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a b s t r a c t

The electrification of the non-interconnected Greek islands is mainly based on Autonomous Power
Stations (APS), which consume conventional fossil fuels at high energy production cost, while in most
cases the contribution of Renewable Energy Sources (RES) (mainly wind) accounts for a small percentage
of total electricity generation in these regions. On the basis of comparative analysis of alternative ‘‘devel-
opment scenarios” for electricity generation, the main objective of the present study is to investigate the
techno-economic viability of high Wind Energy (WE) share at local (island) level, in accordance to the
energy and climate change commitments undertaken by the country, having as central feature large-
scale penetration of RES. In this context, the possibilities of increasing WE contribution are examined
through the use of an integrated theoretical model developed from first principles, assuming two main
possible scenarios for covering future electrification needs of a medium-sized Greek island, i.e. Lesbos.
The first scenario (S1) is based on autonomous development of the island keep using as main source
for electricity generation oil products. The second scenario (S2) involves the interconnection (IC) of the
island with the mainland grid for satisfying part of electricity demand by establishing two alternative
solutions, i.e. S2a: without the contribution of local Thermal Power Plant (TPP) and S2b: TPP are main-
tained to ensure electrification of the island. Subsequently, the economic feasibility of the above options
is investigated in terms of their Levelized Cost of Energy (LCOE), calculated for the time-period 2020–
2045, including also a sensitivity analysis on worst/reference/best Cases for future electricity demand
and production cost. According to the obtained results, IC of Lesbos island with the mainland grid pre-
sents considerable economic interest in comparison to autonomous development, with WE having a
dominant and an essential role towards that direction.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Within the framework of Greece’s alignment with EU’s policies
on energy and climate change in 2020 and 2050, the country has
undersigned commitments whose main feature is the large-scale
penetration of Renewable Energy Sources (RES) and the protection
of the environment. A prerequisite for achieving this goal is the
complete restructuring of the domestic power sector combined
with significant investments in distribution and transmission net-
works [1,2]. In this context, the main focus of many studies [3–7] in
the last few years is paid on possible interconnection (IC) of Aegean
Sea islands with the mainland grid for enhancing security of supply
into these isolated regions and reducing the polluting oil-fired
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power generation [8–11]. As a result, some projects, such as the IC
of some major Cycladic islands with Attica region [10] (Fig. 1), have
already entered a mature phase and they will be introduced into
operation in the coming years. On the other hand, some other pro-
jects, such as the IC of Crete (i.e. the biggest of Greek islands) or
other Aegean Sea islands with the mainland system, have been
blocked or planned on a more long-term basis as the budget
required for their development is quite challenging under the cur-
rent economic conditions of the country.

The energy production in the non-interconnected Greek islands
is mainly based on oil-fired power generation which suggests high
electricity generation costs that may even exceed 200 €/MW h. At
the same time, Greek Public Power Corporation (PPC) (i.e. the
exclusive supplier of the energy deriving from fossil fuels combus-
tion in the islands) faces electrification problems mainly due to
power shortage, weak transmission electricity networks and out-
dated thermal power units. Taking into account the high and
almost unexploited wind potential that most of Greek islands pos-
sess, Wind Energy (WE) could be an economically attractive solu-
tion in order to face electrification problems [12]; however, due
to the stochastic availability of wind and the remarkable fluctua-
tions of daily and seasonal electrical load demand, strict WE pene-
tration limits are imposed [13–15]. The result of these penetration
limits is that remarkable WE amounts should be rejected on an
annual basis, leading to severe financial losses of the Wind Farm
(WF) owners. As a consequence, every new attempt to increase
WE contribution into remote island networks and establish wind
power as a trustworthy electricity generation solution will remain
without success unless radical changes take place [16]. To this end,
installation of energy storage applications [17–21] or IC of these
remote regions with larger power systems [22,23] such as main-
land grids, can be seen as options of particular interest.

In this regard, the main objective of the present study is to
investigate the techno-economic viability of high WE use at local
(island) level, on the basis of two alternative scenarios for covering
future electrification needs (during a 25-year period, from 2020 to
2045) of the third in size Greek island, i.e. Lesbos. The first scenario
(S1), which is examined for comparison purposes, assumes that the
island will keep using, as main source for electricity generation, oil
products. The second scenario (S2) involves the IC of the island
with the mainland grid for satisfying part of electricity demand
while remarkable WE penetration is also achieved. The economic
Lesbos island
Mainland

Ionian Sea

Aegean Sea

EuboeaLarymna

Crete

Cyclades

Attica

Fig. 1. A map of Greece.
feasibility of the above options is examined in terms of a prelimi-
nary study by assessing their Levelized Cost of Energy (LCOE),
while also including a sensitivity analysis on worst/reference/best
(pessimistic/baseline/optimistic) Case scenarios. At this point it
should be mentioned that given the fact that many efforts made
in the past on the IC of Greek islands with the mainland system
did not succeed [3,7], the novelty of the present paper lies on the
investigation – through a parametric study which varies in both
WF and submarine IC capacities – of the reinforcing role that the
large-scale WE development can play in the techno-economic via-
bility of these projects. On top of that, the present study focuses on
a single-project owner perspective assuming that the main scope is
to increase RES penetration in both local and national level. This
approach might be of particular interest to the national planning
authorities in their attempt to design a cost-effective systemwhich
has as a main feature the large-scale penetration of RES. However,
it is noted that this study investigates the system performance only
from the energy-economic point of view based on first principles,
and does not include any dynamic stability constraints or contin-
gency analyses.
2. Case study presentation

2.1. Description of the system

The island used as a study case in this paper is Lesbos, which is
located in the North-Eastern part of the Aegean Sea (Fig. 1) and it is
the third in size island of Greece with an area of 1630 km2. It rep-
resents a typical case of a medium-sized Greek island which faces
significant electricity generation problems related to several black-
outs especially during summer months. The system is primarily
supplied by an Autonomous Power Station (APS), comprising sev-
eral oil-fired generators, which consume on annual basis signifi-
cant oil-fuel quantities (approx. 60,000 t per year).

The WE potential of the island is quite significant, with the
annual mean wind speed being approx. 8 m/s (at 10 m height)
(Fig. 2). In fact, three major WFs, of total rated power 13.7 MW
(two state-owned and one privately-owned), located to the west-
ern part, contribute to the electrification of the island. According
to official data concerning the real load demand time-series, as
well as the corresponding wind power absorption from the local
grid [24] it appears that the contribution of the existing WE appli-
cations to the annual energy supply is currently quite small, i.e.
well below 15% of the annual demand.

As for solar power, with an average annual radiation per square
meter being between 1700 and 1800 kW h/m2 the total installed
photovoltaic (PV) capacity has reached 8.8 MW [25,26]. PVs annual
energy production is about 1550 MW he per installed MW on an
inclined plane (30�) with the Capacity Factor (CFPV) being approx.
18%. Total PVs energy production is estimated �14,000 MW he

per year [25].
2.2. The estimated load growth

The energy consumption and the peak load demand of Lesbos
island have increased significantly over the past 30-years with an
average annual growth rate of �4.5%. Nevertheless, this high
growth rate has been gradually decreased during recent years
mainly due to the financial crisis and the unfavourable economic
conditions of the country. Specifically, over the past 10-years, the
energy consumption and the peak load demand increased with
an average growth rate of the order of 1.2% and 1.7%, respectively.
Currently, the annual energy consumption of the island exceeds
300 GW he, while peak load demand is about 70 MW.
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Fig. 2. Mean and maximum 10-min wind speed per month (at 10 m height) (a). Mean hourly wind speed measurements for the year of 2012 (estimated at hub height) (b).
Data measurements come from the site (western part of the island) of the Terpandros and Antissa’s WFs.
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In the context of the above historical growth rates, the hourly
load demand time-series which is taken into account in the simu-
lations is adjusted every year by considering a realistic annual
growth rate of the order of 1.5% up to 2020, while for the rest
25-year period until 2045, the respective growth rate is considered
equal to 2.5% (Fig. 3). Thus, according to the ‘‘baseline Case” (or ref-
erence Case), the estimated annual energy consumption at the end
of the project’s lifetime (2045) is estimated equal to �648 GW he

and the peak load demand equal to �146 MW. It is noted that fur-
ther information on the three investigated Cases (i.e. optimistic,
baseline, pessimistic) is given in the next sections.
3. Methodology

3.1. Energy model

3.1.1. Scenario 1 (S1) – estimation of RES penetration ability
As already mentioned, S1 concerns the autonomous develop-

ment of the island, assuming a continuation of present
electricity-related policies during the next years. In order to deter-
mine RES (mainly wind) penetration ability into the island’s energy
balance, the analysis presented in Appendix A.1 is applied (see also
previous work of the authors: [17,27]). The typical hourly load
demand time-series of the base year 2012 is taken into account,
properly adjusted for the period 2020–2045 with the use of
realistic annual growth rates as mentioned above. In addition,
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Fig. 3. Evolution in energy consumption an
the existing thermal power station main characteristics are consid-
ered together with any potential future modifications/reinforce-
ments. The main purpose is to identify any future requirements
in new installed (thermal) capacity in order to safely satisfy the
island’s electricity demand during the time period under investiga-
tion. For instance, as for the year 2020 and the baseline Case, it is
assumed that the APS will comprise the 3 existing units (32 MW)
(mazout) as well as the existing gas turbine (15.5 MW) (diesel),
plus 5 new thermal units of total rated power 55 MW. The total
rated power of the power station is assumed initially to be equal
to 102.5 MW (year 2020), whilst every five years it is properly
modified in order to meet electricity demand requirements. Thus,
by 2045 it is assumed that the APS will comprise 13 thermal power
units of total rated power 170 MW in order to satisfy the demand,
assuming – as an extreme scenario for comparison purposes – that
oil will remain the dominant fuel for electricity generation in non-
interconnected Greek islands. Table 1 provides in detail all the
planning procedures for the required installations of all kind of
projects during the period 2020–2045.

As an established rule it is considered that PVs for the period
2020–2029 will achieve their upper limit capacity, which has been
set equal to 28.5% [28,29] of the estimated mean load demand of
the year 2020, corresponding to 11 MW (applications for new
installations already exceed these limits). Accordingly, for the per-
iod 2030–2045 installed PV capacity is taken equal to 26 MW, con-
sidering a relatively conservative growth of the permitted upper
limit (from 28.5% to 35%) as a continuation of the first amendment
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Table 1
Planning procedures for the required installations of all kind of projects during the period under investigation.

Scenario Abbreviation 2020 2025 2030 2035 2040

Scenario 1 – optimistic S1-Op Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of new
thermal power units
(155 MW)

+(45 MW) +(10 MW) +(60 MW) +(15 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)

Scenario 1 – baseline (autonomous development of the
island based on oil consumption)

S1-Ba
(reference
Case)

Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of new
thermal power units
(170 MW)

+(55 MW) +(15 MW) +(60 MW) +(15 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)

Scenario 1 – pessimistic S1-Pe Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of new
thermal power units
(200 MW)

+(75 MW) +(15 MW) +(60 MW) +(25 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)

Scenario 2a – optimistic S2a-Op Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Scenario 2a – baseline (high RES penetration and IC with
the mainland grid without the contribution of thermal
power generation)

S2a-Ba
(reference
Case)

Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Scenario 2a – pessimistic S2a-Pe Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Scenario 2b – optimistic S2b-Op Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Installation of new
thermal power units
(155 MW)

+(45 MW) +(10 MW) +(60 MW) +(15 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)

Scenario 2b – baseline (high RES penetration and IC with
the mainland grid with the contribution of thermal
power generation)

S2b-Ba
(reference
Case)

Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Installation of new
thermal power units
(170 MW)

+(55 MW) +(15 MW) +(60 MW) +(15 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)

(continued on next page)
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Table 1 (continued)

Scenario Abbreviation 2020 2025 2030 2035 2040

Scenario 2b – pessimistic S2b-Pe Installation of new
WFs

+

Installation of new PV
stations (17.2 MW)

+(2.2 MW) +(15 MW)

Installation of the IC
with the mainland

+

Installation of new
thermal power units
(200 MW)

+(75 MW) +(15 MW) +(60 MW) +(25 MW) +(25 MW)

Disposal of old
thermal power units
(86 MW)

+(38.5 MW) +(47.5 MW)
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made by RAE increasing the specific limit of the Decisions 85/2007
and 96/2007 with the relevant Decisions 702/2008 and 703/2008.
It is noted that in order to estimate PVs hourly energy production,
time-series solar radiation data on a horizontal plane representa-
tive for the island conditions are used along with a typical PV col-
lector power curve [30]. At this point it is also worth mentioning
that given the technical characteristics of PV systems and their
great dispersion all over the island, their operation is difficult to
control, so it is assumed that there is no limitation in the PV power
absorbed by the local grid as it generally applies in the case of WFs
in remote island networks.

As for the wind power installed capacity it is parametrically
investigated starting from the existing 13.7 MW (�14 MW) and
ending to 67.7 MW (�68 MW) with the step of 9 MW. It is noted
that consideration of greater nominal power in this scenario, as it
is also determined on the basis of the results that follow, would
have not any sense since the expected WE rejection amounts
would be large enough leading to non-viable investments.

3.1.2. Scenario 2 (S2) – high RES penetration and interconnection with
mainland grid

Scenario 2 incorporates the IC of the island with the mainland
grid for satisfying part of local energy needs. In this context, among
the main objectives of the IC of the island (S2) against the scenario
of autonomous development (S1) is the increase of WE contribu-
tion into the island’s energy balance, which otherwise would not
be possible due to the well known technical limitations. In this
stage it is assumed that a large part of the island’s energy needs
will be covered by RES (mainly wind), while the rest will be cov-
ered mainly by electricity imports from the mainland. Also, the
amount of WE, which cannot be absorbed in the island (e.g. during
low load demand periods with high wind power generation), will
be supplied through the submarine cable(s) to the mainland grid.
Two sub-scenarios are investigated, i.e.:

(S2a) Interconnection of the island with the mainland takes
place with the objective of complete removal (either directly
or after a certain trial operation period of the project) of the
Thermal Power Plant (TPP) and the parallel exploitation of the
high local WE potential.
(S2b) Interconnection of the island with the mainland takes
place with the objective of exploitation of the high local WE
potential, while at the same time the operation of the TPP is
ceased. However, specific thermal generation is kept in cold
reserve to ensure the electrification of the island in case of a
possible failure of the IC.

As far as the development of new WFs is concerned, it is com-
mon belief that the island presents high WE potential which can
supply much of its electricity needs, while there is also already
great interest from private investors for new installations of the
order of 300 MW (see for example the privately-owned project
called ‘‘Aegean Link” which aims to install 306 MW of wind power
at the western part of the island [31]). However, since the investi-
gation of spatial peculiarities for installing new WE projects is out
of the scope of the present study, wind power installed capacity is
again parametrically investigated starting from the existing
13.7 MW (�14 MW) and ending to 310.7 MW (�311 MW), bearing
in mind as an order of magnitude the existing applications for new
projects in the island. Although in the present analysis high pene-
tration of RES is mainly associated with electricity generation pri-
marily from WFs, the benefits of dispersed PV energy production
are also considered by taking into account specific PV power out-
put (see Section 3.1.1), especially during midday hours, which is
absorbed in preference to WFs.

For each sub-scenario the technical features of the correspond-
ing IC are determined on a case-by-case basis (e.g. power capacity

of the cables ‘‘Nrated
tr ”, power of the inverters, etc.). These figures

are defined every time based on the maximum – resulted from
the simulations – supplied energy from the island to the main-
land grid and vice versa, provided that the forecasted peak load
demand ‘‘Nmax

L ” is always satisfied over the entire lifetime of the
investment even in case of zero power output of local RES appli-
cations (NRESðtÞ ¼ 0). Thus, the following condition has to be
fulfilled:

Nrated
tr P Nmax

L � ð1� dNtrÞ�1 ð1Þ
where ‘‘dNtr” represents the percentage of power transmission
losses (�4%) through the submarine cable(s).

As mentioned above, as far as S2a is concerned, if the energy
produced by local RES applications is insufficient to fulfil the entire
electrical needs, the rest of the demand is assumed to be covered
by energy imports from mainland with the main objective the
complete removal of local thermal power. More specifically,

If NLðtÞ 6 NRESðtÞ ! NRðtÞ ¼ 0 ð2Þ

If NLðtÞ > NRESðtÞ ! NRðtÞ ¼ NLðtÞ � NRESðtÞ
¼ Ntrðm!iÞðtÞ � ð1� dNtrÞ ð3Þ

where ‘‘NL” is the hourly electricity demand of the island (fore-
casted load), ‘‘Ntrðm!iÞ” is the power which is imported through
the submarine cable(s) from the mainland to the island (request
for power supply to the mainland grid) and ‘‘NR” is the rest of load
demand which cannot be covered by local RES production. In case
that the power output of local RES applications ‘‘NRES” is higher than
the island’s load demand, the power surplus ‘‘NeRESði!mÞ” (primarily
wind power as respective PV curtailments are neglected) is for-
warded through the submarine cable(s) from the island to the
mainland. Thus,
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If NRESðtÞ 6 NLðtÞ ! NeRESði!mÞðtÞ ¼ Ntrði!mÞðtÞ ¼ 0 ð4Þ

If NRESðtÞ > NLðtÞ ! NeRESði!mÞðtÞ ¼ NRESðtÞ � NLðtÞ
¼ Ntrði!mÞðtÞ � ð1� dNtrÞ�1 ð5Þ

where ‘‘Ntrði!mÞ” represents the amount of wind power surplus that
reaches the mainland taking into account the power losses of the IC.

Accordingly, as for S2b, if the energy produced by local RES
applications is insufficient to fulfil the entire electrical needs, the
rest of the demand is covered by energy imports from mainland,
while at the same time it is assumed – as an extreme (most expen-
sive) case scenario – that specific thermal power capacity (i.e. at
least 100% of the annual forecasted peak load demand during the
time horizon of the investment) is maintained in cold reserve to
ensure power supply of the island in all cases of potential damage
(partial or total), including the loss of the submarine connector.
However, the power balances in case of zero contribution of the
local thermal power units (absence of failures) are given again by
relations (2)–(5).

3.2. Economic model

3.2.1. Scenario 1 (S1) – modelling the LCOE
In the present analysis the Levelized Cost of Energy (LCOE) is

selected as the objective function that should be determined in
order to realize the economic effectiveness of each investigated
scenario. In general, the LCOE includes all lifecycle costs over the
considered economic lifetime of a project ‘‘n”, i.e. capital costs,
ongoing system-related costs – along with the total electricity pro-
duced – and converts them into a common metric, e.g. €/kW h.
Thus the LCOE may be defined as follows:

LCOE ¼
Pn

j IeCPPC
oðjÞ þ eCPPC

ðjÞ þ IeCw
oðjÞ þ eCw

ðjÞ þ eCFIT;i
RESðjÞ

h i
Pn

j EPPCðjÞ þ EwðjÞ þ EPVðjÞ
� � � f i ð6Þ

where ‘‘IeCPPC
oðjÞ ” is the initial cost for the installation of new thermal

power units and ‘‘EPPCðjÞ” is the thermal energy production during
the year j. ‘‘Ew(j)” is the total annual wind energy absorption by local
grid (existing and new WF applications). Note that symbol ‘‘�” rep-
resents costs expressed in terms of present values using a specific
discount rate ‘‘i”. Furthermore, an escalation factor ‘‘f i” is intro-
duced in order to appraise the time value of money. Thus,

f i ¼
1

1þ i

� � j

ð7Þ

Investment cost per thermal power unit at the year j may be
defined as:

IeCPPC
oðjÞ ¼ Prdv � Ndv � f i ð8Þ

where ‘‘Prdv ” is the price of the investment cost (in €/kW) per ther-
mal power unit (or plant) and ‘‘Ndm” its nominal power (in kW). Sim-

ilarly, ‘‘IeCw
oðjÞ” expresses the initial cost for new WE applications

(state subsidization or other incentives are not taken into account).

In Eq. (6) ‘‘eCPPC
ðjÞ ” represents the total operation and maintenance

cost of the TPP the year j. Particularly, the annual cost (in present
values) per thermal power unit (or plant) comprises the mainte-

nance cost ‘‘eCO&M
PPCðjÞ”, the fuel cost (including any other additional

charges) ‘‘eCfuel
PPCðjÞ” [32] as well as the corresponding market cost

for CO2 allowances ‘‘eCCO2
PPCðjÞ”, i.e.:

eCPPC
ðjÞ ¼ eCO&M

PPCðjÞ þ eCfuel
PPCðjÞ þ eCCO2

PPCðjÞ ð9Þ

The annual maintenance cost ‘‘eCO&M
PPCðjÞ” maybe expressed as:
eCO&M
PPCðjÞ ¼ mO&M

PPC � EPPCðjÞ � f i ð10Þ

where ‘‘mO&M
PPC ” is expressed in €/kW h and includes various expenses

such as salaries and costs for maintenance of the thermal power
units.

Subsequently, the annual fuel cost maybe expressed as:

eCfuel
PPCðjÞ ¼ ðFQ ðjÞ � cfuel þ cothersfuel � EPPCðjÞÞ � f i ð11Þ

where ‘‘FQ(j)” is the total fuel consumption (in kg) the year j, ‘‘cfuel” is
the fuel cost (in €/kg) and ‘‘cothersfuel ” represents any other possible
additional charges (in €/kW h).

Furthermore, the market cost for CO2 allowances maybe calcu-
lated as:

eCCO2
PPCðjÞ ¼ EQ � FQ ðjÞ � pCO2

� f i ð12Þ
where ‘‘EQ” are the CO2 emission quantities which correspond to
1 kg of fuel oil (kg CO2/kg fuel) and ‘‘pCO2

” is the market cost for
CO2 allowances (in €/kg CO2).

Following, ‘‘eCw
ðjÞ” (or eCO&M

wðjÞ ) denotes the annual maintenance and
operation cost of new WE projects (other costs such as taxes, etc.
are not taken into account), namely,

eCO&M
wðjÞ ¼ mO&M

w � ICw
oðjÞ � f i ¼ mO&M

w � Prw � Nrated
w � f i ð13Þ

where ‘‘mO&M
w ” represents a specific percentage (e.g. 3%) of the initial

cost of the investment (ICw
oðjÞ ¼ Prw � Nrated

w ). ‘‘Prw” is the initial cost of

the power station in €/kW and ‘‘Nrated
w ” (in kW) its nominal power.

Finally, the LCOE is determined by the annual renewable energy

payments ‘‘eCFIT;i
RESðjÞ” to renewable energy producers (mainly for

existing applications) depending on the technology and the corre-
sponding compensation mechanism (feed-in-tariff) for the non-
interconnected islands, i.e.:

eCFIT;i
RESðjÞ ¼ eCFIT;i

wðjÞ þ eCFIT;i
PVðjÞ ¼ pFIT;i

w � E�
wðjÞ � f i þ pFIT;i

PV � EPVðjÞ � f i ð14Þ

with ‘‘eCFIT;i
wðjÞ” and ‘‘eCFIT;i

PVðjÞ” expressing the annual payments to WE and

PV projects’ investors, respectively. ‘‘pFIT;i
w ” and ‘‘pFIT;i

PV ” (in €/kW h or
€/MW h) are the corresponding selling prices to the grid. Accord-
ingly, ‘‘E�

wðjÞ” and ‘‘EPVðjÞ” represent the annual wind (only existing
WF applications) and PV energy production which is absorbed by
the local grid.

3.2.2. Scenario 2a (S2a) – modelling the LCOE
In this scenario the LCOE expressed in present values is defined

as follows:

LCOE ¼
Pn

j IeCinter
oðjÞ þ IeCw

oðjÞ þ eCw
ðjÞ þ eCFIT;i

RESðjÞ þ EPeCmðjÞ þ eCO&M
interðjÞ

h i
Pn

j Etrðm!iÞðjÞ þ EwðjÞ þ Ew
eði!mÞ þ EPVðjÞ

h i
� f i

ð15Þ

where ‘‘EPeCmðjÞ” is the Energy Production Cost (EPC) in the mainland
(depending on the power source) and ‘‘Etrðm!iÞðjÞ” is the annual
energy imported from the mainland’s grid to the island. ‘‘Ew

eði!mÞðjÞ”
is the WE surplus that is delivered to the mainland’s grid the year

j. ‘‘IeCinter
oðjÞ ” is the investment cost for the IC and ‘‘eCO&M

interðjÞ” is the respec-

tive annual expenses for maintenance. For the economic evaluation
of the IC several cost parameters should be assessed depending on
the selected technical characteristics of the project. A rough esti-
mate at this preliminary stage may include the required electric
equipment cost (e.g. substations, AC/DC or/and DC/AC converters,
etc.) as well as the cost of the IC cable(s).

Finally, it is noted that Eq. (15) does not include any capital
expenditures for new power units in the mainland for covering
the expected energy demand of the island as it is assumed that
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the demand will be covered by existing and planned power units.
Note that at present, installed firm power capacity in the mainland
is already approximately 13 GW (10 GW thermal and 3 GW hydro-
electric power). On the other hand, in the extreme Cases (opti-
mistic and pessimistic Cases, see also Fig. 3) examined up to
2045, the peak load demand of the island is estimated between
124 and 168 MW (±15% variation of the estimated values in the
baseline Case), i.e. about 1% of the already installed power capacity
in the mainland.

3.2.3. Scenario 2b (S2b) – modelling the LCOE
In this case the LCOE expressed in present values is estimated as

follows:

LCOE¼
Pn

j IeCinter
oðjÞ þ IeCw

oðjÞ þ eCw
ðjÞ þ eCFIT;i

RESðjÞ þEPeCmðjÞ þ eCO&M
interðjÞ þ IeCPPC

oðjÞ þ eCPPC
ðjÞ

h i
Pn

j Etrðm!iÞðjÞ þEwðjÞ þEw
eði!mÞ þEPVðjÞ þEPPCðjÞ

h i
� f i

ð16Þ
where ‘‘eCPPC

ðjÞ ” includes only the fixed annual costs (e.g. maintenance
of thermal engines, salaries, etc.) of the thermal power station in
case of no contribution (e.g. absence of damages in submarine IC)
to the electrification of the island (EPPCðjÞ ¼ 0).

3.2.4. Sensitivity analysis
As resulting from the above, the analysis of the techno-

economic behaviour of each examined scenario is based on a
substantial number of variables and assumptions, e.g. initial cost
of IC, fuel costs, load demand variation, etc., (see also Appendix
A.2). Examination of the impact of changing the selected value of
each examined variable, while keeping constant the other vari-
ables, would generate a large number of results which would be
difficult to cope with and interpret in a concise manner. With the
aim to overcome such problems, an extensive sensitivity analysis
is performed, with respect to possible deviations in the values of
the most uncertain variables (see also Table 2), in order to identify
the worst (pessimistic-Pe), reference/baseline (most likely-Ba) and
best (optimistic-Op) output results. In this context, several trials
are made with various combinations of the examined variables
(Table 2) in order to determine the worst, the most likely and
the best value that the economic results can take. Note that the
selected values of variables used in the baseline Case correspond
to those data found in bibliography and in technical reports.
Table 2
Main techno-economic criteria of the scenarios under investigation.

Scenario – case Abbr

Scenario 1 – optimistic S1-O
Scenario 1 – baseline (autonomous development of the island based on oil

consumption)
S1-Ba
(refer
Case)

Scenario 1 – pessimistic S1-Pe

Scenario 2a – optimistic S2a-O
Scenario 2a – baseline (high RES penetration and IC with the mainland grid

without the contribution of thermal power generation)
S2a-B
(refer
Case)

Scenario 2a – pessimistic S2a-P

Scenario 2b – optimistic S2b-O
Scenario 2b – baseline (high RES penetration and IC with the mainland grid

with the contribution of thermal power generation)
S2b-B
(refer
Case)

Scenario 2b – pessimistic S2b-P

a The evolution in demand during the 25-year period is considered by 15% lower than S
reduces the requirements for thermal capacity, resulting finally in lower total cost for e

b Similarly, the evolution in demand during the 25-year period is considered by 15% h
same time also increases the requirements for thermal capacity, resulting finally in high
4. The interconnection scheme

One of the main purposes of the present study is the investiga-
tion of the investment cost of the supposed IC scheme between
Lesbos island and the mainland system based on economic criteria
and technical conditions of the already existing design [3,7] as
regards the determination of IC points, the route and the length
of the new electrical network (underwater, underground and over-
ground) [31], and the technical characteristics of the technologies
involved (e.g. number/positions of substations, type of submarine
cables, etc.). Thus, at this stage relevant official information regard-
ing the above characteristics is considered as a given fact while on
the other hand the suitable capacity of the submarine cable(s)
serves as a parameter for investigation which directly depends
on the required (maximum) amount of electricity transported from
the island to the mainland grid and vice versa.

As for the total IC length, it is estimated equal to 288 km, con-
necting at first Lesbos island with Euboea (213 km) and then
Euboea with Larymna (75 km) which belongs to the mainland part
of the country (Fig. 1). The total length of the submarine, under-
ground and overhead line(s) is considered 233 km, 50.4 km and
4.6 km, respectively. Furthermore, it is assumed that the IC incor-
porates underwater HVDC cable technology which is considered
the most appropriate method of transporting large quantities of
energy over long distances [33,34].

It should be noted that the accurate assessment of the capital
cost of the IC – in a preliminary stage – is quite difficult as all asso-
ciated expenses strongly depend on current market conditions as
well as on certain project peculiarities that may emerge in a later,
more mature phase of the study. Thus, for safety reasons, although
specific costs derive from bibliography [7], it is chosen – on the
basis of investigating the worst/reference/best Case – a variation
of the estimated capital cost at a relatively wide range of the order
of ±20%. In this context, the associated IC costs for the baseline
Case (or reference Case) are presented in Table 3.

As for the two sub-scenarios which are currently investigated
(S2a and S2b) significant differences arise between them in regards
to the IC scheme and thus certain assumptions are made in terms
of their economic performance, i.e.:

(S2a) The system operator (project owner) bears the cost to
install two pairs of unipolar cables (4 unipolar DC cables) so
eviation k (%) Variation in reference value

Oil price
(€/kg) (%)

Demand
(MW) (%)

Mainland’s EPC
(€/MW h) (%)

Capital cost of
IC (€/kW) (%)

p 40 �20 �15a – –

ence
30 0 0 – –

20 +20 +15b – –

p 100 – �15 �20 �20
a
ence

100 – 0 0 0

e 100 – +15 +20 +20

p 100 – �15 �20 �20
a
ence

100 – 0 0 0

e 100 – +15 +20 +20

1-Ba, a condition which although reduces WE absorption rates, at the same time also
lectricity generation.
igher than S1-Ba, a condition which although increases WE absorption rates, at the
er total cost for electricity generation.
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as to ensure – as an extreme case – power transmission from
the mainland to the island equal to 100% of the required capac-
ity in case of failure of the one connector. Furthermore, this sce-
nario includes the installation of two pairs of substations with
two converters AC/DC or DC/AC, the one pair to the island and
the other to the mainland.
(S2b) The investor bears the cost to install one pair of unipolar
cables (2 unipolar DC cables). This scenario includes the instal-
lation of two substations with converters, one to the island and
the other to the mainland.

Based on the above assumptions determination of total power
capacity of the IC in each examined Case for S2a is bounded by
the following two conditions:

If 2Nmax
L � ð1� dNtrÞ�1 P Nmax

ewði!mÞ ! Nrated
tr ¼ 2Nmax

L � ð1� dNtrÞ�1

ð17Þ

If 2Nmax
L � ð1� dNtrÞ�1

< Nmax
ewði!mÞ ! Nrated

tr ¼ Nmax
ewði!mÞ ð18Þ

where ‘‘Nmax
ewði!mÞ” represents the maximum resulted amount of wind

power surplus which is forwarded to the mainland grid.
Accordingly, the power capacity of the IC for S2b is determined

as follows:

If Nmax
L � ð1� dNtrÞ�1 P Nmax

ewði!mÞ ! Nrated
tr ¼ Nmax

L � ð1� dNtrÞ�1

ð19Þ

If Nmax
L � ð1� dNtrÞ�1

< Nmax
ewði!mÞ ! Nrated

tr ¼ Nmax
ewði!mÞ ð20Þ
5. Application results and discussion

5.1. Energy model results

5.1.1. Scenario 1 (S1)
Based on the analysis presented in Section 3.1.1, the electrical

load of Lesbos island during the years 2020–2045 is simulated
and both the wind power penetration ability and the correspond-
ing rejections are estimated. Figs. 4 and 5 summarize the energy
model results for each examined Case (pessimistic, baseline,
optimistic).

Specifically, Fig. 4 shows the average (annual) Capacity Factor
(CFa

w) (i.e. the ratio of the annual WE which is absorbed by the grid,
Table 3
Costs of IC equipment. Based on data from [7].

Description Cost

1. Submarine cables (pair of unipolar cables DC)
150 MW 0.37 m€/km
250 MW 0.42 m€/km
350 MW 0.50 m€/km
550 MW 0.60 m€/km
750 MW 0.80 m€/km
1000 MW 1m€/km

2. Substations with transformers (AC/DC or DC/AC)
150 MW 40 m€

250 MW 45 m€

350 MW 50 m€

550 MW 60 m€

750 MW 75 m€

1000 MW 90 m€

3. Underground cables
150 kV-HVDC 0.50 m€/km

4. Overhead cables
DC 0.20 m€/km
to WFs potential output if it were possible to operate at full name-
plate capacity continuously over the same time period) during the
lifetime of the project, which varies between 13% and 37%. The
highest rates are noticed in the optimistic Case mainly due to the
selected value of the wind power upper participation limit (40%);
however, no significant differences arise in relation to the other
two Cases. Furthermore, in all Cases a gradual reduction of CFa

w

may be observed in case of increasing wind power installations,
because local grid reaches its ‘‘saturation point” which leads to
remarkable WE rejection. In this context, Fig. 4 also shows (right
y-axis) the average (annual) expected WE rejection during the
examined time period, with the highest amounts corresponding
to the pessimistic Case due to the lowest value of k (20%).

Following, Fig. 5 presents the overall electricity mix from the
beginning of the project until the end of its life as well as the aver-
age (annual) share of WE penetration to the electricity consump-
tion of the island, which hardly approaches 25%. It is worth
mentioning that the increase of WE contribution to the island’s
demand is more obvious in lower WF capacities; further increase
in nameplate capacity does not entail the same contribution
increasing rates due to local grid’s technical limitations, indicating
thus that there is an upper limit for economically viable WF invest-
ments in the island.
5.1.2. Scenario 2a (S2a) and 2b (S2b)
Accordingly, based on the analysis presented in Section 3.1.2,

the electrical load of Lesbos island during the years 2020–2045 is
simulated in order to determine the impact of IC on the island’s
future electricity mix.

Proceeding to the results, Fig. 6 presents the overall energy mix
for electricity generation from the beginning of the project until
the end of its life in relation to WF installed capacity for each inves-
tigated scenario. Also, from the same figure one may obtain the
average (annual) share of WE penetration to the electricity con-
sumption of the island, ranging between 8% and 70%. As far as
the overall contribution of Natural Gas (NG) (energy from main-
land) in total energy consumption is concerned, its share ranges
between 24% (2473 GW h) and 86% (12,122 GW h). It worth men-
tioning that CFa

w equals to almost 37% (corresponding to the wind
speed time-series data used in the simulations) in all examined
Cases (S2a, S2b) (as there is no WE rejection, any WE surplus is for-
warded to the mainland grid), while in S1 it was found between
13% and 37% depending on WFs capacity and on the upper wind
power participation limit (see also Fig. 4).

Comparing the overall energy mix for electricity generation
(Fig. 6) of all Cases of S2a and S2b (Op, Ba, Pe) with the respective
outcomes of S1 (see also Fig. 5), it becomes clear that island’s IC
(along with the absence of technical constrains in WE absorption)
results to remarkable WF contribution increase into the island’s
energy balance, i.e. from the maximum limit of almost 25%
(S1-Op) to the share of 70% (S2a-Op and S2b-Op). In that way,
Lesbos island takes the full advantage of both the clean electricity
generated by local WFs, as well as the stable and less costly (com-
pared with oil-fired generation) electricity generated in mainland.

Finally, as resulted from the above presented results for S1
(Section 5.1.1), investigation of more than �68 MW installed wind
power would not have any meaning since the expected WE
rejected amounts would be quite large (Fig. 4), leading to unsus-
tainable investments. Thus, for comparison purposes, Fig. 7 sum-
marizes the results obtained for the specific (and common) WF
capacity of 68 MW between the investigated scenarios (autono-
mous development against IC with mainland). It may be seen that
WE contribution into the island’s energy balance is considerably
higher in S2 compared to S1 for the same WF capacity rating.
Specifically, in S2 the wind share (right y-axis) ranges from 38%
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(S2a-Pe, S2b-Pe) to 45% (S2a-Op, S2b-Op), while in S1 from 14%
(S1-Pe) to 23% (S1-Op).

5.2. Economic model results

5.2.1. Scenario 1 (S1)
The Levelized Cost of Energy for the scenario of island’s auton-

omous development is presented in Fig. 8. It should be noted, that
the pessimistic and optimistic Cases represent the maximum
(worst) and minimum (best) cost-related solutions, respectively.

The LCOE is found between 160 (S1-Op) and 220 €/MW h
(S1-Pe). In the baseline Case the cost ranges from 185 to
195 €/MW h, depending on wind capacity. Common base for the
three Cases (Op, Ba, Pe) is that the increase of WF capacity initially
results in a slight decrease of production cost, which is then
smoothed and the LCOE seems rising again (Fig. 8). In other words,
the benefit from increasingWFnameplate capacity is greater at first,
while further capacity increase does not cause equal cost reduction
due to the inability of the local grid to absorb larger amounts of WE
production. In any case, however, it is noted that any changes
caused by WF capacity increase are almost imperceptible, and not
substantial independence from oil imports may be achieved.

Subsequently, Fig. 9 depicts the breakdown of total costs
(in present values) from the beginning of the project until the
end of its life cycle. The total cost is formed by the initial cost of
the new power units (WFs and thermal generators), the cost of
purchasing energy from (existing or new) RES-based plants, oper-
ation and maintenance expenses of the APS (fuel, maintenance,
CO2 costs) and total operation and maintenance costs of the new
WFs. The arising differences among the examined Cases (Op, Ba,
Pe) seem to be significant. Obviously the pessimistic Case consti-
tutes the most expensive solution, the results of which are almost
double than the respective figures of the optimistic one. Among the
different cases of rated power it can be seen that the increase in
WFs capacity (capital cost for new WFs) does not cause significant
change in the total cost, as this increase is compensated by the
decrease in operating expenses of the APS mainly due to reduction
in fossil fuel consumption.
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5.2.2. Scenario 2a (S2a) and 2b (S2b)
The Levelized Cost of Energy for the scenario which involves the

IC of the island with the mainland grid without the contribution of
the local TPP (S2a) is presented in Fig. 10. Common base for the
three examined Cases (Op, Ba, Pe) is that the increase of WF capac-
ity leads to remarkable decrease of the LCOE which ranges from 80
(S2a-Op) to almost 190 €/MW h (S2a-Pe). The degree of reduction
in LCOE in the beginning is more drastic, while with further
increase of WFs capacity the cost seems to stabilize between 80
and 100 €/MW h. In the baseline Case the cost ranges from about
90 to 170 €/MW h, depending on wind capacity.

Following, Fig. 11 presents the respective results concerning
S2b. Similarly to S2a, the increase in WF capacity results in consid-
erable decrease of the LCOE which ranges from 75 (S2b-Op) to
almost 175 €/MW h (S2b-Pe). In the baseline Case the cost is found
between 80 and 155 €/MW h. It is noted that the variations in LCOE
between the two scenarios (S2a, S2b) are minor, with the S2b dis-
playing marginally better results.

Comparing the scenarios of IC (S2a, S2b) with that of autono-
mous development (S1) (Figs. 8, 10 and 11) it becomes evident that
the economic benefits arising from the former may be impressive
in all three Cases (pessimistic, baseline, optimistic), with the WE
having the prominent role to these significant cost reductions.
The resulting economic benefits from large-scale WE contribution
may also be obtained if one considers a scenario of ‘‘IC only”
(shaded areas in Figs. 10 and 11) where it may be assumed that
wind power installations are limited to their current level (i.e.
�14 MW) and only IC with the mainland takes place. In this situa-
tion, as can be seen from both graphs, the LCOE would remain
quite high, varying from 150 to 190 €/MW h in S2a and from 140
to 175 €/MW h in S2b, which is quite close to the respective LCOE
found in the scenario of autonomous development. On the
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contrary, as WE applications increase (>14 MW), the arising
economic benefits may be impressive and the LCOE may fall well
below 100 €/MW h while substantial independence of the island
from conventional fossil fuels is also achieved.

As already mentioned, the capital cost of the IC scheme is
directly dependent on cable(s) power capacity, and it is estimated
according to the analysis presented in Section 4. Fig. 12 presents
the power capacity of the IC for each examined Case on the basis
of Eqs. (17)–(20). As can be seen, in S2a the total IC capacity is
determined only by the forecasted maximum load demand on
the basis of Eq. (17) as, according to simulation results, in all

examined Cases, 2Nmax
L � ð1� dNtrÞ�1 has been found greater than

Nmax
ewði!mÞ. On the other hand, in S2b the total power of the IC cable

is determined on the basis of both Eqs. (19) and (20), depending
on the installedWF capacity and on the examined Case (Ba, Op, Pe).

Figs. 13 and 14 show the total costs breakdown (in present val-
ues) for the scenarios of IC. The total cost in S2a (Fig. 13) includes
the investment and operating costs of new wind power systems,
the capital cost of IC, the cost of energy supply from the mainland
grid and the cost of purchasing energy from (existing or new) RES-
based plants. Similarly to the scenario of autonomous develop-
ment, the differences arising among the three alternative Cases
(Ba, Op, Pe) are noteworthy. The pessimistic Case comprises the
most expensive solution, as the demand is considered 15% higher
than in S2a-Ba, a condition which increases the energy require-
ments from the mainland grid and the power capacity of the IC
(Fig. 12). Moreover, in Case Pe an increase of 20% compared to
S2a-Ba is also taken into account for the total EPC in the mainland,
as well as for the IC investment cost. The remaining costs (capital
and operational costs for new WFs, renewable energy payments)
that form total lifetime expenses are the same in all three Cases.

Accordingly, total costs breakdown (in present values) for S2b
(Fig. 14) includes – in addition to the above mentioned expenses
– the capital cost of new thermal power generators, as well as
the fixed operating cost of the APS, which anyway should be paid
by the plant operator irrespectively of the amount of electricity
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Fig. 10. Levelized Cost of Energy during the lifetime of the investment in relation to WF installed capacity for the three examined Cases (Scenario 2a).
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Fig. 11. Levelized Cost of Energy during the lifetime of the investment in relation to WF installed capacity for the three examined Cases (Scenario 2b).

Fig. 12. Interconnection power capacity in relation to WF installed capacity for the three examined Cases (Scenarios 2a and 2b).
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production. Nevertheless, total lifetime cost in S2b is a bit lower
compared to S2a due to the significant reduction in IC capital cost
(use of one pair of unipolar cables) in the former case.

Recapitulating the above results concerning all investigated
scenarios, it becomes clear that the development of IC between
Lesbos island and the mainland part of the country along with
the high WE use is the optimum solution succeeding in significant
reduction in the objective function of the present analysis, the
LCOE. Interconnection not only provides the island with cheaper
electricity from the mainland (compared to oil-fired generation),
but also increases security of energy supply and may be used to
back-up and enhance the role of WE into the island’s energy bal-
ance. Furthermore, apart from cost savings from the single-
project owner perspective, the WE amounts which cannot be
absorbed in the island (during low demand periods) and are con-
sidered to be ‘‘pumped” to the mainland through the submarine
cable(s) will contribute to the sustainable development of the
whole Greek power sector concerning environmental objectives
and international commitments. To this end, Fig. 15 presents the
total environmental benefits (in terms of CO2 emission savings)
and avoidable EPC (in present values) from the excess WE which
will cover part of mainland’s energy needs over the considered life-
time of the project. Note that the depicted WE surplus that reaches
the mainland grid has been estimated by taking into account the
power transmission losses through the submarine cable(s). For
the purposes of the present study, the avoidable EPC is thought
to result from the reduced operation of the NG-fired plant (see also
Appendix A.2). Similarly, the environmental benefit is assumed to
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result from the reduction in CO2 emissions due to the reduced
operation of the NG-fired power station.
6. Conclusions

The techno-economic viability of high WE production at local
level was investigated in the present study on the basis of compar-
ative analysis of alternative ‘‘development scenarios” for future
electricity generation in a medium-sized Greek island, Lesbos.
Two main scenarios were investigated, i.e. the first (S1) which
was based on the autonomous development of the island, keep
using as main source for electricity generation oil products, and
the second (S2), having as main feature the IC of the island with
the mainland grid, with (S2a) and without (S2b) the contribution
of the local TPP. The economic feasibility of the above solutions
was investigated in terms of their LCOE over a 25-year evaluation
period, while a sensitivity analysis assuming an optimistic/base
line/pessimistic system development Cases is also carried out.

According to the results obtained as far as S1 is concerned, it
appears that the WE contribution to the island’s annual load
demand could hardly approach 25% due to the associated technical
limitations and dynamic constrains of the autonomous power sys-
tem. At the same time, the LCOE would remain quite high, close to
the current levels, despite the increased WF installed capacity.

On the other hand, according to the present preliminary analy-
sis and results, the IC of the island is worthy of further investiga-
tion, as it presents considerable economic interest and may be
seen as a great challenge for covering part of island’s future electri-
fication needs. Interconnection may take place either with local
conventional generation being entirely removed or with keeping
specific thermal power capacity in parallel to the IC. Although dif-
ferent assumptions were made in each case (in terms of IC power
capacity or other technical characteristics) the variations noted in
the economic results between the two options were minor. Despite
the fact that an IC project alone may be considered quite capital
intensive and its investment cost represents a major obstacle in
its realization, when it is combined with large-scale WE develop-
ment, remarkable cost savings may be achieved. More precisely,
according to the results and the baseline Case, an IC project alone
would have a LCOE of approx. 160–170 €/MW h, whilst, if it is com-
bined with large-scale WE development, LCOE could fall well
below 100 €/MW h. Furthermore, one should not disregard that
in addition to cost savings from the single-owner perspective, large
WE deployment entails the island’s shift to a radically new era
with lower CO2 and air pollutant emissions, contributing also to
the sustainable expansion of the whole Greek power sector.

At this point, however, it should be mentioned that further
research on the island’s IC aspects should include a dynamic stabil-
ity analysis of the power system, especially when studying high
wind power penetration levels without the contribution of local
thermal power generators (S2b), in order to ensure the reliability
of the system and enable a cost effective integration of the whole
project. Future research should also weigh the resulting economic
benefits of high WE use against issues such as social acceptance or
other environmental and spatial planning concerns for new WFs
installation.
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Appendix A

A.1. Calculation of wind power penetration ability

In order to determine the maximum WE contribution into the
island’s energy balance and examine the possibility of installing
additional wind power, the annual hourly mean power production
time-series is modelled according to the existing thermal power
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Table A2.1
Selected data for thermal power generation during the period 2020–2045 [32,41,43].

Type Specific fuel
consumption (kg/kW h)

Additional charges for fuel oil (€/kW h) Market cost for CO2

allowances
Maintenance cost (€/kW h)

0.5 0.75 1 kg CO2/kg fuel €/kg CO2

New unit (mazout) 0.211 0.202 0.201 0.035 3.109 0.020 0.004
Existing unit (mazout) 0.211 0.202 0.201 3.109
Existing unit (diesel) (gas turbine) 0.358 0.318 0.292 3.162
New unit (diesel) 0.358 0.318 0.292 3.162
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station characteristics. For this purpose, the technical minima,
Specific Fuel Consumption (SFC) and production schedule dispatch
order of the thermal power units are all taken into account. More
specifically, the following ‘‘sub-steps” may be followed:

i. Determination of the units’ dispatch order, based on the fuel
type consumed by each unit, achieving the minimum elec-
tricity production cost [27,35].

ii. Calculation of the maximum and the minimum electric
power production of the thermal engines and specification
of ‘‘z” operational points of the conventional power station
according to the thermal units’ minimum output power
(technical minima), their dispatch order into the production
schedule and their SFC.

iii. Inclusion of a monthly maintenance plan of the thermal
units leaving out the months where the demand is very high
(i.e. summer months). The units that are going to operate
during the selected year on an hourly basis are determined
by finding the minimum number of thermal units that must
be put on duty in order to satisfy the mean-hourly power
demand and by assuming that the sum of their technical
minima is the power which must be at least provided by
the thermal units.

iv. Estimation of the instantaneous maximumwind power pen-
etration in the local grid on the basis of the local electrical
system constraints [36,37]. At this stage, one may examine
the effect of different wind power upper participation limits
(e.g. k = 0.20, 0.30, 0.40) on the WE contribution. In general,
the maximum average-hourly wind power penetration into
a remote island network is equal to the difference between
load demand and the ‘on duty’ thermal units’ minimum out-
put power, bearing also in mind any power generation from
other sources which have priority according to the specified
dispatch order into the production schedule [38].
v. Estimation of the maximummean hourly wind power absor-
bance of both existing and future WFs by the Electricity Gen-
eration System (EGS) of the island and the corresponding
curtailments [39]. If the sum of power generation from
WFs and from the other ‘on duty’ sources is greater than
the load demand, the difference concerns the wind power
output which cannot be absorbed by the local grid and
should be rejected. For the purposes of the present study,
the expected mean hourly power generation from new
WFs is estimated with the use of specific wind turbine
power curve (i.e. Enercon E44/900) in combination with
analytical (real) wind speed measurements referred to the
hub height of the turbines (see also Fig. 2b) which are repre-
sentative for the average wind conditions met in the area of
interest. It is noted that for reasons of simplicity, the esti-
mated specific wind power output (kW/kWrated) is assumed
to be constant over the expected operating lifetime of the
project. Similarly, the power production of the existing
WFs is calculated with the use of the respective turbine
power curves [15] along with the available wind speed
time-series data for the base year. In any case, it is assumed
that the operating WFs (new and existing) can produce
power equal to 90% of their nominal power considering
losses of the order of 10%.

A.2. Specification of certain numerical data and assumptions

In order to estimate the LCOE numerous technical and economic
parameters are used based on empirical data most of them deriv-
ing from recent bibliography and various technical reports. Fur-
thermore, it is noted that in all the examined scenarios the same
data and assumptions are used where possible in order to secure
comparability of results. The main assumptions for all investigated
scenarios are listed below:
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– The discount rate ‘‘i” is taken equal to 8%. All the estimated cash
flows are discounted to the year 2015 (j = 0).

– The time horizon of the financial analysis is from 2020 to 2045
(j = 5 to j = 30). It is assumed that the installation of the project
will have been completed in 2020 and it will start to operate on
1/1/2021.

– The residual value at the end of the investment’s lifetime is
assumed to be zero.

– It is considered that the project owner of the new WFs, the IC
(S2a and S2b) and the new thermal power units (only for S1
and S2b) is the same (single-owner situation). However,
although relatively small, the compensation of private investors
of existing WF installations (13.7 MW) and PV projects
(11–26 MW) is also taken into account assuming that selling
prices to the grid for non-interconnected Greek islands, for
simplicity reasons, will remain stable in the coming years.
Thus, selected feed-in-tariff for WE projects is taken equal to
99.45 €/MW h while for PVs equal to 95 €/MW h [40].

– The average price for CO2 allowances for the period 2020–2045
is taken by considering in 2020 a price equal to 20 €/t. Subse-
quently, it is assumed that the development of average prices
will follow the estimated trend in the baseline case (20 €/t) of
the European roadmap for reducing greenhouse gas emissions
by 2050, where it is considered that current trends and policies
will continue to be valid [41].

– For oil imports (only for S1) an annual price adjustment up to
2035 is considered based on the scenario of current policies of
‘‘World Energy Outlook, 2012 Edition” [42]. Fig. A2.1 presents
the evolution in oil prices from 2020 to 2045 as well as a fluc-
tuation rate of the order of ±20%. From 2035 to 2045 the
depicted prices are an estimate, assuming constant deceleration
of the increasing rates [41]. The euro–dollar exchange rate dur-
ing the period of the analysis is taken 1 € = 1.3 $.

– The thermal power station main characteristics for new and
existing power units together with selected necessary data for
LCOE estimation in S1 (cothersfuel , mO&M

PPC , EQ, etc.) are presented in
Table A2.1 based on information found in [32,41,43].

– The fixed annual costs of the thermal power station ‘‘eCPPC
ðjÞ ” are

assumed equal to 10 €/kW (only for S2b).
– The annual cost for maintenance of the IC is neglected (S2a and
S2b).

– Investment cost for oil-fired plants (S1 and S2b) during the
whole period of 2020–2045 is taken equal to 1100 €/kW as it
is considered a mature technology possessing many years a
large share in the electricity sector and it is not expected to
change in the future. Accordingly, the capital cost for new WF
installations in all scenarios is assumed 1100 €/kW by 2020
[44].

– The average EPC in the mainland (S2a and S2b) is assumed
equal to the average production cost of a Natural Gas (NG)-
fired combined cycle power plant (or unit). According to
estimations found in technical reports [3,9,10], the EPC of a
NG-fired power plant (neglecting the contribution of the initial
cost) is about 67 €/MW h, of which 63 €/MW h comprise the
fuel cost and 4 €/MW h the operation and maintenance cost.
Taking also into account the environmental impact of CO2

emissions (�10 €/t CO2) the present production cost of the
NG-fired power plant (or unit) is finally estimated equal to
71 €/MW h. It is noted that according to the UNO’s Intergov-
ernmental Panel on Climate Change (IPCC), NG releases
56.1 t CO2/TJ. Considering an efficiency performance of the
station equal to 45%, it is estimated that NG emits about
0.4 t CO2 per produced MW h [10]. As for the calculation of
the total EPC in the mainland for the period 2020–2045 the
following assumptions are made:
� The average price for CO2 allowances is taken again equal to
20 €/t CO2 [41].

� The long-term evolution in total EPC and more specifically,
the evolution in NG-fuel cost is directly connected to global
oil prices fluctuations [41,42], following an average annual
increase rate of the order of about 1%.

References

[1] Tigas K, Giannakidis G, Mantzaris J, Lalas D, Sakellaridis N, Nakos C, et al. Wide
scale penetration of renewable electricity in the Greek energy system in view
of the European decarbonization targets for 2050. Renew Sustain Energy Rev
2015;42:158–69.

[2] Chatzizacharia K, Benekis V, Hatziavramidis D. A blueprint for an energy policy
in Greece with considerations of climate change. Appl Energy
2016;162:382–9.

[3] Hellenic Transmission System Operator (HTSO). Study for Aegean islands
interconnection with the mainland grid. Phase AAvailable from: <http://www.
desmie.gr>2010 [accessed 15.05.15].

[4] Karystianos M, Kabouris Y, Koronides T, Sofroniou S. Closure of operation of the
electrical system of Crete in interconnection with the mainland grid: a stability
study. In: Proceedings of the IREP symposium-bulk power system dynamics
and control-IX (IREP), August 25–30, 2013, Rethymnon, Greece.

[5] Papadopoulos M, Boulaxis N, Tsili M, Papathanasiou S. Interconnection of the
Cycladic islands to the mainland grid. In: Proceedings of the 5th WSEAS int
conf on power systems and electromagnetic compatibility, August 23–25,
2005, Corfu, Greece.

[6] Papadopoulos M, Boulaxis N, Tsili M, Papathanasiou S. Increased wind energy
exploitation via interconnection of Aegean islands to the mainland grid. In:
Proceedings of the 19th international conference on electricity distribution,
21–24 May, 2007, Vienna, 2007.

[7] Regulatory Authority of Energy (RAE). Update of the strategic study for the
interconnection of autonomous island networks to the mainland power
systemAvailable from: <http://www.rae.gr>2008 [accessed 10.01.15].

[8] Georgiou PN, Mavrotas G, Diakoulaki D. The effect of islands’ interconnection
to the mainland system on the development of renewable energy sources in
the Greek power sector. Renew Sustain Energ Rev 2011;15:2607–20.

[9] Hellenic Transmission System Operator (HTSO). Development of the electric
power system of crete-interconnection to the system of the mainland, Athens
GreeceAvailable from: <http://www.desmie.gr>2011 [accessed 10.01.15].

[10] Independent Power Transmission Operator (IPTO). Cost/benefit study for
Cyclades interconnection with the mainland gridAvailable from: <http://www.
admie.gr>2013 [accessed 15.05.15].

[11] Xydis G. Comparison study between a renewable energy supply system and a
supergrid for achieving 100% from renewable energy sources in Islands.
Electric Power Energy Syst 2013;46:198–210.

[12] Anagnostopoulos JS, Papantonis DE. Simulation and size optimization of a
pumped-storage power plant for the recovery of wind-farms rejected energy.
Renew Energy 2008;33:1685–94.

[13] Black M, Strbac G. Value of storage in providing balancing services for
electricity generation systems with high wind penetration. Power Sour
2006;162:949–53.

[14] Jaramillo OA, Borja MA, Huacuz JM. Using hydropower to complement wind
energy: a hybrid system to provide firm power. Renew Energy
2004;29:1887–909.

[15] Kaldellis JK, Kapsali M, Tiligadas D. Presentation of a stochastic model
estimating the wind energy contribution in remote island electrical
networks. Appl Energy 2012;97:68–76.

[16] Zafirakis D, Chalvatzis KJ, Baiocchi G, Daskalakis G. Modeling of financial
incentives for investments in energy storage systems that promote the large-
scale integration of wind energy. Appl Energy 2013;105:138–54.

[17] Kapsali M, Anagnostopoulos JS, Kaldellis JK. Wind powered pumped-hydro
storage systems for remote islands: a complete sensitivity analysis based on
economic perspectives. Appl Energy 2012;99:430–44.

[18] Luo X, Wang J, Dooner M, Clarke J. Overview of current development in
electrical energy storage technologies and the application potential in power
system operation. Appl Energy 2015;2015(137):511–36.

[19] Varkani AK, Daraeepour A, Monset H. A new self-scheduling strategy for
integrated operation of wind and pumped-storage power plants in markets.
Appl Energy 2011;88:5002–12.

[20] Katsaprakakis DA. Hybrid power plants in non-interconnected insular systems.
Appl Energy 2016;164:268–83.

[21] Katsaprakakis DA, Christakis DG, Pavlopoylos K, Stamataki S, Dimitrelou I,
Stefanakis I, et al. Introduction of a wind powered pumped storage system in
the isolated insular power system of Karpathos-Kasos. Appl Energy
2012;97:38–48.

[22] Zafeiratou E, Spataru C. Investigation of high renewable energy penetration in
the island of Syros following the interconnection with the national grid
system. Energy Proc 2015;83:237–47.

[23] Karamanou E, Papathanassiou S, Papadopoulos M. Planning the
interconnection of islands to the mainland grid via submarine cables. In:
Proceedings of MedPower, 2008, Thessaloniki, Greece.

http://refhub.elsevier.com/S0306-2619(16)30471-8/h0005
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0005
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0005
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0005
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0010
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0010
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0010
http://www.desmie.gr
http://www.desmie.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0020
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0020
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0020
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0020
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0025
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0025
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0025
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0025
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0030
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0030
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0030
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0030
http://www.rae.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0040
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0040
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0040
http://www.desmie.gr
http://www.admie.gr
http://www.admie.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0055
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0055
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0055
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0060
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0060
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0060
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0065
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0065
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0065
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0070
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0070
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0070
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0075
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0075
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0075
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0080
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0080
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0080
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0085
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0085
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0085
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0090
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0090
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0090
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0095
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0095
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0095
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0100
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0100
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0105
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0105
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0105
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0105
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0110
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0110
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0110
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0115
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0115
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0115


254 M. Kapsali et al. / Applied Energy 173 (2016) 238–254
[24] Greek Public Power Corporation (PPC). Annual production plan of autonomous
power stations. Athens, Greece: Island Production Department of Greek Public
Power Corporation; 2012 [in Greek].

[25] Hellenic Electricity Distribution Network Operator (HEDNO). Issuance of
power generation informative report for the non interconnected islands
August 2015Available from: <http://www.deddie.gr/>2015 [accessed
15.11.15].

[26] European Commission. Solar radiation and PV maps-Europe. Joint Research
Center; 2010. Available from: <http://re.jrc.ec.europa.eu/pvgis/countries/
countries-europe.htm/> [accessed 10.07.15].

[27] Kaldellis JK, Kapsali M, Kavadias KA. Energy balance analysis of wind-based
pumped hydro storage systems in remote islands electrical networks. Appl
Energy 2010;87:2427–37.

[28] Regulatory Authority of Energy (RAE). Amendment of the 85/2007 decision of
RAE concerning the methodology of estimating maximum power absorption
margins in the non-interconnected Greek islandsAvailable from: <http://
www.rae.gr>2008 [accessed 10.01.15] [in Greek].

[29] Regulatory Authority of Energy (RAE), Amendment of the 96/2007 decision of
RAE concerning the development of photovoltaic power stations in the islands,
the allocation methodology of the available power in the islands and the
identification of the ‘estimated’ allocation measure. Implementation of the
new allocation measure to the island of CreteAvailable from: <http://www.rae.
gr>2008 [accessed 10.01.15] [in Greek].

[30] Kaldellis JK, Kavadias KA, Zafirakis D. Experimental validation of the optimum
photovoltaic panels’ tilt angle for remote consumers. Renew Energy
2012;46:179–91.

[31] ROKAS Renewables. Aegean link projectAvailable from: <http://www.
pvaigaiou.gov.gr/>2012 [accessed 20.06.15].

[32] Regulatory Authority of Energy (RAE). Calculation of average variable cost of
electricity production from conventional units in the autonomous islands,
under the provisions of Article 143 of Law. 4001/2011, budgeted figures for the
first half of the year 2013Available from: <http://www.rae.gr>2013 [accessed
15.06.15] [in Greek].
[33] Drobik T. High-voltage direct current transmission lines. In: IEEE conference
publishing.

[34] Negra NB, Todorovic J, Ackermann T. Loss evaluation of VAC and HVDC
transmission solution for large offshore wind farms. Electric Power Syst Res
2006;76:916–27.

[35] Katsaprakakis DA, Christakis DG, Zervos EA, Papantonis D, Voutsinas S.
Pumped storage systems introduction in isolated power production systems.
Renew Energy 2008;33:467–90.

[36] Kaldellis JK. The wind potential impact on the maximum wind energy
penetration in autonomous electrical grids. Renew Energy 2008;33:1665–77.

[37] Papathanassiou SA, Boulaxis NG. Power limitations and energy yield
evaluation for wind farms operating in island systems. Renew Energy
2005;31:457–79.

[38] Regulatory Authority of Energy (RAE). Code of management of electric power
systems on the non-interconnected islandsAvailable from: <http://www.rae.
gr>2013 [accessed 10.01.15].

[39] Kapsali M, Kaldellis JK. Combining hydro and variable wind power generation
by means of pumped-storage under economically viable terms. Appl Energy
2010;87:3475–85.

[40] Hellenic Electricity Market Operator (LAGIE). Feed in tariffs for RES
applicationsAvailable from: <http://www.lagie.gr/>2015 [accessed 20.06.15].

[41] Ministry of Environment, Energy & Climate Change (MEEC). National energy
plan: roadmap to 2050Available from: <http://www.ypeka.gr/>2012 [accessed
10.01.15].

[42] International Energy Agency (IEA). World energy outlook. 2012 ed, 2012.
Available from: <http://www.worldenergyoutlook.org/> [accessed 10.01.15].

[43] Papathanasiou S, Karamanou E, Papaefthimiou S, Papastamoulos K. Parametric
investigation of energy and capacity tariffs for hybrid power stations in non-
interconnected islands (funded by Regulatory Authority for Energy (RAE) of
Greece)Available from: <http://www.rae.gr/>2010 [accessed 10.02.15].

[44] International Energy Agency (IEA). Energy technology perspectives 2010 –
scenarios and strategies to 2050Available from: <http://www.iea.org/publi-
cations/freepublications/publication/etp2010.pdf/>2010 [accessed 15.02.15].

http://refhub.elsevier.com/S0306-2619(16)30471-8/h0120
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0120
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0120
http://www.deddie.gr/
http://re.jrc.ec.europa.eu/pvgis/countries/countries-europe.htm/
http://re.jrc.ec.europa.eu/pvgis/countries/countries-europe.htm/
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0135
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0135
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0135
http://www.rae.gr
http://www.rae.gr
http://www.rae.gr
http://www.rae.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0150
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0150
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0150
http://www.pvaigaiou.gov.gr/
http://www.pvaigaiou.gov.gr/
http://www.rae.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0165
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0165
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0170
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0170
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0170
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0175
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0175
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0175
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0180
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0180
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0185
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0185
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0185
http://www.rae.gr
http://www.rae.gr
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0195
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0195
http://refhub.elsevier.com/S0306-2619(16)30471-8/h0195
http://www.lagie.gr/
http://www.ypeka.gr/
http://www.worldenergyoutlook.org/
http://www.rae.gr/
http://www.iea.org/publications/freepublications/publication/etp2010.pdf/
http://www.iea.org/publications/freepublications/publication/etp2010.pdf/

	Investigating the techno-economic perspectives of high wind energy production in remote vs interconnected island networks
	1 Introduction
	2 Case study presentation
	2.1 Description of the system
	2.2 The estimated load growth

	3 Methodology
	3.1 Energy model
	3.1.1 Scenario 1 (S1) – estimation of RES penetration ability
	3.1.2 Scenario 2 (S2) – high RES penetration and interconnection with mainland grid

	3.2 Economic model
	3.2.1 Scenario 1 (S1) – modelling the LCOE
	3.2.2 Scenario 2a (S2a) – modelling the LCOE
	3.2.3 Scenario 2b (S2b) – modelling the LCOE
	3.2.4 Sensitivity analysis


	4 The interconnection scheme
	5 Application results and discussion
	5.1 Energy model results
	5.1.1 Scenario 1 (S1)
	5.1.2 Scenario 2a (S2a) and 2b (S2b)

	5.2 Economic model results
	5.2.1 Scenario 1 (S1)
	5.2.2 Scenario 2a (S2a) and 2b (S2b)


	6 Conclusions
	Conflict of interest
	Acknowledgements
	Appendix A
	A.1 Calculation of wind power penetration ability
	A.2 Specification of certain numerical data and assumptions

	References


