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Abstract— The Greek state estimated a potential of 1,500 MW
wind offshore capacity, which can be exploited by 2020, while
943.15 MW are located in the Northern Aegean Sea islanding
region. This study presents a techno-economic assessment of
wind offshore energy in the Northern Aegean Sea. Different
topologies are proposed, taking into account wind offshore and
islands interconnections using HVDC and HVAC technology.
Investment indicators are based on the expected power generated
by the Weibull wind speed probability density function and the
total investment cost required for wind offshore engineering. The
results show that the two wind offshore farms can secure the
complete electrification of the neighboring islands and supply
approximately 3,379 GWh to the main consumption centers in
northern and central Greece on an annual basis. A sensitivity
analysis towards investment optimization has been performed,
proposing
different
wind
turbine
technologies
and
interconnection scenarios.

marine regions for wind offshore energy development. At the
same time, applications of 2.44 GW have been submitted to
the regulatory authority for energy in Greece (RAE), in the
Aegean Sea islanding region. The Greek state aimed to
implement a number of them by the year of 2017, under the
2020 EU energy and climate change regulation framework [7].
Nonetheless, social, economic and technical challenges due to
deep water depths have postponed their implementation.
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I.

INTRODUCTION

A. Background
The first wind offshore test project in Europe was
implemented in 1990, in Sweden, consisting of a single 220
kW wind turbine (W/T) [1]. Since then, wind offshore energy
in Europe has gradually increasing, reaching in 2014 a share
of 91% (8.05 GW) of the total capacity [2]. The leading
countries for wind offshore are: UK, Germany, Denmark, The
Netherlands, Belgium and Sweden. However, Norway,
Portugal and Ireland have shown eagerness to expand their
wind sector in offshore installations [3]. The most prominent
wind offshore project in Europe currently is the North Sea grid
interconnection with the potential to support 16.2 GW of wind
offshore energy in this area by 2017 [4]. Europe is targeting to
reach 40 GW of wind offshore capacity by 2020 and 150 GW
by 2030 [5].
In Greece, despite the high wind potential with wind speeds
recorded in Aegean sea between 7 and 12 m/s [6] alongside
the coastline of 13.67 km; very little efforts have been
recorded in terms of implementation. Presently, 12 areas with
1.5 GW potential, have been proposed by the Ministry of
Environment, Energy and Climate Change as appropriate

B. Future wind offshore projects in the Aegean Sea
Two spots have been selected in the Aegean Sea noninterconnected islanding region, included in the 12 proposed
areas by the Greek state, under the following criteria:
High wind speed >7m/s
Environmentally available zones
Close distance from the shore
Depth of seabed<50m
The first wind offshore project, which has already received the
energy production license, is located at the east side of
Lemnos island (coordinates: 39° 59’N, 25° 29’E), with total
capacity 498.15 MW.
The second project, which is under evaluation to receive the
license of production from RAE is located northern of Agios
Efstratios (coordinates: 39° 30’N, 25° 06’ E), with 445 MW
capacity. Both sites belong to the prefecture of North Aegean.
The interconnection options for the two wind offshore sites
suggest either autonomous submarine transmission lines to the
shore or their inclusion in one of the existing HV
interconnectors that will interconnect the islanding area.
II. TECHNICAL CHARACTERISTICS OF OFFSHORE WIND FARMS
A. Wind turbine type
1) W/T generator
The predominant type of W/T generator has asynchronous
generators or high speed doubly-fed induction generators
(DFIG). The DFIG operate with a wound rotor induction
machine allowing variable wind speed generation [8]. A stator
flux oriented vector control is used for the variable speed
operation, the stator circuit is directly linked to the network
and the rotor winding is connected to a three-phase converter

[9], [10]. However, synchronous direct drive permanent
magnet generator is becoming extensively used as it provides
resilience compared to the high speed DFIG gear-driven
systems [11]. The generator achieves increased power from
the wind, with maximum efficiency under various load states,
through robust control.
2) W/T foundation structure
The main criterion of diversification among W/Ts
foundation applications is the water depth as presented in
TABLE I. The principal foundation type is monopile
accounting for the 75% of the current installed offshore W/T
as it can be applied to different water depths. Monopile is
followed by gravity foundation (21%), Jacket (2%) and tripod
(2%) structures [1], as illustrated in Fig. 1. Gravity counts
applications usually in shallow waters while Jacket and tripod
are preferred in locations with submarine water elevation
ranging between -20 and -50 m. Floating W/T constitutes a
new, emerging technology which increases shares in the W/T
offshore market, as it allows the installation of W/T in depths
more than 50 m, while expanding the possibilities of wind
offshore implementation to distant sites with high wind speed
records [12], [13].
B. HVAC & HVDC submarine technology
High voltage alternative current (HVAC) is used for wind
offshore projects and islands interconnection, mainly in close
distances from the shore, as AC cables limit the transmission
distance for submarine cables to the break-even-length of 50
km [14], [15]. AC connections show higher levels of
dependability compared to HVDC technology, as they present
30% less frequency in the events of ‘expectable inability to
supplied power’ [16]. The AC interconnection of an offshore
wind farm consists of the submarine transmission cables, two
transformers offshore and onshore, reactive power
compensators and the offshore platform. Nowadays,
submarine cables use mostly extruded polymer (XLPE)
insulation with copper or aluminum conductors, while threecore AC cables are chosen for submarine applications [17].
The main shortcoming of AC technology is the capacitive
charging current which decreases cables’ transmission
efficiency; however this could be relatively alleviated by
positioning shunt reactors, at the end of the cable [18].
TABLE I.
W/T
Foundation
Gravity base
Monopile
Tripod
&
Jacket
Floating

W/T FOUNDATION BASED ON WATER DEPTH
1m

10m

Water Depth
20m
30m

Fig. 1. Types of offshore W/T foundations [11]

40m

>50m

High voltage direct current (HVDC), is tending to become
worldwide the most reliable technology in wind offshore
interconnections. In contrast with AC, DC technology is not
distressed by cable charging currents and allows mass power
transmission through long distances [14]. Mainly voltagesource converter (VSC) HVDC technology allows rapid
control over active and reactive power on the whole operation
scale through the AC-DC-AC converters able to meet and
exceed all interconnection voltage/frequency control
requirements. Moreover, HVDC can be connected to weaker
power systems compared to AC interconnections allowing
larger wind farm integration [19], [20].
The main weakness of DC cables is related to restricted
redundancy. That means that an outage in one pole leads to the
total loss of the VSC-HVDC link. For that reason, the bipolar
configuration is more apposite for island and wind offshore
interconnectors, since as merely 50% of the transmission
capacity could be lost in case of damage and set off to N-1
conditions [21].
III. OFFSHORE WIND FARMS CONFIGURATION AND
INTERCONNECTION

A. Lemnos offshore wind farm
Two options have been assessed for this wind farm: the base
case, through a direct HVDC transmission line to northern
Greece, dependent on a private investment or following the
national strategy to interconnect the non-interconnected island
of Lemnos.
The first option is proposed to be implemented by using
voltage source converters with DC cables. The total capacity
of 498 MW, consisting of 81 W/T, is located approximately
109 km away from the nearest available onshore point in the
mainland. The connection point was selected to be close to the
existing HVAC 400kV transmission line, in the wider region
of Xanthi, in Northern Greece. The minimum distance from
Lemnos is estimated to 1.5 km. The relatively close distance
to the island allows the converters installation onshore, while
reducing costs. The average water depth in the Lemnos
offshore site was estimated by collecting the relevant data for
23 points in the site from the US National Oceanic and
Atmospheric Administration, showing an average water depth
of 27 m within a range between 9 m and 37 m. Monopile
foundation is recommended to support W/T in various water
depths for this site.
The wind generator selected is a commercially available 6.15
MW unit, incorporating doubly fed induction generators. The
nominal operating frequency of the grid is 50 Hz, and threestage planetary gearboxes with ratio 1:97 are used.
The offshore electrical network comprises of nine generator
groups. Each group consists of nine generators connected via
string configurations. These groups form the wider group of
498 MW, connected with collector substations including the
transformers of 33/300 kV. The VSC transmission system is
split in the grid side VSC and in the wind farm side VSC. The
purpose of the wind farm VSC is to collect energy from the
local wind farm and concurrently control its AC voltage and
frequency. The grid side VSC is used to control the DC

voltage and guarantee that the energy collected from the wind
farm VSC is transmitted to the onshore grid [22].
The VSC converter is connected to a common DC bus
consisting of two ±150 kV VSC-HVDC links, each of them
rated ≈250 MW operating at the same DC voltage in a parallel
connection. The double wiring is proposed in order to enhance
reliability to the system in case one of the cables in lost or
damaged, however a common 400 kV 500 MW line is also
examined in the economic analysis. The DC voltage is
maintained at the nominal level (150 kV) by the single VSC
inverter located onshore. At the onshore connection point the
transformers will elevate voltage to 400kV.
B. Agios Efstratios offshore wind farm
Agios Efstratios wind farm consists of 89 W/Ts of 5 MW,
split in 25 groups. The main volume of W/Ts is located with a
minimum distance of 3.1 km. The mean water depth following
an analysis of 39 points was 26.7 m. However, the range
fluctuates from 16 to 49 m [23], leading to the decision to
apply Jacket foundation to 35 W/Ts at the north east part of
the site while the remaining 54 will be founded with monopile
constructions. The technology proposed for this project
assuming a direct line of 158 km to North Greece is VSC
HVDC. A commercially available 5 MW wind turbine with a
synchronous generator with permanent magnets has been
selected. Agios Efstratios wind project follows the same
interconnection topology with Lemnos site.
C. Interconnection alternatives
1) Wind offshore via islands interconnection
The Greek national strategy suggests the interconnection of
Lesvos and Chios islands with Evia island and central Greece.
Following this, the interconnection of Lemnos from Lesvos
through an intermediate substation in Agios Efstratios island
(Fig. 2). This plan splits the 120 km AC cable of nominal
capacity 2*150kV from Lesvos to Lemnos in: 80 km between
Lemnos and Lesvos and 40 km between Agios Efstratios and
Lemnos. The last stage, suggests the expansion of the
interconnection to Northern Greece and specifically to the 400
kV line through the substation located in the area of Philippi
with transmission capacity equal to 500 MW. The link to
northern Greece is considered essential, since the
interconnection through Larimna in central Greece does not
allow efficient power load transmission to the northern
consumption centers.
Wind onshore expansion in the southern part of Aegean Sea,
could pose additional threats to the southern power system’s
stability. Therefore, the northern islands interconnection could
facilitate the interconnection of Agios Efstratios power
network with the offshore wind project, through HVAC 150
kV transmission lines to Lemnos island and Lemnos wind
offshore to northern Greece. This configuration could
integrate offshore wind projects alongside islands
interconnection in order to improve maritime spatial planning
in the Aegean Sea and serve demand loads to the consumption
centers in the mainland. Economic benefits could arise from
this joint venture of public and private sector by sharing
capital costs for the submarine network infrastructure.

Fig. 2. Interconnection plans for wind offshore farms in the Northern Aegean
Sea islanding region

This interconnection plan needs improvements such as: (a) the
enhancement of the Philippi substation with additional
transformers (b) the overhead transmission lines enhancement
of 400 kV in the mainland for transmitting additional loads
from the offshore wind farms (c) the enhancement of the DC
interconnection with at least one or two cables of 500 MW
nominal capacity, depending on wind onshore expansion.
Furthermore, the power flow, voltage stability as well as the
power system analysis following the integration of high
intermittent wind power loads to the national grid is required.
2) Lemnos and Agios Efstratios wind offshore connection
Other topologies in order to increase reliability and
controllability introduce the enhancement of the
interconnection between the two wind farms by installing a
third DC cable, linking the DC cables of the two wind
projects. This option will increase the reliability of the system
and in case one of the two DC links is lost, an amount of load
from the two wind farms will continue to be supplied to the
national grid. Additional costs include the extra DC circuit
breakers and the HVDC cable linking the two networks. The
same concept could be applied with an AC auxiliary
transmission line linking the two AC 150 kV cables.
A second proposal in order to reduce costs of the long
submarine transmission line recommends switching from the
multi-terminal option to a main DC link transmitting power
from the two wind projects to the shore. This option requires
enhancement of the main transmission capacity of the
interconnection from 500 MW to 1000 MW. This scenario
could be realized also with an AC transmission link to
common VSCs in Lemnos site.
IV. POWER GENERATION
Power generation was estimated for the wind sites
considering wind data from 1999 to 2004 [24]. MATLAB has
been used for the modeling exercise. The Weibull wind speed
distribution equation was used to identify the probability of
wind speed (V) being observed within the range of V + dV/2
and V - dV/2 in the given dataset. Factors k (the dimensionless
Weibull shape parameter) and c [the Weibull scale parameter

(m/s)] have been calculated for each project. Following this
methodology, the average power output P avg per wind turbine
and the capacity factor Cf have been estimated according to
the following mathematical formulation.
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Resources considered in this study reflect 10 m measurements.
Extrapolation to the relevant hub height as indicated in
TABLE II has been applied according to (7). Roughness in the
sea surface is diminished to class 0, considering the roughness
length z0 equal to 2*10-4 [25].
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Dividing the actual energy output of a wind turbine (PT) by the
theoretical wind energy yield (PR) and multiplying it with the
the theoretical maximum coefficient (16/27) of power for a
W/T known as Betz limit (Ragheb, 2014), the capacity factor
is described as:
C

et limit

(12)

Annual power generation for each site was estimated as:
(13)
Transmission losses are estimated to 1.5% of the annual
energy output while VSC losses 4.5% per annum, including
variable and constant losses. Additional losses considering the
power generation of the wind farm such as: W/T availability
and maintenance losses (3%), losses due to wind speed
hysteresis, balance of plan availability, turbine performance
and environmental losses (1.5%) have been incorporated in the
analysis. Icing and height altitude is not included in the losses
factors for wind offshore.
Fig. 3 depicts the Weibull distribution in accordance with
the wind measurement histogram for each site. Weibull
distribution tends to coincide with statistics, validating the
precision of this method and eliminating uncertainties in wind
speed measurements.

(7)

The actual W/T power output considering the following: Vc
(cut-in wind speed), Vf (cut-out wind speed), Vr (rated wind
speed), Vm (the average of Vc and Vr) and PR (rated power),
is verified by the W/T performance curve (8).
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Where a, b and c are the regression indicators of the W/T
performance curve:
a
a
a
TABLE II.
Capa
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WIND TURBINES CHARACTERISTICS
W/T Specifications

Vc

Vf

Vr

(m/s)

(m/s)

(m/s)

PR

(MW)
6.15

2
c
2
r
2
m

Hub
Height
(m)

Rotor
diameter
(m)

Swept
Area
(m2)

Generator

3.5

30

14

6,150

112

126

12,469

Double-fedinduction
generator

5

3

30

10

5,000

94

132

13,685

8

4

25

11

8,000

105

164

21,124

Sychronous
with
permanent
magnets
Medium
Speed
Permanent
Generator

Fig. 3. Wind speed measurement data from 1999-2004 and Weibull
Distribution for (a) Lemnos (red), (b) Agios Efstratios (green)
TABLE III.

WEIBULL ANALYSIS & ANNUAL POWER OUTPUT

Wind
Offshore

Wind Project Characteristics
k

c
(m/s)

Vm
(m/s)

PT
(MW)

1.7

9.24

8.24

4.64

1.9

9.91

8.79

2.54

Site
Lemnos
Agios
Efstratios

Cf
(%)

Pavg
(GWh/
year/
W/T)

Total Pavg
(GWh)/
Year/
Site)

44.7

24.08

1,745.7

30.2

13.21

1,052.3

TABLE III presents results from the wind data analysis. High
efficiency factors are identified due to the high wind potential
recorded in the Aegean Sea islanding area. Although Agios
Efstratios records the highest average wind speed, it presents
relatively lower efficiency. This is attributed to the 5 MW
W/T power curve presenting a rated power at 10 m/s which
affects the regression indicators (a, b, c) and consequently
impacts the W/T performance between the Vc and the Vr .
Whereas the 6.15 W/T possess a higher rated wind speed (14
m/s) allowing the wind turbine to expand its optimum wind
speed range.
Assuming the replacement of the 5 MW W/T with two
different W/T generators: (a) the latest W/T model 8 MW
capacity which became commercially available in 2014 (b) the
6.15 MW model applied also in Lemnos sites, we observed the
following differences:
Selection (a) leads to a slight improvement in energy
efficiency reaching 32.55% per W/T.
Option (b) increases Cf to 46.83% reflecting the effiecient
performance of the wind turbine in higher rated wind speeds.
The total power generation of the two wind offshore farms
is estimated to cover energy requirements for approximately
850 thousand households assuming an average power
consumption of 3.98 MWh per household [27]. This will lead
to a gradual decomission of a number of old and
environmentally pollutant lignite power stations of total
capacity 4.44 GW operating in North Greece.
V. COST ESTIMATION
A. Mathematical Formulation
Investment costs for wind offshore are estimated to be from
18% to 66% higher than the wind onshore installations, while
operating expenses might increase up to three times [1].
Junginger estimates cost reductions for 2020 by almost 40%,
compared to 2005 values [28]. A feasibility analysis of wind
offshore projects in the Aegean Sea islanding region has been
conducted in MATLAB according to the following
methodology.
Assuming an investment cost equal with C, this can be split
among the investor, the bank and the state as follow:
(14)
Where e (%), j (%) and s (%) correspond to the participation
percentages between the three parties respectively.

The annual cash flow following taxation according to the
Greek tax system is:
-

Where O&M are the annual operation and maintenance
expenses and Tax is considered the annual tax rate.
Key indicators as the net present value (NPV) presented in
(18) and the internal rate of return (IRR) factors have been
identified in order to assess the viability and profitability of
the projects. IRR is the interest rate which makes the NPV
equal to zero.
-

t

o 1 i

t

(15)

Where, P is the annual power generated, Po is the power price
per kWh and i is the average inflation factor for Greece per
year, t corresponds to the year of operation.
The installments (It) are distributed equally during the payback
period of this project as described below:
-

(16)

Where Li is the loan interest and n is the installment of the
loan.

(18)

Where Ncf symbolizes the cash flows of the project for t
periods (years).
Also, the IEA method has been adopted (19) for estimating
levelized costs of energy (LCOE). LCOE is the total of the
discounted costs through the project’s li etime allotted across
the discounted parts of power produced taking into account
only the equity capital costs. This provides a more holistic
overview, of a wind offshore investment over its life cycle, per
unit o power generated e pressed in € MWh (IEA , 2011).
-

-

(19)

-

Where re is the equity IRR, Ft is the uel cost W don’t
include fuel costs only in the transportation stage &
construction phase for machinery), Dt is the decommission
cost and Dept is the depreciation of year t.
TABLE IV summarizes the economic assumptions included in
the feasibility analysis.
TABLE IV. ECONOMIC ANALYSIS ASSUMPTIONS
Economic Indicator
Period of time
Interest Rate
Tax rate
Payback Period
Grace Period
Financing scheme
Inflation Greek
Inflation EU
Depreciation

The annual revenues before taxation are described by the
following equation:
t

(17)

-

Power Price

(t)
(Li)
(Tax)

(i)
(ieu)
(Dep)

(Po)

Assumptions
20 years
5%
26% (Data Source: Hellenic Republic, 2013)
15 years
2 years
30% capital costs and 70% loan (0% state)
1%
3%
10% per year for Engines and Electronic
Equipment
4% per year for Civil Constructions (Data
Source: Hellenic Republic, 2013)
105€ MWh (Data source: Hellenic Republic,
2014a)

B. Costs
Investment costs for the wind offshore project consist of the
W/Ts, the support structure sand the grid infrastructure as
presented analytically in TABLE V. Installation costs are
estimated to be 20-25% of the procurement costs for terrestrial
infrastructure and 35-40% for submarine [32].
Operation & maintenance (O&M), insurance and
decommission costs dominate the efficiency of the project,
presenting increased rates due to the volatility of offshore
engineering.

Foundation cost is a basic aspect of the project accounting
usually for more than 13% of the total budget [1]. According
to the W/T specifications and position, the relevant costs have
been estimated on a per MW basis based on the following
equations configured by literature review analysis [33] and
indexed to 2020 values. Equations (20) and (22) show that
costs are subject to the water depth (Dw). It is evident that only
gravity structures are affected by the distance from the shore
(dshore). Floating W/Ts cannot at the moment be described by
an equation as they demonstrate an emerging technology with
negligible applications. An average cost of 0.968 million
Euros per MW has been assumed on 2020 values [33].
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TABLE V. COSTS BREAKDOWN [17], [32], [33]
Element of the Wind Offshore
Project

Cost (projected in 2020)
Value

W/T
HVDC submarine 250 MW
HVDC submarine 500 MW
HVDC submarine 1000 MW
HVAC submarine 33 kV
HVAC submarine 150 kV
HVAC overhead 150 kV
HVAC underground 150 kV
Transformer 33/300kV
Voltage Source Converter 300kV
HVAC GIS Switch Gear 400kV
HVAC GIS Switch Gear 150kV
Offshore Substation Collector (Jacket
foundation 30-40 m)
Contingencies
Project Development & Permits
Transportation (W/T & Electrical Grid)
TABLE VI.

Rate

1.0
0.45
0.70
1.38
0.35
0.6
0.13
0.35
2.5
75
6.5
4.5
10.7

M€ MW
M€ m
M€ m
M€ m
M€ m
M€ m
M€ m
M€ m
M€
M€
M€
M€
M€

Scenario A is the base case with independent
transmission cables.
b) Scenario B assumes the replacement of the two
2*250 MW DC cables with a single 500 MW link
for both sites.
c) Scenario C assumes the interconnection of the two
wind farms Agios Efstratios and Lemnos with a DC
link, and their common transmission through a 1000
MW DC link.
d) Scenario D assumes the interconnection of Lemnos
and Agios Eftstratios through an auxiliary AC link
and their common transmission through 1) 2*500
MW DC links in order to increase the reliability of
the system or 2) one 1000 MW DC link.
e) Scenario E assumes that the interconnection of the
two wind farms takes place following the
interconnection of the northern islands with
Northern Greece.
f) Scenario F is applied only to Agios Efstratios wind
farm and assumes the replacement of the 5 MW
W/T in with a DFIG 6.15 W/T.

Costs

O&M W/T
O&M Interconnection
Asset & Loss of Income Insurance
Compensation to the local community
Administration & Security

2
1.5
0.25
3
≈ 000

Rate

%/year
%/year
%/year
%/year
€/MW/year

Fig.4. Sensitivity analysis for IRR

INVESTMENT INDICATORS FOR SCENARIO A

Investment Factors
(Scenario A)

LCOE

a)

O&M COSTS BREAKDOWN
Value

NPV
IRR

D. Sensitivity Analysis
A sensitivity analysis has been applied using various scenarios
in order to evaluate the performance of Lemnos and Agios
Efstratios sites.

0.1% of the total budget
3.5% of the total budget
0.1% of the total budget

Annual Expenses

TABLE VII.

interconnection costs. Investment indicators show higher
values for Lemnos offshore farm attributed to the higher
capacity factor Cf.

€
(%)
€ MWh

Wind Offshore Site
Lemnos

Agios Efstratios

900,018,715.6

177,515,556.5

12.32
171.92

5.89
275.81

C. Results
The results for the three projects applying the base case,
scenario A, in TABLE VII show relatively higher LCOE
costs compared to other wind offshore farms located in Europe
(160-230 €/MWh) [29], due to the immaturity of wind
offshore technology in Greece and lack of infrastructure.
Agios Efstratios site, according to Scenario A records the
lowest rate of return due to the wind energy output and high

Fig. 5. Sensitivity for NPV

[8]
[9]
[10]
[11]
[12]

Fig. 6. Sensitivity Analysis for LCOE

It is evident that the concept of common transmission lines
increases the investment profitability of wind offshore
projects. However, it is recommended to opt for an option
with two common 500 MW DC cables, instead of a common
transmission line with 1000 MW, since it puts the power
supply system under threat without securing the N-1 criterion.
The optimization in Agios Efstratios investment case is
obtained by applying Scenarios F and D1 together, while
increasing the IRR factor to 19.2% (160% growth) and NPV
growth more than 5 times; respectively LCOE is reduced to
144.5 €/MWh. Regarding Lemnos, Scenario D1 demonstrates
the optimum case with an increased IRR of 17.4%, 10.2%
NPV increase and LCOE decrease to 155.9 €/MWh.
VI. CONCLUSIONS
This study assesses the wind offshore potential of two sites
located in the Aegean Sea. The technical specifications of the
projects are presented and their economic feasibility is
evaluated among different interconnection scenarios. The
results show a high wind potential, leading to Cf ranging
between 44.7% and 46.8%. Investment indicators showed that
synergies in the interconnection of the wind offshore to the
shore could increase significantly the profitability of the
projects.
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[14]
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