Energy Conversion and Management 244 (2021) 114469

FI. SEVIER

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Contents lists available at ScienceDirect

RS
Energy
Conversion
¢Management

A layout optimization method based on wave wake preprocessing concept

Check for
updates

for wave-wind hybrid energy farms

Francisco Haces-Fernandez®, Hua Li b, ", David Ramirez ©

2 Department of Management, Marketing and Information Systems, Texas A&M University-Kingsville, Kingsville, TX 78363, USA
b Department of Mechanical and Industrial Engineering, Texas A&M University-Kingsville, Kingsville, TX 78363, USA
¢ Department of Environmental Engineering, Texas A&M University-Kingsville, Kingsville, TX 78363, USA

ARTICLE INFO

Keywords:

Wave wake preprocessing
Layout optimization
Wind wake

Genetic algorithm
Hybrid energy farm

ABSTRACT

Major investment of renewable energy currently focuses on wind and solar, which are commercially mature.
However, there is no large commercial application of wave energy, despite more than four decades of continuous
development. Previous research has indicated that wave energy could supply a significant portion of world
electricity consumption. Therefore, it is critical to incentivize the utilization of wave energy. The hybrid energy
farms, combining wave energy with wind energy, have been considered as one of the most viable solutions to
promote mature grid integration of wave energy. However, combining wind and wave requires the identification
of adequate locations for both resources and development of layout optimization algorithms capable of handling
the complexity of wave wakes. Wave wake analysis has been one of the biggest hurdles for the development of
recursive wave farm layout optimization algorithms due to the required extremely time consuming computation
processes for each wave wake iteration. This research proposes a new approach by preprocessing the wave wakes
beforehand the actual execution of the recursive layout optimization algorithm. This proposed preprocessed
wave wake model can be integrated with the different optimization algorithms to identify optimal layouts for
hybrid wave-wind farms. The new approach was tested in two selected locations in the Gulf of Mexico with over
36 years (1979-2015) of historical meteorological data. It identifies locations capable of sustaining commercially
viable levels of wind and wave energy while simultaneously avoiding risk from extreme oceanic conditions that
in the past have damaged or destroyed wave energy converters. Although the two locations have different
meteorological conditions, the new approach was able to identify layouts with promising results in both loca-
tions. Results indicated that the selected locations could produce very good power output with a wave-wind
hybrid energy farm, and most wave and wind energy devices generated capacity factor with values higher
than commercial threshold limits.

1. Introduction

offshore industrial activities, such as oil and gas platforms, could be
supplied from wave energy, reducing operating costs and pollution [7].

Wave energy is one of the most concentrated and persistent renew-
able energy resources [1]. It has the second highest theoretical energy
potential among all ocean renewable energy sources, even higher than
offshore wind energy [2]. The possibility of generating electricity
extracting wave energy to supply both coastal [3]and offshore activities
has been researched with great interests for more than four decades [4].
Wave energy has the potential to provide one third of United States (US)
electricity consumption [5]. Considering that half of the population of
the United States live within 50 miles of the coast, wave energy could
significantly aid in decarbonizing the economy [6]. Additionally,
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Furthermore, wave energy applications are being developed by the US
Navy for missions in high seas [8].

However, despite significant public and private interests in this
topic, there is no large scale commercial wave energy converters (WECs)
in operation [9]. A large number of designs and prototypes have been
developed and tested [10], but no design standard has been widely
adopted [6]. One of the main challenges for wave energy harvesting is its
high variability [11], partially due to its dependence to two meteoro-
logical factors: wave height and wave period [12]. Other renewable
energy resources, which are commercially mature, such as wind and
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solar, are only dependent on one meteorological factor, wind speed and
solar radiation, respectively. This makes their characterization less
challenging than wave energy, which provides better opportunities to
create and optimize successful harvesting equipment. Collocating WECs
with other renewable energy devices dependent on just one factor, such
as wind, would increase the potential of wave energy’s commercial
utilization [13].

Substantial additional public and private investments are required to
bring wave energy from research and development (R&D) to commer-
cial application [14]. However, more emphasis has been devoted to
continue developing successful renewable energy technologies such as
wind and solar [6]. The lack of investment on the wave energy sector has
been exacerbated by past unsuccessful wave energy ventures [15],
where diverse designs were underperformed, damaged, or destroyed
[16] under extreme oceanic conditions [17]. It is estimated that a wave
energy project has a failure risk of 75-90% in a twenty years lifespan
project [13]. Extreme environmental conditions causing WEC failures
are in many cases unforeseen [18] due to the diverse wave character-
istics and variability in different locations [12]. Although it is well
known that waves are generated from the transfer of energy from wind
systems to the oceans [1], the cycle of creation, transport, evolution and
disappearance of wave energy is different with the cycle of wave, and
varies at different locations. Wave energy generation depends on local
geographical and meteorological conditions [19]. Enclosed oceans, such
as the Mediterranean [20]and the Caspian Sea [21], have high de-
pendency of local weather patterns for the generation of wave energy
due to fewer and smaller swells [1]. On the other hand, large oceanic
areas, such as the Pacific ocean, create waves on remote locations where
large wind systems interact with the ocean, developing some of the most
energetic waves [22]. These waves, which are mostly independent from
their originating wind systems, are able to travel long distance on wave
trains as swells to reach distant areas such as the US West Coast [23].
Waves generated in these large oceanic areas are able to reach higher
energetic levels and cause damages to WECs. On the other hand, some
oceanic areas, such as the Gulf of Mexico (GoM), are semi enclosed lo-
cations, where most of the waves are generated by local wind systems
with certain percentage of wave generated by swells from the Caribbean
and the Atlantic Oceans [23]. These waves have significant energy levels
without reaching the extreme values of open ocean waves. In this
context, developing wave energy in the GoM, as a semi enclosed loca-
tion, would reduce the risk of damage to the equipment, allow adequate
wave energy harvesting and improve the success rate of wave energy
project.

Wave-wind hybrid projects have been considered as a practical so-
lution to accelerate wave energy development, incentivizing private and
public investment in different projects [24]. Studies have shown that
combining wave energy with wind energy could generate many syner-
getic benefits [25]. These benefits include significantly reducing power
output variability [22], improving harvesting logistic [7]and integration
to the grid [26], lowering costs [13], and providing higher reliability
[27]. The GoM has been previously studied to evaluate the advantages of
combining wave and wind resources, and the results have indicated that
a significant variability reduction could be obtained [23] coupled with
area usage maximization [22] and operation and maintenance cost re-
ductions [27].

However, previous research has faced challenges when incorpo-
rating wave wake analysis in recursive optimization algorithms for
hybrid wave-wind energy farms due to its intense use of computational
resources and time consuming process for each iteration, making the
entire optimization process super slow and impractical to get optimal
results [28]. This research provides a novel approach to incorporate
wave wakes in recursive optimization algorithms through preprocess-
ing. Wave wakes are evaluated in advance of the execution of the
optimization algorithm, and results are stored in a computer file to be
used as posteriori by the recursive algorithm. It generates high savings in
time and computational resources, making the layout algorithm for
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hybrid wave-wind farms feasible and pratical. This novel approach al-
lows the proposed algorithm to be executed in conventional computer
resources, without requiring high performance computing resources. In
this paper, the wave wake preprocessing concept was integrated with an
optimization algorithm to create a layout optimization method to
identify the best layout of wave and wind hybrid energy farms, in which
wave energy was selected as major energy source and wind energy was
considered as secondary energy source. The new approach enables the
optimization method to use local meteorological conditions to calculate
wave and wind power output for diverse layouts and optimize the lay-
outs to maximize the power output considering the wind and wave
wakes caused by the devices under each particular meteorological
condition.

The developed layout optimization method was further modified to
ensure the wave energy was the major energy source in the energy farm
since the original purpose of this research was to promote wave energy
harvesting by reducing its power output variability through introducing
wind energy as secondary energy source. Data from the WaveWatch III
system developed by the National Oceanic and Atmospheric Adminis-
tration (NOAA) was used along with a geographic information system
(GIS) method. The detailed method is described in the following section.
The GoM was chosen as the studying area, in which two specific loca-
tions in the GoM were selected as case studies to validate the new
optimization method. The results are presented and discussed in the
third section, which clearly show the effectiveness of the new optimi-
zation method.

2. Methods

Wave wakes have been studied for a long time because of its effects
on marine navigation and offshore structures. Lord Kelvin in the 1880's
developed a model for the wake caused by ships and it has been studied
extensively [29] through mathematical modelling [30] and geometric
constructs [31]. As offshore oil and gas platforms started to be installed
in deeper offshore areas, mathematical models were developed to
evaluate the impact of waves and its wakes on these structures [32].
These models have been applied by previous research on WEC wake
modelling [33]. However, these models required extensive computa-
tional calculations [34] and numerical analysis [35] even when calcu-
lating the wake of a single object [36]. The complexity increases when
wakes are evaluated through three dimensional computational fluid
dynamics (CFD) models [37] or remote sensing [38]. Therefore, these
previous models are not appropriate for practical applications in hybrid
energy farm layout optimization algorithms. In this research, a new
method was developed to preprocess wave wake analysis after identi-
fying the potential locations, which can be used together with genetic
algorithm or other optimization algorithms without requiring extensive
computational resources and capacity.

2.1. Wave wake model

In this paper, the Penney and Price wave wake model [39] was
chosen to calculate the wave wakes generated by the WECs and the
foundations of offshore wind turbines (OWTs). The selected model has
been used by previous research on wave energy, including in the eval-
uation of permeable breakwaters by Hotta [40] and assessment of WECs
by Monk et al. [41]. In these cases, it has shown good fitness with wave
wake results, represented by the model [42]. The reduction in wave
height caused by a fully reflecting breakwater was described by Penney
and Price as a diffraction coefficient (Ky). The diffraction coefficient (Ky)
is defined as the ratio between the reduced wave height (H,,) at any
given location (x, y) downstream from the obstacle and the wave height
of the original undisturbed wave (Hp) as Eq. (1) indicates [41]. As shown
in Eq. (1), K4 is directly related to the coordinates (x, y), which can be
converted to polar coordinate system as shown in Fig. 1. The presented
mathematical model allows Kg to be higher than one, indicating wave
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Fig. 1. Illustration of different factors involved in calculating K4 with only one
obstacle using Penney and Price wave wake model.

energy enhancement due to the obstacle in particular locations.

K= (e y)| = F(r0) &)
H,

As indicated in Fig. 1, when calculating Kq of the wave wake
generated by only one WEC or one OWT foundation, the central point of
the obstacle was assumed as origin of the coordinate system. After
converting it to polar coordinate system, the distances from the given
location to the origin, left and right ends of the obstacle were repre-
sented as ry, 7, and r, respectively. The angel between rp and x-axis was
represented as 6p. The angles between the obstacle and the lines of the
given location to both ends were represented as 6; and 62. The length of
the obstacle was represented by L. For the WEC that can be approxi-
mated as a series of heaving buoys due to its two degrees of freedom
movement [43], L equals 13.6 m [44] considering its capture width
[45]. For the OWTs, wave scattering was considered with L equaling 5 m
as a jacket offshore foundation. Since the Pelamis is able to adjust their
orientation while OWT foundation is normally cylindrical with the same
face profile to the incident waves, both the WEC and OWT were
considered to be perpendicular to the incident wave direction [46], so
the angle between the obstacle and incident wave () and the angels
between the two ends of the obstacle and incident waves (©; and ©5)
were always 90° in this paper [47]. Meanwhile, the entire area after the
obstacle was divided into three regions (a, b, and c) as indicated in
Fig. 1. The length of a Pelamis WEC is considered as perpendicular to the
incident waves while its width is evaluated as parallel to the wave di-
rection. The parameter L for this analysis, as previously indicated, is
consistent with Pelamis’s capture width.

When the wave wake was only caused by one obstacle (either WEC or
OWT’s foundation), the complex approximate functions as indicated in
Eq. (2), which were derived from Penney and Price wake model [39],
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In Eq. (2), the reflection coefficient (c,) indicates total wave reflec-
tion when it equals to one and total wave absorption when it equals to
zero. The transmission coefficient (¢;) indicates full transmission when it
equals to one and no transmission when it equals to zero. In this
research, c, was set as 0.3 and c; was set as 0.5 [33,41]. The incident
planar wave component (I) and the reflective planar component (R)
were calculated using Egs. (3) and (4), respectively. It should be noted
that the subscript j used in the following equations equals 0, 1, or 2. In
general, the phase shift egwas calculated using Eq. (5). Since ©( was
assumed to be 90°, egequals to zero.

I = cos[k*ri*cos((6; — ©;) + & ) | —isin[k*r;*cos((6; —©;) +e5)]  (3)
R; = cos[k*r;*cos((6; + ©)) + €5 ) | —isin[k*ri*cos((6; + ©;) + )] (4

ep = +k(L/2)cos(0,) ()

The wave number k is related to the wave period T according to the
dispersion relationship indicated by Eq. (6), where h is the depth of the
water, g is the gravity, and o is the angular frequency given by w = 2
/T.

w = (2;)2 = g*k* tanh(k*h) 6)

The function f(o) is represented by Eq. (7) [41], and f(c') can be
represented by replacing ¢ with 6" in Eq. (7).

T4i (7 gl
J@ =1 [(~a) =1 [ ¥

:%{[(1 +C(o)) +5(0) = i(S(0)) = C(o7) ) ) ] @

The upper limit (¢ or ¢') of the integral in Eq. (7) was calculated
using Eq. (8) or (9) according to the Penney and Price wake model since
wake effect caused by reflected wave was not considered in this paper.

kr; 1
6;=2 7151115 0, —©) (€))
' kr; 1
0= -2 7/sm§ (6, +6;) 9

The terms C(o) and S(s) (or C(c') and S(¢')) in Eq. (7) are the Fresnel
Integrals that can be calculated using Egs. (10) and (11) applying the
polynomial approximations proposed by McCormick and Kramer [48],
which have indicated very good accuracy while significantly reducing
the computational expenditure [41]. In both Egs. (10) and (11), (o;) was
considered as 0.002 as maximum error value since £(c;)<0.002.

Cla)==C(~0)
(140.9265;)sin <2> “ <2>

~ot 2 2 %""/(‘7/‘)
2 2+1.7926j+3.1030'j 2+4.142G,-+3.492(7,- +6.670()'j

(10)
were used in this paper to estimate Ky in different regions as function of r
and 6 in polar coordinate system [41].
F(=o)i +cof (= )Ry +f(62)h + cf (— 6,)Ro + ci(f (o) +f(— 62)1, — L), regiona
F(r,0) =< f(o)ly + cof (= 0))Ry +f(— 62)b + ¢f (— 6,)Ro + ci(f (— o)y + f(62)1, — Iy), region b 2)

f(—o)l + cﬂf( — a'])Rl +f(—o0)hL + cﬂf( — aé)Rz +o(f(e1) +f(02)l, — Iy), region ¢
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Fig. 2. Illustration of different factors involved in calculating K; with two obstacles using Penney and Price wave wake model.
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When a given location was affected by two wave wakes generated
from two different obstacles (as shown in Fig. 2), Eq. (2) was no longer
able to calculate the Kj of the given location. To calculate the K; value
due to wave wakes interactions, the approximate solution proposed by
Hotta [40] and applied by Monk et al. to WECs [41] was considered in
this paper. If the two obstacles have same length, the L’ equals the ob-
stacle’s length. If the two obstacles have different length (one WEC and
one OWT’s foundation), the L’ equals the average of the two obstacles’
lengths. As discussed above, the angel between the obstacle and incident
wave (@) and the angels between the two ends of the obstacle and
incident waves (01,, and @) were always 90° in this paper.

To calculate the K4 value, a temporary solution as defined by Eq. (12)
was applied by considering only one obstacle at a time [41], where m =
lor2,andn=1or2.

Tn (rm‘nvgm‘n) = Fn(rm.nvem‘n) —1Iy 12)

Fy(Tmn,Omna) in Eq. (12) was still calculated using Eq. (2), however,
the given location would be located in different regions when consid-
ering different obstacles (n = 1 or 2). For example, the given location in
Fig. 2 is in region of the left obstacle (n = 1), while it is in region c of the
right obstacle (n = 2). In addition, the incident planar wave component
(D and the reflective planar component (R) were calculated using Egs.
(13), (14) and (15) instead of Egs. (3) and (4) when considering two
obstacles. Since ©,, is assumed to be 90°, the obstacle phase shifts 5
and y, equal to zero.

Iy = coslk*rocos(0y-0y) + €5 + p,] — isin[k*rocos(0y-0) + €5 + 1, (13)

L., = cos [k*rm‘,,cos(ﬁm_n—@m‘,,) + e+ /4,,} —isin [k*rm‘ncos(Hm_n—(am,,,) + ep

+ 1)
14)

Ry = COS[k*1,,C08 (O + Op) + €5 + | — i8I0 [k*7,1,008 (O + ©y)
+ &5+ p,]
1s)

i, = k(b +L)cos(0y) (16)

Combining the two temporary solutions, the K4 value caused by wave
wakes from two obstacles could be estimated using Eq. (17).

2
F(r,0) compinea = To+ Z 7u(r,0) a7
n=1
The front row of WECs generated Ky values between 0.85 and 0.95
for single obstacle and two obstacles, respectively, while the WECs after
first row generated Ky values between 0.40 and 0.60, which matched
with results in previous literatures [41,49].

2.2. Wind wake model

The Jensen wind wake model was used in this paper to evaluate the
wind wakes generated by OWT blades. The model was originally
developed by Jensen [50] and improved by Frandsen [51] and Katic
[52]. It has been used and validated by diverse previous studies [51],
accurately predicting wind farm losses due to wake interference [53].
The model has been successfully applied for layout optimization using
genetic algorithm [54] and with wind turbines at different heights [55].
The Jensen wind wake model is used by most studies for wind farms,
showing accuracy for both onshore and offshore wind farms [56]. Wind
energy developers have used the model to evaluate wind power output
[57] applying diverse wind turbine models [58].

In the Jensen wind wake model, the wind wake is considered to
create a volumetric expansion right after the rotor and to propagate
continually and linearly as a wake behind the wind turbine, reducing the
wind speed available for downstream turbines [59]. According to pre-
vious research [55], Eq. (18) computes the wind speed (Uj;) available to
wind turbine i considering the freestream wind speed (Up) in m/s [51].
In this context, the rotor area of wind turbine i (A) is measured in mz,
while the Agyerigp (m?) is the overlap area between rotor area of wind
turbine i and the wake area generated from upstream wind turbines.
Aoverlap is calculated as the intersecting areas of the turbulent wake’s
discs through geometric analysis applying the cosines law [55], while
the radius of wake (r7) at wind turbine i is estimated using Eq. (19). Uges
is wind speed deficit, which is calculated using Eq. (20) with the axial
induction factor (a), the entrainment constant (a), the adjusted rotor
radius of wind turbine i (r, in meters), and the distance between wind
turbine i to the upstream wind turbine causing the wake (x in meters).

U = Up*[1 = Uy (Anverian/A) | a®
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rn=ax+r, 19)

2a

2
(1 +ar{)

The axial induction factor (a) is calculated using Eq. (21), in which
the thrust coefficient (Ct) was considered as 0.88 in concordance with
previous research [55]. The adjusted rotor radius of wind turbine i () is
calculated using Eq. (22), where r is the original rotor radius of wind
turbine i [60].

Usr = (20)

Cr =4a(1 —a) 21)

r=r

(1-0.5(a))/(1 —a)

The entrainment constant (a) is calculated using Eq. (23), in which
the surface roughness length (Zy) was considered as 0.0002 (water
surface) as indicated by empirical values and Z; represents the hub
height (meters) of wind turbine i.

(22)

05

T 2

2.3. Selection of energy devices

To conduct layout optimization for a given wave-wind hybrid energy
farm, WECs and OWTs need to be selected first. In this paper, the
Pelamis P2 750 kW WEC and the Vestas VOO0 3 MW OWT were selected.
Although there are no large scale commercial wave energy farms in
operation, the Pelamis P1 750 kW was the first WEC to be connected to
the grid in Agucadoura, Portugal [61]. The project was shut down due to
the financial issues of the owner Babcock & Brown in the 2008 financial
crisis. The Pelamis P2 750 kW WEC, with improvement based on the
Pelamis P1, was tested for more than three years in the Scottish test site
of Billia Croo with excellent results [61,62]. The Pelamis P2 750 kW
WEC was considered one of the most promising WECs for commercial-
ization. It has been used extensively by previous research on wave en-
ergy [63] and compares very favorably with other WECs [21]. Its power
table was released by its developer as illustrated in Fig. 3, which is easy
to be used with WaveWatch III data to estimate the power output. Since
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Pelamis P2 750 kW WEC changes its orientation according to the inci-
dent wave and aligns itself as same as the direction of incident wave, the
wave wakes generated by the Pelamis will be perpendicular to the
capture wave length (parallel to the Pelamis). The power table presented
in Fig. 3 was released by the developer, indicating a maximum wave
height of 10 m as the cut-out parameter [62]. However, depending on
the conditions of each location and the design parameters of the WEC, it
is possible to adjust the cut-out variables for both wave height and
period. In the Gulf of Mexico, waves higher than 8 m are only experi-
enced under storm and hurricane conditions, when the WEC will be cut-
out from operation [23].

The Vestas V90 3 MW OWTs have been commercially used for more
than ten years, and have been installed on different offshore areas with
excellent results. It is one of the most widely used OWTs in the world,
and its power curve has been provided by the manufacturer as shown in
Fig. 4. Air density was considered as a constant at 1.225 kg/m?>. In the
area of study including the Caribbean, air density variability was re-
ported as 6% [64]. The Vestas V90 3 MW has a hub height of 80 m, rotor
diameter of 90 m, cut-in wind speed of 4 m/s, rated wind speed of 16 m/
s, cut-out wind speed of 25 m/s, and restart (cut-back-in) wind speed of
20 m/s. It is also possible to modify existing OWTs by changing their
current foundation systems to floating system to be used in different
offshore areas [65]. Manufacturers such as Vestas and Siemens [66] are
installing its current OWT models on floating foundations [67].

The algorithm was designed with a plug in approach that can easily
include or replace the selected devices with other WEC or OWT models
in future applications. The proposed wave wake preprocessing method is
able to calculate the wakes of those WEC and OWT considering their
individual physical characteristics. The power output of each device will
be calculated using their individual power tables, and to be seamless
integrated into the entire optimization algorithm without major modi-
fications. Likewise, meteorological conditions of diverse geographical
locations can be added to the algorithm to perform proper assessment
for each specific location. As OWTs grow larger to harvest more energy,
occupied areas will be increased so that safety distances between
equipment can be assessed and optimized with the new occupied areas.

2.4. Wave wake preprocessing method

One of the major contributions of this research is the introduction of

Tp (s)] 3 ] 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20
Hs: wave height (meter) Tp: wave peak period (second)
Hs (m)
0.125 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|

0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
1 0 0 11 50 62 64 57 49 41 34 28 23 0 0 0 0

1.5 0 0 91 63 52 36 30 23
2 0 0 93 64 54 41

25 0 7 342 320 00 84 65
3 0 1 402 424 417 369 343 331

35 0 326 484 577 568 502 421 394 3
4 105 326 394 632 616 583 585 494 454 374

45 94 371 467 735 744 738 634 626 520 473 390
5 364 469 539 750 750 750 750 644 641 531 482 3 394 330

5.5 428 497 566 612 750 750 750 750 750 635 642 532 2 400 399 341 322
6 597 630 663 684 750 750 750 750 750 750 616 633 525 476 396 386 329

6.5 750 750 750 750 750 750 750 750 750 750 723 592 513 458 430 384
7 750 750 750 750 750 750 750 750 750 750 750 692 566 560 500 474 425

75 750 750 750 750 750 750 750 750 750 750 750 748 610 607 542 518 467
8 750 750 750 750 750 750 750 750 750 750 750 750 630 653 584 562 509

85 750 750 750 750 750 750 750 750 750 750 750 750 650 699 626 606 551
9 750 750 750 750 750 750 750 750 750 750 750 750 670 746 668 650 592

9.5 750 750 750 750 750 750 750 750 750 750 750 750 691 750 710 694 662
10 750 750 750 750 750 750 750 750 750 750 750 750 711 750 750 738 734

Fig. 3. Power table of Pelamis P2 750 kW [62].
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Wind Speed Air Density [kg/mA3]

[m/s) 097 1 103 106 1.09 112 115 118 121 1225 124 127
0 0 0 0 0 0 0 0 0 0 0 [} 0
a 53 56 59 61 64 67 70 72 75 77 78 81
5 142 148 153 159 165 170 176 181 187 190 193
6 271 281 290 300 310 319 329 339 348 353 358
7 451 466 482 497 512 528 543 558 574 581 589
8 760 783 806 875
9
10
11 2145 2172
) 265 2329 2392 2454 2514 2544 2573
13 2310 2382 2455 2525 2593 2658 2717 2771 2817 2837 2856
14 . 2588 2662 2730 2790 2841 2883 2915 2940 2958 2965 2971
15 2815 2868 2909 2939 2960 2975 2984 2990 2994 2995 2996
16 2943 2965 2979 2988 2993 2996 2998 2999 2999 3000 3000
17 2988 2994 2997 2998 2999 3000 3000 3000 3000 3000 3000
18 2998 2999 3000 3000 3000 3000 3000 3000 3000 3000 3000
19 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
20 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
21 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
22 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
23 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
24 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
25 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000

Fig. 4. Power table of Vestas V90 3 MW [68].
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preprocessing of the wave wakes to be used a posteriori by different
recursive optimization methods. In this paper, genetic algorithm was
selected as a demonstration to show the integration of the proposed
wave wake preprocessing method and one of the recursive optimization
algorithms. Since most recursive optimization algorithms used for
layout optimization purpose have similar designs when using a poste-
riori [69], other common used recursive optimization algorithms, such
as particle swarm optimization and ant colony optimization, will be able
to use the preprocessed wave wakes. As previously described in Section
2.1, the preprocessing method calculates the wave wake considering the
length of the obstacle. The Pelamis WECs were approximated as a series
of heaving buoys when considering its capture width. For the OWTs, the
diameter of jacket offshore foundation was considered as the length of
the obstacle. Sequential bins of diverse wave meteorological conditions
were evaluated to calculate Ky, as indicated in Section 2.1, in a grid with
a resolution of one meter by one meter. An example of graphical rep-
resentation of these grid calculations are shown in Fig. 5.

Results from these analysis were stored in computer files with the
HDF5 format to be retrieved on the execution of the recursive layout
optimization algorithm. Considering the wave directions of the location,
the stored grid with Ky values was adjusted for the correct angle
applying rotation of matrices in as indicated by Eq. (24) [70]

cosf —sind | | x X

{sinﬂ cosd } {y} = {y’] @9

Where (x,y) are the coordinates on the original preprocessed stored
grid, and (x’, y’) the new position of the rotated K4 value, according to
the meteorological wave direction. An overall flowchart of the proposed
wave wake preprocessing method is presented in Fig. 6. The locations of
each device under each iteration of the recursive algorithm is matched
with the prepossessed wave wake stored grid, in the form of HDF5
matrices, which has been rotated in accordance with the wave direction,
as required. When the wave wakes overlap with each other, equations
listed in Section 2.1 were used to calculate combined wave wakes, which
was conducted as part of recursive optimization processes instead of
preprocessing. When using new energy devices with different physical
characteristics or wave conditions change due to the location change, a
new grid of Ky values should be calculated in the preprocessing before

conducting the recursive optimization, which makes the proposed
concept easy to be adopted by other optimization algorithms.

2.5. Layout optimization method

The layout optimization method selected for this study is the Genetic
algorithm (GA). It was implemented in conjunction with novel pre-
processing for wave wakes to optimize the layout of a hybrid energy
farm. In this approach, the WECs are evaluated as major energy devices
while the OWTs are assessed as secondary energy devices. It is relevant
to reiterate that preprocessing of wave wakes may be applied to other
wave layout optimization algorithms, not just GA. The objective func-
tion of the proposed GA based layout optimization method is to maxi-
mizing the total power output of the entire energy farm while keeping

Obstacle widths
(WEC or OWT),
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majority of energy devices as WECs. Both wind wake caused by OWT
blades and wave wakes caused by WECs and OWTs’ foundations were
considered when calculating the power output. Historical meteorolog-
ical data between 1979 and 2015 from NOAA WaveWatch III system was
used while safety distance constraints were also considered during the
optimization process.

To ensure the majority of energy devices in the hybrid energy farm as
WECs, the modified GA was able to handle two different sets of initial
individuals through the optimization process. As indicated in Fig. 7, two
sets of random individuals representing layouts with WECs only (set A)
and OWTs only (set B) were initiated. Within each set, the individuals
were numbered from 1 to A (or 1 to B for OWTs only), and the in-
dividuals from both sets with same numbering were combined to create
layouts with both WECs and OWTs. Safety distances and restricted area
rules, which were discussed in detail later, were applied to the combined
layouts to eliminate energy devices that did not meet either of the rules.
The modified combined layouts were then separated into two sets of
individuals again, one with remaining WECs only and the other one with
remaining OWTs only. The power output (fitness function) of each
separated layout was calculated, and the two sets of individuals went
through selection, crossover and mutation processes. New random in-
dividuals were re-inserted into each set to keep same number of in-
dividuals for each generation. If the predefined maximum generation
was reached, the optimal layout would be extracted from the results.
Otherwise, the optimization process was repeated until reaching the
maximum generation. The Ky values generated by different types of
obstacle(s) (WEC only, OWT only, WEC with WEC, WEC with OWT, and
OWT with OWT) at all possible locations under possible wave conditions
were calculated first in preprecessing stage and stored in a separate
database, which was uploaded to the computer memory for its appli-
cation on calculating the power output of WECs. The application of the
preprocessed Ky values allowed to compute the wave height available
for each WEC.

A 4,000 m by 4,000 m area was chosen as available area for the
hybrid energy farm. The area was divided into 6,400 cells with 50 m by
50 m size. The center of each cell was considered as one possible location
to put an energy device, so there were 6,400 possible locations where a
WEC or an OWT might be installed. Each individual in the GA, repre-
sented a possible layout, was a chromosome with length of 6400 ones
and/or zeros, where one indicated a device installed while zero indi-
cated no device installed on the specific cell. Each generation was
composed of two sets of 600 individuals (A = B = 600). The power
output (fitness function) of each modified layout was calculated
applying the corresponding power table of selected energy device and
historical meteorological data to the modified layout. The individuals in
each set were ranked in descending order based on total energy output
for selection process. The capacity factor (CF) of each device in a layout
was also calculated to be used as evaluation and comparison criteria
beside total power output. In this study, the following GA parameters
were used: selection rate = 0.9, crossover rate = 1.0, mutation rate =
0.01, number of individuals in each generation = 600, and maximum
generations = 500.

Assign the device]
to an available
grid location

Local wave

Meteorology data

Calculate K, for

all grid locations

Save each Ka/grid
in HDFS format

Fig. 6. Overall flowchart of the proposed wave wake preprocessing method.
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Fig. 7. Flowchart of the new GA based layout optimization method.

2.5.1. Different approaches for applying safety distance rule

The minimum distances between the devices must be no less than the
safety distance of the device in a feasible layout of any energy farm.
Before calculating the power output of any layout, each combined layout 3500 - ® °® PY PY
(with both WECs and OWTs) was modified by removing any devices in ¢
the layout that violated the safety distance rule. The Pelamis P2 750 kW ®
WEC could rotate 360° with respect to its anchor and adjust itself to be 3000 [ ¢
parallel to the direction of incident waves. Adding the slack of the an- ® ®
chor cables for the WEC, the safety distance of a Pelamis P2 750 kW WEC 2500 - ® ® PY @
was assumed as 600 m considering the length of the WEC (180 m),
clearance and slack on the cable. This safety distance was assumed to ®
ensure low risk and to avoid collisions, considering the mobility that 2000 - ® ) g
anchor cables generate for the WECs. The safety distance of the OWT ® ®
was considered as 450 m (five times of its rotor diameter 90 m). The ® ®
basic idea of applying safety distance rule was to select a device (called 1500 Y
anchor device) and remove any other devices within the safety distance ® ®
range of the selected anchor device. One anchor device was selected 1000 - ® i
each time, and the approach was repeated to select next anchor devices
for applying safety distance rule until all remaining devices meet the
safety distance rule. There are different approaches to select the anchor 500
devices. Three major approaches were conducted to select anchor de- . L4
vices as described below during pre-testing, and chose the best approach ¢

0 A ; A ‘
for using in the case studies. 0 500 1000 1500 2000 2500 3000 3500 4000

4000 ¥ T T T T T T

¢ ¢ ¢

L L L

Fig. 8. One of the best layouts generated in pre-test using safety distance rule

1) Completely random based selection. The first and all other anchor
only, in which blue circles represent OWTs and red diamonds represent WECs.

devices were completed randomly selected from the remaining de-
vices (except previous selected anchor devices).

2) Reference point based selection. The anchor device was chosen as the b. The. device closest tf’ the first anchor device among all remaining
one closest to a reference point among all remaining devices (except devices except previous selected anchor devices.
previous selected anchor devices). Different methods were tested for
choosing reference point: If there were two options or more for anchor device, the one closest
a. Changing reference points: The first reference point was chosen as to the origin was chosen as the next anchor device. Based on pre-testing

the origin of the layout (left lower corner), and the next reference results, which was presented in next section, the approach that used
point was then chosen as last anchor device. dominating wind direction and closest to the first anchor device as
b. Fixed reference point: The reference point was always chosen as criteria to choose anchor devices had the best performance among all
the origin of the layout, while the anchor devices were chosen the methods described above. It was then used in the case studies below.
el
based on the distances to the origin. ) ) )

3) Dominating wave or wind direction based selection. The dominating ~ 252 D ifferent ‘11’1”0‘10}"'3:S for applying restricted area rule o
wave or wind direction was identified from historical meteorological S.1nce OWTs’ safety distances are short than .those of WECS’ 1t 1s
data. The first anchor device was chosen as the one that was first ~ Possible that OWTs may occupy a larger proportion of the given area
impacted by the dominating wave or wind direction. The next anchor under the optimized layout, which would not keep WECs as major en-
devices were chosen as: ergy device in the hybrid energy farm. During pre-testing process, it was
a. The device closest to last anchor device among all remaining found out that the layouts with safety distance rule only showed OWTs

occupied most of the area while WECs were only placed along the border

devices except previous selected anchor devices, or
of the layouts. One of the best layouts with safety distance rule only from
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pre-testing is shown in Fig. 8. Since only the safety distance rule was
applied in the pre-testing process and OWT’s safety distance is 25% less
than the WEC'’s safety distance, the optimization process placed more
OWTs closer in the pre-testing process while leaving no enough spaces
for WECs. Another possible reason could be that GA intended to select
the layouts with more high power output devices while OWTs had
higher nameplate capacity than WECs.

In order to balance the number of WECs and OWTs and keep WECs as
the major energy devices in the optimized layouts, a restricted area rule
was created and added in the optimization process in addition to the
safety distance rule. The restricted area rule only allows OWTs to be only
placed in a certain area within the entire layout while WECs were
allowed to be placed anywhere in the entire layout. The size of restricted
area was chosen as one fourth of the total area, which is 2000 m by 2000
m. Five different options of placing the restricted area were tested in the
pre-testing including four corners and the center of the layout. The
center location was chosen as the restricted area in the case studies
based on the pre-testing results. A reference case study without OWT
and WEC interaction was not used to evaluate this optimization method,
since the layouts of hybrid energy farm and WEC only energy farm
would be different. For a WEC only energy farm, WECs would be
organized in rows and columns under a rectangular area, which would
make the comparison with the hybrid energy farm unfeasible. Addi-
tionally, the WECs do not generate wind wakes to decrease standalone
wind power generation, while the main wave wakes would be generated
by WECs instead of the foundations of OWTs.

3. Studying area and pre-testing

The Gulf of Mexico (GoM) was selected for the testing of the new
wave wake preprocessing method coupled with recursive GA optimi-
zation considering that previous studies have indicated that there is a
significant wave and wind resources in the area. Meanwhile, the energy
devices in most areas of the GoM do not need to suffer extreme energetic
oceanic conditions that exist on other locations [23]. These extreme
energetic ocean conditions require more expensive WEC designs to
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withstand those conditions [16], as several WECs have been damaged or
destroyed in the past [13]. Furthermore, the GoM has a large electricity
consumer base both on the coastal and offshore areas, with one of the
largest oil and gas offshore platforms concentrations in the world and
several of the largest cities in the US close to its littorals [23]. It should
be noted that not every offshore location is suitable for building a wave-
wind hybrid energy farm. The potential capacity factor (CF) of each
device in the GoM was analyzed to choose potential case study areas and
considered it as selection criterion. Since Vestas V90 has a nameplate
capacity of 3 MW while Pelamis P2's nameplate capacity is 750 kW, a
combination of four Pelamis P2 with one Vestas V90 (total 6 MW) was
considered to be placed in each grid (one sixth longitude by one sixth
latitude) for evaluating the capacity factor. The wake effects from wave
and wind were not considered during the location selection process.

Historical meteorological data from the WaveWatch III system pro-
vided by NOAA was used. The data included wind speed (at 10 m. height
in u and v vector format), significant wave height (Hs), dominant wave
period (Tp) and wave direction given on nautical notation, where zero
indicates waves propagating from the North [71]. The data is from 1979
to 2015 with temporal resolution of 3 h and the spatial resolution of one
sixth of a degree. The best locations in terms of capacity factor were
evaluated as shown in Fig. 9. Capacity factor was computed as the
average power output of the combination of devices divided by its
combined nameplate capacity (6 MW). Fig. 9 shows that the best areas in
terms of CF value to develop a wave-wind hybrid energy farm are on (1)
the northwest section of the GoM (Coastal Bend of Texas) with CF up to
31% and (2) the Strait of Yucatan with some locations close to the coast
up to 31% CF. The yearly average power output of the combination of
devices were shown in Fig. 10, which shows the two sections with
highest CF values identified in Fig. 9 also have highest yearly average
power output.

One of the main challenges of wave energy is its significant vari-
ability [22]. Studies have indicated that combining wave energy with
wind generates many synergetic benefits [23]. One of those benefits is
reducing wave energy variability [27] and therefore improving its
harvesting logistic and integration to the grid [26]. Therefore, an
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Fig. 9. Locations in the GoM with capacity factor higher than 29% for the combination of four Pelamis P2 and one Vestas V90.
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Fig. 10. Yearly average power output of the combination of four Pelamis P2 and one Vestas V90 in the GoM.

Table 1
Wind and Wave Energy Generators Combinations with 12 MW rated power
output 12 MW according to equipment Nameplate Capacity.

100% 75% wave — 50% wave — 25% wave —
wave 25% wind 50% wind 75% wind
# of 0 1 2 3
Vestas
# of 16 12 8 4
Pelamis

additional criterion applied to evaluate the optimal placement for the
proposed layouts is identifying the locations where the combination of
wave and wind maximizes variability reduction in the GoM. The GoM
has been previously studied to evaluate the advantages of combination
of wave and wind wave resources and results have indicated that a
significant variability reduction is obtained [23], coupled with the
maximization of the assigned areas and the installation, operation and
maintenance cost reduction for the combined installation [25].

Four diverse combination arrays were evaluated to assess wave
resource variability reduction from collocation of WECs and wind tur-
bines as indicated in Table 1 with a total power output of 12 MW.
Different numbers of WECs and OWTs were considered for each option
to account for the diverse nameplate capacity (NPC) of the devices
involved. No wake losses are considered for this particular array.

Wave and wind power outputs were calculated for each location and
time period from the Wave Watch III system meteorological data pro-
vided by NOAA. Standard deviation and Coefficient of Variation (Cv)
were calculated for each location data point, considering the complete
time interval. Results were exported to GIS to perform geospatial anal-
ysis for the variability data as shown in Fig. 11. Results indicate that
wind energy reduces variability for wave energy in the GoM. The
introduction of 25% wind energy in the layout (Fig. 11b) reduces vari-
ability for two locations: (1) the Northwest section of the GoM and (2)
the Strait of Yucatan. The variability reduction reported for the Coastal
Bend area of Texas is relevant considering that this area also has high CF
asreported in Fig. 11. The second location on the Strait of Yucatan is also
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important considering that indicates both high CF and high variability
reduction. Furthermore, as observed on Fig. 11c and d, as the wind
resource increases in the mix the reduction of the Cv increases on
extended locations of the Texas coast and the Yucatan Peninsula. These
analyses validate both locations as providing the highest wave energy
variability reduction in the GoM when wind energy is introduced in the
layout.

Based on the results shown in Figs. 9, 10 and 11, two specific loca-
tions were selected as case study areas as indicated in Fig. 12. The first
location was identified as the Coastal Bend Texas location at Latitude 27
and Longitude —96.5, with water depth of 200 m. The second location
was identified as Yucatan Strait location at Latitude 20 and Longitude
—86.5, with water depth of 500 m. The Coastal Bend Texas location was
initially considered to evaluate the performance of the proposed GA
method including pre-testing stage, while the Yucatan Strait location
was used to validate the GA method.

3.1. Pre-test results

Pre-test was conducted to compare different approaches related to
apply safety distance rule and restricted area rule as described in Sec-
tions 2.5.1 and 2.5.2. The Coastal Bend Texas location and its corre-
sponding meteorological data were used in the pre-test stage. In the pre-
test stage, December and July were chosen as the selected months rep-
resenting high potential winter months and low potential summer
months. The rest GA parameters were same as described in Section 2.5.

The study first tested different approaches for applying safety dis-
tance rule. It should be noted that the restricted area rule was not
applied yet when testing these safety distance rule approaches. The first
approach was completely random based selection. The convergence
curves of fitness function of the GA based method are shown in Fig. 13,
where green line indicates maximum power output and blue line in-
dicates average power output of all layouts in that generation. The re-
sults indicate that the completely random based selection approach did
not show any convergence or improvement over 500 generations.

The second and third approaches tested were reference point based
selection including changing reference points and fixed reference point,



F. Haces-Fernandez et al.

% (a)

Kilometers
0 100 200 300 400
T — —

gq‘Hi‘

%

S Kilometers

0 100 200 300 400

T
t

0.9

0.8

0.

Energy Conversion and Management 244 (2021) 114469

N b |
W- E ( )
<
S Kilometers
0 100 200 300 400
R —
1
)
. A sz 0.9
gEszsssassss
L
8 i 08
i (d) S|
A\ E
L <
S Kilometers
0 100 200 300 400
H R —
EHEH
H
= 1
T HILH
iu s s e ISEERARE! }I INRRENANENS
T HH”"}thvh%-tl“f‘ T 1
1T T T TTT
SaSsesasassinanes
B ,.(—‘f/
: 0.9
3
P
> H
0.8

Fig. 11. Coefficient of Variation less or equal than one on combinations of wave and wind energy generated by Pelamis WEC and Vestas V90 3 MW in combinations
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and their results are shown in Figs. 14 and 15. The results show some
level of convergence for the average power output in both figures.
However, the maximum power output curve of changing reference
points approach (green lines in Fig. 14) do not show any obvious
convergence, while the fixed reference point approach shows better
results in both convergence and power output values. So there are im-
provements on both maximum power output and average power output
results of fixed reference point bases selection approach compared to the
changing reference points approach.

The last two approaches tested are dominating wind direction based
selection including changing reference points and fixed reference point.
The results are shown in Figs. 16 and 17. Compared to previous ap-
proaches, the last two approaches show much better results in term of
convergence. The last two approaches considered the variability on the
wind direction, and the anchor device would have the least impact from
the wakes, which means the potential best performing devices may be
kept during the elimination process. Meanwhile, the dominating wind
direction and fixed reference point based approach (Fig. 17) also show
highest power output values in both maximum and average power
output among all the tested approaches. It was decided to choose the
dominating wind direction and fixed reference point based selection as
the final approach to apply safety distance rule in the case studies.

After choosing the final approach for applying safety distance rule in
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the GA based optimization method, different restricted area locations as
discussed in Section 2.5.2 were also tested in the pre-test stage. Since the
restricted area rule was mainly to keep WECs as major energy devices,
the CF values of WECs in the optimized layout for each possible
restricted area location are shown in Fig. 18 and compared to choose the
final location for placing the restricted area. The center location is the
best location with almost 50% of WECs having CF 18% or higher while
the other options generated layouts with most WECs having lower CF. If
the restricted area was placed on any of the borders of the layout, the
WECs on the interior had a significantly lower power generation since
the OWTs on the edges blocked WECs that otherwise could produce
higher CF. Therefore, the center of the layout (4,000 m by 4,000 m) was
chosen as the location to place the restricted area (2,000 m by 2,000 m)
in the case studies. So the OWTs would be only placed within the
restricted area after applying the restricted area rule leaving a margin
area on the perimeter of the layout where OWTs were not considered for
placement. Meanwhile, the WECs could be placed anywhere in the
entire layout to increase the possibility of receiving more energy on
possible locations. However, for a given area that has wave from a
predominant direction, other options to place the restricted area may
generate better results.

Once the approaches for applying safety distance rule and restricted
area rule were decided, the GA based optimization method would work
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Fig. 13. Fitness function curves of pre-test using completely random based selection approach for applying safety distance rule, where green line indicating
maximum power output and blue line indicating average power output of all layouts in that generation: (a) December and (b) July.

as indicated in Fig. 7. For calculating OWT’s power output, the possible
wind speeds were divided into 1 m/s bins from 0 to 25 m/s while the
possible wind directions were segmented into bins of 10° size from 0° to
360°. A two dimensional matrix with 925 elements was created, in
which each element represented a possible combination of wind speed
and wind direction. For the WEC, three factors will influence its power
output, including significant wave height (Hs), dominant wave period
(Tp) and wave direction. A 3D matrix was created, considering Hs with
the range from 0 m to 8.5 m in 0.5 m increments, Tp with the range from
0sto 17 sin 1 s increments, and wave direction with the range from
0° to 360° in 10° increments. The 3D matrix had 11,988 elements to
represent the possible combinations of all meteorological factors for
wave power calculation. Using the matrices, it was possible to signifi-
cantly reduce computational expenditure when calculating the power
outputs and wakes. The GA based optimization method used about 270 s
to execute each generation, in which 150 s were devoted to the evalu-
ation of the wave wakes from both wind turbine foundations and WECs.
Nevertheless, it’s important to consider that significant reductions in
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computational expenditure were obtained applying preprocessing of
wave wakes and use of the Ky databases since it took about 78 min to
calculate all possible Ky values under one wave condition.

4. Case studies and results

The new wave wake preprocessing concept, coupled with GA based
layout optimization approach, was tested in two case studies to validate
the proposed concept. Safety distance and restricted area rules were
applied for layouts with total area of 4,000 m by 4,000 m considering 36
years (1979-2015) of historical meteorological data from WaveWatch
III.

4.1. Case study 1: Coastal Bend Texas location

The optimal layout for a wave-wind hybrid energy farm in Coastal
Bend Texas location (Fig. 12) is shown in Fig. 19. This layout indicates a
number of WECs with yearly average CF above 20% and more than 75%
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Fig. 19. Optimal layout for a wave-wind hybrid energy farm in Coastal Bend
Texas location identified by the GA based layout optimization method, where
red diamonds represent WECs and blue circles represent OWTs.

of WECs have yearly average CF higher than 15%. On the other hand, all

of the OWTs have yearly average CF higher than 20% while more than
20% OWTs have yearly average CF above 30%. These results are very
promising since the commercial threshold for OWT’s CF has been
considered as 30% [72] with fluctuation from 20% to 30% due to inter
year variability [73], while a 20% CF was considered adequate for the
Pelamis 750 kW by previous research [22] .

The yearly average CF value distribution among the devices is shown
in Fig. 20. It indicates that more than 50% of WECs have at least 20%
yearly average CF while less than 10% of WECs have a yearly average CF
lower than 14%. Considering that these CF values are yearly averages
and the seasonal variation of wave energy in the GoM, it indicates that
the WECs have very good monthly average CF in a number of months to
get the 20% yearly average CF. On the other hand, results for the wind
turbines yearly average CF indicate that almost 30% of the OWTs have
yearly average CF values on the ranges of 30-40%, which exceeds the
upper limit of the commercial thresholds. Meanwhile, the rest of OWTs
operate above 20% yearly average CF, which are acceptable values
considering the inter year variation of the wind resources.

The fitness function curves are shown in Fig. 21, where green line
represents the maximum power output and blue line represents average
power output in that generation. The power output of the WECs becomes
stable after around 300 generations, while the power output of the
OWTs becomes stable after around 150 generations.

4.2. Case study 2: Yucatan Strait location

To further validate the effectiveness of the new preprocessing wave
wake method, coupled with GA based optimization approach, the sec-
ond location, Yucatan Strait location (Fig. 12), was chosen as case study
to test the method. The Yucatan Strait location has different meteoro-
logical conditions compared to the Coastal Bend Texas location ac-
cording to previous literature [23]. Therefore, it would be important to
evaluate if the GA based optimization method performs adequately on
the second location. After 500 generations, the optimal layout (Fig. 22)
was identified for a given area of 4,000 m by 4,000 m in the Yucatan
Strait location. It shows similar performance as the previous case study
layout (Fig. 19), but it has slightly more devices with three more OWTs
and one more WEC installed on the layout. The different arrangement of
the devices indicate the influence of the diverse weather patterns (wave
and wind) on the power output and therefore on the layout distribution.
Almost 42% of WECs generate yearly average CF higher than 20% while
more than 90% of WECs generate yearly average CF of 13% or higher.
Considering the inter year variation and the seasonal behavior of the
GoM area, these CF values are encouraging for development of wave
energy harvesting.
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Histogram of yearly average CF of (a) WECs and (b) OWTs in the optimal layout of Coastal Bend Texas location.
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Fig. 22. Optimal layout for a wave-wind hybrid energy farm in Yucatan Strait
location identified by the GA based layout optimization method, where red
diamonds represent WECs and blue circles represent OWTs.

The yearly average CF values of the WECs and OWTs on optimal
layout (Fig. 22) are shown in Fig. 23. Almost 20% of the WECs have
higher than 25% CF values, and less than 10% WECs generate less than
13% CF, which indicates a good performance for the optimal layout. On
the other hand, the number of wind turbines installed increased by three
when compared with previous case study. Almost 50% OWTs have 30%
or higher CF values. The results further validate the effectiveness of the
GA based optimization method.

To further validate the performance of the wave wake preprocessing

15

other WECs may be incorporated in the future to evaluate similar layout
optimization processes. Preprocessing would be carried out for these
diverse WECs models to calculate the wave wakes, based on their spe-
cific parameters and operational data, incorporating them to the
algorithm.

5. Conclusion

Wave energy is still in research and development stage, with no large
commercial application, after more of 40 years of investment. This is
concerning considering that previous studies have indicated that wave
energy could supply a considerable portion of the world’s electricity
demand. To incentivize the development of this valuable renewable
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energy resource, previous research has pointed to the development of
hybrid wave-wind farms. These installations would generate a large
number of synergetic benefits, including variability reduction,
decreasing installation and operational cost, better utilization of marine
areas and overall increase on energy extraction. However, two main
challenges have been identified in the development of hybrid wave-wind
farms. The identification of locations possessing adequate wave and
wind resources while simultaneously reducing the risk of equipment
damage caused by extreme oceanic conditions. The second challenge is
the development of layout optimization algorithms capable of handling
the complexity of wave wakes caused by the combined equipment, at
reasonable processing times. This research introduced a new wave wake
preprocessing concept to evaluate wave wakes. The extremely time
consuming wave wake calculations are performed in advance of the
execution of the recursive layout optimization algorithms, with results
saved in physical medium to be accessed in each iteration by the opti-
mization algorithm. The research addressed previously indicated chal-
lenges, creating an efficient optimization algorithm based on wave wake
preprocessing concept, which was successfully tested in two case
studies.

Geospatial analysis was first applied to evaluate diverse locations in
the Gulf of Mexico on their fitness for a hybrid wave-wind farm. Maxi-
mization of combined power output and minimization of wave-wind
power variability were both considered to select the locations for the
case studies. The area has been characterized by previous research as
possessing adequate wave-wind power while reducing risk of equipment
damage due to rough sea conditions. The research introduced a layout
optimization algorithm for a wave-wind hybrid farm. To overcome
challenges presented by lengthy wave wake calculations, preprocessing
was incorporated. The wave wake model was integrated to the optimi-
zation process through a preprocessing stage, which contributed to
reduce computational time and expenditure. Safety distance and

16

restricted area rules with two sets of populations were developed in the
genetic algorithm to identify the optimal layout in which WECs are kept
as the major energy devices. Both wind and wave equipment interaction
are considered in the optimization algorithm to maximize the power
output by reducing the wake interferences. Over 36 years (1979-2015)
historical meteorological data in two selected locations were used to
validate the new method. The efficient computational approach applied
was able to handle all the big data and wake effect calculation with
acceptable computational time.

Two locations in the Gulf of Mexico, which have good potential for
collocating WECs and OWTs, were chosen as case studies. Although the
meteorological conditions in both locations are different, the results in
both locations are promising with significant improvements on the
power output. In the optimal layouts, a large proportion of the energy
devices generated capacity factors values above commercial thresholds.
The Coastal Bend location generates CF between 15% — 20% for many of
the WECs, while the OWTs have yearly average CF above 20% with more
than 20% of the turbines higher than 30%. In the Yucatan Strait loca-
tion, almost 20% of the WECs are above CF 25% while less than 10% of
the WECs have CF 13%. Almost half the OWTs in this location have CF
equal or higher than 30%. Results for the two case studies validate the
optimal results generated by the algorithm and the goodness of fit of the
selected areas.

The wave wake preprocessing method can be seamless integrated
with other optimization algorithms in addition to GA to evaluate layouts
of combined wave-wind farms. The new layout optimization method
was designed with a plug in approach, which allows different wave
energy converters or wind turbine models, diverse wake (wave or wind)
models, new meteorological data or alternative geographical informa-
tion to be easily applied to the method without major modifications on
the method itself. Therefore, other energy devices with diverse safety
distance specification will be explore to evaluate the performance of the
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methodology on diverse meteorological conditions and geographical
locations. In addition, the preprocessing concept for calculating wave
wakes can be used with other optimization methods without major
changes on the calculation processes, such as particle swarm optimiza-
tion, ant colony optimization, etc. Furthermore, the wave and wind
wake models can be analyzed and validated applying high resolution
satellite remote sensing to evaluate its fitness for the optimization
method. If required, wake models could be further calibrated to adjust to
real conditions reported by remote sensing (or other systems) and create
more accurate models. It is also important to point out that the ap-
proaches to apply safety distance and restricted area rules should be
tested when the studying locations change due to the change of wind
and wave conditions. Furthermore, as OWTs grow in size and NPC the
number of wind harvesters compared with WECs may be recalibrated
and safety distances adjusted to optimize total energy extraction at each
location. At last, the variations on other factors, such as air density and
salinity, can be considered in the power output calculation process if the
changes are too big to be neglected.
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