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Abstract: The present work presents a study related to the evaluation of the performance provided by various
technologies for wave energy conversion that would operate on the western side of the Black Sea. This side is
usually considered as being the most energetic part of the sea. An overview of the wave climate in the target
area has been first carried out considering data coming from the Gloria drilling platform. Based on these data,
diagrams for distributions of the sea states occurrences, defined by the significant wave height and the energy
period, were designed separately for total and winter time. Considering the above scatter diagrams and the
power matrices of various devices for the wave energy conversion the electric power expected was evaluated.
The devices considered in this evaluation are: Wave Dragon,Pelamis,Aqua Buoy,Archimedes Wave Swing,
Langlee, Oceantec,OE Buoy,Pontoon,Seabased ABand Wavebob.

The results of the present work show that, although not so rich in wave energy as the oceanic coastal
environment, the western side of the Black Sea may present interest in the future for the marine energy
extraction most probable in hybrid wind-wave projects.
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1 Introduction areas would enhance also the accuracy of the
In recent years the extraction of energy from the predictions that futl_Jre energy convertors y!e_ld. Until
marine environment, and particularly from surface now, more evaluations of the wave conditions and
waves, has become an increasingly favorable of the wave energy resources in the Black Sea have
alternative, being at the same time one of the most been performed. Probably one of the most relevant
challenging technologies of the beginning of this can be the work of Rusu [2] where it has been
century. This form ofenergy is abundant and is more proved _that the western side of the sea is its most
predictable than wind or solar energy and it has also energetic part. _ _
a higher energy density allowing an extraction of When harvesting the wave energy in a certain
more energy in smaller areas than wind and solar area, selecting the most appropriate device for this
energy. area is a very important issue. Dependl_ng of_ _the
Shoreline energy converters have been tested bathymetric features, or some other partlcularltles,
for some years and several successful devices have the wave energy can be higher than in some other
been installed. Within this category of alternative neighboring marine sectors. Also, other important
energy resources, generally, there are four Issues  are designing diagrams for the blvarlgte
classifications of conversion methods: the point distributions of the sea occurrences, _V\{h'Ch
absorber (using the wave-excited resonant, periodic correspond o the sea states defined by significant
motion of a device), an attenuator (using the wave height and energy perlod._These dlagre_lms can
differential motion of a wave surface) and the provide fundamenta! information concerning the
terminator (using oscillation of a water column). performance of various wave energy converters
Several types of devices as well as an overview on (WEC) operating in a specific location.
the WEC evolution are given in Babarit et al, [1]. The objective of the present work is to perform
Despite a degree of uncertainty related to the evaluatlon_s of the performance of ten_ dlf_ferent
variability in the wave climate, improvements of technol_ogles for the wave energy extraction in the
evaluating the environmental data in the marine Romanian nearshore.
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2 Wave climate in the western Black

Sea
To assess the energy performance of WEC systems
in the Black Sea area have been used a similar
methodology to the one described by Rusu and
Guedes Soares [3].
Wave measurements were considered from the
Gloria drilling platform, the data covering the
period: January 2003-December 2009.

In Fig. 1 is presented the area from where the
wave data have been collected.

Fig. 1: Position of Gloria drill platform on the map.

In the month December it is the highest
probability of occurrence of waves with heights
greater than 7m.

Waves between 2-3 and 3-4m are present

throughout the year with a frequency fairly
equilibrated between summertime (60%) and
wintertime (60.79%) and regarding wave periods,
values greater than 9s were encountered only in
January, while periods greater than 7s are
characteristic only to wintertime.
In December, a significant enhancement occurs of
periods from the class 5-7 s (61.01%), while the
periods from the class 3-5 s represent only a
34.69%.

The dominant wave direction is from the
northern sector (NW, N, NE) both for winter
(51.71%) and summer (50.18%). In the southern
sector (SE, S, SW), the percentages are 37.04% for
winter and 32.12% for summer.

3 Conversion of the Wave Energy into

Electrical Energy
In order to evaluate the energetic potential based on
energy characteristics of the considered zone, scatter
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diagrams of the Hs-Te distributions were generated
using significant wave heights (Hs) and wave
energy period (Te) for the total period and for the
winter season (October to March).

Such diagrams are presented also by [4] that made
an analysis of the wave conditions of the Galician
coast.

In general, the instrumentation does not
provide the wave features with the form parameters
Te and Hs, but they can be obtained indirectly
through the relationships 1 and 2 [5, 6]:

Te=09Tp=1269Tz (1)
Hpy,
H =" 2
* 7 0.64 @)

where: Tp and Tz represents maximum and mean
wave period and Hm is the mean height of the wave.

Such a diagram shows the probability of
various sea states occurrence expressed in
percentages of the total number of observations.
They are made of cells with size 0.55x0.5m
(ATexAHs) and the color of each cell represents the
percentage that it occupies reported to the figure
legend.

In addition to these data in diagrams are
represented also the isolines of wave power, which
for large water depths are calculated with the
equation [7]:

2
Py = % TeHs?  (3)

where Py is the energy flux in watts per meter
(length of wave crest), p = 1025kg/m? is the

water density and g =m/s? is the gravitational
acceleration.

For the platform Gloria, these distributions are
shown in Fig. 2 and they are valid for the period:
January 2003 - December 2009. The most common
sea states are in the range 3-9s (Te) and 0-2.5m (Hs)
and are located in isoline of 25kW/m. It also can be
observed the cells between the isolines 25kW/m and
100kW/m but for which the percentage values do
not exceed 0.5%.
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Fig. 2: Hs-Te diagram corresponding to Gloria
station reported to the total period for the time
interval: January 2003-December 2011. Colored
squares are representing the number of
occurrences expressed in percentage of all
observations, which have a length of 0.5s in
direction x and a length of 0.5m in direction v.
Also in the figure are represented the isolines of
wave power.

In Fig. 3 the diagram Hs-Te for the Gloria station
reported for the winter period is presented. Most
values obtained are also grouped in intervals Te and
Hs given in the total period, except that in this case
they are concentrated more diagonally, occurring a
significant distribution between the isolines 5kW/m
and 50kW/m.

15

H, (m)

14
13
12
1

10F-

O = R W ok th 0 @
T T

: N
....... \'BDU'kWJ’mE"'

F &EDD ke \\
b \

X
L0

L N S T S S S
2 34 5 6 7 8 9101121314 1516 17 18 19
T, (s)

Fig. 3: Hs-Te diagram corresponding to Gloria
station reported to the winter season for the
interval time: January 2003 - December 2011.
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The highest percentage of all observations

(7%) occurs around the combination 5.5s-1m where
a wave power of 5KW/m is recorded. This
distribution of data leads to a frequent occurrence of
some wave powers in the range of 25 - 50kW/m, an
aspect that is not reflected by the Gloria station.
For the winter period (Figure 2) it is observed that
the waves high smaller than 0.5m have a reduced
contribution to the overall condition of the sea, also
registering the wave height appearance between the
interval 3.5-4m, which are leading to obtain a wave
maximum power of 75kW/m.

Gloria station shows wave conditions that
include also waves that exceed 8m (0.5%), in this
situation the majority of WEC systems must be
turned off to avoid damage.

From the analysis of wave measurements can
be identified theoretical energy for various periods
of time, but electricity that can be obtained depends
on the individual characteristics of each WEC
system. The same like in the case of the wind
turbines, where manufacturers describe their
performance through a power curve, the
performances of the WEC systems are obtained with
the help of a power matrix.

To each bivariate diagram, a table was
associated, showing the wave activity in the time
interval 2003-2009 for the total and winter time,
respectively. These tables indicate the number of
occurrences, in percentage from the total.

Of course, the electric power yield, depend on
the WEC characteristics. Because each technology
has different efficiency under various sea states and
have their own operating principles. the most
appropriate WECs for a specific area are those that
have the maximum efficiency in the ranges of Hs
and Te that provide the bulk of occurrences.
Regarding these issues of various WEC devices is
given by Dunnett [8].

The performance data of any product is
distributed by the WEC manufacturers as a function
of Hs and of a wave period. This performance is
provided in tables, showing the expected power
output and a distinct pair of significant wave height
and wave period is presented to as an amount of
energy.

Ten wave energy converters are considered in
the present work. These are Wave Dragon [9],
Pelamis [10], Aqua Buoy [11], Archimedes Wave
Swing [12], Langlee [1], Oceantec [13], OE Buoy
[1], Pontoon [1], Seabased AB [1], Wavebob [1].
This system was chosen because each is
representative for the class of devices in which are
included: point absorber, attenuator and terminator.
All ten devices are designed to operate in offshore
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areas. Moreover, the ten considered devices also
cover a wide range of dimensions and of their power
capacities that can produce. For example, Wave
Dragon is characterized by a large size while Aqua
Buoy is of smaller size (the bins for these cases are
defined in terms Hs and Tp and the bin resolutions
are1sx 05 mand1sx1m)and Pelamis have
average dimensions (the bins are defined in terms of
Hs and Te with the bin resolution 0.5 s x 0.5 m).

To estimate the energy produced by a WEC
system in a certain period of time, the most common
method is to associate the power matrix of the of the
WEC system to the environmental matrix from the
considered area in the determined time interval. This
can be done using the equation:

nT ny
1
Pg = 100 'ZZP:‘;'P:';'

where P;; is the energy percentage corresponding to
the cell defined by line i and column j in the
environmental matrix (as given by the tables
associated with the diagrams presented in Figures 1
and 2), while Pij is the electric power reported by
the WEC system in the same cell (as given by the
tables given in Appendix).

Following this approach, the results of the
average electric power that is probable to be
delivered by each of the ten converters considered is
given in Table 1.

(4

Mean Power
Period > Total Winter Season
WEC Systems v
Wave Dragon 391.79 579.23
Pelamis 59.84 89.23
Aqua Buoy 15.92 24.00
Archimedes Wave Swing 59.85 95.01
Langlee 66.29 93.48
Oceantec 96.03 131.75
OE Buoy 96.73 148.13
Pontoon 164.41 234.14
Seabased AB 1.42 1.97
Wavebob 55.42 83.96

Table 1: Mean power (kW) per day provided by ten systems in the Gloria station area. Reported results for the

total and winter period.

Efficiency
Period > Total Winter Season
WEC Systems v

Wave Dragon 5.60 8.27
Pelamis 7.98 11.90
Aqua Buoy 6.37 9.60
Archimedes Wave Swing 2.42 3.85
Langlee 3.98 5.61
Oceantec 19.21 26.35
OE Buoy 3.36 5.14
Pontoon 454 6.47
Seabased AB 10.52 14.59
Wavebob 5.54 8.40

Table 2: Efficiency index provided by ten systems in the Gloria station area.

4 Discussions
As expected, the results presented in Table 1 show
that the winter time provides higher estimations for
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the average electric power than the total time and
the highest amount of energy is produced by Wave
Dragon which is the biggest of all devices and the
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lowest by Seabased AB which is the smallest
device.

Related to the maximum  production
capacity,an efficiency index (%)can be calculated
by dividing the obtained power to the maximum
value. The maximum production capacity is
presented in tables 3-12. For example the most
significative value is presented at Wave Dragon and
the lowest value at Seabased AB.

The efficiency of each device is presented in
Table 2. So the best results have Oceantec with
26.35% (winter season), followed by Seabased AB
with 14.59% (winter season) while the lowest values
are recorded by Archimedes Wave Swing with
3.85% (total).

Also, regarding their efficiency, we can specify
that the biggest differences between the two cases
(total and winter season) appears at Oceantec, with a
difference of 7.14% and the most constant is
Archimedes Wave Swing with 1.44%, followed by
Langlee with 1.63%.

5 Conclusions

The evaluation of the wave conditions in the
western side of the Black Sea (corresponding to the
time interval 2003-2009) was performed in the
present work.

On this basis, the efficiency of ten different
wave energy converters, was evaluated in the
Romanian offshore region. The estimations were
made by designing diagrams for the bivariate
distributions of the occurrences corresponding to the
wave data defined by significant wave height and
period.

Appendix

The results demonstrate that although a correct
identification of the hot energy spots is an issue of
highest importance, also a crucial role has an
adequate estimation of the wave energy distribution
along the sea states reflected by the scatter
diagrams. The value of the wave energy expected
for a certain geographical location is an important
indicator, but only the analysis of its value can
mislead in the identification of the most appropriate
devices for extracting the wave energy.

The estimations of the expected electrical
power can provide fundamental information
concerning the performance of various wave energy
converters operating in a specific offshore location.
In this connection, it would be also relevant to
observe that various technologies for wave energy
extraction can have different efficiencies in the
same marine environment and, on the other hand,
that not always the device with the highest average
wave energy represents the best solution for the
wave energy conversion.

According to the present analysis we can
consider that the most recommended device for the
area targeted might be Oceantec, despite the fact
that in the Table 1, Wave Dragon device produce
more energy. But, of course for an accurate
assessment, both production costs and the surface
that each device is covering must be taken into
account.
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Table Al: Power matrix — Wave Dragon [9]
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Table A2: Power matrix — Pelamis [10]

A 57 88 115 136 148 153 152 147 138 127 116 104 93 83 74 66 59
138 180 212 231 238 238 230 216 199 181 163 146 130 116 103 92
S 129 198 260 305 332 340 332 315 292 266 240 219 210 188 167 149 132

n
o1
(0]
©

<l 0 270 354 415 438 440 424 404 377 362 326 292 260 230 215 202 180
BB 0 0 462502 540 546 530 499 339 301 267 237 213
¥ 0 O 382 356 338 300 266
M 0 0 o 496

M 0 0 0

¥l 0 0 O

a8 0o o0 o

@3 0 0 O

Bl 0 0 0

Table A3: Power matrix — Aqua Buoy [11]
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Table A5: Power matrix — Langlee [1]

Wl 42 63 92 111 109 65 56 38 29 22 19 13 11
M 66 99 151 201 165 105 85 59 52 41 23 24 19
A9 0 160 242 262 226 166 118 83 70 57 39 29 26
Bl 0 213319 372 327 211 152 116 94 75 66 45 42
= 35 [ 1436 503 408 293 148 115 93 75 58 44
> 0 0 554 540 521 355 261 192 144 123 84 81 56
SRS 0 0 [645 746 587 379 302 236 190 154 106 90 74
Mo o 168 136 111 94
55 IO 231 201 150 120 97
R 0 O 289 212 172 146 111
6.5 IO 237 204 153 120
7 e 252 223 181 146

Table A6: Power matrix — Oceantec [13]
Tp ()

6 14 15
85 5 3
191 133 89 57 36 23 15 10 7
234 158 101 64 41 27 18 12 9 6
245 158 101 65 42 28 19 13 10 7
228 145 93 61 41 28 19 14 10

196 127 83 55 38 26 19 13
166 109 72 49 34 24 18
210 138 92 62 43 31 22

170 113 77 54 38 27
205 137 93 65 46 33

196

o1
w
B~ W
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Table A7:Power matrix — OE Buoy [1]
Tp (s)

6 7 8 9 10 11 12 15 16
27 42 56 59 52 44 40 38 40 38 30
61 9% 126 132 117 99 89 87 89 85 66

108 170 224 235 208 177 159 154 159 151 118
169 266 350 368 324 276 249 241 248 236 185
244 383 504 530 467 398 358 347 357 340 266
332 521 686 721 636 542 487 472 486 463 362
896 942 831

Table A8: Power matrix — Pontoon [1]

BFB 180 166 153 171 125 87 72 65 85 85 37 29 16
Ml 223 195 157 148 261 192 223 139 155 155 74 67 46
Bl 0 0 214 227 396 335 237 235 172 138 115 104 70
23 0 0 O 169 142 128 95
M 0 0 O 174 151 134 121
= 35 BN 209 183 164 146
s 0 0 0 248 216 195 175
SEY 0 0 0 287 250 225 201
Bl 0 0 O 334 285 263 226
W 0 0 O 381 323 301 261
M 0 0 O 416 361 336 295
FH 0 0 O 450 406 372 329
i 0 0 O 464 451 408 363
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Table A9: Power matrix — Seabased AB [1]
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256 179
327 249
356 (514 658 824 828 618 638 512|452 384 333
0 1397 311
0 711 952 974 (1000 838 886 648 501 503 396
0 435 424
0 472
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