorber
Oscillating water
column

m Overtopping

u Other

Figure 9. The share of each WEC in the worldwide wave
power generation [24]

Based on the above factors, the specific scores for each
technology of the available wave energy converters are
given in Table 8 based on which the total score of each
device is calculated and shown in Figure 10. As it can
be seen, the best technology to harness energy in the
Caspian Sea is the WEPTOS device which benefits
from low complexity while offering high efficiency.

Table 8. Related parameter scores for wave energy absorbers
to be used in Caspian sea

Device Device Progress  Sea Condition Power
Pelamis 6 7 10
DEXA 6 7 6
WEPTOS 6 10 9
Anaconda 6 7 7
SEAREV 6 10 5
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Salter Duck 6 7 6
McCabe 6 7 2
WaveRoller 6 4 3
Oyster 6 1 4
BioWave 6 1 2
OPT Power 10 7 2
AquaBuoy 10 10 3
WaveBob 10 10 1
Archimedes

Wave Swing 10 ! 2
OSPREY 3 7 4
Limpet 3 4 2
Mutriku 3 4 1
Mighty Whale 3 10 3
Wave Dragon 2 7 7
TAPCHAN 2 4 5
SSG 2 4 2

Limpet

McCabe
Salter Duck
SEAREV
Anaconda
WEPTOS
DEXA
Pelamis

WAVE ENERGY ABSORBER

] 5 10 15 20 25 30
Figure 10. Evaluation of the wave energy absorbers

The structural shape of the WEPTOS device is similar
to the letter A. This converter is comprised of two
symmetrical arms, each of which consists of 20
separate rotors [63]. The rotors on each arm are
connected to a separate generator. The transfer of
torque from arm to the generator is carried out through
a gear mechanism. The angle of the arms varies
depending on the weather conditions. In less extreme
near shore climates, the arm length increases in order
to harvest the maximum wave energy from a wide
range of ocean waves. This enhances the energy
produced and covers a wider range of waves, which
significantly increases the average annual energy
received from the waves. Furthermore, in extreme
storm condition, the angle between the arms decreases
to prevent structure damage due to the force applied
through the waves. In such a situation, minimizing
cross-sectional area of the device exposed to the waves,
the maximum force from the maximum force applied
to the device in the normal state does not exceed. This
device has the following distinctive features that
distinguish it from other converters [64]:
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e High efficiency

e Low capital cost

e Scalability of the device (depending on the
conditions, adding or lowering the rotor
modules can reduce or increase the capacity of
the converter)

e Suitable for low height of waves (for example,
for waves with Hs between 0 and 3 meters and
Tp between 3 and 7 seconds [44])

5. Conclusions

This study aimed to investigate the potential of wave
energy in the Caspian Sea from the Iranian perspective,
as a baseline for a framework to select an absorber to
harvest this energy. To this aim, the wave power
potential was evaluated using the 15-year period
annual, seasonal, and monthly wind data from
ECMWE for 23 selected stations on the southern side
of the Caspian Sea. Furthermore, these results, from the
simulation performed by MIKE, were validated based
on real data for two stations, including the Anzali and
The Neka stations. The error measurement factors such
as RMSE and BIAS factors showed great goodness of
fit to simulate the wave energy in the region of the case
study.

In the next step, a framework is proposed to select an
absorber for harvesting the wave energy on the
southern coast of the Caspian Sea based on the results
of this phase and the geographical conditions. The
results indicate that the best technology to harness
energy in the Caspian Sea is the WEPTOS absorber.
This technology benefits from low complexity while
offering high efficiency.

6. References
[1] S. Foteinis, J. Hancock, N. Mazarakis, T. Tsoutsos,

and C. E. Synolakis, “A comparative analysis of
wave power in the nearshore by WAM estimates
and in-situ (AWAC) measurements. The case study
of Varkiza, Athens, Greece,” Energy, vol. 138, pp.
500-508, Nov. 2017.
[2] “Outlook for Energy: A perspective to 2040 |
ExxonMobil.” [Online]. Available:
https://corporate.exxonmobil.com/Energy-and-
environment/Looking-forward/Outlook-for-
Energy/Outlook-for-Energy-A-perspective-to-
2040#Buildingaperspective. [Accessed: 15-Sep-
2020].
S. M. Mortazavi, A. Maleki, and H. Yousefi,
“Analysis of robustness of the Chinese economy
and energy supply/demand fluctuations,” Int. J.
Low-Carbon Technol., vol. 14, no. 2, pp. 147-159,
2019.

(3]

48

[4] E. Ahmadi, B. McLellan, S. Ogata, B. Mohammadi-
Ivatloo, and T. Tezuka, “An integrated planning
framework for sustainable water and energy
supply,” Sustain., vol. 12, no. 10, 2020.

J. C. S. Barstow, G. Mark, D. Mollison, “The Wave

Energy Resource,” Ocean wave energy, Springer,

pp. 93-132, 2008.

O. Langhamer, K. Haikonen, and J. Sundberg,

“Wave power-Sustainable energy or

environmentally costly? A review with special

emphasis on linear wave energy converters,”

Renew. Sustain. Energy Rev., vol. 14, no. 4, pp.

1329-1335, 2010.

A. F. de O. Falcdo, “Wave energy utilization: A

review of the technologies,” Renew. Sustain.

Energy Rev., vol. 14, no. 3, pp. 899-918, Apr. 2010.

[8] B. Drew, A. R. Plummer, and M. N. Sahinkaya, “A
review of wave energy converter technology,” vol.
223, pp. 887-902, 2009.

[9] R. Pelc and R. M. Fujita, “Renewable energy from
the ocean,” Mar. Policy, vol. 26, no. 6, pp. 471-479,
2002.

[10] M. Mohammadi, R. Ghasempour, F. Razi
Astaraei, E. Ahmadi, A. Aligholian, and A.
Toopshekan, “Optimal planning of renewable
energy resource for a residential house considering
economic and reliability criteria,” Int. J. Electr.
Power Energy Syst., vol. 96, no. September 2017,
pp. 261-273, 2018.

[11] N. Ghorbani, A. Kasaeian, A. Toopshekan, L.
Bahrami, and A. Maghami, “Optimizing a hybrid
wind-PV-battery system using GA-PSO and
MOPSO for reducing cost and increasing
reliability,” Energy, vol. 154, pp. 581-591, 2018.

[12] M. Leijon, H. Bernhoff, M. Berg, and O. Agren,
“Economical considerations of renewable electric
energy production—especially development of
wave energy,” Renew. Energy, vol. 28, no. 8, pp.
1201-1209, 2003.

[13] A. Rashid and S. Hasanzadeh, “Status and
potentials of offshore wave energy resources in
Chahbahar area (NW Omman Sea),” Renew.
Sustain. Energy Rev., vol. 15, no. 9, pp. 4876-4883,
2011.

[14] S. M. Mortazavi and S. Garoosi, “Role of Energy
Supply and demand Fluctuations in Macroeconomic
Development of Iran,” vol. 1, no. 1, pp. 85-92,
2019.

[15] S.C.Pryor and R.J. Barthelmie, “Climate change
impacts on wind energy: A review,” Renew.

[5]

[6]

[7]



Mohammad Hossein Jahangir, Mehran Mazinani, Zahra Ranji / The Application of Energy Absorbers to Harness Wave Energy in the Caspian Sea...

Sustain. Energy Rev., vol. 14, no. 1, pp. 430-437,
2010.

[16] M. Mehrpooya, M. Mohammadi, and E. Ahmadi,
“Techno-economic-environmental study of hybrid
power supply system: A case study in Iran,” Sustain.
Energy Technol. Assessments, vol. 25, no.
September 2016, pp. 1-10, 2018.

[17] G. Iglesias, M. Lopez, R. Carballo, A. Castro, J.
A. Fraguela, and P. Frigaard, “Wave energy
potential in Galicia (NW Spain),” Renew. Energy,
vol. 34, no. 11, pp. 2323-2333, 2009.

[18] M. Bahrami and P. Abbaszadeh, “An overview of
renewable energies in Iran,” Renew. Sustain.
Energy Rev., vol. 24, no. 2013, pp. 198-208, 2013.

[19] M. A. Mustapa, O. B. Yaakob, Y. M. Ahmed, C.
K. Rheem, K. K. Koh, and F. A. Adnan, “Wave
energy device and breakwater integration: A
review,” Renew. Sustain. Energy Rev., vol. 77, no.
September 2015, pp. 43-58, 2017.

[20] A. Al-Habaibeh, D. Su, J. McCague, and A.
Knight, “An innovative approach for energy
generation from waves,” Energy Convers. Manag.,
vol. 51, no. 8, pp. 1664-1668, 2010.

[21] F. He, Z. Huang, and A. W. Law, “An
experimental study of a floating breakwater with
asymmetric pneumatic chambers for wave energy
extraction,” Appl. Energy, vol. 106, pp. 222-231,
2013.

[22] J. M. B. P. Cruz and A. J. N. A. Sarmento, “Sea
state characterisation of the test site of an offshore
wave energy plant,” Ocean Eng., vol. 34, no. 5-6,
pp. 763-775, 2007.

[23] J. P. Kofoed, P. Frigaard, E. Friis-Madsen, and H.
C. Serensen, “Prototype testing of the wave energy
converter wave dragon,” Renew. Energy, vol. 31,
no. 2, pp. 181-189, Feb. 2006.

[24] I. Lopez, J. Andreu, S. Ceballos, I. Martinez de
Alegria, and I. Kortabarria, “Review of wave energy
technologies and the necessary power-equipment,”
Renew. Sustain. Energy Rev., vol. 27, pp. 413-434,
Nov. 2013.

[25] D. Khojasteh, D. Khojasteh, R. Kamali, A.
Beyene, and G. Iglesias, “Assessment of renewable
energy resources in Iran; with a focus on wave and
tidal energy,” Renew. Sustain. Energy Rev., vol. 81,
no. December 2016, pp. 2992-3005, 2018.

[26] S.Hadadpour, A. Etemad-Shahidi, E. Jabbari, and
B. Kamranzad, “Wave energy and hot spots in
Anzali port,” Energy, vol. 74, pp. 529-536, 2014.

49

[27] M. Majidi Nezhad, D. Groppi, and G. Piras,
“Nearshore Wave Energy Assessment of Iranian
Coastlines,” pp. 1-8, 2018.

[28] R. Alamian, R. Shafaghat, S. S. Hosseini, and A.
Zainali, “Wave energy potential along the southern
coast of the Caspian Sea,” Int. J. Mar. Energy, vol.
19, pp. 221-234, 2017.

[29] B. Kamranzad, A. Etemad-Shahidi, and V.
Chegini, “Sustainability of wave energy resources
in southern Caspian Sea,” Energy, vol. 97, pp. 549—
559, 2016.

[30] A. Saket and A. Etemad-Shahidi, “Wave energy
potential along the northern coasts of the Gulf of
Oman, Iran,” Renew. Energy, vol. 40, no. 1, pp. 90—
97, 2012.

[31] T. Whittaker and M. Folley, “Nearshore
oscillating wave surge converters and the
development of Oyster,” Philos. Trans. R. Soc. A
Math. Phys. Eng. Sci., vol. 370, no. 1959, pp. 345-
364, 2012.

[32] D. P. Cashman, M. G. Egan, and J. G. Hayes,
“Modelling and Analysis of an Offshore Oscillating
Water Column Wave Energy Converter,”
Measurement, pp. 1-10, 2009.

[33] L. Wang, A. Kolios, L. Cui, and Q. Sheng,
“Flexible multibody dynamics modelling of point-
absorber wave energy converters,” Renew. Energy,
vol. 127, pp. 790-801, 2018.

[34] Bevilacqua.G and Zanuttigh.B, “Overtopping
Wave Energy Converters : general aspects and stage
of development,” Int. Coast. Eng. Proc., no. 1, p.
21, 2011.

[35] L. Rusu and C. Guedes Soares, “Wave energy
assessments in the Azores islands,” Renew. Energy,
vol. 45, pp. 183-196, 2012.

[36] G. Kim, W. M. Jeong, K. S. Lee, K. Jun, and M.
E. Lee, “Offshore and nearshore wave energy
assessment around the Korean Peninsula,” Energy,
vol. 36, no. 3, pp. 1460-1469, 2011.

[37] Danish Hydraulic Institute (DHI), “Mike 21 Wave
Modelling,” Dhi, pp. 1-18, 2009.

[38] L.B. M. Andersen M, Argyriadis K, Butterfield S,
Fonseca N, Kuroiwa T, “Ocean Wind and Wave
Energy Utilization,” vol. 2, no. August, 2006.

[39] M. Previsic, “Wave power technologies,” Proc.
2005 Int. Conf. Futur. power Syst. IEEE, 2005.
[40] S. M. Polinder H, “Wave energy converters and
their impact on power systems,” Proc. 2005 Int.

Conf. Futur. power Syst., pp. 1-9, 2005.



Mohammad Hossein Jahangir, Mehran Mazinani, Zahra Ranji / IJCOE 2021, 6(5); p.39-50

[41] A. Clément et al., “Wave energy in Europe:
current status and perspectives,” Renew. Sustain.
Energy Rev., vol. 6, no. 5, pp. 405-431, 2002.

[42] C. Retzler, “Measurements of the slow drift
dynamics of a model Pelamis wave energy
converter,” Renew. Energy, vol. 31, no. 2, pp. 257—
269, Feb. 2006.

[43] J. Peter and P. Bak, “Near-Shore Floating Wave
Energy Converters,” Coast. Eng., 2011.

[44] A. Pecher, J. P. Kofoed, and T. Larsen,
“Experimental Study of the Weptos Wave Energy
Converter,” 31th Int. Conf. Ocean. Offshore Arct.
Eng. OMAE, pp. 1-11, 2012.

[45] V. Heller, J. Chaplin, and F. Farley, “Physical
model tests of the anaconda wave energy
converter,” Proc. 1st IAHR Eur. Congr., vol. 1, pp.
3-8, 2000.

[46] M. Ruellan, H. Ben Ahmed, B. Multon, C. Josset,
A. Babarit, and A. H. Clément, “Design
Methodology for a SEAREV Wave Energy
Converter,” IEEE Trans. Energy Convers., vol. 25,
no. 3, pp. 760-767, 2010.

[47] S. Duck, “Edinburgh Wave Power Group, Salter
Duck.” [Online]. Available:
http://www.mech.ed.ac.uk/research/wavepower/.

[48] T.W. Thorpe, “A Brief Review of Wave Energy,”
Tech. Rep. ETSU-R120, no. May, p. 200, 1999.

[49] T. Mé&ki, M. Vuorinen, T. Mucha, and T.
Waveroller, “WaveRoller — One of the Leading
Technologies for Wave Energy Conversion,” 5th
Int. Conf. Ocean Energy, no. November, pp. 4-6,
2014.

[50] T. Whittaker, D. Collier, M. Folley, M. Osterried,
and A. Henry, “The development of Oyster - A
shallow water surging wave energy converter ,” 7th
Eur. Wave Tidal Energy Conf., no. January 2017,
2007.

[51] F. Zabihian and A. S. Fung, “Review of marine
renewable energies: Case study of Iran,” Renew.
Sustain. Energy Rev., vol. 15, no. 5, pp. 2461-2474,
2011.

[52] B. S. Holmes B, “State of the Art Analysis - A
Cautiously Optimistic Review of the Technical
Status of Wave Energy Technology,” EU Proj.
Rep., pp. 1-111, 2009.

[53] M. Previsic, R. Bedard, and G. Hagerman, “E2I
EPRI  Assessment Offshore Wave Energy

50

Conversion Devices,” E21 EPRI WP — 004 — US —
Rev 1, pp. 1-52, 2004.

[54] J. Weber, F. Mouwen, a. Parish, and D.
Robertson, “Wavebob — Research & Development
Network and Tools in the Context of Systems
Engineering,” Ewtec, no. Proc. of the 8th European
Wave and Tidal Energy Conf., Uppsala, Sweden,
pp. 416420, 2009.

[55] M. Prado, “Archimedes wave swing (AWS),”
Ocean wave energy, Springer, Berlin, pp. 297-304,
2008.

[56] J.F. Childs, “THE ROLE OF CONVERTERS &
THEIR CONTROL IN THE RECOVERY OF
WAVE & WIND ENERGY,” Proc. IEE Collog.
power Electron. Renew. energy, vol. 43, no. 1, pp.
23-25, 1997.

[57] T. J. T. Whittaker, W. Beattie, M. Folley, C.
Boake, a Wright, and M. Osterried, “The Limpet
Wave Power Project — The First Years Of
Operation,” Scottish Hydraul. Study Gr. - Semin.
Hydraul. Asp. Renew. Energy, no. 1997, pp. 1-8,
2004.

[58] Y. Torre-Enciso, I. Ortubia, L. I. Lépez de
Aguileta, and J. Marqués, “Mutriku Wave Power
Plant: from the thinking out to the reality,” 8th Eur.
Wave Tidal Energy Conf. (EWTEC 2009), pp. 319-
328, 2009.

[59] Y. Washio, H. Osawa, and T. Ogata, “The open
sea tests of the offshore floating type wave power
device ‘mighty whale’ - Characteristics of wave
energy absorption and power generation,” Ocean.
Conf. Rec., vol. 1, pp. 579-585, 2001.

[60] J.P. Kofoed, P. Frigaard, E. Friis-Madsen, and H.
C. Serensen, “Prototype testing of the wave energy
converter wave dragon,” Renew. Energy, vol. 31,
no. 2, pp. 181-189, 2006.

[61] de O. F. A. Evans DV, Hydrodynamics of ocean
wave-energy utilization. 1985.

[62] D. Vicinanza, L. Margheritini, J. P. Kofoed, and
M. Buccino, “The SSG wave energy converter:
Performance, status and recent developments,”
Energies, vol. 5, no. 2, pp. 193-226, 2012.

[63] G. Mattiazzo and A. Gulisano, “Wave energy

future,” 2016.

“WEPTOS Company Website.”

Available: http://www.weptos.com/.

[64] [Online].



INTERNATIONAL JOURNAL OF
COASTAL & OFFSHORE ENGINEERING 1JCOE Vol.6/No.5 /Autumn 2021 (51-63)/ Special issue of “Marine Renewable Energy”

Available online at: www. ljcoe.org

Wave Energy Assessment in Dumaran Island, Palawan, Philippines.
Arinah Mariam Aminudin®, Teh Hee Min?, Jonathan Pacaldo®

¥ BEng. student, Civil and Environmental Engineering Department, Universiti Teknologi PETRONAS;

arinahaminudin@gmail.com

2 Senior Lecturer, Civil and Environmental Engineering Department, Universiti Teknologi PETRONAS;
heemin.teh@utp.edu.my

% Senior Lecturer, Civil Engineering Department, Palawan State University; j_pacaldo@psu.palawan.edu.ph

ARTICLE INFO ABSTRACT

Article History: Wave energy harvesting, if viable, is a potential energy resource for remote
Received: 25 Sep. 2021 islands like Dumaran Island, Philippines. However, absence of high-resolution
Accepted: 28 Nov. 2021 . L .

wave energy resource information in Dumaran waters hinders the development
of Wave Energy Converter (WEC) to overcome current unsustainable means of

Keywords: supplying power, prolonging energy insecurity among its locals. The focus of
Eulmara” this study is to assess wave energy densities for Dumaran Island using high-
MSLVAWATC resolution and validated wave data for the selected sites in Sulu Sea within 100
Wave energy km radius from the island by using statistical analysis. This was achieved by
Wave height generating 3-hourly hindcast wave data for 40-year study period (1978 — 2018)

in 6 selected sites, using MetOcean Solutions Ltd WW3 Tolman Chalikov
(MSLWW3TC) numerical wave model. The wave model was then validated
with MIKE 21 Spectral Wave Model FM (MIKE21SW), which generated 3-
hourly wave energy data at 14 sites for 5-year study period. Subsequently, wave
energy flux time-series was computed and statistically analysed. The validated
wave model resulted in low RMSE and high CC results, which indicate good
model performance. The study area has low wave energy content, with the
average wave energy range less than 4.5 kW/m. High but unstable wave energy
was observed during Northeast Monsoon across all sites, and reduction of wave
energy near coastal areas due to sheltering effect of Palawan and offshore
islands. The hotspot for wave energy is found in the northeast and southeast of
Dumaran deep offshore waters, with average annual wave energy of 4.43
kW/m. As mean wave energy at the site is insufficient and grid connection is
absent WEC implementation in Dumaran waters is not viable.

1. Introduction wave energy has remained untapped and largely
With increasing energy demand in the 21% century, off- delayed in terms of its development of estimating
grid rural islands like the Dumaran Island face unique potential wave resource. The absence of high-
challenges to energy accessibility and sustainability. In resolution wave energy resource information in
the Philippines, accessibility to sustainable energy has Dumaran waters hinders the development of Wave
been a long-standing goal especially as it faces unique Energy Converter (WEC) to overcome current
challenges as an island country. Nevertheless, the unsustainable means of supplying power to the island,
nation had delivered 94.6% electrification rate by 2018 since the potential location for optimal deployment of
[1]. Despite the significant progress, energy poverty is WEC could not be identified nor quantify the wave
still a matter of great concern in the Philippines. energy density in its vicinity.

The Dumaran Island is located northeast of the Palawan
province, grouped under the Luzon Island group, as
shown in Figure 1 below. The island is enclosed within
the Sulu Sea with an approximate area of 435km?, and
a total coastline length of 166.17km [2]. Considering
the majority coastal communities, renewable energy
generated from wave power farms may make an
excellent candidate as a resource base [3]. Despite this,
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DUMARAN

PALAWAN

Figure 1 Location of Dumaran Island, Palawan, Philippines

[9].

Hence, the project aims to further assess statistical
analysis of wave energy resources using high-
resolution wave data particularly within Dumaran
waters with respect to previous literature studies of
nearby locations for wave energy assessment
methodology, as follows:

1) To assess wave energy densities for Dumaran
Island using high-resolution wave data for the
selected sites in Sulu Sea within 100 km radius
from the island using statistical analyses.

2) To validate the statistical results with the
MIKE21 numerical results.

There is insufficient high-resolution wave energy
resource information in semi-enclosed seas, and the
effects of Palawan Island during monsoon seasons. The
global wave power resource map by Mgrk and others
[4] can be compared to a similar study by Cornett [5].
Global wave energy resources had been derived
similarly for 10-year period from 1997 to 2006. In this
literature, WAVEWATCH-1II (NWW3) wind-wave
model was used to derive the analysis of wave climate
predictions. the wave energy distribution in Dumaran
waters differ between the two literatures. Accordingly,
average annual wave energy near Dumaran waters
generally ranges within 10 kW/m [5], and 5 kW/m [4].
There are some discrepancies between the resource
map as wave climate predictions had not been
accounted for semi-enclosed inland seas. Furthermore,
the author admits the inability of the grid to properly
account shallow water effects near most coastlines,
making the results less reliable. As WEC deployment
near coastline would also like to be considered, the
above wave energy flux becomes less reliable.

Literatures in South China Sea also shows sheltering
effects and monsoon seasonal winds effects on wave
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energy, which pattern is not known in Dumaran waters.
The presence of offshore islands obstructs the wave
propagation, which is referred as sheltering effect. In
effect, it reduces the significant wave height [6] which
greatly influences the wave energy flux. In the context
of Dumaran Island, this sheltered effect could be
induced by the presence of Palawan Island itself as well
as several other offshore islands within the Sulu Sea.
Similar effects could be exemplified within the South
China Sea, whereby the presence of small offshore
islands tend to decrease wave energy. Several sheltered
areas in the South China Sea in a study by Mirzae and
others [7] found to be less energetic and has lower
probability for the wave power to exceed 5 kW/m at
any season. Seasonality throughout the monsoon cycles
affects the wave power distribution and stability in the
study area. This is important because the stability of
wave energy is also a prerequisite to optimize WEC
efficiency and performance [8], and the stability of
wave power findings in South China Sea may pave the
way to acquire information on wave power stability in
Dumaran waters. The consistent findings between
literatures [7-10], shows that wave energy flux are the
highest during winter due to stronger northeaster wind.
The central catalyst of this study is based on Quitoras
and others [11], in which the technical and economic
feasibility of wave energy resource farming were
studied across 47 sites in 5 regions in Philippines; The
result of the research shows that 10 — 20 kW/m wave
energy flux across various Philippines’ Northeast
coasts. Nevertheless, the authors had acknowledged the
limitations to this finding, as it relied on forecasts of
publicly available wave profile data sets. need for
measures to refine the data with longer data source.
Improvements can be made by taking 10 years or more
data source with 3 hours interval per day to increase
reliability of the results, as authors push forward more
research to be done for more detailed wave resource
maps.

Based on the literature review, research gap includes
the discrepancies between global wave energy resource
maps, constraints in numerical wave models to account
enclosed seas, and lack of information regarding
precise wave energy near Dumaran lIsland and
seasonality and sheltering effects on waves in Sulu Sea.

2. Methodology

The assessment methodology is based on International
Energy Commission Technical Specification of Wave
Energy Resource Assessment and Characterisation
(IEC TS 62600-101), to ensure standardised and
accurate wave energy resource estimation [12].
Procedure flowhart is shown in Figure 3.

2.1 Site Selection

The number and identification of reference sites, or
data points, depends of the spatial variability of the
study area [13] in terms of spatial variation includes
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distance to shore, difference in water depths, and
presence of offshore islands. Nevertheless, the
identification of the reference sites is practically an
iterative procedure [13], as spatial variation of study
area and its corresponding wave parameters could only
be identified after defining the reference sites. Thus,
descriptive statistical analysis was conducted to check
whether there is sufficient variability after wave data
sets acquired [14]. The statistical difference was
evaluated using R whether there are any similarities in
terms of mean, standard deviation (SD), maximum
(Max.), range, skew, kurtosis of the wave data and
whether the wave data at the corresponding sites
overlap with each other from the correlation matrix
[14]. All reference sites are within 100 km radius to
ensure that sites are accessible to the island, shown in
Figure 2. The terms also indicate shallow water, less
than 100m, and deep water, ranging from 100 — 1000
m, respectively. Overall, there are total of 14 sites
selected. Among the reference sites, the wave data at 6
offshore sites, denoted as sites 1 — 6, were acquired
from MSL WW3 TC numerical wave model.

More data points were taken due to the large variation
in water depth and other geographical factors in the
study site. Subsequently, to account several nearshore
and offshore areas, sites A — H were selected. The
corresponding coordinates, distance to shore, water
depth and data source are summarised in Table 1.

Figure 2 Reference site locations map

Table 1 Reference site location and data source details.

Coordinates

Site Distance to shore Depth (m) Data source
Lat. Long.

1 10°00°05” 119°29°57” <50

2 10°00°03” 119°59°58” > 500
3 10°00°05” 120°30°01” > 1000

Offshore MSL WW3 TC
4 10°30°03” 120°29°58” <100
5 11°00°01” 120°29°58” <100
6 11°00°05” 119°59°54” <100
A 11°00°05” 119°59°54” <100
B 11°00°05” 119°59°54” <100
Near-shore
C 10°38°25” 119°44°04” <100
D 10°22°43” 119°43°12” <50
MIKE21SW
E 10°18°46” 120°14°15” > 1000
F 11°02°17” 120°14°49” <100
Offshore

G 10°52°44” 120°28°08” <100
H 10°05°53” 119°48°35” > 250
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2.2 Wave model and validation

In this study, the wave parameters such as significant
wave height and energy period generated using
MetOcean Solutions Ltd WW3 Tolman Chalikov
(MSL WW3 TC) numerical wave model was provided
by Palawan State University. Accordingly, the wave
simulation was carried out for 40-year period between
1978 — 2014, and setup to output 3-hourly significant
wave height, mean wave period and mean wave
direction for the entire simulation period. Meanwhile,
the MSL WW3 TC also had high spatial resolution of
about 38 km [7]. The wave model was forced by high
resolution NOAA Climate Forecast System Reanalysis
(CFSR) winds of approximately 38 km and using the
ETOPO2 bathymetry [7].

To ensure the MSL WW3 TC wave model had
accurately estimated the wave conditions in Dumaran
waters, the wave data were validated using MIKE21
SW, since the measured wave buoy data was
unavailable. Accordingly, the wave parameters used to
validate the MSL WW3 TC numerical model is
significant wave height and wave power, whereby the
wave data outputs 3-hourly for 5-year study period
between years 2014 — 2018 at the corresponding 6
offshore sites (1 — 6), for model validation purposes. It
is important to note that, the temporal coverage of 5
years was selected to reasonably estimate inter-annual
variability of average wave power [13] and reduce
uncertainties from the MSL WW3 TC wave model.

In terms of the means of model validation, comparison
could be made between the two numerical wave models
as the spatial resolution of the MIKE21SW model is
much more refined. The wave model was set up with
an unstructured triangulated mesh was generated with
varying spatial resolution that progressively increases
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from offshore boundaries towards the study area. The
wave model has a resolution of approximately 5 km at
the offshore boundaries and increased to about 1 km in
the vicinity of Dumaran Island.

Like the MSL WW3 TC, the wave model was also
forced by Climate Forecast System Reanalysis (CFSR)
wind field with spatial resolution of approximately 0.2°
x 0.2°. Bathymetry data of the wave model was
obtained from the General Bathymetric Chart of the
Oceans (GEBCO) gridded bathymetric data set with
resolution of approximately 900 m. Therefore, wave
data generated from MIKE21SW model may be more
accurate to validate MSL WW3 TC wave data with,
due to its refined spatial resolution. The comparison
between the wave models could be represented in
hindcast wave height time-series of both models
between January 2018 to December 2018 as a case
study. Nevertheless, the RMSE and CC for wave height
and period from the numerical models was computed
for the 5-year model validation study period, in which
the maximum allowable RMSE for Class 2 wave
energy assessment is 30% [12]. The RMSE and CC
equation is as follows in Equation (1) and (2) whereby
x; refers to the wave parameter at ith time from MSL
WW3 TC, and y; refers to the wave parameter at ith
time from MIKE21 SW.

While further discussion regarding statistical
differences between sites 1 — 6 as found in Section

0, the sites (A — H) are included as reference sites for
the purpose of fully refining spatial variability of wave
energy resource within Dumaran waters and
accounting locations that are nearshore and with more
variable in water depths.
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2.3 Wave energy resource assessment

The numerical wave models generate important
parameters, that is significant wave height and energy
period, to compute wave power. To give brief context
on how these parameters are generated within the linear
wave theory framework, vertical wave elevation
n(r,t) at time t and at any point r(x,y) on the sea
surface level, is assumed as superposition of various
regular waves to depict random waves [15]. This may
also be depicted as being composed of many waves of
different frequencies, amplitudes and directions [16].
Meanwhile, wave energy resource is originated from
the energy transported from local and distant winds
blowing over the ocean surface [15], where more than
95% of the energy transported is found [17].

Relating back to the surface elevation, the spectral
density S(f) was derived using Fast Fourier Transform
algorithm. Hence, the energy period and significant
wave height of the sea state can be computed in
Equation (3) and (4) [18]. Accordingly, significant
wave height, is denoted as HmO. In particular, the
significant wave height is defined as the average of the
one-third of the highest wave height [19]. The variables
such as variance density spectrum is denoted as
E(w, 8), whereas w is denoted as absolute radian
frequency. Both parameters are determined by
Doppler-shifted dispersion relationship [16]. It must be
noted that the significant wave height may be also be
assumed as the wave height in the energy domain [11],
as shown in Equation (5).

Meanwhile, the energy Period, denoted as Te, refers to
the mean period of non-directional variance density
spectrum. However, as the spectral shape is not
provided, relationship between Te with the peak
period, Tp, is shown in Equation (6), whereby a is 0.86
which is the coefficient in relation to the Pierson-
Moskowitz spectrum [20]. This assumption may result
to more conservative wave power but are less
significant than errors in wave height as P < T H? .
Hence, the energy domain wave height and wave
period are derived from the numerical wave models, in
the form of hindcast historical time series.

2T 00
Hg =4 f f E(w,8)dwdbd
0 0

(6)
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Hence, the wave power is expressed in terms of energy
flux per unit crest of wave spectrum. This quantity is a
unit of measurement to represent the energy content at
respective locations, and is a function of significant
wave height and energy period as shown in Equation
(7). The equation had been simplified under deep water
condition [7] and is justified, considering that all water
depths at all extraction points exceed 10 m from the
shore [20]. Thus, the wave energy flux can be
calculated as follows:

P= %Hﬁnon = 0.491H2,,T,

()

It is important to note that, for the amount of available
wave energy resource to be harvestable, the supply
must be sufficient and steady [5]. While there is no
particular consensus on minimum wave energy
resource that would be deemed as ‘harvestable’,
generally considers wave energy flux less than 5 kW/m
to be low, thus WEC deployment is not viable [21].
Hence, as the annual average wave power is derived for
each site, a viable site for WEC deployment should
generally have higher that 5 kW/m of wave energy flux.
Otherwise, WEC implementation is not recommended.
Besides, the temporal variation of wave energy
resource in this study is also represented in terms of the
steadiness of wave energy flux, to consider any
extreme wave events. The daily and annual variation of
wave energy flux variation across the study period was
assessed based on the Coefficient Variation (CV).
Hence, CV was calculated to check the stability of the
wave energy resource supply, based on the ratio of
annual standard deviation of the wave power time
series, a[P(t)], and the annual average wave power,
u[P(t)] as shown in Equation (8) [5].

Overall, the temporal variation of wave energy
resource in this study is represented in the form of wave
energy flux time-series to acquire daily and annual
average wave energy flux as well as the coefficient of
variability.

_olP@)]
V=il

(8)
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3. Results and Discussion

Overall, based on the descriptive statistics conducted
on the 6 offshore sites, the significant wave height
datasets at spatially distant sites vary considerably, but
does not account for nearshore areas. Based on the
wave model validation at sites 1 — 6, RMSE for
significant wave height and peak wave period are
generally low and high correlation coefficient, which
indicates good simulation performance in exception to
site near the presence of offshore islands. Based on the
temporal variability of wave energy resource, higher
wave energy flux occurs during Northeast Monsoon.
Based on the spatial variability of wave energy
resource provided by DNA, there is higher wave
energy resource in the offshore regions northeast and
southeast of Dumaran Island as opposed to nearshore
coastal regions. Despite this, the highest amplitude of
average wave energy can only reach up to 3.5 kW/m.
Hence, the wave energy flux acquired is compared to
the global wave energy distribution [5] [4] and in
nearby regions in Philippines [11]. Ultimately, the
impact on wave energy harvesting viability in Dumaran
waters is further discussed.

3.1. Statistical comparison between wave data
Accordingly, the statistical differences for the wave
data reveals the extent of variability between the sites.
Hence, wave height data at the 6 sites, as generated
from MSL WW3 TC, were evaluated whether there are
sizable differences between each site based on
descriptive statistics and correlation matrix, ensuring
that the extraction points represent the spatial
variability of the site.

The summary of descriptive statistics is shown in
Figure 5, whereas the correlation matrix is shown in

Figure 6. The corresponding descriptive statistical
analysis using R presents the statistical comparison
between sites based on the mean, SD, maximum
(Max.), range, skew, and kurtosis of significant wave
heights at each site in Table 2. Overall, significant wave
heights between the sites are generally varied but show
some correlation to other sites in its vicinity due to the
similarities in water depth, distance to shore and
presence of offshore islands.

Table 2 Summary of descriptive statistics at Site 1-6

Site Mean SD Max. Range Skew. Kurtosis

047 046 410 410 1.44 231
059 056 540 540 1.35 1.94
060 056 6.60 6.60 1.37 2.45
062 057 730 7.30 1.22 1.77
069 061 710 7.10 0.94 0.62
047 046 410 410 1.44 231

o o1 B~ W N

Some statistical similarities can be observed for sites
that are subject to similar distance to shore and subject
to similar sheltering effects. This can be observed
based on the mean of significant wave heights across
the sites, whereby it varies between 0.47 m to 0.69 m.
Notably for site 1 and site 6, both sites have similarly
low mean significant wave height and lowest standard
of deviation. This might be due sheltering effect from
the presence of the Palawan Island and offshore
islands, respectively. Consequently, both sites are less
prone to be subject to extreme peak wave heights. This
is corroborated by their low range, positive skewness,
and positive kurtosis.

Descriptive Statistics
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Figure 5 Descriptive statistics at each site
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Figure 6 Correlation matrix of wave heights (bottom left) and wave period (top right) at site 1 — 6 for 40 years.

The highlighted cells, namely between site 3 and 4, site
4 and 5 alongside site 5 and 6, shows high correlation
of significant wave heights. Site 3, 4, and 5 may
correlate as it has similar water depth. However, due to
the presence of offshore islands near both sites 4 and 6,
it is important to consider this geographical variability.
Essentially, there are some correlation and statistical
similarities between the sites that are either in
proximity to each other, or subject to similar water
depth and sheltering effects from offshore islands.
Nevertheless, the sites differ in other factors thus is
important to be represented in the assessment. It was
also noted that sites 1 — 6 had not represent area near
coastal, thus the additional reference point using
MIKE21SW (A — H) was justified.

3.2. Wave model validation

With exception to site 6, the MSL WW3 TC model
simulation corresponds well with the more extensive
simulation by MIKE21SW in terms of Root-Mean-
Square error (RMSE) and correlation coefficient (CC).
The corresponding RMSE and CC for significant wave
height and wave period is present in Table 3 and Table
4. Overall, the RMSE values for significant wave
height ranges between 0.26 m to 0.42 m. Whereas the
CC for significant wave height corresponds very well
ranging between 90% to 93%. As for the peak wave
period, the RMSE values range between 1.25 s to 1.38
s and CC ranges between 62% to 74% for site 1 — 5. On
the other hand, it is observed that there are high
uncertainties in site 6 for both wave height and wave
period. The high uncertainty especially for wave period
at site 6 also results to high RMSE at 1.83 s. This high
uncertainty may be due to the location of site 6 at
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relatively shallower seabed and subject to surrounding
offshore islands.

To visualise the comparison between the wave models,
time-series comparison for hindcast significant wave
height and wave period generated between MSL WW3
TC and MIKE21SW, as shown in Figure 7. Overall,
considering the RMSE, CC and time-series comparison
to MIKE21SW, the MSL WW3 TC model shows good
correlation in terms of wave height and wave period.
This indicates good model performance and is reliable
for the wave energy assessment.

Table 3 RMSE and CC values for significant wave height,
HmO.

Site RMSE (m) CC (%)
1 0.26 91
2 0.34 93
3 0.32 93
4 0.36 93
5 0.40 93
6 0.42 90

Table 4 RMSE and CC values for peak wave period Tp

Site RMSE (s) CC (%)
1 1.25 66
2 1.38 62
3 1.25 72
4 1.21 74
5 1.29 68
6 1.83 48
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Figure 7 Comparison of hindcast significant wave height and wave period between MSL WW3 TC and MIKE21SW.

3.3 Wave energy resource temporal variability

Wave energy in Dumaran waters was found to be
generally low, stable from year to year but extreme
during winter monsoon season. As wave data was
generated, its corresponding time series delineates how
it varies inter-annually and intra-annually within the
study period [13], indicating its mean value as
summarised in Table 5 and in bar chart Figure 8,
together with the inter-annual SD and CV.

The overall wave energy flux at these sites tends to be
low between 0.77 kW/m to 4.43 kW/m. Based on
Figure 9 — 11, wave energy at all sites can be described
as ‘choppy’ throughout 40-year study period. This is
because the wave energy rise and fall quickly and
remains low, which may be due to the larger scale of
sheltering effects from surrounding terrains [6], as the
Sulu sea is semi-enclosed. For sites nearshore or near
small offshore islands, this effect may cause the wave
energy to be much lower. Namely, based on the time
series of sites A, B, C and D which are located
nearshore in Figure 12, it experiences even and low
wave energy during summer monsoon. In effect, their
respective mean annual wave energy are lower in
comparison to the other sites, at 2.93, 2.96, 1.59 and
0.77 kKW/m respectively. Site C and D are in the
southwest coast of Dumaran Island, thus experience
sheltering effect from the Palawan terrain which
significantly reduces wave energy.

Notably though, certain sites experience more drastic
peaks during the northeast monsoon, namely sites E, F
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and G. At these sites, the peaks which occur during the
winter season ranges between 30 kW/m to 80 kwW/m. In
fact, a very drastic increase of wave energy is observed
in Dumaran waters during the Northeast Monsoon
season. Though maximum wave energy does not
govern the WEC deployment, it is equally clear that
extreme wave conditions may cause damage to WEC,
therefore  should not be  underestimated.

ANNUAL AVERAGE WAVE ENERGY FLUX
BAR CHART
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Figure 8 Bar chart of the annual average wave energy flux
across all sites.
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Table 5 Summary of annual average wave energy flux, maximum wave energy flux, coefficient variation and standard deviation.

Site Pavg (kW/m) Pmax (kW/m)

CV (%) SD

1.48
2.26
2.31
2.46
2.80
2.15
2.93
2.96
1.59
0.77
3.60
4.13
4.43
2.53

35.46
50.60
67.00
80.24
57.06
42.75
72.58
71.39
28.00
22.09
90.98
79.37
89.92
66.32

3%
2%
2%
1%
6%
4%
6%
1%
8%
6%
5%
6%
1%
2%

0.047
0.043
0.063

0.039
0.196

0.076
0.18
0.04
0.13
0.05
0.17
0.24
0.06
0.05

Wave energy flux time series, Site |

1978 1984 1990 1996 2000 2008 2014 2
Year

Wave energy flux time serics, Site 2

4000

Wave energy flux (KWin)
]
=
2

.00
1978 1984 1990 1996 2000 2008 2014 X
Year

Figure 9 Wave energy flux variation across 40 years (1978 —
2018) at Site 1 and 2.
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Figure 10 Wave energy flux variation across 40 years (1978 —
2018) at Site 3 and 4.
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Figure 11 Wave energy flux variation across 40 years (1978 —
2018) at Site 5 and 6.

Wave encrgy (January 2017 - December 2018) Site A
$0.000
000
Eavom
Z o
;100w
2 s0ow

cry (KW

Ewom
H
100w

0:000

Jan Apil Angust san Apiil August Time (Month)
207 2007 2018

2007 2018 2018

Wave energy (January 2017 - Diecember 2018) Site B
80000

0000

Fooo0n

T Apil Augst Jan Apil August Tane (Month)
2 20, 2018

017 g 0 018 15

Wave energy (January 2017 - December 2018) Site €

* bl U L P

Jn Apil August
2017 2017 2007

Figure 12 Wave energy flux variation across January 2017 to
December 2018 at Site A - C.

April August Time (Moath)
3

Jan
018 N 018

2020

2020



Arinah Mariam Aminudin, Teh Hee Min, Jonathan Pacaldo / IJCOE 2021, 6(5);p.51-63

Wave energy (January 2017 - December 2018) Site D
25.000

20,000

15.000

o “Hw} W«AL, J_&LJJ MJ..&J. UMJ

Jan
zm‘ (v

energy flux (kW/m)

Wave energy (January 2017 - December 2018) Site E
100.000
90.000

= 80.000

70.000

60.000

£

= 20000

]Z'Zﬁ‘i MWMJ@L Wl Ulﬂuw *U*”“

Jan Apnl April August
2017 2017 znr ;nm 2018 2018

Time (Month)

Wave energy (Tanuary 2017 - December 2018) Site F
90,000
50000
Z 70000
£ 0000
E 50000
Z10000
30.000
Z 2000

|
'ZU:“ Mm‘ “I}', J_J} MJqu qu Jﬂ)ﬁld )

..........
2017 7(:1‘ 2018 ms m'&

e (Mor

Figure 13 Wave energy flux variation across January 2017 to
December 2018 at Site D — F.
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Figure 14 Wave energy flux variation across January 2017 to
December 2018 at Site G — H.

3.5 Feasibility of wave energy harvesting in
Dumaran waters

Based on the previous analysis, site G was identified with
the highest and most stable wave energy flux. The
average wave energy that can be harvested in the site is
4.43 kW/m. While there is no consensus on the
minimum wave energy flux that is considered
harvestable, wave energy flux of greater that 5 — 15
kW/m are usually adopted to be recommended as
having potential of WEC [21]. Hence, although site G
was the most viable relative to the other sites, there are
several challenges in implementing the WEC due to
economic and technical issues.
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Namely, the technology itself requires high capital
expenditures (CAPEX) [11]. This is because the
technology is still in its early development stage. While
the local demand and price of electricity may drive the
profitability of the project [11], this may demand great
electricity output from the WEC to ensure that it is
economical. With current development of WEC
efficiency of 38% for pressure differential WEC at best
[23]. Thus, further extraction of energy is not feasible,
considering that current wave energy resource is less
than 5 KW/m. The wave energy flux at the study site is
significantly low in comparison to commonly
recommended areas for wave energy generation, which
as an average of 15 kW/m of wave energy potential
[14]. Other technical and economical challenge also
involve the existing infrastructures to connect WEC.
However, in this case where the site proposed is in
remote offshore, it requires grid connectivity
infrastructure. The installation of such grid had been
excluded in CAPEX estimation, therefore would incur
very high cost.. In practice, without grid connectivity,
the WEC deployment in rural regions are simply not
viable [24]. Therefore, the lack of grid connection
further strains the economics for WEC implementation.
Consequently, WEC is not viable within 100 km of
Dumaran waters.

4. Conclusions

Pertaining assessment of wave energy density, this
study has demonstrated the average annual wave power
in Dumaran waters to be below 4.5 kW/m, whereby site
G located in offshore northeast of the island was the
highest at 4.43 kW/m and the most stable (CV=1%).
While the year-to-year variation is generally
predictable, the intra-annual variation of wave energy
shows uneven extreme peaks during northeast
monsoon. On the other hand, deep water offshore
regions in the northeast and southeast experience the
highest wave energy flux, but only reaches up to 3.6
kW/m — 4.43 kW/m of average annual wave energy.
Due to insufficient wave energy flux (P <5 kW/m) and
unavailable grid connection, WEC deployment is not
economically and technically viable in Dumaran
Island.

Meanwhile, the study concluded the model validation
by using MIKE21SW numerical results showing good
correspondence. The corresponding RMSE and CC
values calculated based on significant wave heights and
wave periods datasets between MSL WW3 TC and
MIKE21SW showed overall good model performance,
as RMSE values are less than 30% for both wave height
and wave period as per IEC guideline. Conclusively,
this study had contributed comprehensive analysis for
wave energy density in Dumaran waters with validated
wave data

Essentially, this study can be improved by validation of
wave model with measured buoy data, expanding study
area and research considerations of other marine
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renewable energy. The buoy measurements were not
acquired in this study due to time constraints but is
required by IEC standards. While model validation
across most sites shows good model performance, areas
in shallow seabed areas have higher uncertainties.
Thus, should be validated with buoy data. This measure
in future works into would further improve the study’s
reliability.

Besides, further study should be conducted to assess
wave energy beyond 100km radius from Dumaran
Island. This is recommended as higher wave energy
was observed in further and deeper waters located
northeast and southeast of the island. Furthermore, as
the further offshore sites are far from Palawan terrain
and offshore islands, less sheltering may be observed
which could result in higher energy content.
Consequently, extending the study area, if permitted
with availability of grid connectivity infrastructure,
may provide sufficient wave energy to Dumaran Island.
Otherwise, another approach is venturing to other
marine renewable wave energy. Namely, technologies
such as OTEC should be researched further for the
context of Dumaran waters. Considering the deep basin
observed from bathymetry provided, the large depth
variation may be favourable for OTEC developments.
Hence, further research to venture into the viability of
these technologies in Dumaran Island is recommended
to overcome energy insecurity of its people.
Altogether, further research is necessary in terms of
data validation with buoy data, extending study area
beyond 100km and consideration of other marine
renewable energy technologies.
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ARTICLE INFO ABSTRACT
Article History: In this research, objecting to the use of a lesser-known type of energy source, marine
Received: 02 July 2021 wave potential, the application of Sea-wave Slot-cone Generator (SSG) breakwater

Accepted: 10 Oct 2021 was investigated in the Caspian Sea. This study had two main objectives. 1)

Investigation of the conditions of each of the selected waves in terms of speed factor

Keywords: in the face of this breakwater 2) Investigation of the scattering of different waves
Caspian Sea in the Bandar Anzali area on the southern shores of the Caspian Sea. About the first
SSG breakwater goal, eight waves with different characteristics were selected and applied.
Wave energy According to the simulation results, the wave with a height of 2.825 meters and

Marine energy speed of 6.56 m/s and waves with a height of 0.5 and 2.825 meters and speed of

13.02 m/s, with an efficiency of more than 50%, had the highest efficiency among
the simulated waves. Nevertheless, in connection with the second goal, by
examining the wave height diagram and the diagram of the specified wave period,
most of the waves that occurred in the Bandar Anzali region in 100 days are close
to the wave with a height of 0.5 meters and speed of 6.56 m/s with an efficiency of
about 7%. It does not have an opinion, and the number of waves that occurred with
favorable conditions is less than expected. Therefore, it was found that the use of
SSG breakwater in Anzali port located on the southern shores of the Caspian Sea is
not economically viable.

1.Introduction as three-tank, two-tank, and single-tank models. These
The world has always needed more energy resources models have also been studied on different slopes. In
as it progresses. Humankind has tried to use this research, the three-tank model has been used.
knowledge to reduce these destructive effects, as This study aims to evaluate the feasibility of using
exemplified by renewable energy use. Energies such SSG breakwater in the Bandar Anzali region on the
as wind energy, solar energy, marine energy, etc., are southern shores of the Caspian Sea. In the first part,
examples of these efforts. Unlike fossil fuels, these the general situation of the Caspian Sea is explained.
energies are much less polluting and more stable than The second part deals with building a model for the
they are. In all societies, sustainable energy sources desired simulation and the explanations around it. In
are essential because sustainable development will the third section, the results obtained from each
cover these sustainable sources. simulation step are discussed. Also, sections four and
One group of renewable energies that is less studied five deal with the discussion and conclusions about the
than other energies is marine energy. Oceans, seas, issues raised.

lakes, rivers, etc., are considered as sources of this In 2005, j.kofoed experimentally tested a three-tank
energy. Among the types of energies related to marine model of the SSG breakwater installed on an island in
energy, we can mention the energy of sea currents, Norway[1]. Larsen and Kofoed investigated surface
wave energy, geothermal energy, tidal energy, salinity loads caused by waves in the SSG breakwater,
gradient energy, etc. exposed to high waves[2]. In a study, Kofoed et al.
In this study, the use of SSG breakwater has been Examined the wave conditions at the SSG breakwater
investigated. This breakwater has different types such prototype's installation site in the Kuwaiti region of
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Norway. The MildSim computer model was also used
in this study to obtain a realistic combination of wave
conditions[3]

In 2006, Kofoed et al. Investigated dynamic wave
loading on the SSG breakwater, which observed two
types of behavior. Behavior on the sloping front plates
was accompanied by a surge and an action on the
vertical rear walls in the upper tank associated with a
weak water jet[4]

Jensen et al. Presented a report in 2006 for the SSG
breakwater, which was a series of overflows in tanks
and power generated by turbines. This report aimed to
enable the user to optimize the geometry and program
of the turbine. Simulate, and in fact, this report was
like a manual guide to generating power from the SSG
breakwater[5]. In another study, Beseau investigated
the application of computational fluid dynamics
(CFD) to wave loading in SSG breakwaters, and the
CFX10 method was used to generate strong waves[6].
In a 2007 study, Margheritini investigated the general
forces acting on an SSG converter structure in 3D. The
results were presented in terms of maximum forces in
three different directions and application points
related to the system[7]. In an article, Borgorino and
Kofoed reported on the steps in setting up an SSG
converter at a Lisle site[8]. Margheritini et al. Wrote
an article in 2009 describing the status and
performance of the SSG breakwater. Finally, three
tanks were provided for it. Besides, the front panels
have an angle of 35 degrees[9]. In a 2014 study,
Alamian et al. Examined different converters to find
suitable converters for the Caspian Sea[10]. Oliviera
et al. Investigated the effect of wave focuses walls on
an SSG converter's performance. These members
concentrate the energy of the random waves and thus
increase the overtopping phenomenon[11]

Mariano Buccino et al. in their research Used
computational fluid dynamics (CFD) in SSG
converters in 17 experiments[12]. In another study in
2017, Musa et al. Validated numerical models against
physical experiments[13]. Yazid Maliki et al.
Examined the possibility of using CFDs for large-
scale wave converter (WEC) simulations. This study
aimed to validate the use of CFD simulation[14].
Salimi et al. Examined the possibility of using this
breakwater in the Oman Sea and the Persian Gulf[15].
In another 2019 study, Rodriguez Delgado et al.
Examined the effects of rising sea levels on a wave
farm's performance to protect the coast from shoreline
erosion, in which they explored several scenarios[16].
Di Lauro et al. in 2020 analyzed a model of an
overpass breakwater called the OBREC-V that
examined hydraulic efficiency and response stability
against hydraulic loads[17]. In a study, Hernandez-
Fontes et al. Examined social, economic, and
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environmental factors surrounding ocean energy use
in areas without electricity[18] Gongalves et al .in
2020, using 30-year hindcast and previous studies in
the Canary Islands to study the wave climate for more
ccurate wave energy information to get a more
comprehensive view of the energy sources of the
waves[19]. Ribal et al. in a research explored the high
potential of wave energy off the coast of
Indonesia[20]. In 2020, Alizadeh et al. Examined the
spatiotemporal variability of wave power in the
Persian Gulf by the end of the 21st century[21].
Jahangir et al. Also investigated an energy/wind
turbine/wave converter system in the Iranian seas[22].

1. Caspian sea

With 371,000 square kilometers, the Caspian Sea is
located between southeastern Europe and Asia at
latitudes of 47.13 and 36.34 latitude and 46.43 and
54.51 longitude. Countries around the Caspian Sea
include Russia, Azerbaijan, Iran, Turkmenistan, and
Kazakhstan. In terms of climate, the Caspian Sea
generally has a windy environment that provides ideal
wave energy potential.

In terms of depth, the Caspian Sea rises from north to
south. Also, the average depth of the northern part is
less than 10 meters, and the middle part varies from
180 to 788 meters, and for the southern part of the sea,
the depth varies between 960 to 1025 meters.

(@)
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Figure 1. (a) Depth variation in the Caspian Sea.

(b) Magnified view of the variety of depths in the Caspian

Sea[23] According to researches on wave power in the
Caspian Sea in different seasons, it has been found
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that the wave power is low in spring, which increases
slightly in summer. Also, this amount reaches its
maximum in autumn and winter. The maximum wave
power in autumn is 3.5 kW / m in autumn, and the
minimum wave power is 1.5 kW / m in spring[23].
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Regarding the wind characteristics in the Caspian Sea,
in the southern part of the sea, the number of days with
storms (wind speed more than 15 m/s) does not exceed
20 to 30 per year. On the other hand, in the northern
parts of the Caspian Sea and the eastern parts of its
central section, between 30 and 40 storms are observed
annually.

About 10 to 12 percent of the northwest and southeast
winds have a speed of about 5 to 9 m/s (moderate
wind), which increases somewhat in summer. On the
other hand, strong winds at speeds of more than 10 m/s
are not more than 4 to 6 percent. But winds of more
than 25 m/s are rare and do not exceed a few per year.
The average annual wind speed over the entire Caspian
Sea is 5.7 m/s. The highest average wind speed of 6 to
7 m/s is observed in the Caspian Sea's central part. On
the entire east coast, the average annual wind speed is
approximately 5 to 6 m/s, and the maximum is
observed on the Mangishlak Peninsula. In the southern
Caspian Sea, where strong winds are rare, the average
annual wind speed is 4.4 m/s [24].

2. Materials and methods

The model is based on research conducted at the
University of Aalborg by j. Kofoed, who has done most
of the research on the device[1]. The initial model was
made according to the study's dimensions and on a
laboratory scale in Solidworks software and transferred
to ANSYS workbench software.

i i i i i 29 29
Figure 2. (a) Wave power in the Ca_splan Seain spring o e
(left) and summer (right)
] ; /) 3
Q < s 5,
8 R R T v <
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Figure 3. Dimentions provided by j.kofoed[1]
(@) (b)

Figure 4. (a), (b) Model made in solidworks software based on research laboratory sizes
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But on the other hand, according to Margheriniti's
research on this breakwater, one of the things
Margheriniti considered when using this breakwater
was the issue of water height in front of the structure
because things like sediment problems can reduce the
efficiency of the system. According to research, the
water's height should be at least 15 meters to avoid
sediment issues when using this breakwater[9]. On the
other hand, this model is designed for a water height of
about 6 meters. According to the changes made, this
breakwater is about 60 meters long, about 20 meters
high, and about 9 meters wide, according to the figure
below, without any changes in principal dimensions.

Figure 5. The model is in real size after applying changes to
the top in solidworks software

Since the built model is not suitable for simulation and
appears as a surface in the ANSYS SpaceClaim, some
changes are made in this space on the built model.

Figure 6. Model after modifications

Finally, the designated sections for water were created
in the simulation to prepare the model for data entry.

Figure 7. The final model of break water

In the ANSYS meshing, to start in the physics
preference section, select the CFD option, and then in
the solver preference section, the fluent solver type was
placed. Also, the kind of policy used in this study is the
Cutcell mesh.
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In the next step, naming on different sections and by
doing so, various inputs and their types, walls, outputs,
etc., were determined.

This study had two types of inputs, Water and air inlet.
This model also had two outputs, one of them is the
path output installed, and the other is the output of the
air part in this model. Another thing was to specify the
part where the fluids are in contact with each other, and
finally, the other parts were called walls.

With the naming done and each section's name
specified, the mesh was inserted for each section with
the appropriate size, in such a way that the parts had
smaller meshes than the other parts because of their
greater importance.

In the model made by creating a body sizing in the
mesh settings, the part related to the mix section, a
combination of two phases of climate, was applied with
more delicate elements in the range of 0.08 meters.
Also, for the air part, like the mix part, another body
sizing was created, and a mesh with a 0.5-meter
element was applied to it, and the other parts have a
mesh element with a size of 1 meter.

o

= a0 1000 20000 ()

15.000

Figure 8. Overview of the created mesh for model

In the ANSYS fluent, the model was imported, and the
desired data such as wave specifications and simulation
conditions were defined for it. To speed up the
simulation, the model was imported in two dimensions
in fluent.

Figure 9. 2D view imported in ANSYS fluent

In this simulation, data from one of the articles related
to the South Caspian Sea coasts study have been used.
The elevations obtained from the report are 0.06, 0.5,
and 2.825, respectively, and the periodicities obtained
are 1.7, 4.2, and 8.3, respectively[25]. The following
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table provides information on possible scenarios for
simulation in Anzali port using that information:

Tablel. information about waves for simulation

Wave Wavelength Wave Wave Count
speed (L)m period height possible
(C)ym/s (Ts) s (Hs)m situations

2.6 4.5 1.7 0.06 1
2.6 4.5 1.7 0.5 (2
6.56 27.55 4.2 0.06 @3
6.56 27.55 4.2 0.5 4
6.56 27.55 4.2 2.825 5
13.02 107.6 8.3 0.06 (6
13.02 107.6 8.3 0.5 7
13.02 107.6 8.3 2.825 (8

In this study, the vote of a more detailed study of
waves, each simulation was performed as a single wave
to study each wave's effects on the breakwater more

accurately.
The average wave power (W/m) of the SSG wave-
energy extraction device can be computed

based on the height and period of the wave as:

2 (1)

wave=pg?HZT,/64m

where r is the water density; g is gravity acceleration;
Hs is the significant wave height, and the energy period
Te is estimated—here simply set to be Tp/1.15 (Tp:
wave peak period). Also, the average potential water
overpasses power (W/m) can be computed as:

n=3

PHyd = Z pgqov,jRC,]
j=1

)

Where qov; is the average volume of incoming water
per width in the tank number j, and Rc; is the crest
height of the wave in the tank number j, and Nges is the
total number of tanks in the SSG breakwater.* To
calculate gov;j, the following equation has been used.:

Rejyr d Y3
Qov,j = fR JHd_ZdZ = (Hjllj) X+g X H53 x

cj

©)

Rca

A C
Exe Hmo'tx e

Rcj+1
xCJ+1
Hmot — ¢

Rej
Hmo,t

BXx

Parameters A, B, and C in equation (8) are experimental
coefficients for a standard design. The geometrical
difference between a new design and the standard one
can be expressed as the correction coefficient (k;).

Referring to the previous researches, these empirical
coefficients (A, B, and C) can be considered as follows

A= 0197
B =-1.753
C =-0.408

(4)
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According to experimental tests, the best R¢; for the
reservoir crest height from the sea water level obtained
were Re1=15m,R.2=25mand Rgz=4.5m

It should be mentioned that A; is also a combination of
three different coefficients including discharge
coefficient (Aar), area coefficient (M), and crest
coefficient (As).

N Sinh(ZKphx(l—d—;))+(21{ph)x(1_d_hr)

Agr =1- sinh(2Kph)+(2K,h)

()

In the above-mentioned equation, k is a control
coefficient for the incoming wave into the submerged
area of the breakwater. It is usually considered to be
0.4. d; in equation (5) is the distance between average
sea level and the lower edge of the lowest breakwater’s
ramp, and K, is the maximum wave number of the
wave with the maximum wavelength (L).

As mentioned, Aqr can be derived using equation (6) :

Aar= €0S*(0ir — 30) (6)

where o is the angle of ramp under mean sea level and
its optimal value was considered to be 30°. This value
simplifies equation (6) as A« =1.As coefficient can be
obtained using following equation:

. [2m
A = [0.4 sin (? R) +0.6 ForR<0.75 @)

1 For R > 0.75

In whichR =R¢/ Hs
The whole mass of water which enters to the SSG

breakwater can be calculated from the below
experimental formulas

N . _ Rej

j=1 900, —02xe “Hmor (8)
Aarldrls gHrznO,t
or

Rc 1

Q= 9 —02xe Hsrpmavg ©)

Aarldr/ls gHs3

referring to the literatures yr = yp = yn=1v5 = 1.
Koefoed presented a formula as follows

Rc,j

2.6X Hs

q -
———==02Xe
3 10

Aarldrls gHs3 ( )

And the efficiency is calculated from the following
equation[15]

PHyd/
Pwave

3. Results
3.1. Wave No. 1

11
rlffyd = (1)
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This wave has a height of 0.06 meters and a period of
1.7 seconds. Over time, the peak velocity in the contour
decreases, and as the wave recedes, the wave velocity
gradually decreases. The speed is gradually reduced at
the beginning of the path, and the speed is increased at
the output channel. Also, over time, the speed at the
output path decreases, and its value decreases. This
reduction is also observed along the channel path.

As time goes on and the wave recedes, the volume of
available water decreases, and the peak point of the
wave occurs before 15 seconds; and the first and second
reservoirs are emptied, and the third reservoir is
emptied. In general, in this wave, due to the smaller
volume of water, most of the lower reservoirs are
involved, and the upper reservoirs, especially the first
reservoir, do not pass a large volume of fluid.

As shown in the diagram, the end of the diagram is
when the fluid enters the outlet path, which is naturally
accompanied by an increase in velocity and energy. In
the first graph of fluid velocity, we see that the fluid has
a constant velocity for most of the simulation time.
When it enters the output channel, it reaches its
maximum velocity of about 12 m / s for a moment.

(@)

120000 ThRies
100000
8.0000 —
6.0000
4.0000 —

20000 -

0.0000 \
200000 -180000 -16.0000 -140000 -120000 -10.0000 -80000 -60000 -4.0000 -2.0000

Position (m)

Figure 10. (a) The volume of water for wave No. 1. (b) Velocity
situation in wave No. 1,(c) Velocity chart for wave No. 1

This mode has an average speed of 2.2 m/s, wave
power of 0.00293 kW/m, and hydraulic efficiency of
0.099 kW/m.

3.2. Wave No. 2
This wave has a height of 0.06 meters and a period of
4.2 seconds. Over time, we see a gradual decrease in
the speed of the output path. However, this reduction is
more noticeable along the output path and is not
detectable in the channel's end parts due to involvement
until the last moment.
Because the first and second waves have the same
velocity of 2.6 m/s, they are almost equal in terms of
inlet water volume and shapes and differ only in some
details.
According to the information in the diagram of the
water flow velocity, it can be seen that in a wave with
these conditions, the maximum velocity can reach
about 16 meters per second. Still, in other cases, the
fluid velocity is a constant value.

(a)

16.0000
14,0000 —
12,0000
10,0000 —
80000 |
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4.0000 —
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0.0000 —
200000 -180000 -16.0000 -14.0000 -12.0000 -10.0000 -80000 -6.0000 -40000 -20000

Position (m)

Figure 11. (a) the volume of water for wave No. 2. (b) velocity
situation in wave No. 2. (c) velocity chart for wave No. 2

This mode has an average speed of 2.15 m/s, wave
power of 0.20352 kW/m, and hydraulic efficiency of
0.06326 kKW/m.
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3.3. Wave No. 3
The increase in velocity is visible from the air and
water phases. Also, to a limited extent, an increase in
water inlet speed can be seen in the lower reservoir.
Due to the increase in velocity and the increase in water
volume, more time is needed to drain the water, which
makes the descent of the deceleration, in this case, have
less night. On the other hand, due to the higher speed
in the third wave, we see a noticeable increase in speed
at the output of the three reservoirs and the wall of the
output channel. However, over time, this speed is
transmitted to the output channel relative to 8 seconds.
On the other hand, due to the increase in water volume,
we are witnessing changes in the reservoirs' inlet
velocities.
As shown in the figure, due to the increase in velocity,
the water volume has increased and completed more of
the breaking capacity, but not completely. On the other
hand, it can be seen that the volume of water in the
canal is gradually draining from 8 to 15 seconds.
Furthermore, when the channel empties of fluid, a
slight instability is observed over the simulation time.
As can be seen in the flow velocity diagram, the main
velocity is related to the same velocity of 6.52 m/s,
which reaches its maximum value of about 8 to 9 m/s
when entering the output channel.

(a)

-200000 -180000 -16.0000 -140000 -120000 -100000 -80000 -60000 -40000 -2.0000
Position (m)

Figure 12. (a) the volume of water for wave No. 3. (b)
velocity situation in wave No. 3. (c) velocity chart for
wave No. 3

70

This mode has an average speed of 2.7 m/s, wave
power of 0.00724 kW/m, and hydraulic efficiency of
0.097062 kW/m.

3.4. Wave No. 4
In the relevant image of 8 seconds, we see the speed
spread throughout the channel wall. But moving to
higher seconds of the simulation, we see a decrease in
water's speed entering the reservoirs. We also see
velocity pressure at the inlet point of the reservoirs to
the outlet channel. Due to the similarity of velocity to
the third wave, the velocity contour is similar to the
third wave contour. As in the output of the reservoirs
and the channel wall, we see a high number of
velocities, which are reduced by continuing the
simulation process. And is broadcast throughout the
channel.
At second 8, a slightly larger water volume enters the
channel than at second 8 of the third wave. But in the
15th second, as the wave recedes, we see a decrease in
the water in this breakwater output path.
In the flow velocity diagram, similar to the third wave,
most of the simulations have a constant velocity at the
beginning of the simulation, which is 6.25 m/s,
reaching its maximum value of about 8 m/s by entering
the reservoirs and the output channel.

(a)

20.0000 -180000 -16.0000 -14.0000 -12.0000 -10.0000 -8.0000 60000 -4 0000 2.0000
Position (m)

Figure 13. (a) The volume of water for wave No. 4. (b) Velocity
situation in wave No. 4.(c). Velocity chart for wave No. 4
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This mode has an average speed of 2.72 m/s, wave
power of 0.50282 kW/m, and hydraulic efficiency of
0.07296 kW/m.

3.5. Wave No. 5

In this case, unlike other cases, there is no regular entry
and exit of water fluid, and turbulence at the inlet is
well known, especially in the 8th second. We cause part
of the water to pass from the breakwater to the space
behind the water. Also, this turbulence on different
parts of this breakwater, such as the speed of water
entering the reservoirs, is significant. But by going
through this step to higher seconds, the simulation is
balanced, and the input speed of the reservoirs is almost
the same as the previous two modes. On the other hand,
the velocity turbulence in the output channel, which we
saw in 8 seconds, has reached a normal equilibrium in
this second. Most of the velocity is visible in certain
areas, such as the output of the reservoirs. It should be
noted that, unlike the previous two waves, which had
points with an accumulation of velocity in the 8th
second, in this wave, this state occurred later, and in the
15th second, we see this issue.

In the flow volume contour, the amount of turbulence
created and the water volume that the breakwater has
passed can be seen, which is 15th seconds; as the water
flow reaches equilibrium and the wave recedes, the
volume of water in the breakwater gradually decreases.
As in the previous waves, the regression and stability
of the fluid flow can be seen.

In the flow velocity diagram, the simulation starts with
the input number of 6.25 m/s, mostly stable. Only at the
beginning of the reservoirs in which we saw
turbulence, we see some increase. Finally, we see water
entering the canal, which is a maximum of about. It
reaches 12 m/s.

(©
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Figure 14. (a) The volume of water for wave No. 5. (b) Velocity
situation in wave No. 5. (c) Velocity chart for wave No. 5

This mode has an average speed of 2.81 m/s, wave
power of 16.05164 kW/m, and hydraulic efficiency of
0.58104 kW/m

3.6. Wave No. 6

Due to the high speed of the wave, we see the arrival of
a large volume of water and, in fact, the use of all the
capacity of the breakwater, which leads to an increase
in the overall speed in various parameters of the
breakwater. This wave has a higher speed in the
simulation stages than the previous waves, which
causes the speed to have large values along the output
channel. Also, input speed values have been increased.
Over time, we see an increase in speed in the outlet
channel, which due to the large volume of water, it is
natural that it takes longer. Of course, the highest speed
can be seen on the sides of the channel and the channel
output.

Due to the high velocity of the wave and the arrival of
a large water flow volume, it was clear that all paths
were full. Naturally, due to this amount of fluid
volume, even with the wave retreating, it takes longer
than in other cases for the fluid to flow from the outlet.
Be evacuated. Due to the high volume of water, more
time is needed for the wave to retreat. Although. At 15
seconds, there are signs of a wave reversal.

In the velocity diagram, during the simulation, it has an
almost constant velocity equal to the incoming velocity
of 13.02 m/s. Gradually, however, as the simulation
progresses, this value increases to a maximum of about
30 m/s.
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Figure 15. (a) The volume of water for wave No. 6. (b) Velocity
situation in wave No. 6. (c) Velocity chart for wave No. 6

This mode has an average speed of 6.1 m/s, wave
power of 0.01430 kW/m, and hydraulic efficiency of
0.01773 kW/m

3.7. Wave No. 7

Similar to the sixth case, due to the same speed, in this
case, too, a large volume of water fills the outlet path,
and no significant change is seen in the figure, such as
turbulence. Similar to the previous cases, at the point
of exit of water fluid into the outlet channel, we see the
highest velocity as a point that is a combination of air
and water velocity. Also, in 15 seconds, we see a faster
scatter than in 8. Due to the velocity similar to the sixth
wave, the velocity contour of the seventh wave is
identical to the sixth wave, and we see the maximum
velocity at the side of the channel as well as at the
output in 8 seconds, which increases throughout the
channel as the simulation time.

According to the previous explanation, which is also
evident here, a large volume of water flow almost fills
the outlet path's capacity. It requires more time than
other cases to empty this volume of water fluid. Also,
we see the gradual balancing of the input wave and the
beginning of its regression.

According to the diagram, the speed, in this case, has
reached about 30 m/s; although similar to the previous
wave, most of the simulation time has remained
constant, but in the end, has increased.
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Figure 16. (a) The volume of water for wave No. 7. (b) Velocity
situation in wave No. 7. (c) Velocity chart for wave No. 7

This mode has an average speed of 6.3 m/s, wave
power of 0.99367 kW/m, and hydraulic efficiency of
0.6136 KW/m

3.8. Wave No. 8

Due to its speed equal to the previous two modes, it has
a similar distribution. As the simulation process
continues, this speed begins to reach equilibrium, and
its scattering decreases. On the other hand, the speed of
water entering the reservoirs is also reduced. As a
result, instead of the speed distribution in the channel
being uniform, we see an increase in this value at the
side of the channel and the outlet of the reservoirs,
which continues to the outlet of the channel.

As in the previous two cases, at a speed of 13.02 m/s,
the volume of flowing water fills the entire path. Also,
according to this mode's information, the eighth mode
has the highest intensity among other modes. However,
as the simulation process continues, water volume
gradually decreases, as shown in the 15th second
image.

In the diagram of fluid flow velocity, most simulation
time has a constant input time of 13.02 m/ s. But with
the arrival of the reservoirs and the entry of fluid flow
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into the outlet channel, this value has increased and
reached it maximun valie.
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Figure 17. (a) The volume of water for wave No. 8. (b) Velocity
situation in wave No. 8. (c) Velocity chart for wave No. 8

This mode has an average speed of 6.71 m/s, wave
power of 31.72074 kW/m, and hydraulic efficiency of
0.86550 kW/mc

3.9. Validation

To confirm the method's accuracy to obtain the
numbers used in this study, validation was performed
based on valid research. In this work, based on the
dissertation done in this direction in the country's
southern seas[26], a criterion was set in which the study
is both modelings using FLOW 3D software for
different waves and examining laboratory behaviour
and comparison of the respective breaker. Accordingly,
a wave with a periodicity of 1.84 seconds and a wave
index height of 0.069 m was considered, simulated in
ANSYS fluent software, and the corresponding
numbers were obtained. Also, by equating the number
obtained in FLOW 3D software for the same
conditions, the software

Table 2. Information of validation

Hs (m) 0.069
Tr () 1.84
Vwm (Flow3D) 1.90
Vwm (Ansys) 2.26
Error %18.9

number for the average speed obtained in ANSYS
fluent software is 2.26 m/s, and the desired number for
FLOW 3D software is 1.90 m/s,which is a difference
of 18.9%. Show that it is a relatively acceptable error.

4. Discussion

According to the information in this table, it is clear that
this breakwater's efficiency is a deficient number and is
out of the economic range for most waves with a height
of less than one meter.

Also, for waves with a height of more than one meter
and a period of more than 4.2 seconds, good efficiency
can be observed. In general, the highest efficiency
expected from this system in the Caspian Sea is the
eighth wave with a height of 2.825 meters and a period
of 8.3 seconds, which has an efficiency of about 86%.

The following diagrams show the changes in wave
height and the changes in the waves' periodicity over
about three months in 2019, prepared by the Ports and
Shipping Authority.

Table 3. shows an overview of the results obtained from the simulation of the eight selected waves

Type of

1 2 3 4 5 6 7 8
Spectrum
Tp(s) 1.7 1.7 4.2 4.2 4.2 8.3 8.3 8.3
Hs (m) 0.06 0.5 0.06 0.5 2.825 0.06 0.5 2.825
Vimean 2.2 2.15 2.70 2.72 2.81 6.10 6.30 6.71
(m/s)
(kF\)/V\V;}"ren) 0.00293 0.20352 0.00724 0.50282 16.05146 0.01430 0.99367 31.72074
(k?/\jﬁn) 0.00029 0.01287 0.00070 0.03668 9.32654 0.00025 0.60971 27.45430
N*°Hyd 0.099 0.063 0.097 0.072 0.581 0.017 0.613 0.825
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(@)

Figure 18. (a) Graph of wave height occurring in 100 days
(b) Graph of wave period occurring in 100 days

According to the information obtained from these
diagrams, it is clear that the principal height of the
waves in the Caspian Sea is about 0.5 meters and less.
Also, the periodicity is about 3 to 4 seconds.

But among the three waves that are most efficient than
the others, in this period, we see only the fifth wave and
the seventh and eighth waves did not occur, and their
occurrence in the Caspian Sea is unlikely.

5. Conclusion

In this study, the possibility of using SSG breakwaters
on the southern shores of the Caspian Sea and, more
precisely, the Bandar Anzali region was investigated.
First, the Caspian Sea's general characteristics, such as
the characteristics of waves and wind currents in the
sea, were examined. Then, according to previous
research in this field, its model was built in ANSYS
software. Also, simulations were performed in ANSYS
fluent. Based on the available information, eight waves
were selected, and for each wave in specific factors
such as total pressure, velocity, current volume, and
other cases were examined.

Regarding the possibility of using this breakwater,
considering that most of the waves in the time shown
are close to the simulated wave No. 4, and given that
waves with a height of less than 1 meter of sufficient
efficiency are not available, Therefore, it is
recommended to use this system in smaller dimensions,
which are more economically viable.
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ABSTRACT

Development that is not environmentally friendly is not sustainable. One of the
methods of sustainable development is the use of renewable energy such as
wind. One of the most important sites in Iran with wind energy potential is the
Manjil region. Four sites in Manjil region (Manjil, Siahpoosh, Rudbar and
Herzeville) were surveyed. In this paper, wind energy potential measurement in
onshore and coastal areas evaluates wind energy according to the extensions
developed by the authors. The results with scientific achievements and similar
software in 4 stages of wind simulation, simulation of conditions the boundary
of the range will assess wind power and extractable energy. Summary of spatial
fit and arrangement of turbines shows that Manjil power plant in world energy
class has sufficient quality of energy production and can be compared with
global sites. This site with a nominal capacity of 240 million kilowatt-hours per
year is one of the largest sites in the Middle East with a capacity factor of 0.25.
Siahpoosh site with a capacity of 410 million kilowatt-hours per year has a
limited factor capacity of 8%. This site has a coefficient of variation of 11%,
which modeling shows that the choice of 660 MW turbines is not very
appropriate and practical. Therefore, it seems that the use of 500 kW turbines
has a better capability than 660 turbines on this site. Based on the results, the
two sites of Rudbar and Herzeville have a very proportionate factor capacity, so
these two sites can be upgraded according to the installation of Class 4 and 3

turbines.

1. Introduction

Energy is one of the most important factors in the
progress and development of human societies [1]. On
the one hand, population growth and the limitation of
fossil resources, and the increase in environmental
pollution caused by the burning of these resources, on
the other hand, have led to the development of
exploration for clean and non-polluting sources [2].
The wind is one of these clean, inexhaustible sources
of free energy [3]. Wind energy, like other renewable
energy sources, is geographically extensive and at the
same time scattered and decentralized, and almost
always available [4]. This energy was used as an energy
source before the Industrial Revolution, to the extent
necessary, but during the Industrial Revolution, the use
of fossil fuels replaced wind energy due to its
cheapness and high reliability [5]. During this period,
the old wind turbines could not compete with the oil
and gas energy market, but again in 1973 and 1978, due
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to two major oil shocks and the concept of sustainable
development, the energy economy of oil and gas was
hit hard and In this way, the cost of energy generated
by wind turbines improved compared to the global rate
of energy prices [6, 7]. Since 1975, significant progress
has been made in the field of wind turbines to generate
electricity [8]. In 1980, the first wind turbine connected
to the national grid was built [9]. Since then, numerous
research centers and institutes, and laboratories around
the world have studied new technologies for the use of
wind energy [10]. In addition, this crisis caused new
tendencies in the field of the application of wind energy
technology to generate electricity connected to the grid,
pumping water, and supplying electricity to different
areas [11].

Global installed wind-generation capacity onshore and
offshore has increased by a factor of almost 75 in the
past two decades, jumping from 7.5 gigawatts (GW) in
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1997 to some 730 GW by 2020, according to IRENA's
latest data. Production of wind electricity doubled
between 2009 and 2013, and in 2016 wind energy
accounted for 16% of the electricity generated by
renewables [12]. Many parts of the world have strong
wind speeds, but the best locations for generating wind
power are sometimes remote ones. Offshore wind
power offers tremendous potential [13]. The worlds

Winds total about 2,700 terawatts of energy. About
25% of it is located 100 meters above the ground [14].
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However, unfortunately in Iran, the use of wind energy
is not widely developed and it is used in limited places
such as Manjil and Binalood. The capacity of 95 MW
has reached 303 MW, which is all related to the
offshore sector [13].
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Figure 1. installed wind-generation capacity onshore and offshore in World&Iran;
(a): World, (b): Iran

Renewable energy will account for a significant share
of the world economy, the share of renewable energy
in the world energy portfolio doubling by 2030, the
world's gross domestic product will increase by 0.6%
or $ 706 billion [15] According to this study, oil-
dependent economies have the highest financial loss
[16] and among Asian countries, Japan will have the
highest GDP [13]. In 2019, 11 and a half million jobs
were created by renewable energy in the world, of
which the share of wind energy is 1.17 million people
[15]. In this statistic, Iran's share is 468 thousand jobs
in all energy and 3400 jobs in wind energy [15].

Modeling and validation of models that represent
possible wind energy functions are critical [17]. Wind
speed has a random nature that in order to model it, it
is necessary to select the appropriate cumulative
distribution function [18]. In this regard, many studies
and researches have been done, which can be referred
to as the probability distribution functions of Weibull,
Riley, and normal distribution. In studies [18-22],
emphasis and support have been on the Weibull model.
But some of the other Persian and Latin studies are as
follows: they have studied the daily, monthly and
annual trends of wind speeds in an area for energy and
have considered winds with a speed of 4 to 25 meters
per second to be suitable for energy. In energy density

! International Renewable Energy Agency (IRENA)
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measurement, they used Weibull and Rayleigh
distribution functions [23]. Wind energy potential in 21
US states was calculated using Weibull distribution and
the amount of wind energy extracted was estimated for
the whole country. [24] Especially marine resources
were used more efficiently [25]. In Iranian studies,
Mostafaeipour et al [26], Hashemi et al [27], Kayhani
et al [28], and Ashrafi et al. [29] used a similar method
to estimate Weibull distribution parameters using They
used a frequency distribution table. Also in the study
area, we can mention [30] that have calculated the wind
energy potential. But in this study, in addition to
evaluating the wind energy situation in the study area,
provide an extension is provided to calculate this
importance and validate it with the help of conventional
methods.

2. Materials and methods:

2.1. Area of study

The study area in the present study is limited to the
border of Rudbar city, which is located at latitude and
longitude 37 degrees north and 50 degrees west. This
city is located in the middle of Alborz Mountains, a
continuous valley towards Qazvin plain by the Caspian
Sea. The average temperature of this city is 24 degrees
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Celsius and it can be seen in different parts of it from average of 5.5 meters per second. In the recent study, 4
desert climate to dense forest. It is important to note sites of Manjil, Qazvin, Harzivel and Rudbar in black
that there are several wind sites in this city and the are studied and evaluated (fig.2).

ability to generate wind energy due to climatic
conditions and topography has a high speed with an
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Our study in the field of wind energy potential and similar software in 4 stages of wind simulation,
measurement in onshore and coastal areas evaluates simulation of conditions the boundary of the range will
wind energy according to the extensions developed by assess wind power and extractable energy.

the authors and the results with scientific achievements
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2.2. Modeling wind data from reference height to
turbine rotor height

All meteorological data are collected at a height of 10
meters, so modeling wind speed at the height of the
turbine rotor is important. There are two numerical or
rule models for wind speed modeling; Which is suitable
for smooth surfaces and homogeneous distribution of
wind[31]. The first is the logarithmic law, which is
derived from the fluid mechanism of boundary layers
studied on the basis of theoretical and experimental
sciences. The second approach is derived from research
into wind energy science, called the law of power. Both
models have unknown variables. In the present study,
the power law profile has been used. This rule is
presented in a simplified form based on Equation (1).

v _

Z .,
va (Z) (1)

2.3. Wind scattering probability modeling

Usually, various statistical functions such as Weibull
and Rayleigh functions are used to model wind
energy[31]; Many studies have been done to evaluate
the accuracy of these models, which in general, the
Weibull function has a more accurate response to the
facts; But in general, it can be understood that the
accuracy of these statistical functions depends on the
type and accuracy of the study of their parameters[23].
To verify these methods, many studies have been done
that almost all studies in the field of wind energy, the
use of standard deviation methods for studies for which
there is no information is appropriate. In the
continuation, the most likely neighborhood method can
be used[32]. After calculating the wind speed, the
probability of wind in a period can be calculated with
statistical functions. In the study of wind energy, the

Weibull pdf with0 <p<1,f=1,and p>1

Weibull function has the most application and has a
good accuracy[33]. This function is a special
discussion of the third-class distribution of the Pearson
function, which was presented by Weibull in 1937[34].
This function has two functions for wind speed: 1-
Probability density function 2- Cumulative distribution
function. These functions are indicators of time
changes for wind speed. Thus Equation (2) represents
the Weibull probability density function:

f )= E(\Lj“e il ®)
AV

In Equation (2), respectively, they represent the shape
and scale factors, which is a dimensionless numerical
shape factor, which in a way represents the wind speed
variability. It is lower, on the other hand, the scale
factor is expressed in m / s-1. In fact, this factor
indicates the concentration of wind speed in a certain
range. The small size of the scale factor helps to
increase the probability of wind speed. In other words,
changes in this factor affect the scale value of the base
curvature of the distribution [31]e is equal to the Napier
number. And v, f (v) indicates wind speed and wind
speed probability, respectively.

In short, it can be said that the Weibull function is
affected by the accuracy of two factors, shape and
scale. If the shape factor is decreasing, the changes
around the average wind speed are also reduced. For
example, if the scale factor is constant and the shape
factor is less than 2.6, right skewing occurs, while in
contrast, negative skewing occurs above 3.6. If this
value is between 2.6 to 3.6, the elongation coefficient
is zero. Now, on the opposite side, the scale factor is
minimal, indicating the concentration of wind speed in
a certain value, for example, if the shape factor and the
scale factor increase, the graph is stretched to the right.
Pulls to the left and increases the height of the chart. To
further understand this, we can look at Figure 4.

Weibull pdf Plot with Varying Values of o010
n=50
" p=3 F=05
2 \L n=100 g IE
| p=3 E
\ n=200 |
- / B=1
' Time _‘\
0 Time (t) 1000.00

Figure 4. A: shows the frequency of shape and scale factors and their effect on the probability function, B: the effect of the shape
factor on the probability curve, C: the effect of the Mughal factor on the probability

There are different methods for calculating the two
factors of shape and scale. But two methods are
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commonly used: 1- Standard deviation 2- The most
probable neighborhood are the most used. It should be
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noted that the first method is most useful for identifying
wind sources from which little field information is
available [35]but the second method is the most
accurate in calculating energy and increasing the
accuracy of power plant output calculations among a
variety of methods[25]. The method of calculating
these methods is presented in the equations below,
respectively.

L ®)
F(1+ j
K
VX Kz.eem (4)

A=
0.184+0.816x x>

-1.090
| %
V m

Equation (3) represents the scale factor. In this
equation, T represents the gamma function. Numerous
studies have used Equation (4) to increase the accuracy
of calculations. Equation (5) also shows the method of
calculating the shape factor from the standard deviation
and the average wind speed [36].

()

2.4. Power density

Dominant energy assessment on a site is an essential
component of wind energy projects. In fact, the density
of energy concentration is to measure the energy per
unit area of the rotor and time. Energy concentration
density the site design method and turbine blades are
very effective. To investigate the amount of energy per
unit area and its suitability for the construction of wind
farm sites can be rewritten from Equation (5) and easily
used [37].

" 5
PD:%'OZG v,)-v,%) ©)

In Equation (5), PD represents the density of a
concentration in a given area in terms of (watts per
square meter). p also indicates the density of air. F (v;)
and v; indicate the probability of wind gusts at a given
speed and wind speed, respectively.

The air boundary layer is one of the most important
components in various calculations. This component is
directly affected by the earth's surface[38]. But other
physical parameters such as acceleration, temperature,
humidity change rapidly per unit time and place. In
wind energy engineering, identifying the variance of
vertical wind speed plays a very important role in

80

designs[39]. 1- Directly on turbine energy production
at the characteristic height of the tower 2- Significant
effect on the lifespan of turbine blades. Air density is
an important factor in the boundary layer under the
influence of temperature and pressure. Equation (6),
which is the ideal gas law, can be used to calculate air
density.

(6)

p p
— P _34837P
PTRT T

In Equation (6) p shows the air pressure. T stands for
air temperature in Kelvin. Therefore, air density is
calculated in kilograms per cubic meter.

The International Atmospheric Standard assumes sea
level temperature and air pressure to be 288.15 Kelvin
and 101.325 kpa, so the air density is 1.225 kg / m2
[40]. Therefore, with increasing altitude, the air density
decreases. To calculate the air density less than 500
meters, Equation (7) presented by the organization [40]
can be used.

(7)

In Equation (7) z represents the height of the turbine to
calculate the wind speed.

p=1.225-(1.194x10"*)z

Extractable energy

There is no question that not all energy in the
environment can be used. Rather, our energy extraction
will be limited to the environmental conditions and
capabilities of existing technology. Therefore, the
extraction of energy from the total energy will be in a
certain range and range of wind speed and time.
Because energy exchangers have a significant effect on
energy that can be extracted from the environment.
Therefore, we can simply refer to Equation (8) with
which the extractable energy of the turbine can be
extracted experimentally [41].

1

:EpAvscp )

P

avail

Equation (8) shows the extractable energy and A
represents the surface area of the sweeper. In the
continuation of the same equation, C, expresses the
specific characteristics of the turbine, which depend on
the number of impellers per unit time and its diameter.

According to all the topics mentioned in the extraction
discussion, the elimination of ancillary parameters and
increasing the focus on general parameters causes a
greater degree of confidence in the extraction of energy
calculations. Since the wind blows in a unit of time and
continuously, so the calculation of the speed of
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extractable energy must also be done in this range.
Therefore, the use of equation (9) for modeling
extractable energy is more applicable [41].

(9)

0 V<V, or V>V,
p(v) =4 Pr V, <V <V,
(AR AR I \ARA VAL IR VARVASYA

HE = ndayxﬁx P.. X IV, V-V
Po Ve Vr _Vc

According to Equation (9) HE is equal to the energy
recoverable for one year, Nday is equal to the
consideration, usually 365 days. Prate is equal to the
maximum power of the turbine used, and f (v) is the
probability of wind speed. vc and v, are the assumed
wind speed and the assumed speed for maximum
output and the wind speed required to start the turbine
and finally the assumed speed for stopping the turbine
to prevent damage, respectively. In this regard, the loss
value will be used for the reduction coefficient of the
turbine.

38.24

22.08

2.16

0.79 034

0.26

I

—]x FV)AV + [ F(V)dV x (1~ loss)

0.43

3. Results and Discussion:

One of the important pieces of information in wind
energy modeling is related to the dominant land
cover[42].This causes the local flow in different parts
with fluctuations in height and speed or by creating a
dam to cause different rotations in wind speed and
direction. In the study area from the north, focusing on
the Rudbar valley, there is more forest cover at high
altitudes. Forest cover accounts for 27% of the area.
But in the southern part, due to its location in the
opposite direction of the Caspian Sea, it is less under
the influence of prevailing air currents, which has
caused 68% of the area to be dense rangeland cover
with an average height of 65 cm and of course poor
cover shrublands. In the area in question, 0.80 of the
total area is water levels and 0.31 of the total area is
urban areas. According to the roughness map extracted
from the land cover section, there is the least friction in
the southern part of the region. Only two urban
settlements with the lowest area in the region have the
highest coefficient.
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Figure 5. Percentage chart of land cover frequency

(b)

(a)

Roughly landcover
Value
-0

™
14 Kiomalons

L GA N
i NMA, Geodotast
A S - .
$¥Acomrunt: - HERE
1R i St e I il

0 35 % 14 Kilormetegs

Figure 6. Status maps; (a): Land cover, (b): Ambient roughness coefficient
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An important parameter of the output of the
atmospheric pressure simulation model in the region
with emphasis on the existing experimental model. In
this model, altitude and topographic shape play a major
role in creating local wind flow. The existence of the
Rudbar River and the existing valley causes airflow
from the Qazvin desert to the Caspian Sea and vice
versa. In the study area, the elevation difference of 250
meters from the riverbed to 3000 meters of Alborz
peaks is very important and effective in twisting and
creating a strong local mountain stream. One of the
important features of the region according to the output
model is the atmospheric pressure parameter. In the

(b)

Manjil-Rudbar valley area, the level of pressure or air
density according to the air density map is equal to 1.21
Pa; which is significant pressure for the area and in
terms of functionality at the coastal level. On the slopes
of the existing valley, the density decreases by 1.1. The
average density of 0.92 in the whole region limits the
development for the construction of wind farms. In the
study of 4 sites in the study area, the Herzeville site
with the highest height on the southern slope (1000
meters) and the Rudbar site with a height of 1125
meters have the lowest power density level and this
factor reduces the efficiency of turbine systems in
higher production capacity.
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Figure 7. Status maps; (a): Elevation , (b): air pressure

According to the model output of the average and the
deviation of the average wind speed at the level of 10
and 40 meters, the effect of the ambient roughness
parameter in the speed disorder shows itself more. In
our study, the Jirandeh region has the highest speed and
standard deviation due to the low time of the statistical
period. But in other areas, the trend is normal.
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According to our study, the average of 11 to 9 meters
per second is excellent and causes the turbines to
operate at their maximum power. The mean deviation
at the level of study sites shows that the Manjil site is
in the most optimal point with the highest speed and the
lowest standard deviation (9.54 and 1.4), respectively.
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Figure 8. Average and average wind speed deviation;
(a): At a height of 40 meters, (b): At a height of 10 meters
(c): At a height of 40 meters, (d): At a height of 10 meters

Based on the results of modeling, the probability
distribution function of the Weibull function of the k-
statistic for the region is 2.32. This function will ensure
that the speed is repeated. The experimental Weibull
function model in the equation for the wind shape index
or C states the value of 10.79, which shows a lower
estimate according to the wind speed map at a height of
40 meters above the surface. In general, among the
existing methods, the EPF experimental scattering
index has shown that the scattering probability will
have a range of 1.8, which is a good condition. A
noteworthy point according to the wind speed chart is
the presence of two peaks in Manjil wind speed. The
first peak is related to the continuous flow of wind
speed in the range of 2 meters per second, which is
referred to as non-functional wind in the power plant.
The second peak that makes the Manjil region
significant is in the range of 12 meters per second due
to the morning flow from the Caspian Sea and the
mountains to the Qazvin plain. The Weibull

m3

u2

]l

Figure 9. Graph of the frequency of energy classes in the

study area
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distribution diagram has a skew to the right, which is
why the average velocity estimate is less than the
reality in the speed range of 6 meters per second. This
difference causes the probability estimator to have a
negative tendency towards a low probability density
and to count the estimate as lower.

The wind energy power map shows that the power
density range is 145 to 305 watts per square meter. The
high power of the region, considering the average of
238 watts per square meter, shows that the construction
of small and large power plants will be potentially
profitable. In general, based on the output of the model,
the highest wind energy power is located around the
city of Manjil. The highest power point is located at the
shore of Manjil Dam and at the Manjil site. In total,
23% of the total area is in Class 5 of the World Wind
Energy Classification Standard. From the total area of
the study area, modeling estimates show that 50% is in
the optimal class 4 with a range of 200 to 250 watts.
The other 30% of the region has low thrust power, so it
does not have the efficiency of industrial power plants.

Figure 10. Power density zone map
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Figure 11. Frequency diagram of wind speed and Weibull probability distribution

Based on the results, the nominal energy potential
generated for the four wind turbine models available at
the study sites shows the high efficiency of the 550
models with a maximum power of one million watts
per year with a factor coefficient of 42%, which is close
to optimal capability and efficiency. The issue of 300
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MW turbines with a capacity factor of 28% has a lower
efficiency in energy production due to the limitation of
wind speed due to the speed range in the region. The
results of the model show that the use of heavier
turbines with power class more than 5 capacities has a
more limiting factor of 29%.
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Figure 12. Turbine harvest energy;
(a): 300 w, (b): 500 w
(c): 550w, (d): 660 w

To evaluate the existing wind energy power model with
the existing reality in the four power plants show that
there is a significant negative difference in harvest
energy. Separating the turbines and the site separately,
Table 1 shows that the 300-megawatt turbines at the
Manjil site generate 9.25 million watts per year,
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compared to the estimated 8.64 million watts in the
model, which is 6.6% lower than reality. The 500-watt
turbine has a very small difference of -0.2%. At the
Manijil site, 550-watt turbines with 11 units have the
highest difference of 10.56% - the model has suffered
the most negative errors in this section. On the other



Akbar Rashidi Ebrahim Hesari, Milad Rahime / Evaluation and validation of wind energy extension (Bahooz) in Manjil region

hand, due to the high power density of the Manjil site,
660 MW turbines with 22 units on the shore of Manjil
dam have a low error of 1.53%. Siahpoosh site in the
west of Manjil and south of Manjil dam lake has a
uniform and homogeneous composition in the level of
turbines, this site with 24 660 MW turbines has a lower
error in all sites with - 0.18%. Herzeville site at the top
of Mount Manjil has estimated the highest error of the
model in terms of error. In this site, the effect of the
topographic parameter is more visible and the threshold
error has reached -10 and -12%. At the Rudbar site, the
high altitude has caused the effect of topography and
local flow to create a certain torsion, which makes the
model estimate the reality lower than usual. Finally, an

overall estimate of the energy production field report
for the one-year period shows that 123.2 million
kilowatts of energy were produced, compared to the
model estimate of 116.7 million kilowatts. The
difference in the percentage of error changes is
negative -5.31% of the total, an acceptable error in the
negative direction, which is due to the Weibull
estimator due to the right Skewness. Therefore,
according to the results of the wind speed filter and the
removal of noise below the threshold speed of 4 meters
per second, the experimental estimator of Weibull is
stretched to the peak. On the other hand, the correction
of wind gauges is more important in bringing the
equations closer to reality.

Table 1.Site specifications and changes in Power plant and Model output

Numbe

Power plant output

Model output

Sites Turbine type r (KWh hours per year) (KWh hours per year) cv?
300 14 9,256,350.00 8,639,849.75 -6/6%
Manjil 500 1 1,030,693.00 1,028,673.63 -0/2%
550 11 18,970,572.00 16,967,415.00 -10/56%
660 22 29,840,981.00 29,383,395.25 -1/53%
Siahpoosh 660 24 31,490,390.00 31,433,565.00 -0/18%
Herzweil 300 12 7,447,500.00 6,663,163.50 -10/53%
660 15 20,658,421.00 18,209,512.50 -11/85%
Rudbar 500 1 993,080.00 925,867.63 -6/77%
550 3,508,149.00 3,393,483.00 -3127%
total - 93 123,196,136.00 116,644,925.25 -5/31%

Summary of spatial fit and arrangement of turbines
shows that Manjil power plant in world energy class
has sufficient quality of energy production and can be
compared with global sites. This site with a nominal
capacity of 240 million kilowatt-hours per year is one
of the largest sites in the Middle East with a capacity
factor of 0.25. Therefore, it has the lowest coefficient
of modeling and design changes. For this reason, this
site is considered an excellent control fuehrer with its
appropriate density and layout. According to the
obtained results, the Siahpoosh site with a capacity of

410 million kilowatt-hours per year has a limited factor
capacity of 8%. This site has a coefficient of variation
of 11%, which modeling shows that the choice of 660
MW turbines is not very appropriate and practical.
Therefore, it seems that the use of 500 kW turbines has
a better capability than 660 turbines on this site. Based
on the results, the two sites of Rudbar and Herzeville
have a very proportionate factor capacity, so these two
sites can be upgraded according to the installation of
Class 4 and 3 turbines.

Table 2. Compare different powers and capacity factor of sites

The calculated

Sites Area Cv power of the Reported Nominal power capacity
(meters) power factor
model
Manjil 3875 0.3 56019333.63 59098596 240637200 25%
Siahpoosh 11616 111 31,433,565.00 31490390 410493600 8%
Herzeville 9680 5 4319350.63 4501229 18834000 24%
Rudbar 3872 0.28 24872676.00 28105921 118260000 24%

2 coefficient of variation
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4. Conclusions

Comparison of production capacity of Manjil site in
Rudbar based on energy production capacity model and
comparison of its capacity with coastal and offshore
sites shows that this site is comparable to sites such as
Robin Riga America with a capacity of 180 MWh due
to the topographic parameter[43]. Has. Also, according
to the reports provided, the good power that is on this
site will be able to provide energy consumption for
300,000 inhabitants. Compared to the London Array
site, with a capital of less than $ 200 million, it has a
higher capability of using 500 MW turbines.

Based on the most basic input parameters, the model
has a high detection in identifying the potential and
actual power of sites because the output specifications
and details show that the model has a prediction error
of less than 5% for power measurement. And in
comparison with the estimates of the scattering
parameters of the Weibull function to evaluate the
power of wind energy and to evaluate the accuracy of
models in reality in the United States by [44]who stated
the error is 20% of the total, the model emphasizes low
error . Compared to identifying wind energy power
models and comparing reality using ARMA time series
models in Canada by [45] the model uses artificial
intelligence algorithms to filter its dynamics in filtering
time noise and data incompetence. Expresses it in a
more optimal way. Therefore, compared to the study
and general review of various wind energy estimation
methods and MONTE CARLO simulation revision in
power plant power output estimation in China [46], this
model has specific spatio-temporal frequencies
compared to non-functional filters such as [47]. This
software package utilizes the use of fuzzy techniques
and neural networks to increase the speed of
calculations and increase the accuracy of models to
assess the accuracy of power plants in the Netherlands
[48]native capability for a large area of Iran and its
diverse climate has found.
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