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ABSTRACT

Fossil Fuels are always considered as environmental pollutants. On the
other hand, the political and economic situations highly affect the price of
these fuels. Offshore wind and wave, as renewable energy sources, represent
the better alternatives for electricity generation. Therefore, it is necessary
that wind speeds effectively be estimated due to the absence of field
measurements of the wind speed above the surface of the sea in many
regions. In this paper, the annual-average wind speed above the sea is
calculated mathematically. Wind data obtained from onshore monitoring
stations were analyzed to obtain wind power density above the sea. In
addition, this study provides information on the variation of the wave
energy using Beaufort scale and wind speeds. This allows an approximate
estimation of energies corresponding to various wave heights in that
region. Besides, a mathematical model was developed to assess wave and
wind hybrid energy system. Thus, using a mathematical model, wind-wave
hybrid system components were: wind turbine, wave converter and
foundation. The wave energy converter (WEC) selected for the hybrid
device is Wavestar prototype which was combined with a wind turbine. As
for case study, the wind speed as well as the resulting wind and wave power
potential in the area of Eastern Mediterranean Sea and the North Sea were
determined and the assessment were done for the designed hybrid system.
It can be concluded that the annual energy production from hybrid wind-
wave device in the North Sea is 64.3% more than its value in the
Mediterranean Sea.

Keywords: Offshore Wind Energy; Wind Power Density; Mean Wind Speed; Wave Energy; Hybrid Energy

System.

1. Introduction

Fossil fuels have been the principal origin of
energy nowadays, but using this source is
going toward unknown future. This means that
fossil fuels could run out in the near future
because of the increasing consumption of this
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kind of fuel by humanity. Furthermore, the
effects of using fossil fuels are increasingly
affecting the environment harmfully. For
example, greenhouse gases have been an
important issue for humanity since the day it
was discovered as a contributor to global
warming issue. Due to that and many other
issues, it was urgent to seek a new source of
energy which is clean, free and available
enough for a far future.
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Executing experiments and carrying out
research, man could find a wide range of free
power represented by solar, oceans, wind, and
other kinds of natural free energy. The oceans
are considered as a huge source of energy
divided into many types such as the offshore
wind, tidal, wave power, and thermal gradient
[1]. The offshore energy sector is growing
increasingly to be one of the most important
free energy sector in Europe [2]. It is expected
that by 2020, the setup output will be
something like 40 GW for offshore and 3.6
GW for ocean energy systems [3]. The United
Kingdom was ranked to be the first in the
world who had the biggest capacity of installed
offshore system, which was 559% of
European systems in 2014 [4].

1.1. Literature overview

Offshore wind systems are the mechanisms
installed in the sea, whereas ocean energy is
divided into tidal, wave, and thermal gradation
energy of the ocean. Offshore wind energy is
the most growing technology, but the ocean
energy is still in its first stages [3]. In 2011, the
total offshore energy capacity installed was
about 4117 MW which is about 1.73% of the
whole capacity. This number was 14384 MW
in the year 2016. It is expected that the
installed capacity will be about 10% of the
total capacity in 2020. Nowadays, about 90%
of the offshore systems are in Europe.

Offshore winds are the winds at sea which
are usually stronger and steadier compared to
onshore winds, this can result in greater and
more trustworthy energy production. In
addition, there is the possibility of constructing
huge offshore turbines in comparison to the
onshore turbines, that’s because onshore
turbines are restricted by the residential areas
and may be totally neglected by stakeholders
[5]. Although the offshore wind industry is
growing increasingly, there is a lack of certainty
with designing the wind system structure in the
sea. Dolores Esteban et al. [6] concluded that
the structural ambiguities consisted of issues for
soil composition and transition piece (TP)
design. They also inspected the applied offshore
wind criterions related to substructure design.
There is an increasing need to consume the
produced electricity instantly or it must be
stored for use when winds vanish or have a very
little power to operate the turbines and cover the
demands [7].

One of the main issues still obstructing the
development of offshore wind energy is the

lack of wind speed measurements over sea
areas, due to the technical challenges and high
costs associated with wind measurement in the
ocean. Thus, to exploit offshore wind energy
potential efficiently, precise wind resource
assessment is required.

Among the available wind data sources, in-
situ  measurements (i.e. buoys, offshore
meteorological masts, satellites, onboard ships,
vessels, etc.) are the most suitable data source
in terms of precision and are widely used as the
primary reference source compared with other
wind data sources; Ebuchi et al. [8], Carvalho
et al. [9] and Soukissian and Papadopoulos
[10] are the best relevant examples. Even when
such measurements exist, they are only for a
certain period of time and can be sparse in the
case where a large region is considered for
analysis.

Recently, a major interest is focused on the
use of numerical weather prediction (NWPs)
models as a source of wind data for offshore
wind energy, and several authors have
investigated the accuracy of NWP (Gallego et
al. [11], Berge et al. [12], Jimenez et al. [13]).
Despite the promising performances of NWP
models on offshore winds forecasting, offshore
winds still remain a modeling challenge when
compared to the typical open sea and the
onshore winds due to the fact that they are
strongly influenced by the local topography,
discontinuity between land and sea roughness
and also by thermal gradients resulting from
land-sea temperature differences [14].

Till now, the utilization of ocean energy is
still limited, that is due to the high cost of
produced energy using wave and tidal
mechanisms compared to other renewable
energy resources [15]. The most growing
domain in the sector of renewable energy is
wave energy conversion, which had attracted
more interests by Scientists and manufacturers
over the past few years, so there was a great
improvement in the field of wave energy
conversion mechanisms which take out the
wave motion energy [16]. For instance, the
power  take-off  optimization for the
interconnected floaters studied by Zheng, S. et
al.[17]. Past studies focused on reducing the
cost of producing energy [15].

Nowadays, combined wave-wind systems
don’t exist in a real form, they are only
proposed as computer prototypes. In addition,
wave energy converter farms are not
constructed in the sea so far. Consequently,
there is a need to set combined wave- wind
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energy into execution, especially with the
offshore wind field prosperity [18].

Waves are usually associated with winds, so
it’s possible to exploit this power by
constructing wind turbines which are
integrated with wave energy harvesters. There
are only very few research studies that have
discussed combined utilization of wave and
offshore wind energies and they discussed the
estimation of wave and offshore wind energy
resources; Veigas et al. [19-21], Fusco et al.
[22], Anderson et al. [23] and Sheng et al. [24]
or the integration methods of the produced
energy; Lund [25] and Stoutenburg et al. [26],
also explored combinations based on the use of
the support structure for an offshore wind
turbine as a basis for an energy storage system,
a wave energy harvesting system, and a
uranium-from-seawater mining system;
Slocum [27].

1.2. Research motivation and objectives

As earlier mentioned, the available wind and
wave energy must be accurately estimated at
the site so that this energy can be utilized by a
hybrid wind-wave model. There is an
increasing need to start constructing combined
wave-wind energy system to be a commercial
model. The point here is to support offshore
wind energy using wave energy harvesters, this
means that we can exploit wave and offshore
wind powers at the same time. In conclusion, a
power saver sample for combined wave-wind
energy must be improved.

The objective of the present study is to
explore the possibility of utilizing the offshore
wind and wave energy for power generation.
Using available potential of wind and wave
energy in a sea, this mathematical model was
developed to assess wind-wave hybrid system
components. First, by knowing onshore
measured wind speed data taken from coastal
monitoring station, a mathematical model was
assigned for calculation of offshore wind
speed. By adding wave height to the model, a
mathematical model was developed to assess
and predict the potential of using wind and
wave energy in the sea. Thus, the present
model will prove to be much more realistic for
hybrid offshore wind and wave energy
production. Finally, to demonstrate practical
capability of presented assessment model, two
case studies (case A and case B) were

considered in the area of Eastern
Mediterranean Sea and the North Sea.

2. Mathematical model

The flowchart in Fig. 1 shows the steps
involved in the engineering improvement in
assessing the wave and wind hybrid energy
system  according to our  proposed
methodology.

2.1. Wind speed gradient

The speed of the wind varies along the turbine
height. To be exact, it increases with increased
height of the turbine over the land [28]. Two
methods can be followed to set the wind
profile: the first one is the power law, and the
other is logarithmic. The power law method is
more common than logarithmic method [29].
The difficulties of the logarithmic method are
the stability parameter and the friction velocity.
Consequently, the wind profile based on power
law method was used by the most of the
researchers. The power law is given by the
following equation [30]:

% h
T2 (_ZJ (1)
Vl hl
where v, is wind speed at height h,; v; is wind
speed at height hy; h, computed height; hy
reference height and oo power law exponent.
The experiments show that when o=0.14
(1/7), it is suitable for most of the locations. In
this case, the method is called the one-seventh
power law [29].
In the field of wind power, the wind speed
graduations depending on the height can be
calculated based on the wind specified at a

reference height of 10 m using the following
equation:

b
v, &
() &

2.2. Estimating offshore winds from
onshore meteorological
measurements

The data taken from the meteorological station
has been mathematically corrected throughout
three levels in order to calculate the annual
average offshore wind speed.
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Fig. 1. Flowchart of the proposed methodology for assessing the engineering improvement of wave and wind

hybrid energy system

a) The measured value of the wind speed angle increases to about 30-40°) above the
taken from the station’s data has been corrected medium roughness land. Therefore, the
in order to obtain the wind speed at the meteorological station is considered as a land-
reference height of 10 m by using Eq. (2) [31]. station close to the coastline so the correction

b) The wind in the sea drifts when it coefficient of the location is equal to 1.0.
approaches the land and makes an angle ¢) The correction of data should be taken
approximately estimated by 15 to 20° in the into consideration for the thermal difference

direction of the lower pressure. However, this between the sea and the air. Given the small



Shahram Derakhshan et al./ Energy Equip. Sys. / Vol. 6/No. 2/June 2018 185

absolute thermal differences between the air
and the sea (JAT|<5°), the effects resulting from
this temperature difference on the wind speed
and its direction are considered insignificant.

Consequently, V. is linearly related to

Viand> and the linear regression equation is
[32]:

Vo, =1.62+11% 3)

Eq. (3) is recommended for operational use.
According to Eq. (3), vse, may not be equal to
zero when vy,,,4 1s zero. In other words, when
onshore conditions are calm, it is not necessary
that winds in offshore will also be calm.

2.3. Statistical analysis of wind data

The possibility of wind power at a specific
location can be estimated using statistical
analysis. In this way, we can assess the amount
of power produced by an installed turbine at the
determined area. These techniques have been
discussed by a number of authors including
Fang[33], Murthy et al.[34], Karthikeya et
al.[35], Mostafacipour et al.[36], Bataineh et
al.[37] and Fagbenle et al.[38]. Using statistical
analysis, the values of random variables can be
estimated in terms of probability distribution. It
is worthy of note that wind speed is a random
variable, so it can be estimated using the method
mentioned before.

2.3.1. Probability Density Function
The probability density function, p@), is the
expression of the wind speed frequency of

occurrence. It’s used to define the wind speed
between v, and v}, [39]:

P(v,<v<v,) =VJEP (v )dv 4)

And Pgensity €xpresses the mean available

wind power density which is calculated using
the following equation:

P 1 %,
Pdensity :K:Ep!v P(V )dv (5)

where p is air density (1.225 kg/m?).
2.3.2. Cumulative Distribution Function

The probability of the wind speed being
smaller than or equal to a given value, v, is

expressed by the cumulative distribution
function F(v). This is given as follows [39]:

F(v):lp(\)jd\) ©6)

On the other hand, the probability density
function can be expressed as a derivative of the
cumulative distribution function as follows:

dF (v)

= Vv / 7
P()=—, )
The velocity duration curve depends
basically on the cumulative distribution
function. In other words, the velocity duration
curve =8760x(1- F(v)), reserving the x and y

axes .

2.3.3. Rayleigh Probability Distributions

This distribution is considered as the simplest
velocity probability distribution which is used
to express the wind source, this is because the
only value needed is the mean wind speed, V.
The available data may not be given as instant
values, so these data are usually given as mean
values during a period of time [40].
Considering the situation mentioned above, the
probability density function and the cumulative
distribution function are calculated as follows
[39]:

el ] o
F(v)zl—exp{—%(vl)z:l ©)]

2.4. Wind Turbine Modeling

The use of wind power as a renewable source
has become common due to the cost of fossil
fuel and environmental issues [41]. The power
curve of wind turbine operation represents the
power produced and transferred, this curve
symbolizes a relation between the wind speed
and the power. This relationship can be
expressed as:

0 v{v, orvv,
p(v)=4q(\V)l vy Sv <v, (10)

P. v, <v<v,

r
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where p(v) is the electric power in Watt, v; is
the cut-in wind speed in m/s, v, is the cut-out
wind speed in m/s, v, is the rated wind speed
in m/s, B, is the rated power in W and q(v) is

the nonlinear relationship between power and
wind speed (Fig. 2) [42].

rated
power

rated
Q(V) wind speed

A

power p(v)

cut-out
wind speed

o~

cut-in
wind speed

wind speed v

Fig. 2. Representation of the power curve [42]

To estimate the energy production of a wind
turbine, the power curve must be used with the
wind speed distribution known. A wind turbine
theoretical energy can be calculated by
multiplying the wind speed by its
corresponding power output, then adding them
together (Fig. 3).

The amount of a wind turbine power in a
year, Pr, is [43]:

P_Tzzi]p(v)xf v =v) [kwW] (11)

where f(V = v) is the frequency of occurrence
of wind speed v. Also the energy production of
a wind turbine in a year is expressed as:

E, =8760xP; [Kwh] (12)

2.5. Estimation of wave energy from
wind velocity

It is known that the sea waves result from the
relation between the solar energy and the

Power Curve

B ) 7N

Wind Distribution

pressure differences which causes the wind
which hits the surface of the sea. It is possible
to reach the wave speed from the offshore wind
speed [44].

2.5.1. The calculation of wave’s height

It is possible to calculate the wave’s height
depending on the average wind speed at the 10
m reference height in the offshore by using
Beaufort scale. The Beaufort scale splits the
wind into 13 cases. It is possible to estimate the
average height of sea waves in meters with a
good approximation based on these 13 wind
speeds [45].

2.5.2. Energy and power density of a sea
surface wave

The energy density, which is the amount of
energy in Joules per area unit, of a sequential
sea surface wave can be calculated by
considering the oscillation of a column of
water upright to the plane. Consequently, the
time dependent wave equation can be obtained
using Newton’s second law as follows [44]:

w2 Prgdh _
m dt?

where m is the mass which has the following
general solution:

W= /Amﬁh (t) =aexp(iwt) (14)

where wis the angular frequency and a is the
amplitude of the wave.

Using Newton’s energy formula, the energy
can be calculated as follows:

w?h (13)

2
E =lm|v|2=£m dn
2 2 |dt

=%Apga2 (15)

where an energy density expression can be
given by:

Energy Production

nnHHN mﬂnnn

Fig. 3. Calculation annual energy production
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E =%ng2 [Jm_z] (16)

where H = 2ais the wave height in meters. The
power density is then calculated using the
following equation:

P-=  [wm?] (17)

where 7 represents the period of the wave in
seconds.

2.6. Modeling wave converter

The Wavestar prototype, Fig. 4, is selected as a
hybrid device which is a wave converter along
with a wind turbine.

2.6.1. The operation principle

The system consists of a number of arms which
have floats at its end. Using one-way bearings,
these arms are suited to a horizontal shaft using
levers. The shafts which move in a slow
motion transfer this motion to a gearbox of a
generator, just like the method used in wind
turbines. Shaft torque generated by the upward
movement of the float is transferred to the
generator by means of a gearbox [46].

2.6.2. Wavestar prototype at Roshage

A test prototype of wave energy converter
(WEC) was installed by Wavestar in 2009 at
the Western coast of Denmark. This prototype
was of a 600 kW WEC [47]. After testing the
prototype, it proved a good functionality that it
had no major design problems, and it hadn’t
been affected by sea storms. Tables 1 and 2
present the model Wavestar prototype
parameters and also the power matrix of the
generated electrical power [48].

2.6.3. Energy produced by Wavestar
prototype

In order to estimate the energy generated by a
WEC in a certain period of time, the average
height of waves can be used which is
calculated from the Beaufort scale for each day
of a year and also knowing the wave period for
the region of study. Thus the energy generated
by a WEC can be computed from Table 2.

2.7. Fixed hybrid wind-wave device

A basic sample is a hybrid prototype on the
basis of monopile wind turbine and four
floating (two Wavestar prototype WEC for
each wind turbine) on the same structure. This
sample is shown in Fig. 5. This design fits a
prototype of 80 m depth under sea.

Water

Sea bed

Structure supporting the
wave power machine

Fig. 4. Principle of operation [46]

Table 1. Wavestar prototype parameters [48]

Main parameters
Number of floats 2
Float diameter [m] 5
Length of arm [m] 10
Storm protection [m] 3

Min. power take-off [kW] 0
Max. power take-off [kW] 600
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Table 2. Wavestar prototype electrical power matrix in [kW] [48]
Wave Wave period T (sec)
height | 3 34 45 56 67 78 89 910 1011 11-12 1213
H (m)
0.0-0.5 0 0 0 0 0 0 0 0 0 0 0
0.5-1.0 0 49 73 85 86 83 78 72 67 63 59
1.0-1.5 54 136 193 205 196 182 167 153 142 132 123
1.5-2.0 106 265 347 347 322 294 265 244 224 207 193
2.0-2.5 175 429 522 499 457 412 372 337 312 288 267
2.5-3.0 262 600 600 600 600 540 484 442 399 367 340
3.0- Storm protection
Turbine
Fig. 5. Fixed hybrid wind-wave device
2.8. Floating hybrid wind-wave device E=E, +2*E,, [kwh] (18)

The cost of the fixed system depends on the
depth of water, that is to say that as the depth
increases the cost will increase obviously. A
hybrid floating wind-wave device which is
moored using a catenary and a spar is shown in
Fig. 6. There are four floats associated with the
wind turbine. This prototype is suitable for
water depth of more than 80 m.

2.9. Hybrid wind-wave device annual
energy production

The hybrid wind-wave device annual energy
production is the annual energy produced from
wind turbine plus the annual energy produced
from two Wavestar prototype WEC. This
energy is expressed as:

3. Study cases

To check presented model reliability, two
global case studies have been evaluated for
wind and wave energy applications.

3.1. Case A

Figure 7 shows Syria situation and the city of
Latakia governorate on the eastern coast of the
Mediterranean. In this study, daily mean wind
speed data during the period (2006 — 2010)
obtained from Al-azhari meteorological
station, which is located at 35°32'30.7"N;

35°46'00.5"E at an altitude of 11.4 m and 25 m
distance to the coast, was used [49].
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Turbine

Fig. 6. Floating hybrid wind-wave device

Fig. 7. Syria location with Latakia governorate on the eastern coast of the Mediterranean Sea [50]

Fig. 8. United Kingdom location with Hempstead governorate close to the North Sea [52]
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3.2.Case B

The daily mean wind speed data (for 2015)
obtained from weather station, which is located
in Hempstead in United Kingdom close to the
North Sea (Figure 8) [51].

4. Results and Discussion

In order to predict the potential of wind and
wave energy in sea and design a wind-wave
hybrid system, a computer code was developed
in the programming environment MATLAB
based on the flowchart in Fig. 1.

4.1. Calculation of offshore wind speed
from onshore meteorological
measurements for case A

By applying Eq. (2) on the wind data taken
from the meteorological station, the wind
speed at the 10 m reference height was
calculated. Figure 9 shows the values of
monthly onshore wind speed at 10 m height.
From Fig. 9, the monthly mean wind speed at
the reference height of 10 m varies between
2.1- 4.5 m/s with an annual average wind speed
of 3.2 m/s.

Figure 10 shows the offshore wind speed at
10 m reference height after substituting the
onshore wind data at 10 m reference height in
Eq. (3). It is obvious that the highest wind
speed value occurs in February while the
lowest wind speed value occurs in August. It

also shows that the annual mean wind speed is
5.3 m/s.

Comparison between the annual mean
onshore and offshore wind speed at different
heights is shown in Fig. 11. The value of
offshore wind speed at certain height is greater
than that of onshore wind speed. Note that the
curve of onshore wind speed profile has a
sharp increase with respect to the height in
comparison with that of offshore wind speed.

4.2. Offshore wind-power estimates for
case A

By applying Eq. (2) on offshore wind speed at
10 m reference height, the wind speed is
calculated at 90 m height which is the most
common height used for offshore wind
turbines. Table 3 summarizes the monthly
wind speed at 10 m and 90 m altitude.

It can be seen from Table 3 that the monthly
mean wind speed at extrapolated height (90m)
varies between 5.5-9.3 m/s with an annual
average of 7.3 m/s. Figure 12 shows the
offshore wind speed distribution at hub height
of 90 m. The maximum frequency (10.4%)
occurs at offshore wind speed of 5.8 m/s. The
annual mean wind power density at hub height
is shown in Fig. 13. It is evident that the
maximum power density of 44.5 Wm™2 occurs
at offshore wind speed of 11.6 m/s with an

annual mean of 445 Wm™2.

Table 3. Calculated monthly mean offshore wind speed m/s at 10 m and 90 m height for case A

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
Vi 67 68 6.3 5.6 4.8 44 42 4 45 4.6 5.4 6.2 5.3
Voo 92 93 8.6 7.7 6.5 6 57 55 62 6.3 7.4 8.5 7.3

»
o

Wind speed [m/sec]
o = N w
[9)] = (63} N 53] w [$)) »

jan feb mar apr may jun jul aug sep oct nov dec
Month

Fig. 9. Monthly mean onshore wind speed at the 10 m reference height for case A
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Wind speed [m/sec]
N w » [$2) [2])

=

Fig. 10. Monthly mean offshore wind speed at the 10 m reference height for case A
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Fig. 11. Annual mean onshore and offshore wind speed at different heights for case A
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Fig. 12. Offshore wind speed distribution at hub height for case A
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Fig. 13. Offshore annual mean wind power density at hub height for case A

4.3. Wind turbine selection for case A

Following Fig. 3 and using Eq. (11) and Eq.
(12), the amount of energy a wind turbine will
generate in a year can be calculated
corresponding to the wind speed distribution
and the turbine’s power curve. Fifty five wind
turbines from many manufacturers, such as
Alstom, Vestas, Enercon and Gamesa were
used to select the highest annual energy
production turbine at a given site. The turbine
power curves data was entered to the computer
program in the form of a matrix. According to
case A specifications, annual energy produced
by all the 55 wind turbines at the hub height
was calculated. The highest annual energy
production turbine belongs to Enercon, type

4500 T T

"E-126 EP4", as illustrated in Fig. 14 with
rotor diameter of 127 m with nominal power of
4200 kW and annual energy production of
1.39 x 107 kWh.

4.4. Wave-power estimates for case A

As illustrated in Fig. 15, the monthly mean
wave height varies between 0.54-1.2 m with an
annual average of 0.8 m. The figure indicates
that the highest wave height value occurs in
August while the lowest wave height value
occurs in January. For the period of wave equal
to 6.54 s in this site, the calculated power
density of a sea surface wave was 187.1
wm™2,

4000+~

3500

T

3000

=<, 2500

S

2 2000

5]

Q 1500+
1000

5001

0 [ [

[ [

0 5 10

I
15

20 25 30

wind speed [m/sec]

Fig. 14. Power curve of selected turbine for case A
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Fig. 15. Monthly mean wave height for case A

— Wave energy convertor

E wec= §58450

Float diameter: 5 m

Length of arm:10 m

Faor Each Wind Turbine Two Wavestar Prototype(d Floats)
[kwhiyear]
Properties of Wavestar prototype:

Number of floats: 2

Mominal power: 600 kKW

Fig. 16. Annual energy produced by wave energy converter system for each hybrid wind-wave device for case A

4.5. Wave energy convertor for case A

Since four floating (two Wavestar prototype
for each wind turbine) on the same foundation
were used in the proposed design, the WEC
annual energy production system for each
hybrid wind-wave device equals twice the
annual energy produced by each Wavestar
prototype. This annual energy and properties of
Wavestar prototype are shown in Fig. 16.

4.6. Hybrid wind-wave device for case A

Knowing water depth in the region of study,
fixed or floating foundation for hybrid wind-
wave device is selected. Therefore, using Eq.
(18), the annual energy production from hybrid
device is calculated.

For water depth equal in mean to 40 m for
case A, fixed hybrid wind-wave device is more
appropriate. The annual energy production
from the hybrid wind-wave device is 1.4 X
107 kWh.

4.7. Hybrid wind-wave farm for case A

As the required electrical capacity for the case
is 150 MW, the number of wind-wave hybrid
devices and the annual energy production are
calculated. The number of required wind-wave
hybrid devices for the farm are 28 with an

annual energy production of 3.9 x 108 kWh.

4.8. Calculation of offshore wind speed
from onshore meteorological
measurements for case B

Figure 17 shows the values of monthly onshore
wind speed at 10 m height with an annual
average of 5.3 m/s. Figure 18 shows offshore
wind speed at the 10 m reference height after
substituting the onshore wind’s data in Eq. (3).
From Fig. 18, the highest wind speed value
(10.7 m/s) occurs in December while the
lowest wind speed value (5.6 m/s) occurs in
October and the annual mean offshore wind
speed at the reference height is 7.9 m/s. Figure
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19 shows a comparison between the annual
mean onshore and offshore wind speed at
different heights. As we can see, the same
remark related to Fig. 11 is valid and also
applies to Fig. 19 of case B.

4.9. Offshore wind-power estimates for
case B

Table 4 summarizes the monthly offshore wind
speed at 10 m and 90 m altitude which is the
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most common height used for offshore wind
turbines.

As can be seen from Table 4, it is obvious
that the monthly mean wind speed for case B at
hub height of 90 m varies between 7.7-14.6
m/s with an annual mean of 10.8 m/s. Figure
20 shows the offshore wind speed distribution
at hub height of 90 m. Figure 21 shows the
annual mean wind power density at hub height
for case B. It also shows that the annual mean
wind power density is 1425.6 Wm™2,

Table 4. Calculated monthly mean offshore wind speed (m/s) at 10 m and 90 m height for case B

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
Vie 89 79 8.9 7.6 8.6 7.4 76 65 57 56 91 107 7.9
Voo 122 108 122 104 11.8 101 104 89 78 7.7 124 146 10.8
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Fig. 17. Monthly mean onshore wind speed at the 10 m reference height for case B
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Fig. 18. Monthly mean offshore wind speed at the 10 m reference height for case B
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Fig. 19. Annual mean onshore and offshore wind speed at different heights for case B
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4.10. Wind turbine selection for case B

The appropriate turbine power curve is selected
as illustrated in Fig. 22. The annual energy
produced by the "Enercon" turbine, type "E-126
EP4" with rotor diameter of 127 m is 2.25 X
107 kWh and nominal power of 4200 £ W.

4.11. Wave-power estimates for case B

Figure 23 shows the monthly mean wave height
for case B with an annual average of 1.5 m. For
the period of wave equal to 6 s in the North Sea
for case B, the calculated power density of a sea
surface wave was 669.5 Wm™2. Consequently,
for case B, the annual mean offshore wind speed
at the reference height is 7.9 m/s with annual

— Selection wind turhine

mean wave height of 1.5 m. This is in line with
the annual mean offshore wind speed of 17
knots (8.7 m/s) and the 4 Beaufort scale degree
which equals an annual mean wave height of
approximately 1.5 m obtained by the wind
statistics. These statistics are based on real
observations taken between 12/2008 - 08/2016
daily from 7am to 7pm local time from the
weather station at Forties North Sea Platform
[53].

4.12. Wave energy convertor for case B

The annual energy produced by WEC system
for each hybrid wind-wave device for case B is
142 x 103 kWh. The specification of the
Wavestar prototype is shown in Fig. 24.

5000

Turbin power curve

4000

power k]
%] (9%
(=] [
(=] [
[=] [
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Producer:Enercon

Type:E-126 EP4
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Fig. 22. The specification of the appropriate turbine for case B
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Fig. 23. Monthly mean wave height for case B
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— Wave energy convertor
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Fig. 24. Annual energy produced by wave energy converter system for each hybrid wind-wave device for case B

4.13. Hybrid wind-wave device for case B

For water depth of 50 m in mean, fixed hybrid
wind-wave device is more suitable for this
case. The annual energy production from
hybrid wind-wave device was 2.3 X 107 kWh
in the site.

4.14. Hybrid wind-wave farm for case B

allowed the predicting of the potential of using
offshore hybrid wind and wave energy.
Moreover, this model is developed to assess a
wind-wave hybrid system. In order to estimate
offshore wind and wave energy resources and
design the hybrid system, a computer code was
developed in the programming environment
MATLAB. The wind speed data was taken

from the meteorological station for two
regions: the first was Syria (Latakia) on the
coast of the Mediterranean Sea and the second
was United Kingdom (Hampstead) located
close to the North Sea. Then, the data were
corrected to calculate the wind speed above the
sea. When comparing the annual mean onshore
and offshore wind speed at different heights for
the two cases, it was found that when v;,,,4 is
negligible, it’s not necessary that vg,, is zero.
Table 5 summarizes the results obtained for
two cases.

For a capacity of 150 MW in the site for case
B, twenty eight wind-wave hybrid devices are
required in the farm with an annual energy
production of 6.34 X 108 kWh.

5. Conclusion

In this study, a mathematical model has been
developed for the assessment of data collected
from wind speed on the ground and modifying
the data using a mathematical model, the data
of wind speed at sea was calculated. This

Table 5. Comparison between the results of case A and case B

Syria (Latakia) United Kingdom (Hampstead)

Mediterranean Sea North Sea
Annual offshore mean 73 10.8
wind speed at hub height [m/s] ’ '
Annual mean wave height [m] 0.8 1.5
Annual mean offshore
wind power density [Wm™2] 445 1425.6
Annual mean
wave power density [Wm™2] 187.1 669.5
Wind turbine manufacturer Enercon Enercon
Rotor diameter turbine [m] 127 127
Nominal power turbine [ kW] 4200 4200
Annual energy 7 7
production turbine [kWh] 1.39 %10 2.25x 10
Annual energy produced 3 3
by wave energy converter [kKWh] 6810 14210
Foundation for hybrid fixed fixed
wind-wave device
Annual energy production 1.4 x 107 23 % 107

from hybrid device [kWh]
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The presented model of assessment has led
to the conclusion that the annual average wind
speed and the annual average wave height for
case B was more than that calculated for case
A. As a result, the area of Eastern
Mediterranean Sea has a good wind potential
but with lower wave potential. When
comparing the annual energy production from
hybrid wind-wave device for the two cases, it
was found that the annual energy production in
the North Sea is 64.3% more than its value in
the Mediterranean Sea. Therefore, the energy
in the offshore wind can be effectively
harnessed and utilized for electric generation
and the wave energy can an auxiliary role to
the offshore wind energy. On the other hand,
the site of the North Sea has good wind and
wave potential for electric generation.
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