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ARTICLE INFO ABSTRACT
Keywords: Measurements from two Nortek/AWAC acoustic Doppler current profilers deployed for over three years at three
Marine energy or power sites were used to estimate the nearshore wave energy resource of the Gulf of Chania, in the island of Crete,

wave energy converter (WEC)
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Renewable energy source (RES)

Inter- and intra-annual (seasonal) variability

Greece. Similar to other Mediterranean nearshore locations, low maximum and mean wave power values were
observed, i.e., 133 and 2.57 kW/m at ~20 m depth, respectively. Even though the study sites were in close
proximity, considerable differences were observed, highlighting the nearshore effects of shoaling, refraction, and
focusing on wave power estimates, and the need for long-term measurements. Short-duration storms (lasting a
few days) with high wave power potentials were observed. During summer, the sea was much calmer. The
nearshore wave power resource was found unsteady, with coefficients of variation well above 2, while the ca-
pacity factors of Pelamis and Oyster wave energy converters were 3.65% and 9.57%, respectively. As a result,
existing technology is currently commercially unattractive for the Mediterranean nearshore. Marine renewable
energy can play an important role in EU’s Blue Growth strategy and assist in meeting the 2050 carbon neutrality
target. For this reason, research should focus on downscaling and redesigning wave energy technology to enable
sustainable deployment in the Mediterranean nearshore.

time-scales, ranging from individual wave periods to storm durations
and seasons [6]. Uncertainty in quantifying the resource over such range
of timescales has held back deployment of WEC technologies [10]. Based
on reliable wave climate estimates, appropriate device selection, power
take-off, and storage technology, wave energy can offer a relatively
continuous and predictable power resource, advantageous for electrical
grid operation [11]. Clearly, wave climate estimates are important,
particularly in low energy seas where wave energy harnessing might not
currently appear as economically viable [12].

The Mediterranean is a low energy sea with the annual mean wave
power (Prean; Wave energy per unit of length) potential ranging 3 - 5
kW/m [13] and annual maximum wave power (Ppax) of 15.1 kW/m in
NW Mediterranean Sea [14]. The Mediterranean wave climate is com-
parable to those of other low energy seas, such as the Black Sea (Ppean <
6 kW/m) [12,15], while relatively energetic areas are located in Greece
[13]. Here, the Gulf of Chania, Crete, Greece, is examined, given its
apparent potential due to the relative high fetches by Greek standards
and proximity to ports and harbours (Fig. 1). Crete is not fully connected
to the mainland’s electricity grid and does not consistently handle surges
in power demand [16]. Moreover, existing wave power estimates for the

Introduction

Ocean wave energy is a renewable energy source with vast potential
that remains largely unexploited [1]. The global wave energy resource
can roughly meet the world’s total electricity demand; Gunn and Stock-
Williams (2012) estimated the global wave power resource at 2.11 +
0.05 TW [2], while the International Energy Agency (IEA) has estimated
the average global electricity demand at about 2.4 TW [3]. Wave energy
arises from the mechanical oscillations of seawater in a frequency range
between ~0.05 to 0.2 Hz [4] and is a “by-product” of wind energy [5],
which, in turn, is driven by solar energy, and some considered it an
indirect form of solar energy [6]. The possibility of exploiting wave
energy has attracted scientific interest for quite some time [7], with the
earliest registered patent for a wave energy converter (WEC), taken out
in France in 1799 [6]. WEC technologies are believed capable of power
generation for up to 90% of the time [8], and can have substantial
extraction efficiency [5]. In a sense, the ocean is analogous to an
exceedingly large windmill [9].

The main disadvantage of wave energy is its variability over multiple
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Nomenclature

List of abbreviations/acronyms

ADCP  Acoustic Doppler current profiler
AWAC  Acoustic wave and current

BOF bottom oscillating flap

CF Capacity factor

cov Coefficient of variation

EU European Union

F2HB Floating two body heave converter
GMT Generic Mapping Tools

IEA International Energy Agency
LCOE Levelised cost of electricity

N North

NE Northeast

NW Northwest

SD Standard deviation

SWAN  Simulating WAves Nearshore
WEC Wave energy converter

List of symbols/notations

0 Direction of propagation of the spectral component (°)
1 Mean (KW/m)

A wavelength (m)

p Water density (kg/m>)

c Standard deviation (kW/m)

Cg group velocity/celerity (m/s)

d Water depth (m)

f Frequency (Hz)

g Acceleration of gravity (m/s™2)
Hpmo Significant wave height (m)

Mair Mean wave direction (°)

P Wave power (kW)

Pmax Maximum wave power (kW)

Pean Mean wave power (kW)

S Directional wave spectrum (m2/Hz)
Te Energy period (s),

Tp Peak period (s)

Gulf of Chania, and for the Greek Seas in general, usually refer to
offshore sites (deep water), and have been generated using hindcast
(wind) data, which can be associated with large errors at nearshore lo-
cations [17].

Furthermore, support infrastructure has to be located nearby to limit
cabling, transmission, and maintenance costs, implying that wave en-
ergy harnessing is likely to take place nearshore. Yet, only a small
number of studies have focused on WEC performance at the Mediter-
ranean nearshore. Specifically, Iuppa et al used SWAN (Simulating
WAves Nearshore) wave model to estimate the nearshore wave energy
potential of the coast of Sicily, Italy. Even though promising sites were
identified, profitability was constrained because most WECs are
designed for areas with high wave energy potentials [18]. Monteforte et
al also used SWAN and identified nearshore wave energy hotspots in
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Fig. 1. The study area showing the three data record locations, i.e., (1) Agia Kyriaki; (2) Venetian Harbour; and (3) Gerani.

Tools (GMT) software [32].

west Sicily, which were also beneficial for WEC emplacement due to: i)
shorter lengths for underwater transmission cables, ii) possible co-
location with other coastal structures such as breakwaters, and iii)
possible co-benefits from increased coastal protection [19]. In this re-
gard, Rusu et al also noted that if WECs were to be emplaced in the
nearshore of Giglio Island, Italy these could also protect the local beach
from incoming waves [20].

Lavidas and Venugopal studied the performance of three nearshore
WECs (bottom oscillating flap (BOF), WaveStar, and a floating two body
heave converter (F2HB)) in the Greek seas and, in general, low capacity
factors (CFs) were identified for all devices, which negatively affected
their economic viability [21]. Note that the CF is the ratio of the energy
produced by the WEC over a given period to the energy it would have
produced if it had operated at the rated capacity during this period [22].
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Lo Re et al calculated the nearshore wave energy potential in Mazara del
Vallo, Sicily to determine the best WEC technology for the local condi-
tions. They found that Oyster 2 better dissipated wave energy while
Wave Dragon had the highest efficiency [12]. Furthermore, Majidi
Nezhad et al examined different nearshore WECs for installation in
Favignana Island, Italy, using hindcast data, and Wave Dragon (500 kW)
better fitted the local conditions [23]. Finally, Foteinis noted that
nearshore WECs could become commercially attractive in the Mediter-
ranean if properly downscaled [12], but there is a long way to go. To wit,
there is only one device that has been deployed and tested in the Med-
iterranean nearshore [14].

Clearly, studies for the Mediterranean nearshore are required to
highlight both: i) nearshore effects on wave energy harnessing, such as
such as shoaling and focusing which can significantly alter the distri-
bution of incident power and cannot be effectively captured by wave
hindcast estimates from offshore, and ii) examine if existing wave en-
ergy technology can sustainably be deployed in mild wave climates in
nearshore locales.

This study provides insight on both, since it uses nearshore wave
surface field elevation measurements and wave directional spreading,
rather than hindcast estimates, to assess the nearshore wave energy
resource of a typical Mediterranean nearshore locale. Then, these
comprehensive descriptions of the full set of local wave characteristics,
which are required in WEC performance assessments [24], were
employed to provide information on the performance of existing tech-
nology and its sustainability under the specific mild wave regime. For
this reason, the CFs, and by extension the performances of two typical
WEC technologies that were commercially available, i.e., Pelamis 750
kW and Oyster 315 kW, were estimated under the local wave regime.

Marine renewable energy has great potential to assist in decarbon-
isation, even in low energy seas [12]. Therefore, the new knowledge, as
provided here, can shed light on WEC performance, guide sustainable
scaling for the Mediterranean nearshore, be instrumental in promoting
sustainable wave energy ventures, and underpin EU’s Blue Growth
strategy and 2050 carbon neutrality target.

Study site

The Gulf of Chania is a 25 km-long embayment in NW Crete, Greece.
The Gulf is bound from the east by Acrotiri and from the west by
Rodopou peninsulas (Fig. 1). The Gulf faces relatively large fetch
lengths, by Greek standards, i.e., >250 km to the north, and >300 km to
the NE. Chania is the second largest city, after Heraklion, lying in its NE
coast. The island of Crete is one of the largest and most visited Medi-
terranean islands but is unable to sustainably meet its power demand.
Marine renewable energy could be an option and the Gulf of Chania is
promising since electricity and support infrastructure are already in
place and accessibility is high.

Here, the gross wave power potential of three nearshore locations,
two at the eastern end (Agia Kyriaki and Venetian Harbour) and one
approximately near the center (Gerani) of the Gulf of Chania (Fig. 1),
were examined. These locations were chosen primarily for research
purposes regarding the contribution of infragravity waves and reso-
nance in the local harbour, known as the Venetian Harbour, during
storm conditions [25,26], but also for helping site a future marina [27].
Specifically, in each of the three locations there is a local harbour nearby
i.e., Agia Kyriaki deployment location is off the homonymous fishing
harbour, Gerani is near Platanias Harbour, while the Venetian Harbour
deployment is off the homonymous harbour (Fig. 1, inset). Even though,
these deployment locations are nearby, anecdotal evidence from eye-
witnesses suggested that during winter storms each harbour performs
differently, implying that nearshore effects have a large impact on
incoming waves.

The existence of the harbours themselves has also altered the local
bathymetry, further affecting the characteristics of incoming waves,
while an offshore breakwater installed three decades ago off the
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Venetian Harbour offers little protection [28]. Further, the sandy beach
at the lee of the Gerani deployment location is also actively eroding
[17]. Therefore, the existence of the harbours and the need for coastal
protection provide additional cost-sharing opportunities for future wave
energy harnessing through harbour integration and coastal protection
[29].

Finally, the locations were also convenient for the deployment and
recovery of the two sea-floor mounted, acoustic Doppler current pro-
filers (ADCPs), made by Nortek As and referred to as AWACs. They
recorded the water particle velocities, surface elevations, directions, and
spectra. These field measurements were then used to estimate the
nearshore wave power potential of the Gulf of Chania. Specifically, the
AWACs were variously deployed in these three locations for over three
years, i.e., end of 2010 to beginning 2014, and captured the local wave
characteristics for this reference period. These measurements also reflect
the current situation and provide a snapshot of the wave power potential
for the Gulf of Chania. Even though global warming has already affected
the global wave power resource, in the Mediterranean Sea the effect
appears to be more subtle compared to the oceans [30], with existing
projections suggesting that by the end of the century the mean annual
wave energy flux in most of the Mediterranean Sea, including our case
study, could even decrease between 10 and 20% [31].

Materials and methods
Wave measurements and AWAC deployment locations

Two bottom-mounted upward-facing 600 kHz Nortek AWAC sensors
were deployed in the Gulf of Chania for over a three-year period taking
bursts of 1024 samples at 1 Hz. The AWAC combines a directional wave
gauge with ADCP and encompasses a vertically-oriented transducer
which echo-ranges the water surface. Directional wave measurements
were obtained by logging time series of pressure, near-surface velocity
components, and free surface elevation [33].

The AWACs were rotated among the three sites (Fig. 1). One AWAC
was deployed about 1 km offshore of Agia Kyriaki harbour at ~20 m
mean depth, from 15 December 2010 to 10 March 2012. This same
AWAC was then deployed offshore of Gerani at ~20 m mean depth, from
26 October 2012 to 3 April 2014. The second AWAC was deployed
around 500 m N off the Venetian Harbour at ~24.5 m mean depth from
6 October 2011 to 22 January 2013.

Nearshore wave power potential estimation

The wave energy resource in the Gulf of Chania was evaluated in
terms of the available wave power, i.e., energy flux per unit of wave
crest length (P, in kW/m), and it can be obtained from the spectral
output of the wave propagation model [34] through:

2 00
= S(f,0)C,(f,d)dfdo 1
P ”g/O/o (,0)C.(f d)df M

where p is the water density, g is the acceleration of gravity, S(f, 0) is the
directional wave spectrum, f is the frequency, 0 is the direction of
propagation of the spectral component, C, is the group velocity or
celerity and d is the water depth. Equation (1) can be approximated
[34,35] by:

1
P pgC H, (2)

where Hp is the significant wave height determined from measure-
ments, and Cg is calculated from:



S. Foteinis and C. Emmanuel Synolakis

4rd gT. 2nd
= _— tanh |[—
G =M @ | 4™ [ 1 } 3
where T, is the energy period, and 4 is the wavelength:
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Nortek’s Storm software was used to process AWAC’s wave mea-
surements and determine the Hy,o and the peak period (Tp) (Fig. 2).
Then, T was estimated by assuming that T, = 0.9T, [35-38], corre-
sponding to a standard JONSWAP spectrum with a peak enhancement
factor y = 3.3 [39]. For a Pierson-Moskowitz spectrum a lower coeffi-
cient (0.86 instead of 0.9 [40]) is used. However, the short fetch lengths
in the Mediterranean basin do not allow for the fully developed sea
states considered in the Pierson-Moskowitz spectrum. Therefore, the 0.9
coefficient better fits the limited fetch lengths in the Mediterranean Sea
[41].

Then, the monthly, seasonal, and annual Ppean and Ppax of each
location were estimated. Finally, the coefficient of variation (COV) was
also used to estimate the variability of wave energy in the Gulf of Cha-
nia. COV is a common index for assessing temporal variability and for
the case of wave power the temporal variability of the series P(t) can
estimated by taking the ratio of the standard deviation (SD) to the mean
(W) [36]:

SD(P(1))

COV="4tP1))

(5)
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Results and discussion
Nearshore wave power estimates for the Gulf of Chania

Wave power potential at Agia Kyriaki

Available data for Agia Kyriaki span from 15 December 2010 to 10
March 2012. About 0.22% of data is missing, corresponding to when the
AWAC battery was occasionally replaced. During autumn (September to
November) 2011, the maximum wave power (Pp,x) was 65.75 kW/m
and Ppean 3.26 kW/m. The mean wave direction (Mg;;) was NNW-N,
with ~40 % of wave power concentrated within the 335° — 345°
sector (where Ppean = 4.7 kW/m), and ~35% concentrated within the
345° — 355° sector (where Ppean = 2.6 KkW/m).

In winter 2010-2011 (December to February) Ppax = 50.72 kW/m,
Prean = 2.89 kW/m, with the predominant direction NNW-N and ~30 %
of wave power in the 335° — 345° sector (Ppean = 4.8 kW/m) and ~20%
in the 345° — 355° sector (Ppean = 3.8 kW/m). Winter 2011-2012 was
significantly more energetic, with Py,x and Ppean estimated at 132.69
kW/m and 4.15 kW/m, respectively. Again, the main wave direction
was NNW-N, with ~31 % of wave power in the 335° — 345° sector
(Piean = 9.4 kW/m) and ~20% in the 345° — 355° sector (Ppean = 5.9
kW/m). In spring 2011 (March to May), the power estimates were again
high, with Ppax = 106.30 kW/m and Ppean = 3.22 kW/m; wave power
was concentrated within the 335° — 345° (~30 %) and 345° — 355°
(~26 %) sectors, having Ppean values of 6.3 kW/m and 3.5 kW/m,
respectively. For summer 2011, Ppax = 8.65 kW/m and Ppean = 0.90
kW/m, with ~31% of wave power located in the 345° — 355° sector
(1.62 kW/m). The remaining power estimates were low (<1 kW/m) and
in the NNW direction.

Fig. 3a shows the annual wave power rose diagram for 2011 at Agia
Kyriaki, divided into 36 sections. The area of each petal is proportional
to the percentage of wave power of the corresponding directional sector.
Wave power intensity is indicated by colour, blue represents calm con-
ditions and azure represents storm waves. Py, = 106.30 kW/m and
Pean = 2.57 kW/m. Mg, predominates in the NNW sector, with ~29 %
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Fig. 2. Processed AWAC measurements using Nortek Storm software for Agia Kyriaki from 6 October 2011 to 10 March 2012.
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Fig. 3. Wave power estimates at Agia Kyriaki, Gulf of Chania, Crete (mean water depth ~20 m): a) annual wave power (kW/m) rose obtained for 2011, missing data
~0.27%; b) gross wave power potential (kW/m) time history from 15 December 2010 to 10 March 2012 (missing data ~0.22%).

of energy in the 335° — 345° sector (Ppean = 5.5 kW/m) and ~28% in
the 345° — 355° sector (Ppean = 2.7 kW/m). The remaining wave power
estimates are predominantly in the NW direction but are low (<1 kW/
m).

Fig. 3b shows the gross wave power potential at Agia Kyriaki over the
entire reference period. The estimated Pp,x was ~133 kW/m and
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occurred during a storm on 28 February 2012. It should be noted that
during severe storms, when wave breaking result to many bubbles in
water thus impeding acoustic signal, the AWAC pressure sensor provides
parallel, albeit less accurate, wave measurements [42]. The second
highest wave power value was ~106 kW/m and was obtained on 8
March 2011. Seven more storms with Py, > 40 kW/m were recorded
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Fig. 4. Wave power estimates at Venetian Harbour, Gulf of Chania, Crete, from 6 October 2011 to 31 January 2012 and from 26 October 2012 to 22 January 2013
(mean water depth ~24.5 m): a) annual wave power (kW/m) rose; and b) gross wave power potential (kW/m) time history.
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(Fig. 3b). The overall pattern is one of short-duration storms (lasting no
more than a few days) with high wave power potentials, followed by low
energy seas in the intervening periods between storm events. During the
summer, the sea is much calmer (Pyean = 0.90 kW/m and Pp,,x = 8.65
kW/m) (Fig. 3).

Wave power potential off the Venetian Harbour

Off the Venetian Harbour the AWAC was deployed from 6 October
2011 to 22 January 2013, in ~24.5 m depth. Due to a failure of the
underwater battery canister, the AWAC did not record any data between
31 January 2012 and 26 October 2012. Hence, no seasonal or annual
analyses were possible.

Fig. 4a shows Venetian Harbour’s wave power rose, with P,z =
71.57 kW/m and Ppean = 4.22 kW/m. The prevailing My;, is N, with ~35
% of wave power within the 355° — 5° sector (Ppean = 8.98 kW/m) and
~18% in the 345° — 355° sector (Pmean = 3.25 kW/m). Moreover, ~5%
of wave power was in the 5° — 15° sector (Ppean = 2.87 kW/m) and ~10
% in the 315° — 325° sector (Ppean = 1.16 kW/m). For waves predom-
inantly from the NW, Ppeay is lower than 1 kW/m.

Fig. 4b shows the time history of gross wave power potential at the
Venetian Harbour. From October to January 2011 five storms were
recorded with Pp>50 kW/m, with the peak value at 71.57 kW/m.
Although data are rather limited for 2012, a storm with Ppp,x > 35 kW/m
was recorded (Fig. 4b). The existing data from 2011 and 2012, i.e.,
1,234 hourly measurements in total, yield Ppean = 5.07 kW/m. For
December and January, 744 and 851 hourly measurements were avail-
able, yielding Ppean values of 2.04 kW/m and 6.04 kW/m, respectively.

As in Agia Kyriaki, December is the least energetic winter month.
Due to their proximity, both sites exhibit similar wave power potentials.
Off the Venetian Harbour, Mg;, was N, while in Agia Kyriaki My;, pre-
dominates in the NNW sector. It is likely that the more energetic waves
may have shoaled and refracted to the NW at Agia Kyriaki.

Wave power potential at Gerani

Measurements for Gerani exist for the period 26 October 2012 to 3
April 2014, hence the annual wave power potential can be approxi-
mated for 2013. In autumn 2012, Pyax = 61.87 KW/m, Pean = 2.54 KW/
m, while Mg, had a north orientation, with 26% of wave power in the
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355° — 5° (Ppean = 4.95 kW/m) and 34% in the 5° — 15° (Ppean = 4.05
kW/m) sector. In autumn 2013, Ppax = 23.58 kW/m and Ppean = 1.23
kW/m; the main wave direction was NNE, with 26% of power between
15° — 25° (Ppean = 2.19 kW/m) and 22 % between 25° — 35° (Ppean =
1.39 kW/m) sector. In autumn 2014, Ppax = 30.22 kW/m, Ppean = 1.91
kW/m, and My;; had a N direction, with 30% being in the 355° — 5°
(Pmean = 4.16 kW/m) and 14% in the 345° — 355° (Ppean = 2.36 kW/m)
sector. In winter 2013, Ppax and Ppean Were estimated at 63.78 kW/m
and 2.21 kW/m respectively, with the main direction being N (25 % in
the 355° — 5° sector, with Pean = 3.94 kW/m; and 22 % in the 5° — 15°
sector with Ppean = 2.95 kW/m). In spring 2013, Ppax and Ppean Were
35.82 kW/m and 1.49 kW/m respectively, Mgir was primarily at NNE
(26 % in the 5° — 15° sector with Ppean = 3.57 kW/m and 20% in the 15°
— 25° sector with Ppean = 0.47 kW/m). Finally, in summer 2013, Ppax =
18.08 kW/m, Pyean = 1.10 kW/m, and Mg;, had a NNE direction, with 38
% of wave power in the 15° — 25° (Pean = 1.67 kW/m) and 30% in the
25° — 35° (Ppean = 1.41 kW/m) sector.

Fig. 5a shows the annual (2013) wave power rose for Gerani, with
Prhax = 63.02 kW/m and Ppean = 1.50 kW/m. The wave power was
concentrated at N-NNE, with about 14% in the 355° — 5° sector (Pmean
= 2.20 kW/m) and about 24% in the 5° — 15° sector (Ppean = 2.27 KW/
m). Moreover, about 24% of wave power was associated with the 15° —
25° sector, having Prean = 1.38 kW/m.

Fig. 5b shows the time series of gross wave power potential at Gerani.
Three storms had Pp,ax > 60 KW/m, two more Py,x > 30 kW/m, and the
remaining ones had Pp,x between 10 and 30 kW/m. As in Agia Kyriaki,
high wave power storms were observed during autumn, winter, and (a
few) in spring, each lasting no more than a several days; the remaining
data indicate low wave power potentials. Compared to Agia Kyriaki, the
storms in Gerani had significantly lower values of Pp.x, leading to a
lower annual Ppeap, i.e., 1.50 kW/m for 2013 in Agia Kyriaki compared
to 2.57 kW/m for 2011 in Agia Kyriaki. This likely suggests high wave
power inter-annual variability Moreover, Mg;; at Gerani was N-NNE,
whereas that at Agia Kyriaki was NNW.

Table 1 summarises the estimates of wave power at Agia Kyriaki and
Gerani, expressed as hourly mean values. For Agia Kyriaki (15 December
2010 to 10 March 2012) more data (higher data count) were obtained
during winter and spring months. SD is quite large for most of the year,

2013 annual
- \yave power rose
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20

13-07-

0.

201

Fig. 5. Wave power estimates at Gerani, Gulf of Chania, Crete, from 26 October 2012 to 3 April 2014 (mean water depth ~20 m, missing data ~9.74%): a) annual

wave power (kW/m) rose; and b) gross wave power potential (kW/m) time history.
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Table 1
Wave power data (hourly mean values) for Agia Kyriaki and Gerani, Gulf of Chania, Crete.
September  October =~ November  December  January  February = March  April May June July  August All
Agia Kyriaki (12/2010 - 03/
2012)

Data count 720 720 720 1138 1488 1368 964 720 744 720 744 744 10,790
Prean (kW/m) 1.41 2.86 5.52 1.70 4.32 4.33 4.72 3.34 0.85 0.60 0.54 1.56 2.87
SD 2.03 3.82 11.16 4.28 8.76 10.51 12.80 5.58 1.66 1.07 0.64 1.78 7.48
Ccov 1.44 1.34 2.02 2.52 2.03 2.43 2.71 1.67 1.95 1.78 1.19 1.14 2.61
Gerani (10/2012 - 04/2014)
Data count 719 873 1297 744 430 672 649 720 446 720 744 744 8758
Prean (KW/m) 0.65 1.11 2.74 2.56 3.36 1.07 1.31 2.3 0.43 0.69 1.31 1.29 1.62
SD 1.28 1.71 6.2 7.81 7.62 1.62 3.58 5.06 0.47 1.1 2.43 1.65 4.36
Cov 1.97 1.54 2.26 3.05 2.27 1.51 2.73 2.20 1.09 1.59 1.85 1.28 2.69

except June and July when no major storm occurred. Moreover, the
large COV(P) values suggest unsteady wave power. In terms of Ppean,
November was the most energetic month at Agia Kyriaki, with energetic
seas also observed from January to April. For Genari (26 October 2012
to 3 April 2014) the data count is higher only in November, while SD is,
in general, lower but the COV(P) values are fairly similar to the ones of
Agia Kyriaki. Finally, results also suggest high wave power intra-annual
(seasonal) variability.

Wave power assessment for the Gulf of Chania

Spatio-temporal differences occur in the gross wave power (Fig. 6)
and its direction at the three locations of interest in the Gulf of Chania,
even though the sites are all in close proximity. Mg is NNW (Agia
Kyriaki) to N (Venetian Harbour) at the eastern end of the embayment,
and NNE (Gerani) near the center of the gulf. My;, is affected by the
Acrotiri and Rodopou peninsulas, which shield the east and west ends of
the gulf.

Seasonal and annual Pp,eap values also vary, even between locations
in close proximity. Differences can be attributed to the shielding of
Venetian Harbour by the Rodopou peninsula from NW waves and to the
local bathymetry at Agia Kyriaki, which might promote wave refraction.
Moreover, Fig. 6 shows that gross wave power at these locations also
differs substantially even when AWAC measurements are available at
both locations. For Agia Kyriaki and the Venetian Harbour, four storms
with Py > 35 kW/m, another one with P,y > 15 kW/m and several
other events with P,y > 10 kW/m all coincided. For the low energy seas
and for a storm with Py, < 15 kW/m, the results from both deployment

locations were in good agreement. Nevertheless, during the four higher-
energy storms Pp,x was usually lower at Agia Kyriaki than Venetian
Harbour. For example, during the most energetic storm, Ppax was ~30%
lower at Agia Kyriaki than at Venetian Harbour (Fig. 6). The lower
values at Agia Kyriaki can be partly attributed to wave shielding, the
slightly greater deployment depth at Venetian Harbour, and differences
in the local seabed topography. It should be noted that the estimated
Prean values at Agia Kyriaki and Venetian Harbour were in good
agreement for the four storms.

Wave data for the single storm recorded simultaneously at Venetian
Harbour and Gerani provide estimates of Pp,x about 32% lower in the
latter location, about 11 km east of Venetian Harbour (Fig. 6). The
difference can be attributed to spatio-temporal variations of the original
storm-induced waves, wave shielding, and possibly local bathymetric
effects. The annual (2011, 2013) estimates of Ppeqn and Ppqy at Agia
Kyriaki and Gerani, where ample data were available, differ signifi-
cantly and cannot be solely attributed to local bathymetric effects. These
differences, which cannot be accurately captured by hindcast estimates
for the offshore, highlight the need for long-term measurement cam-
paigns to justify sustainable wave energy harnessing.

Furthermore, the Py, for the Gulf of Chania reached 133 kW/m and
this is similar to the Py, value (133 kW/m) reported in a nearshore area
(15 m depth) in west Sicily [19]. The Ppeqn values are also similar to the
ones reported for nearshore (15 m depth) northern (0.85 to 2.61 kW/m)
and central (0.29 to 2.61 kW/m) Tuscany, but significantly lower from
nearshore (15 m depth) Sardinia (3.09 to 10.18 kW/m) [43]. Therefore,
the observed Ppean and Ppay values can be considered typical for rela-
tively sheltered areas of the Mediterranean Sea.
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Moreover, the large COV(P) values observed across locations indi-
cate a relative unsteady wave power resource. A strong intra-annual
(seasonal) variability of the wave power was observed, also reported
in the Black Sea [44]. However, some future projections for the end the
century, suggest that in central Mediterranean Pp,,, could decrease up
to 30% during fall and winter but only 5% during spring and summer
[31]. In such scenarios, wave energy’s temporal variability in the Gulf of
Chania area may decrease, which will be beneficial for future wave
energy harnessing projects, but the total wave energy resource could
also decrease.

Downscaling of existing wave energy technology and accounting for the
unsteady conditions

Wave power presently has a much higher levelised cost of electricity
(LCOE) than other renewable energy sources, such as wind and solar
power [29]. Given the calmer conditions that prevail in the Mediterra-
nean Sea compared to the north Atlantic, it is hardly surprising that the
estimates of Ppean for the Gulf of Chania are significantly lower than
those along the coast of Western Europe, where Pp,eqn averages close to
40 kW/m [5]. For example, Pp,eqn values of 30 — 50 kW/m during winter
months and < 10 kW/m during summer months have been predicted
using the SWAN wave model for sites to the north and west of Orkney,
Scotland, where WECs have been deployed [45]. As a result, existing
technology has been developed for more energetic wave climates [30].

Fig. 7 shows the annual wave power matrix for Agia Kyriaki, where
different intervals of wave height and period combinations (energy bins)
are shown, along with the estimated wave power resource (colour
gradient). This was used to estimate the CFs of two typical devices, i.e.,
Opyster and Pelamis. Specifically, the Oyster is a flap type oscillator WEC
that had mainly been proposed for shallow waters (10 to 15 m depth)
[23] and has been found promising for nearshore areas (e.g., in Oman
Sea) [19]. Pelamis is an attenuator type WEC [20] that had been
designed for deep waters [31], but it has also been redesigned (down-
scaled) for lower energy seas such as Xiamen Bay, China [43] and has
also been assessed in Portuguese continental nearshore [46] and the NW
Iberian Peninsula [47]. Using the occurrence of the corresponding en-
ergy bin, the performance of Pelamis (750 kW, attenuator type) and
Opyster (315 kW, flap type oscillator) WEC technologies were analysed
[22].

According to the measurements, the Pelamis and the Oyster WEC will
be idle 69.28 % and 55.12 % of the time, respectively. Furthermore,
when the local wave regime is able to drive these WECs, they will both
operate well below their potential, producing only a small amount of
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electricity. Specifically, when using the data for 2011 in Agia Kyriaki,
Pelamis would operate for ~2,691 h, producing ~240 MWh and
yielding a CF = 3.65%, and would not even have reached its rated power
output (750 kW) under the local wave regime. As far as the Oyster WEC
technology is concerned, under the local wave climate it would operate
for ~3,931 h in 2011, producing ~264 MWh and yielding a CF 9.57%.
The results are in line with the literature, where reported CF for Oyster
ranged from 3.44 to 19.58% and for Pelamis from 0.87 to 16% under the
Mediterranean wave regime [30]. The better performance of the lower
rated power output WEC (Oyster) that was observed in the Gulf of
Chania was expected, since the annual wave power matrix of Agia
Kyriaki (Fig. 7) mainly comprises low energy bins (combinations of low
wave periods and heights). The very low CFs of the typical WEC tech-
nologies examined herein further imply that relative to other renewables
the LCOE of wave energy harnessing in the Mediterranean nearshore is
very high.

Furthermore, the COV(P) values (2.61 in Agia Kyriaki and 2.69 in
Genari, Table 1) indicate a relative unsteady wave power resource. In
the southern coasts of Chile, South Africa, Tasmania, and New Zealand
near-coast COV(P) values range between 0.85 and 0.9, suggestive of
only moderately unsteady resources; while indicative values for the
Northern hemisphere are in Ireland (~1.5); Portugal (~1.4); Iceland
(1.4-1.6); Norway (1.5-1.6); Newfoundland (1.2-1.4); Vancouver Is-
land (~1.3); Oregon (~1.2); Aleutian Islands (~1.4); and Kamchatka
(~1.5) [36]. The Gulf of Chania COV(P) values are well above those of
near-coast areas in oceans. This can be explained by the interplay be-
tween maritime and continental air masses, leading to tropical-like cy-
clones in the Mediterranean (known as Medicanes) and the complex
topography of the enclosing land masses, which can create katabatic
winds (known as fall winds since they flow downhill and are often
referred to as meltemia in Greece) that, in turn, lead to higher waves
[46].

Therefore, it is inferred that, given the low Ppean, the high COV(P)
values, and the current state and economic cost of WEC technology,
wave power generation from the Gulf of Chania is currently economi-
cally unattractive. In Mediterranean, wave heights are generally smaller
and wave periods shorter than along open oceanic coasts, and this is also
reflected in the results of this study. In this regard, Hutcheson et al also
concluded that Pelamis emplaced in the Ionian Sea, Greece would also
be unprofitable [48].

Overall, results suggest the need to downscale existing wave energy
technology to fit mild and variable local wave, and in general, the mild
Mediterranean wave regime, as has also been suggested by Bozzi et al
[49]. This is also the case for other low energy seas such as the Black Sea

AWAC measurements, Agia Kyriaki 2011
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Fig. 7. Wave power matrix in Agia Kyriaki, Crete Greece, indicating the joint occurrence (%) of wave height and period combinations for the reference period 01/
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[15,44,50], where downscaling has also been suggested for sustainable
wave energy harnessing. Specifically, due to improved accessibility and
WEC survivability, the Mediterranean nearshore can be an excellent
candidate location to introduce sustainable wave energy harnessing
technology [30]. To this end, it has been suggested that more WEC
technologies should be deployed and tested in the Mediterranean
nearshore [14]. It is for this reason that comprehensive descriptions of
the full set of local wave characteristics, such as the ones provided
herein, rather than hindcast estimates, should be available underpin the
success of such ventures.

Finally, future research should first focus on identifying promising
nearshore locations for wave energy in the Mediterranean nearshore (e.
g., using hindcast data) and then long-term measurements of the actual
wave regime should be undertaken to account for nearshore effects such
as shoaling, refraction, and focusing. Furthermore, geospatial analyses
could inform on locations where support infrastructure is already in
place or nearby and identify areas that are prone to or are actively
eroding. By doing so, cost-sharing opportunities between wave energy
harnessing and coastal protection could be also realized [29]. Research
should also focus on WEC farms layout optimisation [51], downscaling
of existing technology [30], and the introduction of new WEC concepts
and designs that can harvest energy from low energy seas [52,53].
Policy makers in the EU should encourage nearshore WEC deployment
and testing, since wave energy can promote the EU Blue Growth strategy
for sustainable growth in the marine and maritime sectors [54] and
assist in achieving greenhouse gas emissions neutrality, which is the
EU’s strategic long-term vision for climate neutral economy by 2050
[55].

Conclusions

The nearshore wave energy resource of the Gulf of Chania, Crete,
Greece, a typical nearshore Mediterranean locale, was estimated using
actual field measurements rather than hindcast estimates for the
offshore. Specifically, two 600 kHz Nortek AWAC acoustic Doppler
current profilers (ADCPs) were deployed, from 2010 to 2014, in three
nearshore locations in the Gulf of Chania. The maximum wave power
(Pmax) over the entire reference period was 133 kW/m at ~20 m; while
at the eastern end (Agia Kyriaki) and near the center (Gerani) of the Gulf
of Chania the annual mean wave power (Pjeqn) Was 2.57 kW/m in 2011
and 1.50 kW/m in 2013, respectively, suggestive of high inter-annual
variability. Generally, shorter duration storms occurred during
autumn, winter, and spring. In the intervals between storms, and during
the summer, calm seas were observed, with very low Pp,can values. As a
result, wave power’s coefficient of variation (COV(P)) was large,
exhibiting values well above 2; on a monthly base COV(P) values ranged
from as little as 1.09 to as high as 3.05, indicating high intra-annual
(seasonal) variability and that the local wave power resource is rela-
tively unsteady. For context, in the more energetic oceanic coasts the
COV(P) values are significantly lower, even reaching values below unity,
for example in South Africa and New Zealand the COV(P) ranges be-
tween 0.85 and 0.9.

Furthermore, even though the AWAC deployment sites were in close
proximity, significant differences were observed in Prax, Pmean, and
mean wave direction (Mg;,). This can be attributed to wave shielding and
from nearshore effects such as shoaling, refraction, and focusing which
can greatly affect the nearshore wave regime. Such differences cannot
yet be accurately captured by hindcast estimates that typically refer to
the offshore. As such, for the sustainable sitting of future wave energy
ventures in the Mediterranean nearshore long-term measurement cam-
paigns of the local wave climates are required and remain the golden
standard. More studies on the wave regime of the nearshore Mediter-
ranean as well as more case studies of actual WEC emplacement on the
Mediterranean nearshore are required to underpin the feasibility and
showcase the sustainability of wave energy ventures in the Mediterra-
nean and further afield.
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Overall, results suggest that wave power extraction from the Gulf of
Chania is currently uneconomical, given: i) the present state of WEC
technology, ii) the much higher levelized cost of electricity (LCOE)
relative to other renewables, and iii) the very low-capacity factors (CFs)
of typical WEC technologies, i.e., Pelamis (3.65%) and Oyster (9.57%).
For this reason, future research and development should focus on sus-
tainably downscaling and redesigning existing wave energy technology
to account for milder and relatively unsteady wave energy resource of
the Mediterranean nearshore (including the Gulf of Chania), compared
to the oceans. Finally, the successful harnessing of wave energy in the
Mediterranean can assist in meeting EU’s carbon-neutral 2050 goals and
underpin EU’s Blue Growth strategy and therefore should be amongst
the EU policy priorities.
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