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Abstract: Decarbonisation of any energy system implies that more renewables will have to be
incorporated into the grid. This requires a thorough assessment of available resources to properly
estimate potential contributions and identify opportunities. This work focuses on the Saronikos Gulf,
which is part of the most crowded urban coastline in Greece. Solar, wind and wave resources are
analysed, and the long-term characteristics affecting power production are discussed. Solar resources
provide ≥250 Wh·m−2 with small long-term changes. Wind resources at coastal and onshore regions
are ≥50 W·m−2; however, it has higher annual volatility. Finally, the wave resources of the region
are from 130 to 170 W/m with a positive resource rate of change ≈2.5 W·m−1/year. It is expected
that multi-generation by different resources, especially with temporal overlaps of wind and waves,
will reduce intermittent production, hence accelerating the energy transition.
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1. Introduction

The European Commission (EC) has set out ambitious targets for decarbonisation of the energy,
building and service sectors, aiming to mitigate the impacts of climate change. The European Green
New Deal [1] and the Strategic Energy Technology Plan (SET-Plan) [2], which represent some EC
initiatives for carbon-neutral societies [3], are especially advancing diverse sectoral transformations.

Greece is a European Member State located in the eastern part of the Mediterranean. Climate
change effects such as high temperature and sea level rise will put significant pressure on commercial
and civil operations around the region [4]. More specifically, one of Greece’s major ports, the port
of Piraeus, is located in the prefecture of Attica. The area is characterised by densely populated
coastal regions and numerous commercial activities [5]. Greece is making strides in trying to
decarbonise its energy sector, which has been heavily dominated by fossil fuels, predominately coal [6].
However, recent developments have underlined the commitment of the Greek government to close
down conventional high-polluting power plants and increase sustainable development. The National
Climate and Energy Plan of the Greek government has ambitious goals, by 2030, of ≥35% contribution
in gross electricity by renewable energy sources and ≥55% reduction of CO2 emission compared with
2005 [6]. Achieving these targets will require a better understanding of available resources and the
utilisation of all indigenous renewable energies, with a goal to mitigate variability.

Another important topic that needs to be addressed is emission-heavy commercial and industrial
applications, which will need multiple renewables to ensure unhindered operations. Ports and
harbours, in general, are energy-intensive industries that require massive amounts of electricity
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to provide power for ships while berthing, loading/unloading and conducting maintenance [7,8].
The power issues with several sub-sectors within the maritime industry have been underlined by
various studies [9–12] and recently the International Maritime Organization (IMO) [13].

Multi-generation renewable energy systems can be solutions that can also increase the “green”
power generation consumption and assist decarbonisation. Energy consumption is high at urban
centres and ports. For the latter, ports comprise several power-intensive operations that will need to be
decarbonised without jeopardising operation capacity [14]. Several solutions have been highlighted for
ports based on existing wind (onshore/offshore) and solar photovoltaics [15], and novel solutions are
emerging such as integrated wave energy at ports and breakwaters [16–18]. Such diverse generation
systems have benefits in overlapping power production, hence reducing intermittency [19], but they
can also reduce CO2 and be economically viable in under 10 years, as it was shown to be the case in
the Aeolian Islands [20].

In order to have valid and useful information for such potential renewable opportunities,
resource assessments are vital and should not be overlooked. Such information can be obtained
via three methods: (i) in situ measurements, (ii) satellites and (iii) numerical models, with each having
distinct positive and negative attributes [21,22]. However, a factor that is universally important is the
temporal duration of the data, which regardless of the source has to cover at least 10 years. While some
resources may have smaller spatio-temporal variations (e.g., solar), others such as wind are highly
volatile and need better information in order to comprehensively assess expected power production
and associated sensitivities.

For the Greek area, Kotroni et al. [23] used a numerical model to downscale wind data from the
European Centre for Medium-Range Weather Forecasts (ECMWF), and they analysed wind resources
(onshore and offshore) by developing a Typical Meteorological Year (TMY) dataset. The authors
utilised data from 1989 to 2008, with six-hour intervals and 80 km spatial resolution. The TMY showed
locations in Euboia, Southern Peloponissos and South Crete have the highest onshore potential,
and it also displayed the highest offshore wind energy density in the central Aegean Sea with values
≥700 W·m−2. Soukissian et al. [24] developed a higher-resolution wind resource model though use of
hindcast data from 1995 to 2009, by downscaling ECMWF data via the POSEIDON system. The dataset
has a spatial resolution of ≈10 km and analyses energy density and wind parameters scaled at vertical
height of 80 m, suitable for the proper assessment of offshore wind potential. They identified high
resources in the central Aegean Sea (around the Cyclades Islands) and the Ionian Sea, with mean wind
power density of 885 W·m−2 in the central Aegean Sea. They concluded that offshore wind power
production can be a good alternative, as most areas are characterised by wind speeds usually below
the operational cut-off of wind turbines.

Solar resource assessments have seen a mixture of model- and observation-based analyses.
Katopodis et al. [25] used the Weather Research and Forecasting (WRF) model, which produces solar
resource data both in hindcast and future projection modes. Their data were based on the six-hour
reanalysis ERA-Interim from 1980 to 2004. Their findings indicated that Global Horizontal Irradiance
(GHI) in the Greek region is consistently ≥1600 Wh·m−2, with its highest levels in Central-Southern
Greece and the Ionian Sea with ≥1800 Wh·m−2.

Wave energy resource assessments have seen increased interest during the past decades,
with oceanic and nearshore modelling studies increasing. One of the most recent highly
spatio-temporal datasets was presented in Lavidas and Venugopal [26] covering 35 years across
the whole Hellenic Sea space. The study found the highest wave energy density in the central and
southern Aegean Sea with mean potential from 6 kW·m−1 to≥10 kW·m−1 in the winter months. In the
region around Athens and the Saronikos Gulf, regardless of season, the energy density was consistently
below 1.5 kW·m−1. Belibassakis and Karathanasi [27] also provided a high-resolution circulation study
in the Saronicos Gulf, between January and February 2013. They underlined the counter-clockwise
circulation and the fact that high waves did not exceed 3 m and wave power was ≤2 kW·m−1.
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This manuscript aids in the problem of decarbonising parts of the energy system near
Athens by identifying and quantifying three available renewable resources in the Saronikos Gulf.
The area is important as it is the host of numerous commercial, industrial and civil activities,
and proper development of renewable energies will allow comprehensive evidence-based solutions.
Three resources have been identified: solar (onshore and offshore), wind (onshore and offshore) and
waves (offshore). It is the first time that high-resolution wave resources are estimated for this area,
and the characteristics of offshore solar and wind resources are characterised. This is highly important
and can be applied globally, as recent offshore wind-solar developments can support higher-capacity
deployments away from residential areas where local opposition can cease a project.

The focus is more on locations that can contribute to multi-generation potential around the
Port of Piraeus. A detailed climate and resource assessment for all three resources is estimated with
hindcast data spanning 2000 to 2017. Measurements were taken at hourly intervals, ensuring that
the assessment adheres to international standards, and it builds upon them with detailed analysis of
expected variations. Climate persistence, energy density and changes in all resources are quantified
and discussed. This information is vital. Besides energy potential, this study also examines the changes
in the resources.

This manuscript is separated into the following sections: Section 2 presents in detail the underlying
datasets and estimations, and Section 3 gives the analysis for all resources, their temporal variability
and differentiation per offshore and onshore location. In Sections 4 and 5, remarks and final remarks
on the work’s importance are discussed.

2. Material and Methods

Three types of renewable resources were examined and analysed in this study: solar, wind and
waves. For solar and wind the primary data were obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF), accessing the ERA-5 dataset. The dataset uses a
4-dimensional (4D) data assimilation method with an Integrated Forecasting System (IFS) based
on the Cycle 41r2 [28]. ERA-5 represents the state-of-the-art in climate re-analysis data, improving
upon several previous iterations (i.e., ERA-Interim). Significant improvements have been made in
database validation and increasing the resolution with past databases. Another important element that
makes ERA5 useful for preliminary analysis is the good temporal resolution (1 h) and the long duration
of years that is covers. Offering more than 30 years of data ensures that any resource estimation and
further power production analysis can be highly realistic. Furthermore, ERA5 has been improved
and has several parameters that are vital for renewable energies; this is evident in the derivation
of atmospheric quantities useful for solar analysis. The typical irradiation values also represent,
with accurate ambient temperatures, a parameter very important for the determination of photovoltaic
power production. The spatial resolution for solar and wind is 0.1◦ both for latitude and longitude.
Taking into account that the spatial domain size is relatively small, the original resolution is very
coarse; hence, a cubic interpolation based on the nearest neighbour approach was applied to improve
the spatial resolution to ≈900 m.

In terms of the wave data, the resolution and underlying model of the ERA-5 were not suitable for
wave energy applications due to its coarseness, and it is a known fact that at nearshore locations there
are limited capabilities to estimate complex wave non-linear effects efficiently [29]. Therefore, a specific
dataset has been developed for the Saronikos Gulf area. The dataset was built with a high-resolution
nearshore wave model and is based on a third-generation spectral model the Simulating WAves
Nearshore (SWAN), which has been previously calibrated and validated in Lavidas et al. [30] for the
Mediterranean Sea and Lavidas and Venugopal [26] for the Aegean Sea. The spatial resolution of this
dataset is high, with ≈900 m per longitude and latitude. To ensure appropriateness, all resources were
measured in hindcast mode for 18 years, from 2000 to 2017, and resource elements were estimated at
hourly intervals, making them useful for energy analysis [31,32].
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The analyses of solar, wind and wave resources (x = variable) were based on annual observation;
hence, this allows us to determine the year-per-year expected change and coefficient of variation. For all
timesteps (N), the maxima (xmax), mean (x), standard deviation (see Equation (1)) and coefficient of
variation (see Equation (2)) were estimated. When it comes to wind resource assessment, CoV is
also known as turbulence intensity (TI), and it represents the wind fluctuations which underline
resource volatility.

σvar =

√
∑(xi − x)2

N
(1)

CoVvar =
σx

x
(2)

In particular, CoV allows us to examine the level of differentiation by detaching the mean
value from the population; a high CoV value implies more volatility, which in turn can affect
energy production.

2.1. Solar Resource

To estimate the solar potential and obtain useful parameters for calculating the subsequent energy
production by solar panels, the incident solar radiation at plane level and the ambient temperature at
2 m were isolated. The ERA5 database measures solar irradiance in Joules per square meter (J/m2).
To make the resource useful, units have been converted into watts (Wh/m2), describing the theoretical
potential that reaches the horizontal plane. Subsequently, temperature at a 2 m vertical has been
converted to Celsius (◦C).

2.2. Wind Resource

Meridional and zonal wind characteristics are obtained by ERA5 are at a vertical level of 10 m (h1)
above sea level every 1 h. However, most turbines are at higher heights; hence, vertical levels had to
be adjusted. The power law allows us to adjust the current profile wind (U1) at two different heights
(h2) of 80 and 100, with roughness length (α) given as 0.14, and we obtain can the new wind resource
(U2) (see Equation (3)) [33]. Roughness depends on elevation, time of day, season, nature of the
terrain, wind speed, temperature and various thermal and mechanical mixing parameters. Our area of
investigation is diverse, covering ≥12,000 km2 and including different zones that have variable terrain
and climatological characteristics with which to conduct such a detailed estimation of α. The roughness
coefficient was applied to the whole domain, as suggested by Manwell et al. [33]. This means that
lower-roughness areas (i.e., water bodies) may be under-estimated, and for a more accurate scaling
of such a large area, mesoscale modelling would be beneficial. However, given that the locations
of interest are close to nearshore high-density building areas (i.e., Port of Pireaus), the roughness
coefficient we used was representative.

U2 = U1 ·
[

h2

h1

]α

(3)

Based on U2 wind speeds, the mean wind energy density is estimated for all the grid points along
the domain in (W/m2) [24], see

PU =
1

2N
· ρwind ·

N

∑
i=1

U3
2i

(4)

where ρwind is the wind density, 1.2258 Kg/m3, and U2 is the wind resource at different vertical levels.

2.3. Wave Resource

Wave energy is calculated for the wider area of Saronikos Gulf based on a high-resolution,
validated spectral nearshore model Lavidas and Venugopal [26], Lavidas et al. [30]. To estimate wave
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energy the spectral formulation was utilised (see Equation (5)), expressing the energy contained per
width of wave crest (kW/m) [26].

Px = ρg
∫ 2π

0

∫ ∞

0
CgxE( f , θ)d f dθ (5)

Py = ρg
∫ 2π

0

∫ ∞

0
CgyE( f , θ)d f dθ (6)

Pwave =
√

P2
x + P2

y (7)

where g is gravitational acceleration, Cgx −Cgy are wave group velocities in longitude and latitude, f is
frequency and θ is the wave direction. In addition, several other spectral parameters were calculated,
mainly the significant wave height (Hm0), peak wave period (Tpeak) and wavelength (Wlen) that is
dependent on Cg and f .

3. Results

The temporal duration of the analysis was from 2000 until 2017, and part of the domain and
subsequent focus area is given in Figure 1. This study focused on the surrounding areas of Piraeus Port
to provide a comprehensive resource analysis for heavy industrial processes at a later stage. However,
the first steps were to determine the resource availability, their expected variation and characteristics.

Image © 2020 TerraMetrics

Image © 2020 TerraMetrics

Image © 2020 TerraMetrics

© 2020 Google

© 2020 Google

© 2020 Google

Data SIO, NOAA, U.S. Navy, NGA, GEBCO

Data SIO, NOAA, U.S. Navy, NGA, GEBCO

Data SIO, NOAA, U.S. Navy, NGA, GEBCO

Figure 1. Domain in which the resource assessment was conducted. The red box indicates the region
of interest where locations were extracted for further analysis (image obtained by Google Earth).

3.1. Solar Resource

Solar energy, given its less volatile nature and smaller spatial differentiation, has a more uniform
distribution. The potential is higher towards southern locations, with highest values per square meter
up to 1200 Wh/m2 in the summer period. In terms of the mean resource, this area was exposed
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to ≈250–340 Wh/m2 throughout most of the domain. Onshore locations from Piraeus to Glyfada
recorded good levels of this resource, with maximum values in summer months ≥1000 Wh/m2,
see Figure 2. At the same time, mean temperatures were ≥17 ◦C, and especially in the summer
period these could reach ≥40 ◦C. The region of interest, mainly the length between Piraeus to Glyfada,
had mean temperatures around 15 ◦C and maximum ≥25 ◦C, see Figure 3.

Variation, as expressed by CoV, both for temperature and resource, indicates small expected
annual differences. Variation for energy potential was from 1 to 1.2 Wh/m2, indicating a highly
persistent resource. Similarly, expected variation from the mean in temperature was almost negligible,
with highest values at 0.2–0.4 ◦C, see Figure 4

(a) Mean

(b) Maximum

Figure 2. Solar energy resource potential in Wh/m2 over the Saronikos Gulf region from 2000 to 2017.
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(a) Mean

(b) Maximum

Figure 3. Ambient maximum temperature in ◦C for the Saronikos Gulf region from 2000 to 2017.
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(a) Solar energy potential

(b) Temperature

Figure 4. Coefficient of variation (CoV) for the solar parameters.

3.2. Wind Resource

The wind resource was higher over the eastern part of the domain, both at 80 and 100 m, and the
energy density was from 90 to 140 W/m2. In the coastal region of Piraeus, the energy density was
50 W/m2 and 70 W/m2 for 80 m and 100 m vertical heights, respectively, see Figure 5.

The location of interest is one of the most populated coastal fronts in Greece, with a large number
of buildings and coastal developments. In addition, the mountains of Hymettos and Lycabettus
are natural obstacles, reducing eastern winds. The combination of mountains and large building
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density increases wind friction in the area, which yielded higher turbulence intensity (TI) values ≈0.80,
indicating a higher volatility for the wind resource, see Figure 6.

(a) P80

(b) P100

Figure 5. Wind energy resource potential in W/m2 over the Saronikos Gulf region from 2000 to 2017,
at different vertical levels.
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(a) TI80

(b) TI100

Figure 6. Wind turbulence intensity at different vertical levels in the Saronikos Gulf region from 2000
to 2017.

3.3. Wave Resource

Wave energy is the most under-utilised form for the Greek region. The area has a low energy
density resource potential, due to its sheltered characteristics and changes in bathymetry. However,
even in such an area, the mean wave energy resource was 0.13–0.17 kW/m (130–170 W/m), which can
be harnessed efficiently and contribute to local power production [34,35]. As waves propagate further
into the Gulf, the islands of Aigina and Salamina are the main natural elements (obstacles) that
reduce waves. Regional bathymetry is from 400 m at its deepest to 10 m at its shallowest. As a
general observation there were sharp gradients and bathymetry changes that indicated the breaking of
swell waves from the southern boundary, due to interaction at the bottom, and increased impacts of
non-linear triad interactions responsible for wave transformations nearshore. While the mean overall
wave energy was low, higher values were found predominately in winter months, with energy density
from 12 to 20 kW/m (12,000–20,000 W/m) at accessible depths, see Figure 7.
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(a) Pwave

(b) Max Pwave

Figure 7. Wave energy resource potential in kW/m over the Saronikos Gulf region from 2000 to 2017.

The CoV, and hence expected differentiation of the resource, can be expressed both in the mean
Pwave and also from the terms that constitute the spectral expression of wave energy. Specifically,
the frequency is represented by the wave peak period Tpeak and the “amplitude”/disturbance by the
significant wave height (Hm0). The parameter with a moderate variation was Tpeak, surrounding the
Port of Piraeus, and CoV values were ≈0.5 with deeper regions expressing less variation. The highest
volatility was concentrated behind the island of Methana (in the western part of the domain),
see Figure 8.

The main reason for this volatility is the large resource differences that occur, in part due
to diffracted waves, and the occurrence of mostly wind-generated waves. Areas behind the
island are dominated by high-frequency (low-period) waves; however, during winter months,
the incoming southern swells propagated in the domain and were diffracted due to the local
orography, as waves tend to travel to areas with less energy. Subsequently, in this area there are
larger discrepancies between maxima and minima frequencies, which in turn affect the standard
deviation and statistical characteristics.
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(a) Hm0

(b) Tpeak

Figure 8. CoV for Hm0 and Tpeak in the Saronikos Gulf region from 2000 to 2017.

3.4. Renewable Potential along the Saronikos Gulf

Our focus is on locations, both onshore and offshore, in the Saronikos Gulf aiming to determine
the availability of resources near and around the Port of Piraeus, see Figure 9. Given the latest
developments in renewables, onshore and offshore data are important to estimate resources, as the
probability of utilising offshore wind, floating solar and wave energy has increased. The locations
chosen represent potential areas that can accommodate all three renewable energy sources, and they
are in close proximity to the Port Authority and the commercial port zone: Onshore 1 (37◦56′30◦ North,
23◦37′21◦ East), Offshore 1 (37◦55′54◦ North, 23◦37′18◦ East), Offshore 2 (37◦55′32◦ North, 23◦36′59◦

East), see Figure 9.
First the solar resource was analysed. Higher potential throughout the years occurred in summer

months (from May to September), with consistent values at Onshore 1 ≥800 Wh·m−2. Similarly,
ambient temperatures were ≥20 ◦C, with the highest value in 2007 at 35.6 ◦C and the lowest
temperature recorded in February 2004 at 1.9 ◦C, see Figure 10. Due to the spatial proximity of
Offshore 1 and 2, similar values for solar radiation and ambient temperature were recorded and had a
negligible difference, with the offshore locations being “cooler” by 0.05 ◦C.
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Figure 9. Points of interest for which data have been extracted by the dataset. The locations include
both onshore and offshore points to accommodate any possible resource combination.

(a) Incident solar radiation

(b) Ambient temperature

Figure 10. Solar resource parameters for all years at Onshore 1.
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These small hourly differences are visible in solar parameter mean values, with a positive rate of
change (RC) 0.0348 ◦C/year and incident radiation reducing its mean value by 0.0018 Wh·m−2/year;
similar values were found for the two other locations, with a positive RC for temperature and a
reduction for incident levels. When the parameters are examined annually (see Figure 11), indeed it is
clear that the annual differences were small for all locations, with temperature showing the “highest”
annual mean variation.

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
335

335.5

336

336.5

337

337.5

338

W
h/

m
2

Onshore1 Offshore1 Offshore2

(a) Incident solar radiation

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
17

17.5

18

18.5

19

19.5

20

20.5

21

21.5

22

°C

Onshore1 Offshore1 Offshore2

(b) Ambient temperature

Figure 11. Annual evolution of solar parameters at Onshore 1.

Annual hourly wind resources are presented in Figure 12. It is clear that the highest wind speeds
were expected between mid-October and March. At Onshore 1 the most severe wind speed was
44.13 m·s−1, followed by 2003 with 42.16 m·s−1. In terms of the highest mean, 2011 had 8.37 m·s−1.
Offshore 1 and 2 showed similar occurrences in best mean and harshest wind speeds, with the highest
mean wind speed in 2011 at 8.28 m·s−1 and 8.01 m·s−1 for Offshore 1 and 2, respectively. The harshest
wind events occurred for both locations in 2006 with ≈42.5 m·s−1.

Unlike the more stable solar resource, as expected, there was a larger variation in mean energy
density and RC U80, see Figure 13. The variability of wind energy was higher, with annual differences
±650 W·m−2. However, closer analysis of the trends revealed that, throughout all locations, the energy
density had reduced: Onshore 1 had a RC −3.3 W·m−2/year, Offshore 1 was −3.2 W·m−2/year and
Offshore 2 was −2.9 W·m−2/year.
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(a) Onshore 1

(b) Ofsshore 1

Figure 12. Recording of U80 in m·s−1 for all years, for the locations Onshore 1 and Offshore 1.

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

600

700

800

900

1000

1100

1200

1300

w
 

 m
-2

Onshore1 Offshore1 Offshore2

Figure 13. Annual evolution of P80 for all locations.
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The region is dominated by wind-generated waves, and it is characterised by relatively short
fetches. This means that most of the wave resource will be limited and highly connected to the seasonal
variations of wind. In fact, most wave energetic months were indeed similar to wind, with the highest
waves being 3.2 m (Offshore 1) and 3.4 m (Offshore 2), see Figure 14. The Pwave experienced relatively
large variations within a four-year cycle, with overall mean expected wave energy density at Offshore
1 ≈ 107.23 W·m−1. Offshore 2, which is located in deeper water, in contract to Offshore 1 had the
highest available resource between the two, with ≈113.20 W·m−1, and was consistently highest in
wave energy density by ≈6 W·m−1, see Figure 15. In terms of wavelength (i.e., the difference between
wave crests), most years showed similar values, with the largest variation between 2010 and 2011
where the mean Wlen had an annual difference of 0.6 m (see panel (b) Figure 15). Finally, for the wave
resource for both locations, Pwave indicated a positive RC with ≈2.5 W·m−1/year.

(a) Offshore 1

(b) Ofsshore 2

Figure 14. Hourly Hm0 profile (m) for all years at the nearshore locations.



Sustainability 2020, 12, 9169 17 of 22

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
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(a) Offshore 1

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
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Offshore1 Offshore2

(b) Offshore 2

Figure 15. Annual evolution for Pwave and Wlen for the offshore locations.

4. Discussion

Moving into a new era, with more renewable power generation, will require utilisation of
all indigenous resources [36]. However, it should not be overlooked that developing a large
energy infrastructure may also find significant opposition, with possible occurrence of the NIMBY
phenomenon [37]. A combination of onshore and offshore resources can lead to solutions that will
be able to provide increased energy contributions, whilst keeping possible negative impacts to a
minimum. With offshore resources having larger energy densities, it is vital that a proper assessment
is provided for all resources.

While this study focuses on a relatively dense industrial region in Greece, surrounding the Port of
Piraeus in the Gulf of Saronikos, our methodology is globally applicable. It is important that prior to
any suggestion, with regard to the most suitable combination of renewable converters, the resources
have to be assessed with accurate spatio-temporal conditions. In terms of time coverage and adhering
to international practises, ≥10 years of data are necessary to develop a comprehensive resource
potential [31,32]. Although the mean resource potential for any quantity offers significant information,
this is not enough for proper renewable assessment. Resource variability also has to be assessed. CoV is
a metric that reveals the most persistent locations and quantifies expected operational discrepancies.
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In addition, when long-term renewable installations are investigated, the expected changes in
the resources must also be quantified. “Positive” changes, though on surface can be considered
good, may have negative effects on expected power production, since the potential can drive the
converters (i.e., wind, wave) to survival mode. In addition, “positive” changes in temperatures may
also have negative effects on photovoltaic production, as with higher operating temperatures the
power production is expected to decrease. These conclusions are only possible when suitable climate
sources are taken into account. Databases providing means only, or without long durations, can be
useful for initial screenings, but their applicability is limited for power estimates. To identify trends
and expected contributions, suitable conditions must be sourced and analysed, as in the case of ERA5
and the custom SWAN wave database.

Our focus area has three types of resources in abundance: solar, wind and waves; however,
offshore wind and waves have not been properly considered so far [38]. Moving power production
offshore offers significant benefits for reducing visual impacts, and it maximises the available space
that can be used for development of commercial activities. From our analysis is it clear that a
mismatch exists in resource availability. Solar energy is mostly available, with higher values in
the summer months, whilst in the winter its energy density is reduced by at least 50% and has
fewer hours of operation. On the other hand, winter months are the most energetic for wind
and wave resources. In fact, the offshore wind resource has slightly better availability when
compared to the onshore potential, also indicating lower changes over the long-term. As shown
in Friedrich and Lavidas [39], dependence on only two types of renewable energy is more expensive
when compared to multi-generation, which can achieve reductions ≥ 40% in electricity costs and allow
more demand-side management responses. Considering the abundance of local metocean conditions,
one can take advantage of the temporal mismatch between wind and waves to further improve power
production, especially in winter months.

Among the three resources, arguably the most difficult to harness and decide upon is the wave
resource. While it can provide significant temporal and power production benefits, the assignment of
a converter has to carefully account for the dominant wave conditions. In this region, wind-generated
waves comprise the majority of resources, with swells coming from the southeast. This analysis
underlines a need for selecting a low-operative wave energy converter with reduced weight.
Additionally, it offers another significant insight—the absence of harsh conditions—meaning that
survivability of the wave energy device is not expected to be compromised, and it will be available
for more energetic conditions with higher resources. In fact, this can prove beneficial in reducing
the total cost of the device, as extreme conditions are expected well within the means of standard
off-the-shelf equipment.

5. Conclusions

This study assesses the opportunities for renewable energy generation based on the detailed and
long-term examination of resources around the wider region of the Saronikos Gulf. Solar, wind and
wave data from 2000 to 2017 have been analysed to confidently identify resource energy density,
climate characteristics and expected changes. The solar and wind data were obtained by the ERA5
dataset and have been accordingly downscaled. The wave dataset was based on a calibrated and
validated high-resolution nearshore wave model specifically developed for the area, with appropriate
source terms employed to resolve shallow water, non-linear interactions. Subsequently, onshore
and offshore locations were extracted by the dataset for further examination, with primary focus on
opportunities surrounding the commercial zone of Piraeus Port.

The first analysed resource is the incident solar radiation and the ambient temperature, a factor
well known to influence photovoltaic performance. The region can be characterised as a high
energy density area, with mean value across the domain ≥250 Wh·m−2. Focusing on the Port of
Piraeus, as expected, the highest solar resource levels are expected in the spring/summer, with values
≥800 Wh·m−2 and ambient temperature of 19.6 ◦C; however, during winter and autumn seasons,
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the availability of solar resources drops significantly, almost by 50% in its energy density. Additionally,
the annual mean and max values as well as the expected rate of change for the parameters were
determined. Based on our dataset, the solar resource had a low intra-annual variability, with changes
between ±1 and 1.2 Wh·m−2 and ±0.4 ◦C. Expected future trends indicate a negligible change in
solar energy, but also an increase in ambient temperatures should be expected, affecting photovoltaic
operating temperatures.

In terms of wind resource, the regions can be classified as moderate to low, with a mean energy
density consistently ≥50 W·m−2 at U80 and ≥60 W·m−2 at U100. The natural mountain obstacles and
densely populated areas from the east pose as obstacles and reduce magnitudes from eastern and
north-easterly winds. This results in high variations as winds propagate to the western part of the
domain. At the Port of Piraeus, due to the proximity, onshore and offshore locations shared similar
conditions, with offshore being slightly higher. Most energetic periods throughout the years were
autumn and winter seasons, with U80 at 42.16 m·s−1, while throughout summer months the resource
was ≤17 m·s−1. Wind energy intra-annual variability was very high, with differences ±650 W·m−2,
whilst long-term expected changes indicated negative trends at 3.3 W·m−2/year for the onshore region,
and slightly less for offshore locations.

With regards to the wave resource of the region, it can be considered as a low level, with nearshore
sections having energy content ≈300 W·m−1. The regions close to the Port of Piraeus were dominated
by wind-generated waves. Most energetic conditions occurred from October to March, and energy
was ≈5000 W·m−1. The spectral characteristics (i.e., Hm0, Tpeak and peak direction) indicate waves
originating from an eastern direction with high frequencies ≤7 s and Hm0 ≤ 3 m. The conditions
suggest that low-weight wave energy converters operating at high frequencies will be more suitable.
In terms of expected changes in the region, a positive trend is identified with a potential increase of
2.5 W·m−1/year.

This resource assessment has quantified all three available renewables in the wider domain of
the Saronikos Gulf. For the first time, a dedicated wave energy assessment was also presented for
the area, with detailed estimation of intra-annual and expected changes in resources. From a climate
analysis it is clear that there is a mismatch among high energy potential time periods between solar,
wind and wave. Most energy production is expected in the summer, while throughout winter the
potential is reduced by half. On the contrary, wind energy seems more energetic during winter months,
with offshore regions offering good energy content. Wave energy has a similar general seasonal trend
with wind, and the highest energy potential occurs from October to March. This seasonal and hourly
mismatch is beneficial as it ensures that all seasons can have increased power production, hence
reducing intermittency.
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Abbreviations

Nomenclature
α Roughness coefficient
PU Mean wind energy density
Pwave Mean wave energy density
x mean value of a variable
ρwind Air density
σ standard deviation
θ Direction
Cg Group wave velocity
f Frequency
h Height, vertical level of the atmosphere
Hm0 Significant wave height
Tpeak Peak wave period
U Wind profile
Wlen Wavelength
xmax maxima value of a variable
N timesteps
Units
J Joule
m2 Square meter
W watt
Wh watt hours
kW Killowatt
◦C Celsius
m Meter
km Kilometer
s seconds
Abbreviations
ECMWF European Centre for Medium-Range Weather Forecasts
SWAN Simulating WAves Nearshore
CoV Coefficient of Variation
TI Turbulence Intensity
TMY Typical Meteorological Year
SET-Plan Strategic Energy Technology Plan
RC Rate of Change
NIMBY Not In My Back Yard
EC European Commission
GHI Global Horizontal Irradiance
WRF Weather Research and Forecasting
IMO International Maritime Organization
IFS Integrated Forecasting System
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