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Abstract: Wave energy is of interest for regions with high wave power potential, as well as for regions
with modest wave power potential such as the Adriatic/Mediterranean coastlines and islands. In the
present paper, the possibility of integrating a wave power farm with the power system of an island in
the Adriatic Sea, combining the wave power with a battery energy storage system (BESS) and solar
photovoltaics (PVs) is explored and its impact on the local weak low voltage grid is investigated.
The load profile is typical of the demand (consumption) of an Adriatic island, in which the demand
substantially increases during summer (the tourist season). The wave power technology is a point-
absorbing wave energy converter (WEC) with a direct drive linear permanent-magnet synchronous
generator power take-off device. Wave power farms (WPFs) consist of two to ten WECs. In this study,
we show that the integration of a WPF consisting of two WECs into the grid is optimal and helps to
reach zero grid exchange, and a BESS reduces the intermittency of the power flow into the grid. Since
a potential wave power farm is to be installed in a populated recreational area, the technical study is
complemented by discussion on cross-cutting aspects such as its environmental and social impact.

Keywords: wave power; wave energy converters; power system integration; cross-cutting aspects;
Adriatic islands

1. Introduction

To tackle the problem of global warming, low carbon energy policies have stimulated
the widespread installation of commercial solar photovoltaics (PVs) and wind power parks
globally and in Europe [1,2]. However, the integration of renewable energy sources (RES) to
the grid imposes another challenge—grid stability. An appropriate mix of RES distributed
generation (DG) chosen for the site of interest can help to overcome this and to support
the net load variability with a large share of RES DG [3]. Ocean and particularly wave
energy is considered to be a promising and attractive energy source due to its relatively
small short-term fluctuations [4] and high power density [5], yet it still remains untapped.
Wave energy is also attractive since the wave power potential in some regions follows the
seasonality of electrical energy demand [6,7]. The estimated wave energy potential has
gone from 17 TWh/year in 2007 [8] to 92 PWh/year in 2016 [9], available at coastal areas,
where about 50 percent of the world’s population lives. The global wave power potential is
shown in Figure 1.
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Figure 1. Global wave power potential. Reproduced with permission from [10].

Although the focus of many researchers and wave energy technology developers has
been on areas with high wave power potential, even areas with relatively low potential
have received attention. For example, the wave power potential has been studied for
such regions as the Italian [11], Lithuanian [12] and Swedish [7] coastlines, in the Caspian
Sea [13] and the Red Sea [14], offshore Mediterranean areas [15,16], as well as seas in
China [17] and the Maldives [18]. The wave power density for these locations is given in
Table 1. In this paper, the Adriatic Sea is of particular interest.

Table 1. Wave power density in different areas.

Geographical Region Mean Wave Power Density * [kW/m]

Italian coastline [11] 1.7–4.3
Lithuanian coastline [12] less than 2.4

Swedish coastline [7] 2.1–5.3
The Red Sea [14] less than 3

The Mediterranean Sea, Malta [16] less than 6.5
Maldives [18] 8.46–12.75

Caspian Sea [13] 5–14
China’s coastal area [17] 6–16

* A range of values of wave power density is given when an estimate is made for several locations in the region.

This paper evaluates the possibility of integrating a wave power farm with the power
system of an island in the Adriatic Sea, combining the wave power with a battery energy
storage system (BESS) and solar photovoltaics (PVs), and its impact on the local weak low
voltage grid. The wave power technology is a point-absorbing wave energy converter
(WEC) with a direct drive linear permanent-magnet synchronous generator power take-off
device, and is presented in Section 2. Wave power farms (WPFs) consist of two to ten
WECs. The main idea of the case studies carried out and presented in Section 3 was to give
a comprehensive analysis of various renewable electricity generation technologies that
can be utilized together with a WPF to provide an electricity supply to meet the typical
Adriatic island demand (consumption) throughout the entire year. The load profile used
represents the typical demand (consumption) of an Adriatic island, in which the demand
substantially increases during summer (the tourist season). Because of the large solar
energy potential of this region, it is expected that PV systems will be integrated into this
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power system; therefore, another case involving the simultaneous operation of a WPF and
PV system is evaluated. Furthermore, the benefits of a BESS, together with a WPF and PVs,
in achieving net zero electricity exchange with the grid is evaluated. Finally, Section 4 deals
with economic, environmental and social aspects of WPFs.

2. Models and Methodology
2.1. Wave Power Potential and Wave Climate in the Adriatic Sea

The Republic of Croatia has 78 islands with a surface greater than 1 km2 (44 islands
inhabited by more than 15 people, 35 islands inhabited by more than 100 people, 17 islands
inhabited by more than 1000 people), 525 small islands with surface between 0.1–1 km2 and
389 small rock islands with a surface smaller than 0.1 km2, which offers a great opportunity
to integrate wave energy into the electric grid [19]. Wave power potential was assessed
for the Adriatic Sea along the Croatian coastline in [20–22]. The mean wave power density
is 1.96–2.68 kW/m, which is relatively low but can still be of interest for local islandic
communities.

The wave power density P is calculated per unit length of the wave crest [23]:

P =
ρg

64π
H2

STe (1)

where ρ is the sea water density, g is the gravitational acceleration, HS is the significant
wave height and Te is the wave energy period. A combination of HS and Te represents
a sea state that is considered to be the same for at least 20–30 min. The significant wave
height and energy period can be obtained from the wave power spectrum S(ω) via spectral
moments mn

mn =

∞∫
0

S(ω)ωndω (2)

where ω is the angular wave frequency. The significant wave height is given by

HS = 4
√

m0 (3)

and the wave energy period is given by

Te =
m−1

m0
(4)

In [21], the assessment of wave power potential was made for seven locations (see
Figure 2) based on the World Wave Atlas (WWA), and the annual average energy yield
was calculated for two wave energy converters, namely, for Pelamis and Aqua Buoy.
Coordinates, water depth, wave climate and extreme values of significant wave height for
return periods of 10 and 100 years for the selected locations are given in Tables 2 and 3. The
water depth is determined based on bathymetry data (https://www.gebco.net/ (accessed
on 24 October 2020). The wave spectrum of the Adriatic Sea is given in the form of a
one-parameter modified JONSWAP wave spectrum [24]:

S(ω) = 0.8626
5

16
H2

Sω4

ω5 exp
[
−5

4

(ωm

ω

)4
]

1.78p (5)

where p = exp
[
− (ω−ωm)2

2σ2ω2
m

]
, ωm = 0.52 + 1.4

HS+0.7 is the modal frequency and σ = 0.06 if

ω ≤ ωm and σ = 0.08 if ω > ωm.

https://www.gebco.net/
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Figure 2. Seven locations along the Croatian coastline.

Table 2. Geographical coordinates of the selected locations in the Adriatic Sea and water depth.
Reproduced with permission from [21].

Location Latitude Longitude Water Depth (m)

L1 44.5◦ N 14.0◦ E 44
L2 44.0◦ N 14.5◦ E 72
L3 43.5◦ N 15.5◦ E 200
L4 43.0◦ N 15.5◦ E 172
L5 42.5◦ N 16.5◦ E 199
L6 42.5◦ N 17.0◦ E 193
L7 42.5◦ N 17.5◦ E 271

Table 3. Wave climate of the selected locations for two seasons: winter and summer. Reproduced
with permission from [21].

Location
HS,mean (m) Te,mean (s) Extreme Values of HS

Summer Winter Summer Winter HS(10) (m) HS(100) (m)

L1 0.55 0.90 3.32 3.74 5.86 7.25
L2 0.55 0.93 3.28 3.79 6.07 7.51
L3 0.55 0.93 3.29 3.86 5.53 6.76
L4 0.58 1.00 3.69 4.53 5.68 6.93
L5 0.63 1.09 3.40 4.16 6.09 7.42
L6 0.61 1.07 3.37 4.15 6.26 7.66
L7 0.59 1.04 3.37 4.18 6.51 8.04

Wave power is converted to useful electrical power by means of wave energy convert-
ers (WECs). The first patent on a wave energy converter was registered in 1799 (Girard
and Son, France) [25]. A new era for wave energy area started in the second half of the
20th century. The first commercial WECs were used in observation buoys in Japan and
later in the USA from 1965 [26]. Since then, many different technologies for WECs have
been proposed and these are classified based on different principles such as the location
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of the WEC, its operational principles and its size with respect to the wave length and
wave crest [27]. Based on the location, WECs can be classified as onshore, nearshore and
offshore. Based on the operational principle, WECs are divided into oscillating water
columns (OWCs), overtopping WECs and wave activated bodies (WABs), and the latter
can be further divided based on the operational mode of the WEC: primarily pitching,
surging and heaving devices. Based on the size with respect to the wave length, WECs are
classified as attenuators, terminators and point absorbers. Some examples of WECs with
their types are shown in Figure 3.

Figure 3. A classification of wave energy converters (WECs). Reproduced with permission from [5].

2.2. Wave Energy Conversion Technology from Uppsala University

The wave energy project at the Division of Electricity of Uppsala University (UU)
started in 2002 and its first WEC was deployed in 2006. The concept developed at Uppsala
University is a point-absorbing WEC, operating primarily in heave mode [28]. It consists of
a floater placed on the water surface that is connected via a steel wire rope to a direct drive
linear permanent-magnet generator (LPMG), see Figure 5. When the buoy moves, driven
by waves, a translator mounted with permanent magnets moves inside the LPMG. Thus, an
electromagnetic field (EMF) is induced in the stator coils due to their varying magnetic flux.
The terminal voltages of the LPMG vary in amplitude and frequency (Figure 4) because of
the reciprocal motion of the translator and irregular incoming waves. Therefore, power
conversion is required.

One WEC has a limited power capacity, therefore several devices must be connected
into a wave power farm (WPF) to deliver the required amount of power. Moreover, the
aggregation effect is observed with an increased number of WECs in a WPF [29]. For
UU’s WEC, the electric power is collected in a marine substation where the three-phase
current from each WEC is first rectified and fed to a common DC bus, then inverted to a
three-phase AC current to be further connected to the grid. Additional electric components
can be added to the marine substation to ensure power quality for grid connection.
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Figure 4. Three-phase voltage output of the linear permanent-magnet generator (LPMG) measured
across 4.9 Ω resistive load.

Figure 5. Schematic of Uppsala University (UU)’s WEC. Reproduced with permission from [30].

A single WEC is modelled in the Matlab/Simulink environment [31] as a two-body
system combining the hydro-mechanical model of the buoy motion based on the Cummin’s
equation and the generator dynamics including electrodynamic forces due to the currents
in the stator through a so-called wire force (see below). The WEC schematic is shown in
Figure 5 and the forces acting on both buoy and translator are depicted in Figure 6. Thus,
the dynamics of the WEC is given by the following two equations:

mb
..
zb = Fe − Fr − Fh − Fgb + Fb − Fw (6)

mt
..
zt = Fw − Fd − Fgt + Fes (7)
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where mb and mt are the buoy and translator mass respectively, zb and zt denote the buoy
and translator displacements, Fe is the excitation force, Fr is the radiation force, Fh is the
hydrostatic stiffness force, Fgb and Fgt are the gravity forces of the buoy and the translator
respectively, Fb is the buoyancy force, Fw is the wire force used for coupling between the
buoy and the translator motion, Fd is the electromagnetic damping force and Fes is the end
stop spring force. For a detailed definition of all forces, the reader is referred to [31,32]. The
WEC modeling parameters are given in Table 4 The model has been validated in a number
of offshore experiments, see e.g., [33,34].

Figure 6. Forces acting on the buoy and translator. Reproduced with permission from [32].

Table 4. WEC modeling parameters. Reproduced with permission from [32].

Parameter Value

Mass of translator (kg) 9000
Length of translator (m) 3

Length of stator (m) 2.16
End stop spring coefficients (kN/m) 270
Wire rope spring coefficient (kN/m) 833

Free stroke length (m) 0.75
Maximum stroke length (m) 1.2

Mass of buoy (kg) 4400
Buoy radius (m) 3

Moonpool radius (m) 2.3
Installed capacity at 5 kW/m (kW) [35] 30

Waves are obtained using the modified JONSWAP spectrum given in Equation (5),
where the significant wave height HS is the average significant wave height taken for
two locations L1 and L4 (Figure 2.) and for two seasons—summer and winter (Table 3).
Summer and winter are considered due to the extrema (minimum and maximum) of the
average significant wave height. Moreover, from the grid perspective, in summer more
solar PV power is available, whereas in winter more wave power could be used. Let us
note that the deployment depth for UU’s WEC is up to 50 m, therefore a WPF cannot be
deployed at the exact location L4, but closer to shore.
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The wave time series for a given significant wave height are calculated using the linear
superposition of individual waves of different amplitudes An and angular frequencies ωn
with a random phase shift ϕn, i.e.,

η(t) =
∞

∑
n=1

An cos(ωnt + ϕn) (8)

where η(t) is the water surface elevation at the given location (location of WEC) and the
random shift ϕn is uniformly distributed on [0, 2π]. The wave amplitudes are derived
from the wave power spectrum S(ω) by the formula

An =
√

2S(ωn) dω (9)

where dω is the angular frequency increment. Then the corresponding excitation force is
found as

Fe = fe(t) ∗ η(t) ≈
∞

∑
n=1

∣∣∣ f̂e(ωn)
∣∣∣ · An cos(ωnt + ϕn + ψn + εn) (10)

where fe(t) is the impulse response function of the excitation force, and f̂e(ω) =
∣∣∣ f̂e(ω)

∣∣∣ ·
ej(ωt+ψ) is its transfer function; εn is the eventual phase shift due to the distance between
WECs in the WPF. This approach is illustrated in Figure 7.

Figure 7. Schematic of wave to DC-link wave power farm model. Reproduced with permission from [31].

Since the focus of the current paper is on the impact of wave power on the power
system (distribution grid) of the islands, no hydrodynamic interaction between WECs is
employed here. Instead, we assume that the same incident wave reaches the WECs at
different time instants with a constant time shift of 10 s. This is assumed to reduce the
intermittency of the output power.

The WPF is modeled as several (two to ten) WECs connected in parallel. Three phase
currents are rectified and connected to a common DC bus. The DC link voltage depends on
the sea state and can be kept constant through the year or adjusted based on an optimal
value [36]. In the presented simulations the DC link voltage is 80 V and is kept constant
regardless of the number of WECs connected to the DC link and the season. This approach
was chosen since there is no big difference between sea states in the locations L1 and L4
and between seasons.

The electrical infrastructure chosen for a WPF consisting of several of UU’s WECs
is presented in Figure 8. This layout was considered the most suitable since it reduced
cabling and led to a more efficient power transmission to shore for WECs with a moderate
installed power capacity [36].
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Figure 8. One-line diagram of electrical layout of a wave power farm (WPF) consisting of several of UU’s WECs.

2.3. Grid Integration Models of WPF

The large scale integration of DG into the power grid emerged mostly from stimulating
policies in the 21st century regarding renewable energy sources. Due to the variable nature
of wave energy and the resulting electricity generated, there are many technical aspects
of WEC DG integration to consider [37], such as influence on voltage rises, changes in
power flows and losses, short-circuit currents and protection schemes and power quality
in terms of the European Norm EN 50160, including voltage variations, flicker injection,
harmonic distortion, mostly on the grid connection point and its close surroundings, as
well as the general influence of the increasing level of WEC DG integration on the reliability
and stability of the overall power system supply.

Integration of the DG with the passive distribution network results in a change in
power flows as well as a change in power losses, depending on the current output power
of the DG and the current load on the feeder. The reduction of power (energy) losses after
the integration of the DG can be defined as [37]:

∆Eloss =
N

∑
s=1

∫ T

0
Gs(t) · [2 · Ls(t)− Gs(t)] dt (11)

where ∆Eloss is the change in energy losses, Ns is the number of feeder sections,Ls is the
downstream load (consumption) and Gs is the downstream generation of the DG on the
feeder section s.

As long as the expression in parenthesis stays positive, for all timesteps t and sections
of the feeder s, power losses are reduced. However, depending on this ratio, DG can cause
an increase in power losses.

The most common limiting factor that occurs in the case of large-scale integration
of the DG into the distribution network is voltage rise [1]. This voltage rise depends on
the active power injection and position of the DG along the feeder; therefore, the voltage
rise magnitude in the case of a uniformly distributed load on the feeder can be expressed
as [37]:

∆ugen =


L · R·Pgen

U2
nom

, L ≤ Lgen

Lgen ·
R·Pgen

U2
nom

, L > Lgen

(12)

where L is location on the feeder, R is the source resistance at the terminals of the generator,
Pgen is the generator active power and Ugen is the nominal voltage.

Since DGs (and WECs in particular) are a relatively new concept in electricity gen-
eration, they introduce problems to distribution network operation that have been so far
non-existent. To assess the possibility of DG integration into the distribution network, the
term “hosting capacity” is used. The hosting capacity of the distribution network can be
defined as the amount of energy from the DG that the distribution network can absorb
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at the point of common coupling (PCC) without violation of the system’s operational
constraints. Various hosting capacity enhancement methods are available but the most
frequent limiting factor for the further integration of DG into the distribution network
is the voltage rise, therefore there is significant ongoing related research. Typically, grid
operators limit voltage level variability in the range of ±10% from its nominal value and
most efforts are focused on voltage control.

There is a wide range of research available on this subject, incorporating different
methods. The authors in [38] studied how different voltage regulation methods and
network topology manipulations, such as off-load tap changers (OLTCs) on transformers,
parallel connected inductors, generator power factor change, network reinforcement and
network upgrades, influence the hosting capacity of the distribution network. Further,
in [39], the authors analyzed the influence of small single-phase DG units on overvoltage
and voltage imbalance when integrated into the low voltage distribution network. The
influence of network reconfiguration and the utilization of energy storage systems on
the hosting capacity of a medium voltage distribution network can be found in [40].
Network reinforcement can also increase hosting capacity by placing new parallel elements
next to existing ones or increasing the network element loadability. In [41], operating
range, technical potentials and economic efficiency compared with conventional network
reinforcement were calculated for the cost efficient grid integration of the DG in the
distribution network. In [42], the authors investigated how the reactive power management,
different residential load characteristics and two different network setups influenced the
distribution network hosting capacity for DG. Capitanescu et al. [43] investigated how an
active network management scheme can increase the distribution network hosting capacity
by means of network reconfiguration using remote-controlled switches. A combined
method for hosting capacity evaluation with OLTCs and static var compensation under the
uncertain generation of DG and load consumption is presented in [44].

3. Case Study of Possible WEC Integration on an Adriatic Island: Results

This section describes the power flow analysis model of the daily operation of a low
voltage distribution network with an integrated WPF applied to conditions typical for
a small Adriatic (Mediterranean) island with low wave energy potential and variable
consumption throughout the year, namely, low electricity demand (consumption) during
the winter period (off tourist season) and high electricity demand (consumption) during
the summer period (tourist season).

WPF generation (1-s time resolution) estimated by the model for the two locations
(L1 and L4 in Figure 2) and two seasons (summer and winter in Table 3) was used to
analyze the possibility of deployment of a WPF with and without PV systems and BESS
technologies into the low voltage distribution network. The daily electricity generation for
various numbers of WECs in a WPF, generated by the model of WPF, for locations L1 and
L4 and for both summer and winter season are given in Figure 9.

The power network (grid) model into which the WPF/PV/BESS were integrated
is the Institute of Electrical and Electronics Engineers (EEE) European Low Voltage Test
Feeder (LVTF), a 11/0.416 kV AC low voltage unbalanced distribution network. The IEEE
European LVTF was developed to represent a 50 Hz test feeder at the low voltage level
of 416 V (phase-to-phase), typical in European low voltage distribution systems. The
test system consisted of an 11/0.416 kV transformer, 907 buses, 905 lines and 55 loads
presented with 55 consumption profiles of household-size consumers with a one-minute
time resolution over 24 h. This enabled time-series load flow analysis over a one-day
period or static load flow analysis at specific moments in a day. The low voltage 416 V
network was connected to an 11 kV upstream network via a three-phase transformer rated
at 0.8 MVA and a delta/grounded-wye connection (Dyn) of windings. The resistance and
reactance of the transformer impedance were 0.4% and 4%, respectively. The reader can
find more details on the IEEE LVTF in [45].
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Figure 9. Daily electricity generation for various number of WECs in a WPF on locations L1 and L4, and summer and winter
seasons.

The original consumption profile of the feeder was adjusted to represent the winter
period (off tourist season) and summer period (tourist season). Winter-period consumption
consisted of 14 households (nearly every fourth is active), describing the consumption of
the domestic population on the island, which is multiple times smaller than the consump-
tion during the summer period—influenced by the tourist season. The summer-period
consumption profile considered 55 households (original number and consumption pro-
file of the feeder) to encompass the increase in load during the summer period, mainly
influenced by the power consumption by air conditioning systems. The power factor of
each household was set to 0.95 lagging (inductive). The winter-period and summer-period
consumption profiles of the feeder are shown in Figure 10. Furthermore, the 11-kV up-
stream network in which the LVTF is connected to a swing bus was represented with a
three-phase short-circuit power of 35 MVA, a single-phase short circuit power of 95.26 kVA
(isolated 11 kV side) and a reference voltage of 1.05 p.u. These settings were provided by
the distribution system operator for the island of Vis, Croatia, and represent realistic island
power network input data, located near the location L4.

Figure 10. Winter-period and summer-period consumption profiles of the test feeder.

WECs (a WPF) were connected to the electrically most-distant bus in the LVTF (bus
881), also visible in Figure 11. Each WEC was connected as a three-phase generator model
with a unity power factor.

Operation of the LVTF was carried out for the following case studies:
Case study 1—winter-period (off tourist season) consumption profile of distribution

feeder with various numbers of WECs in a WPF installed on location L4 with winter-period
generation profile and with or without BESS.

Case study 2—optimal number of WECs (size of WPF) needed to achieve nearly zero
electricity exchange with upstream network, as determined in case study 1, were installed
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on location L4 with the summer-period WPF generation profile, summer-period (tourist
season) consumption profile of distribution feeder, integrated 12 PV systems (accounting
for about 20% share of households) with the summer-period generation profile and with or
without BESS.

Case study 3—optimal number of WECs (size of WPF), as determined in the case
study 1, are installed on location L4 with winter-period WPF generation profile, winter-
period consumption profile of distribution feeder, integrated 12 PV systems (accounting
for about 20% share of households) from case study 2 (winter period generation profile)
and with/without BESS.

Case study 1 was carried out to determine the optimal number of WECs needed to
achieve nearly zero electricity exchange of the LVTF and the upstream network. Case
study 2 was performed to point out the advantages and possible problems in operation
that can occur when integrating PV systems with this feeder and to alleviate the increase
in consumption during the summer period (tourist season). The same situation was
studied with winter-period consumption and generation profiles in case study 3 in order
to determine the influence of overall electricity generation from both WPF and PV systems
during the winter period (off tourist season) as well.

Time-series (load flow calculations) simulations of LVTF operation were carried out in
OpenDSS, an open-source power system analysis software, driven through the Component
Object Model (COM) interface with the Python programming language [46]. Each simula-
tion is carried out for one-day operation with 1-min time resolution, resulting in 1440 load
flow calculations.

A one-line diagram of the LVTF used for case studies carried out in this paper with
indicated 11/0.416 kV substation, spatial distribution of 55 household-size consumers (1 to
55), 12 PV systems (PV1 to PV12) and the WPF and BESS is presented in Figure 11.

Figure 11. One-line diagram of the LVTF.

3.1. Case Study 1–Optimal Number of WECs in WPF for Winter Electricity Demand
(Consumption)

The task of case study 1 was to determine the optimal number of WECs in a WPF
to achieve nearly zero electricity exchange with the upstream distribution network for
winter-period (off tourist season) consumption.



Water 2021, 13, 13 13 of 26

Table 5 shows the observed parameters extracted after the simulations of daily op-
eration. It is visible from the results that two WECs in a WPF results (bolded column in
table) in the lowest (closest to zero) net daily import of 15.66 kWh of electricity from the
upstream distribution network, which was therefore considered the optimal number of
WECs in a WPF integrated into the LVTF. Furthermore, it is visible that minimum voltage,
active and reactive energy (bolded) losses occurred in the case of 1 WEC in a WPF (bolded),
rather than for the two WECs, which is considered the optimal number of WECs, even
though the lost active and reactive energy was close to the minimum. The highest voltage
occurred on the bus 881, PCC bus of WPF and LVTF, and the highest active and reactive
power losses were observed in the case of 10 WECs (bolded) in a WPF due to its having the
largest active power injection, as expected.

Table 5. Results of the daily operation simulation for case study 1–optimal number of WECs in a WPF for the winter season
(consumption). LVTF: Low Voltage Test Feeder.

Number of WECs in WPF 0 (ref) 1 2 3 4 5 10

WPF active energy generation (kWh) 0 72.06 140.35 207.15 279.34 350.04 702.89

Net LVTF active energy exchange (kWh) −155.47 −83.55 −15.66 50.56 121.86 191.45 535.29

Net LVTF reactive energy exchange (kVArh) −51.01 −51.05 −51.14 −51.30 −51.52 −51.81 −54.17

Upstream active energy flow from LVTF (kWh) 0 11.20 40.62 79.88 134.40 196.52 535.38

Downstream active energy flow into LVTF (kWh) 155.47 94.75 56.28 29.32 12.54 5.07 0.10

LVTF total active energy losses (kWh) 1.02 0.92 1.08 1.44 2.07 2.94 10.74

LVTF total reactive energy losses (kVArh) 0.25 0.20 0.22 0.30 0.44 0.65 2.62

Minimum voltage during simulations (p.u.) 1.002 1.003 1.003 1.005 1.007 1.009 1.017

Minimum voltage on bus 899 899 899 899 899 899 899

Minimum voltage in timestep 619 620 620 620 620 620 621

Maximum voltage during simulations (p.u.) 1.064 1.066 1.069 1.07 1.072 1.074 1.081

Maximum voltage on bus 868 881 881 881 881 881 881

Maximum voltage in timestep 619 621 619 619 619 619 619

Since the output power data of the WECs (WPF) is generated in 1-s time resolution,
for better visibility, only the one-hour output power profile of a WPF consisting of two
WECs (the optimal number) at the PCC with the LVTF is shown in Figure 12.

Figure 12. One-hour output power of WPF consisting of 2 WECs at the point of common coupling (PCC) with LVTF.

There is large intermittency in the output power profile, which is result of the nature
of the WEC operation. To mitigate this behaviour, a smoothing technique was applied in
this paper’s case studies, using a BESS installed at the PCC of the WPF and the LVTF, to
smooth the output power profile.
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Table 6 presents the technical characteristics of the BESS connected at the PCC of the
WPF and LVTF. The BESS’s technical characteristics were determined through a trial-and-
error method to effectively achieve the effect of smoothing the active power output at the
PCC of the WPF and the LVTF.

Table 6. Technical characteristics of battery energy storage system (BESS) integrated at the WPF PCC.

Parameter Value

Battery capacity (kWh) 10
Nominal apparent/active power (kVA/kW) 5

Power factor 1
Initial battery state of charge (SOC) [%] 70

Minimum battery SOC (%) 20
Idling (no-load) losses of active power (%) 0.1

Battery charging efficiency (%) 95
Battery discharging efficiency (%) 95

The dispatch profile of the BESS was generated manually so that the output power of
the WPF at the PCC varied ±10% from the daily mean output power. For example, for a
daily mean WPF output power of 5.867 kW, the net output power at the PCC would vary
from 5.281 kW to 6.454 kW. Figure 13 gives the one-hour dispatch (1 s time resolution)
profile of the BESS for the optimal case (two WECs in a WPF), to achieve the variability of
±10% from the daily mean output power, where negative values represent charging power
whereas positive values represent discharging power.

Figure 13. One-hour dispatch profile of BESS.

The results of the time-series simulations are presented in Figure 14, which shows the
active power exchange of the LVTF with the upstream network at the swing bus for the
following scenarios in case study 1: reference case (load only, no WPF, no BESS); WPF with
two WECs only (2 WECs only); and the combination of WPF with two WECs and BESS (2
WECs + BESS).

The results presented in Figure 14 show that in scenarios where a WPF consisting
of two WECs was operating, the exchanged active power was shifted upwards, resulting
in alternating upstream and downstream active power flows during the time of the day,
depending on the current consumption of loads. In a scenario using BESS installed at the
WPF PCC (2 WECs + BESS scenario), the smoothing technique proved to be effective when
alleviating the intermittency, and the generation profile trend was preserved.
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Figure 14. Active power exchange of the LVTF and upstream network at the swing bus for various scenarios in case study 1.

Figure 15 gives the voltage profiles of each phase (L1, L2 and L3) at the WPF (and
BESS) PCC bus (bus 881) for the following scenarios in case study 1: reference case (load
only, no WPF, no BESS); WPF with WECs only (2 WECs only); the combination of WPF
with two WECs and BESS (2 WECs + BESS).

Figure 15. Voltage profiles at the WPF PCC bus for various scenarios in case study 1.

The results show that there was a continuous voltage rise (in comparison to the levels
for the reference case) on the WPF PCC during the day caused by the injection of active
power. The smoothing technique using the BESS, as in the case for the active power
exchange, also preserved the voltage profile trend while alleviating the intermittency
caused by the nature of the active power profile.

3.2. Case Study 2–Operation of WECs (WPF) and PV Systems during Summer Season
(Consumption)

In case study 2 we analyzed the operation of the LVTF during the summer period,
presented with increased consumption (in comparison to winter-period consumption used
in case study 1) due to the tourist season, as well as the additional electricity generation
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by the household-sized PV systems integrated at various locations in the LVTF. This case
study points out the advantages and possible problems in operation that can occur when
integrating PV systems, which is a very likely situation to occur due to large solar energy
potential of this region, in this feeder and the increase in consumption during the tourist
(summer-period) season.

This case study considers that the optimal number of WECs in a WPF (two), as
determined in case study 1, are installed on location L4 and presented with a summer-
period generation profile. Furthermore, the consumption profile of the distribution feeder is
presented with increased consumption during the tourist season, as given in Figure 10, and
integrated PV systems are presented with the summer-period generation profile. Finally,
operation with and without BESS was studied. To analyze the worst-case scenario, a
scenario with 10 WECs in WPF and with generation of PV systems was also carried out.

There were a total of 12 single-phase (household size) PV systems integrated into
the feeder (accounting for about a 20% share of households) with an installed power of
3.6 kVA. PV systems were distributed evenly across all three phases (four PV systems on
each phase) and placed randomly in the LVTF. Technical characteristics and locations of
PV systems are given in Table 7, whereas Figure 16 shows solar irradiance and PV module
temperature profiles used for the summer period (used in case study 2) and the winter
period (used in case study 3). Solar irradiance and PV module temperatures representing
field measurements were acquired from [47] for the island of Vis, Croatia.

Table 7. Technical characteristics and locations of PV systems in the distribution network.

Parameter Value

Locations (bus) in phase L1 289, 502, 861, 900
Locations (bus) in phase L2 47, 248, 522, 639
Locations (bus) in phase L3 208, 327, 337, 835

Inverter rated apparent power (kVA) 3.6
Power factor 1

PV array installed power (kWp) 4
Power temperature coefficient (%/◦C) 0.4

Inverter efficiency (%) 98
Cut-in/cut-out power (%) 1

Figure 16. Solar irradiance and photovoltaic (PV) module temperature profile used for summer and winter periods.

Results of the time-series simulations are presented in Figure 17, which shows the
active power exchange of the LVTF with the upstream network at the swing bus for the
following scenarios in case study 2: reference case (load only, no WPF, no PV, no BESS);
WPF with two WECs in combination with PV systems (2 WECs + PV); the combination of
a WPF with two WECs; PV systems and BESS (2 WECs + BESS + PV); worst case scenario
of a WPF with 10 WECs in combination with PV systems (10 WECs + PV).

For the scenario of a WPF with two WECs and PV systems, there was a significant
upstream active power flow during the daytime, caused by PV system generation, whereas
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the entire active power profile was shifted upwards by the WPF generation, and even the
consumption of the feeder was increased due to the tourist season. Like in the previous
case, the integrated BESS created a smoothed active power profile. In the worst-case
scenario of a WPF with ten WECs in combination with PV systems, there was an upstream
active power flow for most of the time during the day.

Figure 17. Active power exchange of the LVTF and upstream network at the swing bus for various scenarios in case study 2.

Figure 18 presents voltage profiles of each phase (L1, L2 and L3) at the WPF (and BESS)
PCC bus (bus 881) for the following scenarios in case study 2: reference case (load only, no
WPF, no PV, no BESS); WPF with two WECs in combination with PV systems (2 WECs +
PV); the combination of WPF with two WECs; PV systems and BESS (2 WECs + BESS + PV);
worst case scenario of WPF with 10 WECs in combination with PV systems (10 WECs + PV).
Like in a case study 1, there was a voltage profile rise that was present continuously during
the day, caused by the generation, even though there was no distinguishable rise in voltage
during the daytime caused by PV system generation. Furthermore, in the worst-case
scenario, voltage levels approached the upper voltage margin of 1.1 p.u., which can be
exceeded in case of further integration of RES-based generation.

Figure 18. Voltage profiles at the WPF PCC bus for various scenarios in case study 2.

Results given in Table 8 present the parameters extracted after the daily operation
simulation for case study 2 scenarios: reference case (load only, no WPF, no PV, no BESS);
WPF with two WECs in combination with PV systems (2 WECs + PV); the combination of
WPF with two WECs, PV systems and BESS (2 WECs + BESS + PV); worst case scenario of
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WPF with 10 WECs in combination with PV systems (10 WECs + PV). Results with two
WECs in combination with PV systems with or without BESS, considered as optimal cases
based on achieving net zero electricity exchange with the grid, have been bolded in the
table. The highest voltage occurred on bus 881, the PCC bus of WPF and LVTF for the case
of 10 WECs (bolded) in a WPF due to the largest active power injection, as expected.

Table 8. Results of the daily operation simulation for case study 2.

Number of WECs in WPF 0 (Reference) 2 WECs + PV 2 WECs + BESS + PV 10 WECs + PV

WPF active energy generation (kWh) 0 101.02 101.02 476.83

Net LVTF active energy exchange (kWh) −522.56 −86.16 −89.98 281.64

Net LVTF reactive energy exchange (kVArh) −171.68 −172.60 −172.57 −174.86

Upstream active energy flow from LVTF (kWh) 0 108.96 106.01 345.53

Downstream active energy flow into LVTF (kWh) 522.56 195.12 195.99 63.89

LVTF total active energy losses (kWh) 5.07 3.77 3.72 7.55

LVTF total reactive energy losses (kVArh) 1.59 0.96 0.95 1.83

Minimum voltage during simulations (p.u.) 0.982 0.994 0.993 0.999

Minimum voltage on bus 639 639 639 639

Minimum voltage in timestep 567 567 567 567

Maximum voltage during simulations (p.u.) 1.064 1.077 1.077 1.087

Maximum voltage on bus 873 881 881 881

Maximum voltage in timestep 619 619 619 567

The results show that integration of BESS has minimal influence on the observed
parameters while the effect of intermittency is mitigated, as visible in Table 8.

3.3. Case Study 3–Operation of WECs (WPF) and PV System during Winter Season
(Consumption)

In case study 3, we studied the operation of the LVTF with the same generation units
as in case study 2 but with the seasonal conditions of case study 1 (the winter period).
Therefore, the following situation was presented—two integrated WECs (the optimal
number from case study 1) in a WPF installed on location L4 with the winter-period
generation profile (Figure 12), winter-period consumption profile (Figure 10) of LVTF, 12
integrated PV systems (accounting for about a 20% share of households) from case study
2, with the winter-period consumption profile (input profiles presented in Figure 16) and
with/without BESS. In comparison to case study 1, the task of this case study was to
analyze the influence of additional generation from PV systems during the winter period.

The results shown in Figure 19 indicate the active power exchange of the LVTF with the
upstream network at the swing bus for the following scenarios in case study 3—reference
case (load only, no WPF, no PV, no BESS); WPF with two WECs in combination with PV
systems (2 WECs + PV); the combination of WPF with two WECs, PV systems and BESS (2
WECs + BESS + PV); worst case scenario of WPF with 10 WECs in combination with PV
systems (10 WECs + PV).

For the scenario of a WPF with two WECs and PV systems, there was an upstream
active power flow throughout the day and the generation from the PV systems did not
significantly influence the upstream power flow. Furthermore, the entire active power
profile was shifted upwards by the WPF generation in comparison to the reference case.
As in the previous case study, the integrated BESS smoothened the active power profile. In
the worst-case scenario of a WPF with 10 WECs in combination with PV systems, there
was a significant upstream active power flow during the entire day.
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Figure 19. Active power exchange of the LVTF and upstream network at the swing bus for various scenarios in case study 3.

Figure 20 presents the voltage profiles of each phase (L1, L2 and L3) at the WPF (and
BESS) PCC bus (bus 881) for the following scenarios in case study 3—reference case (load
only, no WPF, no PV, no BESS); WPF with two WECs in combination with PV systems (2
WECs + PV); the combination of a WPF with two WECs; PV systems and BESS (2 WECs +
BESS + PV); worst case scenario of WPF with 10 WECs in combination with PV systems
(10 WECs + PV).

Figure 20. Voltage profiles at the WPF PCC bus for various scenarios in case study 3.

As in case studies 1 and 2, there was a voltage profile rise that was present continu-
ously during the day caused by the active power generation, even though there was no
distinguishable voltage rise during the daytime when PV systems were generating power.

The results given in Table 9 present the parameters extracted after the daily operation
simulation for case study 2 scenarios—reference case (load only, no WPF, no PV, no BESS);
WPF with two WECs in combination with PV systems (2 WECs + PV); combination of a
WPF with two WECs; PV systems and BESS (2 WECs + BESS + PV); worst case scenario
of a WPF with 10 WECs in combination with PV systems (10 WECs + PV). The results
of scenarios with two WECs in combination with PV systems with or without BESS—
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considered to be optimal cases based on achieving net zero electricity exchange with the
grid—have been bolded in the table. The highest voltage occurred on bus 881, PCC bus of
WPF and LVTF for the case of 10 WECs (bolded) in a WPF due to the largest active power
injection, as expected.

Table 9. Results of the daily operation simulation for case study 3.

Number of WECs in WPF 0 (Reference) 2 WECs + PV 2 WECs + BESS + PV 10 WECs + PV

WPF active energy generation (kWh) 0 140.35 140.35 702.89

Net LVTF active energy exchange (kWh) −155.47 52.27 54.20 602.47

Net LVTF reactive energy exchange (kVArh) −51.01 −51.23 −51.23 −54.54

Upstream active energy flow from LVTF (kWh) 0 83.57 82.93 602.53

Downstream active energy flow into LVTF (kWh) 155.47 31.30 28.73 0.07

LVTF total active energy losses (kWh) 1.02 1.20 1.16 11.62

LVTF total reactive energy losses (kVArh) 0.25 0.25 0.24 2.93

Minimum voltage during simulations (p.u.) 1.002 1.004 1.006 1.018

Minimum voltage on bus 899 899 899 899

Minimum voltage in timestep 619 620 620 621

Maximum voltage during simulations (p.u.) 1.064 1.07 1.069 1.083

Maximum voltage on bus 873 881 881 881

Maximum voltage in timestep 619 619 619 567

4. Economic, Environmental and Social Aspects of WPFs
4.1. Environmental Aspects of WPFs

Utilization of wave energy to generate electricity has economic, environmental and
social effects. According to International Energy Agency environmental impact assessments
of ocean energy converters, it is necessary to inform regulators about the potential effects
of ocean energy deployment. The state of knowledge concerning environmental effects—
which drives the consenting/permitting process in the marine renewable energy industry—
is available in [48].

The environmental impacts of wave energy conversion devices are site- and technology-
specific. Each project will have unique effects on the environment, depending on two
things—the design of the device (including the size of the array) and the specific environ-
mental characteristics of the project site. There are very few data available specifically on
the environmental impacts of wave energy conversion devices, such as those presented in
Boehlert G.W., et al. [49].

Environmental impact analysis (EIA) requires developers to supply comprehensive
environmental data relating to baseline conditions and device installation and operation.
Since WECs represent a new energy production system in deployment, there is a gap in
knowledge and information available to all participants, from regulatory authorities to
developers. The potential impact on the environment can vary depending on the type of
system installed, according to Greaves D. et al. [50]. Wave energy extraction system are
generally classified according to their working principles (attenuator, point absorber and
terminator) and location (shoreline, near-shore and offshore), and EIA should cover every
aspect of the installed system, according to Chen Z. et al. [51] and Falcao [26]. The main
concerns are effects on the benthic community and species-specific responses to habitat
change (leading to abandoning the habitat, although the area could be re-colonized, if
substrate and habitats are restored to similar state), as well as the entanglement of marine
mammals, turtles, larger fish and seabirds. Research in the area of environmental impacts
should be focused on localized environmental impacts, including, e.g., electromagnetic
field effects of subsea cables, flow alteration, sedimentation and habitat change of nearby
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generation devices (Beyene A. et al.) [52], (Boehlert et al.) [49], (Uihlein A., Magagna
D.) [53]. Changes to wave parameters are considered in conjunction with hydrodynamic
forces, such as current velocities and resultant bed shear stress (Roberts, J.D., et al.) [54].
Chemical effects of WECs such as spills (low probability but high impact) and continuous
release (fouling paints) can cause water quality interference. Noise disturbances throughout
all stages of construction, operation and decommission are also possible—it is evident
that these structures produce sounds that may disturb or even cause physical damage
to wildlife in the vicinity and may also disturb local communities (Beyene A. et al.) [52];
(Copping, A. et al.) [48] (Margheritini, L. et al.) [55]. There may also be interference with
marine animal movements and migrations. The construction of large-scale systems could
disrupt breeding or feeding areas or interrupt migration routes (Margheritini, L. et al.) [55]
and could also lead to collisions with moving parts of the devices, particularly turbine
blades (Copping, A. et al.) [48].

There are many ways to tackle reliability concerns, since they exist in each of the
following subsystems of a WEC device—structure, power conversion, mooring and grid
connection components. System reliability directly effects the performance of planned and
unplanned maintenance and the availability of the device to make power [56].

Among all the technologies available to convert wave energy, the point-absorber is one
of the most promising solutions today, due to its ease of both fabrication and installation.
The floaters of point-absorber WECs are generally exposed to harsh marine environments
with great uncertainties in environmental loads, which make their reliability assessment
quite challenging [57].

Maintenance can either be performed in situ or the device can be disconnected from
electrical and mooring infrastructure, towed back to a sheltered site and serviced there.
Execution of maintenance is dependent upon weather windows, distance from port, vessel
requirements, availability of replacement parts and predicted failure rates [56].

The ease of maintenance will be assessed by means of three criteria levels—high,
medium and low. High: these devices not only require regular maintenance, but the
performance of this maintenance is also difficult. Thus, the maintenance cost is high.
Medium: the device requires scheduled maintenance and is moderately easy to access.
Low: regular maintenance is required. The performance of the maintenance is also be quite
difficult (typically bottom-mounted devices that are difficult to access).

According to [58], an above-waterline WEC with a linear generator PTO, point ab-
sorber, and varying depth (more than 50 m) has a medium level of maintenance. The most
critical components are underneath the water, making it more complicated to service than
floating concepts. For this type of converter, if it is not monitoring, the maintenance can be
done only onshore (or on the deck of a vessel).

To conduct an effective EIA study, a crucial element is the environmental monitoring
program (EMP), which must establish a system that guarantees the fulfilment of mitigating
measures related to the wave energy converters during the entire life process. As is
recommended by Riefolo L. et al. [59], future works should include integrating/providing
for EIA concerns, performing baseline studies, as well as mitigation measures, monitoring
programs and environmental management plans for the entire life processes of wave
energy devices.

Modeling is recommended as a method to obtain information about the effects of wave
energy on the physical and biological environment, and monitoring is a key component in
the development of wave energy projects.

4.2. Economic Aspects of WECs and WPFs

In wave energy, perhaps more so than any other industry, the economics of product
development and product ownership are not separate from the product engineering and
design. Several economic decision metrics use discounted cash flow, including net present
value (NPV) and levelized cost of energy (LCOE). NPV is the most universally applied
measure of return of investment across all sectors of investment and LCOE is a widely-used
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measure in electricity generation investment (Costello R., et al. [52]). In general terms,
LCOE (4.1.) is defined as the ratio of the NPV of total costs over the NPV of all expected
electricity production during the project lifetime, defined as [52]:

LCOE =
∑Y

y=0 NPV(CapExy) + ∑Y
y=0 NPV(OpExy) + ∑Y

y=0 NPV(Decy)

∑Y
y=0 NPV(AEPy)

(13)

where LCOE is the levelized cost of electricity [$ or €/kWh], y is year, Y is the lifetime
of the project, CapEx is capital expenditure, OpEx is operational expenditure, Dec is
decommissioning cost and AEP is annual energy production in kWh.

Due to the fact that WECs are not ommercialized yet capital cost of the WPF is much
higher compared to particularly recently well-developed wind and PV power technologies.
According to [60] capital costs of WPF varies from 2300 USD/kW on utility (large, power
system) scale to over 6200 USD/kW on residential scale, while according to [61] utility
scale wind power plants have capital costs of 1500 USD/kW and particularly PV power
plants with sharp decrease in last two decades now reached the capital costs of less than
1000 USD/kW on utility scale and from 840–4100 USD/kW depending on the size and
country where residential scale is being installed. This sharp decline in capital costs of
PV power system is the main reason for authors to assume realistic case scenarios in
which WPF will be used together with local residential scale PV system installed by island
households themselves. Also, operating costs of WPF is low ranging from 3–4 USD/kWh
for utility scale up to 7–10 USD/kWh for residential scale and comparable to one from
fossil fuels or wind power plants [60].

According to [60] levelized costs of electricity generation (LCOE) by wave technol-
ogy range from 8 do 20 EURc/kWh which is significantly higher compared to LCOE of
other technologies. For comparison, LCOE of fossil fuels technologies is ranging from
2–10 EURc/kWh depending on technology, but higher LCOE is expected for smaller units
appropriate for islands and also distribution of fossil fuels and environmental impact
of such technologies are problems to solve. Wind power farms LCOE is ranging from
3–5 EURc/kWh for on-shore to 6–10 EURc/kWh for off-shore but LCOE is strongly related
to wind turbine size and island consumption particularly during winter off-season with
higher wind potential requires smaller turbines which in turn makes them more expensive
and then electricity generation during summer season would not meet the increased con-
sumption. LCOE of PV systems is 6 EURc/kWh in average [60] but even lower LCOE can
be expected to to both sharp capital costs decrease and expected high solar radiation in
Adriatic/Mediterranean area considered in the paper particularly during summer season
high consumption which makes them suitable to be used together with WPF.

Nevertheless, wave energy may compete with other energy sources, as significant
reduction in LCOE is expected in the near future, e.g. expected LCOE of 5–7 EURc/KWh
beyond 2020 [60]. Also wave energy offers significant benefits over other RES. Wave energy
has the highest energy density, minor negative environmental impacts, high predictability
andit satisfies electricity demand changes. Power (electricity) extraction from wave energy
is continuous for 90% of the day compared to 20% and 30% for wind and solar energy
(Fadaeenejad et al.) [62]. This makes the particularly suitable to be used combined with
highly variable RES such as wind and solar energy for secure and reliable electricity
supply from RES.Wave energy also has social benefits over traditional fossil fuel generation
options. These social benefits include providing a new environmentally friendly and easily
assimilated grid, avoiding problems that plague so many infrastructure projects; reducing
dependence on imported energy supplies and the risk of future fossil fuel price volatility;
reducing emissions of greenhouse gases; and promoting local job creation and economic
development (Bedard, R.) [63].
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5. Discussion

Case study 1 was carried out to determine the optimal number of WECs needed to
achieve nearly zero electricity exchange of the LVTF and the upstream network. Case
study 2 was performed to point out the advantages and possible problems in operation
that can occur when integrating PV systems with this feeder and to alleviate the increase
in consumption during the summer period (tourist season). The same situation was
studied with winter-period consumption and generation profiles in case study 3, in order
to determine the influence of overall electricity generation from both WPF and PV systems
during the winter period (off tourist season) as well.

The aim of this study was to achieve net zero exchange of electricity, which was
easier to accomplish using PV systems to cover the increased demand during the summer
season (tourist season). Electricity generation from wind power plants is very low dur-
ing the summer in regional climatic conditions. Additionally, wind turbines can be too
large for small communities, and additional benefit analysis could be done in the future
research to identify the most economical and technically viable energy mix for small island
communities.

The presented case studies have a number of limitations. Firstly, an average seasonal
sea state was utilized to create a wave time series using a modified JONSWAP spectral
function. It was assumed that the sea state remained constant during the whole day.
However, the sea state may vary during the season, including completely calm days. More
detailed analysis based on the wave power potential available in the Adriatic Sea, correlated
with solar irradiation, would help to analyze the energy flow and dimensions of an energy
storage more precisely with the goal of maintaining zero power exchange with the grid.
Secondly, the power potential was assessed using the third generation wave model Wave
Modelling (WAM) for deep sea waves and calibrated with satellite measurements. For
the precise assessment of wave potential nearshore, a different prediction model such as
Sea Waves Nearshore (SWAN) should be utilized. Thirdly, WECs are usually installed at
relatively shallow waters with a depth of up to 100 m. The UU’s WEC can safely be installed
and operated at 50 m depth. Location L4 has a larger depth, and therefore the WPF should
be installed closer to the island shoreline, but then the wave climate would be milder that at
L4. Fourthly, offshore installations (e.g., WPF) can face resistance from local communities.
Although the UU’s WPF has minimal visual impact if located several kilometers offshore,
its installation inevitably leads to creating protected areas where fishing and sailing are
forbidden. Finally, all presented calculations are influenced by the network element ratings
and upstream grid strength (voltage robustness). The calculations were performed for a
realistic weak island grid strength; however, in the case of even weaker upstream grid
strength, expected particulary on smaller islands, more voltage and power fluctuations as
well as exceeding of limits could be expected.

6. Conclusions

The study demonstrated the technical possibility of the integration of a WPF into the
low voltage weak grid of an Adriatic island with a typical demand profile which is higher
for the summer season. The study showed that a WPF consisting of two WECs is optimal for
such a small power grid, and it is effectively complemented by the installation of domestic
PVs. The combination of RES with a BESS contributed to the reduction of the intermittency
of the power flow, which has a positive effect on the grid and reduces dependency on the
grid connection to the mainland. Integration of a larger number of WECs to the same grid
leads to the overproduction of electrical power. Finally, the possible deployment of a WPF
in combination with PV systems and BESS into a distribution network or microgrids on the
coastline of the Adriatic Sea (also applicable to other Mediterranean areas) and particularly
on islands, indicated that there are clear benefits to enabling a reliable supply of rapidly
increasing electricity demand (consumption) during the tourist season, reaching a net zero
grid exchange standard that could play a significant role in faster commercialization of
WECs in low energy potential seas.
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The optimal number of WECs determined was mainly influenced by the net consump-
tion of the feeder. In the case of the very likely scenario in which the additional generation
of electricity is provided by the residential-scale PV systems, concerning problems with
voltage regulation and loadability can occur. These possible problems can be mitigated
with grid hosting capacity enhancment methods, such as grid reinforcements, network
reconfiguration, energy storage devices, OLTCs, reactive power provision, etc. Hovever, as
presented in the study, the concept of self-sufficient electricity supply from RES generation
is possible, and very likely to be utilized in small-scale islands with wave and solar energy
potential.

A BESS used for WPF output power profile smoothing proved to be very efficient with
intermittency mitigation. This kind of power-electronic-based device can be utilized in a
different manner, such as a community-scale BESS connected at the beginning of the feeder
to regulate active and reactive power flows with a reactive power provision to regulate
loading and voltages.

Future research should focus on this, as well as on its influence on power quality
indices, particulary flickers and harmonic distorsion. Finally, electricity generation by
WECs is generally environmentally friendly. It creates new jobs and is economically
effective, since operation and maintenance costs are lower for the resource price than when
fossil fuels are utilized for energy production. However, economical and life cycle analysis
of WPF installation needs to be carried out to see the financial benefits and to estimate the
CO2 reductions for the region.
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