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Abstract. In the present work, the relationship between Romanian wave power and the distance to the
shoreline is evaluated, by taking also into account the performances of some wave energy converters.
Several reference sites located on northern, centre and southern part of this area were taken into account, the
wave energy being assessed at 5 km, 15 km and 30 km from the shore. More important resources were
noticed close to the Vama Veche (in south) were an average of 4.27 kW/m is reported offshore. As we go
from shore to offshore, the wave variations may reach a maximum of 7.7% in the case of the Navodari site
(centre), while a 3.3% is expected for Vama Veche. In the case of the wave generators, three types of
systems (Seabased, Pelamis and Wave Dragon) were considered, that cover a rated capacity ranging from
15 kW to 7000 kW. For the Saint George site (north), the power production is insignificant being located
close to zero, while in terms of the capacity factor a maximum of 0.12% may be expected from the
Seabased system. The capacity factor significantly increases as we go to south, being reported during winter

time values close to 3% for Pelamis systemor 6% in the case of Seabased, respectively.

1 Introduction

The wave energy represents one of the most promising
sources, capable to cover the energy demand from the
coastal areas. It is well known that a significant
percentage of the world population lives in such regions,
being estimated that almost 44% reside within 150 km of
the coastline [1].

In 1799, was registered the first patent involving a
Wave Energy Converter (WEC) and since then hundreds
of concepts were developed. Almost 150 projects
(concept or tested) are reported on a global scale, and
from them, almost 50% are being implemented in
Europe [2]. Compared to the offshore wind industry, the
wave sector is still in an infancy stage, and several
technical-economic aspects will need to be solved in
order to become a competitive market. The EU strategy
also aims to accelerate the development of this marine
sector, being predicted that a successful project will
report a Levelized Cost of Energy (LCOE) of 15ct€/kWh
by 2030 which needs to be reduced to 10ct€/kWh by
2035 [3].

The sites located between 30 and 60 degree latitude
in both hemispheres reveal the best wave energy
resources, especially the ones located on the western
coasts of the continents and islands [4,5]. We may
expect average wave power flux of 50 kW/m close to
southern regions of Australia, Africa or South America,
while a lower value of 25 kW/m seems to define the
northern coasts of Madagascar [6]. As for the Black Sea,
during the recent years, various studies were
implemented, most of them being focused on the
calibration of the wave models or on the characterisation
of these resources from a meteorological point of view
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[7-9]. In Rusu and Onea [10] was performed a long-term
assessment of the Black Sea by using numerical models
and satellite data. According to these results, more
important wave resources were noticed on the western
part of this basin. A similar conclusion was reached in
Rusu et al [11] and Rusu and Butunoiu [12]. In Diaconu
and Rusu [13] was proposed the implementation of a
wave farm project for the Romanian nearshore, in order
to reduce the coastal erosion caused by the wave action.
According to these findings, such project seems to
provide effective protection, especially during the winter
time when the storm conditions are more frequent.
Several studies focused on the hybrid/mixed wind-wave
projects emerge, this type of project being considered
more suitable for the enclosed seas. This approach was
considered in Rusu and Onea [14] for Sardinia Island, or
in Astariz et al [15] for some offshore sites located close
to the Wave Hub location, United Kingdom.

2 Methods and materials

Figure 1 presents the distribution of the reference sites,
which were grouped around three reference lines,
namely A (north), B (centre) and C (south). The relation
between the distance from the shoreline and wave
resources will be also investigated, by taking into
account several distances (5 km, 15 km and 30 km).

For the present work, the information provided by the
ERA-Interim dataset [16] with a spatial resolution of
0.75°x0.75° was processed, obtaing results for a 20-year
time interval (from January 1998 to August 2017). The
wave parameters considered for evaluation are the
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significant wave height (Hs in meters) and the wave
period (Te in seconds).
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Fig. 1. The target area and the reference sites considered for
evaluation.

The wave energy flux (Jwave in W/m), of a
particular site can be expressed as [17]:

2
Jwave = pvgzrg ]-;Hf’ (1)
T

where O, ... (kg/m3) — seawater density and g (m/s) —
gravitational acceleration.

The expected electric power output of a WEC
generator can be determined by combining the bivariate
distributions (Hs x Te) with the power matrix of each
WEC, as follows [2]:
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where p; is related to the energy percentage associated to
the bin defined by the line i and column j, where as Pj; is
the expected electric power output defined in the power
matrix of each WEC for the same bin (defined by line i
and column j).

For the present work, three WECs (Seabased,
Pelamis and Wave Dragon) are considered, their power
matrices being presented in Figure 2. By using these
systems was possible to cover a full range of rated
powers, which start from 15 kW and reaching a
maximum of 7000 kW in the case of the Wave Dragon
system [2,18,19]. The wave energy exploitation has
many difficulties and it is possible that some wave
project will no longer be operational. This is the case of
the Pelamis project, which for the moment is shut down
due to some financial issues. Nevertheless, this system

was used in the world’s first commercial wave energy
project located in the vicinity of Agucadoura coast,
Portugal [20].
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Fig. 2. Power matrices of the considered wave generators,
which include Seabased — 15 kW (rated power), Pelamis — 750
kW and Wave Dragon — 7000 kW.

One way to assess the reliability of a particular

system is to evaluate the capacity factor (Cy), which is
defined as [21]:

P
C,=-*£, €))
f Rp

Pp is the electric power expected to be generated by each
system, and Rp represents the rated power of each system
according to the values presented in Figure 2.

3 Results

A first evaluation of the wave conditions is presented in
Table 1, where the Hs percentiles were taken into
account.

Table 1. Statistical evaluation of the Hs parameter, reported for
the interval 1998-2017.

Percentiles

Site

20th 50th 95th
Al 0.14 0.22 0.65
A2 0.17 0.27 0.81
A3 0.23 0.36 1.10
B1 0.36 0.57 1.72
B2 0.36 0.57 1.74
B3 0.37 0.58 1.77
C1 0.42 0.64 1.98
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C2 0.42 0.64 1.98 more significant, being possible in some cases to reveal
higher values for the total distribution than in winter.
C3 043 0.65 2.01 For the Pelamis generator, the values oscillate
between 1.18% (C2 — winter) and 17.83% (B3 — total

As expected, the wave height increases as we go
further in the offshore area. Significant variations are
noticed by the A-points, which may go from 0.65 m to
1.1 m in the case of the 95th percentile. The sites located
along the line B and C seem to reveal a constant
distribution of the Hs parameter, regardless of the water
depth and distance to the shore.

A more detailed evaluation of the wave resources
(indicated in kW/m) is presented in Figure 3, where was

also included the winter season (from October to March).
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Fig. 3. Distribution of the wave energy flux (average values)
reported for the total distribution and winter season. The
percentage represents the variations of the values reported to
the sites located at 5 km from shore (A1, B1 and C1).

For this target area, a maximum value of 4.3 kW/m is
reported for the C-sites during winter, while a 2.8 kW/m
is representative for the total distribution. In general, the
variations reported during the winter and total time are
very small and, therefore, only the total values were
indicated (in percentages). The variations reported for
the A-sites seem to be more important, reaching a
maximum of 378% (A3 reported to Al). By looking on
these results we can notice that the site A1 seems to be
least suitable for a wave project, reporting values of 0.09
kW/m and 0.14 kW/m during the total and winter time
interval. For the rest of the sites, the wave power may
vary with a maximum of 7.7% for the B-sites, while a
3.3% is expected along the C line.

Going to the wave energy converters, in Figure 4 are
presented the performances of the Seabased generator
that may operate in the Romanian area. By looking on
these values, we may exclude the A-sites since the power
output will be insignificant (close to zero). During the
winter season, we may expect a maximum of 0.68 kW
close to B3, which represent an increase with 6.51%
compared to the site Bl (reported to winter value). For
the C-sites, the reported values do not exceed 1 kW,
being reported a maximum variation of 5.04% for the
site C3.

A similar analysis is performed in Table 2, by taking
into account only the variations reported for the Pelamis
and Wave Dragon generator. The sites B2 and B3 were
compared with the B1 site (5 km), while the sites C2 and
C3 were reported to C1 (5 km). These variations are

distribution). As for the Wave Dragon, we may expect a
maximum variation of 18.03% close to B3, while a
minimum of 0.97% is accounted by C2.

Electric power (kW)
1

+1.93%

0.6

I Total distribution
[ winter

0.3

A1 A2 A3 B1 c1 c2 c3

Site

Fig. 4. Power output and variations expected from the
Seabased wave generator.

Table 2. Variations of the electric power (in %) associated
with the Pelamis and Wave Dragon systems. The results are
reported to the sites B1 and C1.

WEC— Pelamis Wave Dragon

Interval | Total | Winter | Total | Winter
B2 527% | 4.79% | 7.48% | 6.53%
B3 17.83% | 16.86% | 18.03% | 16.7%

C2 1.20% 1.18% [ 0.97% 1.09%

C3 3.17% | 3.15% | 2.46% | 2.78%

A more detailed evaluation of the WEC
performances is presented in Figure 5, where the power
variation is assessed on a monthly level. In general, more
significant variations are being reported during the
summer time and some important values can be found
during November. For the Seabased system, a maximum
variation of 14% may be expected in May for the site B3,
while a 6.86% and 8.26% are reported by the site C3 in
June and November, respectively.

For the Pelamis generator, the months May and
August seem to be more dynamic in the case of B3, a
similar pattern being observed in the case of C3 for June.
It is important to mention that, for this system are
reported negative values (or close to zero). Negative
values are also noticed in the case of Wave Dragon, a
minimum of 1.93% being accounted by C3.
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Table 3 reveals the capacity factor of the considered zero, while for the B-sites we may expect a maximum of
WECs, these values being reported for the total and 4.5% for the Seabased (B3-winter).
winter distribution. The A-sites reveal values close to

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec
Seabased B2 1.707 2.373 1.894 1.063 5.249 1.431 2.859 5.512 2.627 1.773 1.088 1.654
B3 6.527 6.09 8.187 8.292 14.06 8.854 10.71 11.1 6.986 5.382 5.567 5.169
c2 1.928 2.339 1.934  0.6085 3.609 1.33 2.557 0.9701 1.763  0.7542 2.67 1.784
c3 5.067 4.48 4.823 4.835 4.622 8.269 4.805 1.081 4.228 3.611 6.86 4.388
Pelamis B2 4.488 4.275 4,951 4.168 16.94 0 12.64 15.34 8.191 3.642 6.425 4.746
B3 13.75 13.71 14.76 15.05 31.9 12.21 23.24 32.53 18.99 13.14 18.9 14.87
c2 1.861 1.156 0.436 -0.06 -2.042 5.231 1.231 2.141 1.282 0.3035 2.238 0.9771
c3 4.389 1.79 1.51 0.832 -2.665 15.14 3.043 2.558 2.7 1.989 6.721 2.585
Wave Dragon B2 4.591 7.051 6.527 6.31 25.75 3.69 5.768 18.88 13.82 5.365 9.587 5.77
B3 12.8 13.68 14.94 13.15 32.34 31.38 16.97 30.51 20.28 13.67 17.89 15
c2 1.606 1.611 0.846 -1.046 0.5747 1.174 1.019 0.7499 0.6258 -0.1946 1.782 0.7905
c3 3.708 2.553 2.938 0.08165 -1.936 5.771 1.712 -0.4913 1.909 0.8662 6.214 0.9862

Fig. 5. M onthly variations of the power output considering as a reference thesites located at a 5 km distance from the shore (A1, Bl
and C1).

Table 3. Capacity factors (in %) of the WECs considered for In this wotk, an evaluation of the wave energy potential
assessment. from the Romanian coastal area have been performed, a

particular attention being given to the variation of these

Seabased Pelamis | Wave Dragon resources as the distance from the shoreline increases.

Site From the selected sites, the points A3 and C3 are

| wrl T | wrl| 11 WT considered to be located in deep-water areas (>50 m)

which are more suitable for the development of a wave
project. Since the Black Sea is an enclosed sea, the wave

Al 0 0 0 0 0 0 resources are more limited, this aspect being reflected by
the performances of the selected WECs, which, for
A2 0 0 0 0 0 0 example, in the case of the A-sites are close to zero.
According to the ERA-Interim, the wave energy increases
A3 0.06 | 0.12 0 0 0 0 as we approach to the southern part of this target area.

Since Bulgaria is located in south, it is possible to report
better wave resources, but the study presented in this
work is only limited to the Romanian coastalsector.
Significant seasonal and monthly variations are being
reported as we go from nearshore to offshore, and it is
possible to find some cases with negative values that

B1 2.6 43 |1 08 | 1.4 [ 048 0.84

B2 2.7 43 1084 ] 1.5 [ 051 0.9

B3 28 [ 45 1094 1.7 | 056 [ 0.98 reveal more energetic conditions close to shore. By
looking on the expected power and capacity factors
C1 36 | 571 181 3 1 1.7 reported by the Seabased, Pelamis and Wave Dragon, we

may conclude that in general, a wave project located in
those sites will be inefficient from a technical-economical

C2 3.7 5.9 1.8 | 3.1 1 1.7 . . .
point of view. Most of the wave generators are projected
to work in the ocean areas and, therefore, it is important

c3 3.8 6 1.8 | 3.1 1 L7 to optimize these systems for enclosed seas, such as the

Black Sea.

Nevertheless, taking into account that the Romanian
coastal area is defined by a continental shelf area, it is
possible to search for some other offshore sites. Maybe
the best application, for a wave farm operating close to
the Romanian nearshore will be for coastal protection,
taking into account the erosion problems caused by the
storm waves.

The C-sites seems to represent the best solution for
the implementation of a wave project being indicated
values in the range of 3.6% — 6% for Seabased, 1.8% —
3.1% for Pelamis, 1% — 1.7% for Wave Dragon. When
comparing our results whit those reported in the ocean
environment [2], we may notice that it is possible to
reach a maximum 30% in the case of Seabased or 40% in
the case of Pelamis, respectively.
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