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" Electricity production in most remote islands is based on expensive oil imports.
" The contribution of wind power is restricted due to electrical grid limitations.
" The techno-economic behavior of a wind-based pumped hydro storage system is examined.
" Guaranteed energy amounts at peak load demand hours are provided by the proposed system.
" Based on the optimum solution renewables may cover 25% of the island’s energy needs.
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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 Sta-
tions (APSs) that are characterized by considerably high electricity production cost, whilst, in several
cases, problems related with power shortage are encountered. At the same time, the contribution of wind
energy is significantly restricted due to electrical grid limitations imposed to ‘‘secure’’ the stability of the
local network and thus resulting in significant rejected wind energy amounts. On the basis of sensitivity
analysis, the present study evaluates the techno-economic viability of a system that incorporates the
simultaneous operation of existing and new wind farms (WFs) with pumped storage and hydro turbines,
which are able to provide the electrical grid of a remote island with guaranteed energy amounts during
the peak load demand hours on a daily basis. The performance of the system is simulated during a
selected time period for various system configurations and an attempt is made to localize the optimum
solution by calculating various financial indices. Emphasis is given on the conduction of an extensive sen-
sitivity analysis considering three main variables (i.e. produced energy selling price, the percentage of
state subsidization and the price of the wind energy surplus bought from the already existing WFs) taking
also into account several constraints of the national legislation. Based on the most economically viable
(payback period quite less than 10 years) configuration derived (24 MW WFs, 15 MW water pumping
system, 13.5 MW hydro turbines), the contribution of renewable energy increases by almost 15% (in
absolute terms) compared to current conditions, reaching about 25% of the island’s energy consumption
pattern. The proposed analysis may be equally well applied to every remote island possessing remarkable
wind potential and appropriate topography.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The energy production of the non-interconnected Greek islands
is mainly based on Autonomous Power Stations (APSs) which con-
sume conventional fossil fuels, while the contribution of Renewable
Energy Sources (RESs) (mainly wind) accounts for only 9% of the to-
tal electricity generation in these regions. Specifically, in 2008, the
total electricity production was approximately 6250 GW h from
ll rights reserved.

: +30 210 5381467.
which only 580 GW h derived from renewables [1]. The Greek Public
Power Corporation (PPC), being the exclusive supplier and practi-
cally the sole producer of the energy deriving from fossil fuels com-
bustion, faces considerable electrification problems related to
power shortage, seasonal load demand variations, weak transmis-
sion electricity networks and outdated thermal power units.
Moreover, the electrification of the islands is closely associated with
very high energy production costs that may in many cases exceed
– during peak hours – the 200 €/MW h, much depending though
on oil prices since the fuel cost sharing accounts for more than 50%
[2,3].
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Nomenclature

C investment expenses (€)
cf fuel cost (€/MW h)
cHT price of the electricity sold to the local utility network

(produced by the hydro turbines) (€/MW h)
cPPC price of the energy bought by the island electrical net-

work’s operator (€/MW h)
cWF price of the electricity sold to the local utility network

(produced by the wind farms) (€/MW h)
c�WF price of the electricity bought from the existing wind

farms (€/MW h)
e price escalation rate (hydro turbines energy production)

(%)
e1 price escalation rate (for energy absorbed by the local

grid) (%)
EC energy input cost (€)
Ea wind energy absorption by the local grid of the already

existing WFs before the installation of the proposed pro-
ject (MW h)

E0a wind energy absorption by the local grid of the already
existing WFs after the installation of the proposed pro-
ject (MW h)

EHT energy absorbed by the local grid (produced by the hy-
dro turbines) (MW h)

EP total absorbed energy for charging the storage system
(wind farms + local grid) (MW h)

EPCHT energy production specific cost of the proposed config-
uration (€)

EPCPPC peak energy production specific cost of the thermal
power units (€)

EPPC absorbed energy by the local grid for charging the stor-
age system (MW h)

Erejected rejected annual wind energy amounts by the local grid
(MW h)

E�WF absorbed energy by the existing wind farms for charging
the storage system (MW h)

EWF energy absorbed by the local grid (produced by the new
wind farms) (MW h)

E00WFj
total annual wind energy (from both the existing and
new wind farms under investigation) absorbed for
charging the storage system (MW h)

FC fixed maintenance & operation cost (€)
fe escalation factor used to appraise the time value of

money (hydro turbines energy production)
fW1 escalation factor used to appraise the time value of

money (new wind farms energy production)
G revenues of the investment (€)
gm M & O cost inflation rate (%)
i cost of money (%)
ICEM initial cost of the electromechanical equipment (€)
ICCE initial cost of the civil engineering work (€)
ICo initial cost of the entire installation (€)
ICothers initial other costs (€)
ICTB tubes’ initial cost (€)

m1 fraction of the electromechanical equipment cost (%)
m2 fraction of the civil engineering work cost (%)
n project’s lifetime
n� investment’s payback period
NHT rated power of hydro turbines (MW)
NWF rated power of wind farm (MW)
NWP rated power of water pumps (MW)
PR public rates (€)
PrHT specific cost of hydro turbines and generators (€/MW)
Prst specific cost of water reservoirs construction (€/m3)
PrWF specific cost of wind turbine installation (€/MW)
PrWP specific cost of the water pumps (€/MW)
R investment incomes (€)
T taxes paid by the system’s owner enterprise (€)
VC variable maintenance & operation cost (€)
vr percentage of the wind power surplus that is going to be

absorbed from each wind farm for charging the storage
system (%)

Vst total volume of water reservoirs (m3)
Vup volume of the upper reservoir (m3)
Vupmin minimum volume of the upper reservoir (m3)
w price escalation rate (existing wind turbines energy pro-

duction) (%)
w1 price escalation rate (new wind turbines energy produc-

tion) (%)
Y residual value of the investment at the end of the pro-

ject’s lifetime (€)

Greek letters
a private capital (%)
b loan (%)
c state subsidy (%)
n1 percentage of the gross annual investment incomes

which is directly transferred to the local municipality
as public rates (%)

u tax coefficient (%)

Other symbols
j annual values
o constant values at the investment starting point
� present values

Abbreviations
APSs Autonomous Power Stations
HT hydro turbine
M & O maintenance & operation
NPV Net Present Value
npv NPV divided by the private capital invested
PPC Public Power Corporation
RESs Renewable Energy Sources
WF wind farm
WPHS wind-based pumped-hydro storage
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On the other hand, despite the high wind potential encountered
in many Greek island regions, the wind energy contribution to the
electrification of these areas is significantly restricted mainly due
to existing technical barriers, which protect the autonomous
electrical grids from possible instability problems [4,5]. The inter-
mittent nature of the wind in combination with remarkable fluctu-
ations of daily and seasonal electrical load demand have lead to
strict wind energy penetration limits [6,7], thus making it difficult
to achieve higher than 15% wind energy contribution in autono-
mous electrical networks [8,9]. To overcome the intermittency
and uncertainty of wind and to establish wind power as a more
reliable technology able to remarkably contribute to the electrifica-
tion of remote areas, a combination of hydro and wind power gen-
eration by means of pumped-storage [10–12] under economically
viable terms seems to be the most advantageous solution [13–16].

In this context, the techno-economic performance of a wind-
based pumped-hydro storage (WPHS) system [17,18], capable to
exploit rejected wind energy amounts from both existing and
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new wind farm (WF) installations is examined, using as a case
study the island of Lesbos, Greece. The operation of the system is
based on the condition of guaranteed energy supply to the local is-
land’s grid on a daily basis during the peak load demand hours
when the marginal electricity production cost of the conventional
power station is very high. The WPHS system exploits an amount
of the wind energy surplus but in case that the water stored in
the upper reservoir is not enough for the fulfilment of the condi-
tion of guaranteed energy production, the water pumps absorb
any energy required by the grid during low demand periods (i.e.
nights), when the energy production cost of the conventional
power station is low. In this context, the operation of the WPHS
system is simulated for various system configurations with a use
of an integrated computational algorithm [19]. Particularly, the
developed numerical code is applied for different values of daily
guaranteed energy delivered to the island’s local electrical grid at
peak hours and thus several operational modes of the proposed
system result [17]. In the current work, emphasis is given on the
economic behavior of the proposed project based on extensive
sensitivity analysis by taking also into consideration various limi-
tations and valuation criteria. Finally, an optimum system configu-
ration is proposed which represents a cost competitive solution
compared with the current electricity consumption patterns of
Lesbos island.

2. Position of the problem

The island of Lesbos 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 represents a typical case of a medium-sized
Greek island which faces significant electricity generation prob-
lems being related with several black-outs especially during sum-
mer. Currently, eight quite old internal combustion engines
(consuming mazut), one gas turbine (consuming diesel-oil) and
two wind farms of 10.8 MW (9 + 1.8 MW) total rated power com-
prise the basic sources of electricity generation on the island. The
thermal power station of the island consumes significant oil-fuel
quantities (approx. 60,000 tn per year) and contributes consider-
ably to the local environment degradation. At the same time, the
mean electricity production cost of the existing thermal power sta-
tion may reach 250 €/MW h during peak load demand hours.
Fig. 1. A map of Greece
On the other hand, the wind energy potential of the island is
quite significant although its contribution to the energy supply
currently remains small. Besides, based on Fig. 2 [20], one may
state that even in case of installing new WFs on the island, the
wind energy contribution would still be limited and remarkable
wind energy rejections would be expected (y-axis of the figure).
At the same time, the wind energy share to the electricity con-
sumption of the island hardly would approach 18% (x-axis of the
figure) even if high values of installed wind power are encountered
(e.g. 30 MW). This indicates that there is an upper limit for eco-
nomically viable new WF investments, as is the case of the major-
ity of remote islands around the world, enhancing the need of an
appropriate energy storage solution such as WPHS systems.

3. Methodology

3.1. Economic model

Based on economic criteria, the size optimization of a WPHS
system able to exploit the rejected wind energy amounts of both
existing and new WF installations includes the determination of:

� the size and operational characteristics of the hydro turbines
(HTs),
� the volume of the water reservoirs,
� the water piping system dimensions,
� the total installed rated wind power on the island

(existing + new),
� and finally, the size of the water pumping system. It should be

noted that the determination of the rated power and opera-
tional range of the water pumps may be based on the wind
power rejection frequency and cumulative probability for each
installed wind power case under investigation [17].

Firstly, one should determine the financial scheme according to
which the total initial cost ‘‘ICo’’ of the investigated system is going
to be covered based on the existing financial frame. Thus,

ICo ¼ a � ICo þ b � ICo þ c � ICo ð1Þ

where a, b and c represent the respective percentages of the private
(own) capital, loan and state subsidization.
and Lesbos island.
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Fig. 2. Annual absorption percentage of the wind energy production from the existing and new WFs (up to 21 MW) along with the corresponding wind energy contribution to
demand.
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In order to estimate the total initial cost, one should take into
account the cost of the electromechanical equipment, civil engi-
neering works and the corresponding installation cost at the time
period of the construction of the project. Specifically, the initial
investment cost of the WPHS system may also be expressed as a
function of the following system main components, based on cur-
rent market values [21,22]:

ICo ¼ PrWF � NWF þ PrHT � NHT þ PrWP � NWP þ Prst � Vst þ ICTB

þ ICothers ð2Þ

where PrWF and NWF are the specific cost of wind turbines (€/MW)
and their total rated power (MW) respectively. PrHT is the specific
cost of hydro turbines and generators (€/MW) and NHT is their total
nominal power (MW). PrWP is the specific cost of the water pumps
(€/MW) and NWP their total nominal power (MW). Prst is the specific
cost of water reservoirs construction (€/m3) and Vst their total vol-
ume (m3). ICTB is the tubes’ initial cost being composed by the cor-
responding material, surface protection and welding costs, much
depending on the tubes total length, diameter and thickness. Final-
ly, the investment includes several other costs ‘‘ICothers’’ such as the
power house and the control unit construction, secondary electro-
mechanical equipment, grid connection and internal cabling, trans-
former’s initial cost, roads construction, land buying and finally,
development costs (e.g. studies, project management, etc.) which
may be expressed as a percentage (i.e. 7–10%) of the total initial cost
of the investment.

Following, the total investment incomes ‘‘eRn’’ (in present val-
ues) throughout the lifetime of the WPHS system ‘‘n’’, are based
on the absorption by the local grid of the energy produced by the
hydro turbines ‘‘EHTj

’’ and by the new WFs ‘‘EWFj
’’ on an annual ba-

sis. In this context, the total investment incomes, over n-years, may
be estimated by using Eq. (3). Note that ‘‘j’’ represents annual val-
ues while ‘‘o’’ represents constant values at the investment starting
point.

eRn ¼
Xj¼n

j¼1

eRðjÞ ¼X
j¼n

j¼1

EHTj
�

cHTj

ð1þ iÞj
þ
Xj¼n

j¼1

EWFj
�

cWFj

ð1þ iÞj

¼ EHTO � cHTo � fe þ EWFO � cWFO � fW1 ð3Þ

where cHTo and cWFo are the respective prices of the electricity sold
to the local utility network produced by the hydro turbines and
by the new WFs. The escalation factors fe and fW1 are both used to
appraise the time value of money, thus,

fe ¼ ð1þ eÞ �
1þe
1þi

� �n
� 1

e� i
ð4Þ

fW1 ¼ ð1þw1Þ �
1þw1

1þi

� �n
� 1

w1 � i
ð5Þ

by taking into account the annual electricity price escalation rates
‘‘e’’ and ‘‘w1’’.

Next, one should estimate the total investment expenses ‘‘eCn’’,
during the long-term operation of the system, comprising the en-
ergy input cost ‘‘eECn ’’, the fixed ‘‘eF Cn ’’ and variable ‘‘eV Cn ’’ mainte-
nance & operation cost (M & O), public rates ‘‘ePRn ’’, loan payment
‘‘eLn’’ and finally taxes (imposed on profits) paid by the system’s
owner enterprise ‘‘eT n’’. Thus, the total investment expenses (in
present values), over n-years, are expressed as:

eCn ¼ eECn þ eF Cn þ eV Cn þ ePRn þ eLn þ eT n ð6Þ

The energy input cost (in present values), over n-years, is deter-
mined according to the amount of the absorbed energy by the local
grid for charging the storage system (i.e. water pumps) which has
been produced either by the thermal power station of the island
‘‘EPPCo ’’ or by the existing wind farms ‘‘E�WFO

’’. Thus, one may write:

eECn ¼
Xj¼n

j¼1

eECðjÞ ¼
Xj¼n

j¼1

EPPCj
�

cPPCj

ð1þ iÞj
þ
Xj¼n

j¼1

E�WFj
�

c�WFj

ð1þ iÞj

¼ EPPCo � cPPCo � ð1þ e1Þ �
1� 1þe1

1þi

� �n

i� e1
þ E�WFO

� c�WFO
� ð1þwÞ

�
1� 1þw

1þi

� �n

i�w
ð7Þ

where cPPCo is the specific price of the energy bought by the island
electrical network’s operator (i.e. PPC) on an annual basis (€/
MW h), considering also an annual electricity price escalation rate
‘‘e1’’. Accordingly, c�WFO

is the specific price of the energy bought
from the existing WFs (€/MW h) bearing in mind an annual wind
energy price escalation rate ‘‘w’’.

Following, the M & O cost that should be taken into account can
be split into the fixed ‘‘eF Cn ’’ and the variable ‘‘eV Cn ’’ maintenance
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cost [23]. The variable M & O cost mainly depends on the replace-
ment of some major parts of the installation, which may have a
shorter lifetime than the entire investment (e.g. electrical genera-
tor, water pumps, etc.). The fixed M & O cost may be generally
expressed as a fraction m1 of the electromechanical equipment cost
‘‘ICEM ’’ plus a fraction m2 of the civil engineering work cost ‘‘ICCE’’,
thus the present value over n-years of eF Cn may be expressed as:

eF Cn ¼
Xj¼n

j¼1

eF CðjÞ ¼ ðm1 � ICEM þm2 � ICCEÞ � ð1þ gmÞ �
1� 1þgm

1þi

� �n

i� gm
ð8Þ

with gm expressing the M & O cost inflation rate.
Following, according to the current legislation frame (Law

2773/99) [24], a supplementary amount (n1 � 3%) from the gross
annual investment incomes is directly transferred to the local
municipality as public rates [23] and it should also be considered.
Thus, in present values, over n-years, the total expenses for public
rates are:

ePRn ¼
Xj¼n

j¼1

ePRðjÞ ¼ n1 � eRn ð9Þ

Consequently, the total revenues (in present values) of the
investment over n-years are going to be:

eGn ¼ eRn � eCn � a � ICo ð10Þ
3.2. Valuation criteria and limitations

In order to assess the viability of the project, one may take into
account the following techno-economic criteria and limitations:

– According to the Greek Law 3468/2006 [25], the total energy
absorbed by the local grid (EPPCj

), on an annual basis, should
not exceed 30% of the total energy consumed for charging the
water pumping system (EPj

) of the proposed project. Further-
more, the produced energy selling price (cHTo ) should not be
lower from the price of the energy consumed for charging the
water pumping system, augmented by at least 25% [25]. At this
point, it is worth mentioning that the target of minimizing the
energy imported by the local grid (EPPCj

) is considered econom-
ically non-viable, since this would require the smallest possible
hydro turbines nominal power leaving for large periods the
upper reservoir full and incapable to store the excess wind
energy [26], while at the same time, the annual incomes of
the investment would remain quite low and the contribution
of the proposed system to the demand would be negligible.

– The Net Present Value (NPV) along with the Energy Production
specific Cost (EPCHT) of the proposed configuration are consid-
ered as the two basic financial indices for determining the opti-
mum system configuration in the present study. In this context,
comparing the present value of the total investment incomes
with the corresponding total expenses, one has the ability to
estimate the npv of the investment after n-years of the system
operation by taking also into consideration a residual value
‘‘eY n’’ (positive or negative) of the investment at the end of the
project’s lifetime (e.g. value of land or buildings, wind turbines
demolition, etc.). Thus, one may get:

npvn ¼
eGn þ eY n

a � ICo
ð11Þ

The energy production specific cost (in €/MW h) is estimated by
taking into account that the objective for the proposed system’s
installation is the guaranteed energy supply by the hydro turbines
to the island’s local grid during the peak load demand hours. Thus,
the price of the wind energy (produced by the new WFs) which is
directly sold to the island’s local grid is predetermined according to
the contemporary legislation frame and the resulting income is
considered as a benefit. Thus,

EPCHT ¼
eCn þ a � ICo � cWFO � EWFO � fW1

EHTo � fe
ð12Þ

The main objective currently considered is the maximization of
the npv, while at the same time the energy production specific cost
of the proposed system is maintained below a certain threshold,
i.e. the ‘‘peak’’ energy production cost of the thermal power units
(approx. 250 €/MW h) and more specifically the avoided fuel cost
‘‘cf’’ (approx. 120 €/MW h) augmented by at least 20% (due to main-
tenance cost reduction of the thermal units and the guaranteed
power supply by the hydro turbines at peak load demand hours).
Moreover, the investment’s payback period ‘‘n�’’ is also evaluated.
Thus, based on the above, for each possible configuration resulted
by the application of the developed energy model, the following
conditions should be verified:

(A)
EPPCj

EPj
6 30%

(B) cPPCo � 1:25 6 cHTo

(C) npv ? npvmax > 0
(D) EPCHT < cf � 1:20 < EPCPPC

(E) n� < n

4. Application and results

4.1. Test case

The methodology applied in the present study is based on the
results from the application of a computational algorithm
[17,19]. The computational tool provides among others the hourly
operational status and the annual energy yield of the plant, as well
as a detailed calculation of the various energy losses in the pen-
stock, the hydro turbine, the pumps and the electrical equipment.
Particularly, the developed numerical code is applied for different
values of daily guaranteed energy delivered to the island’s local
electrical grid at peak hours (i.e. 12.00–14.00 and 20.00–22.00)
by exploiting an amount of the wind energy surplus from existing
and new wind farm installations. In case that the water stored in
the upper reservoir is not enough for the fulfilment of the condi-
tion of guaranteed energy delivered to the local grid, the water
pumps absorb any energy required by the grid during low demand
hours (from 1:00 to 8:00) when the energy production cost of the
thermal power station is low (marginal electricity generation cost
less than 0.08 €/kW h). The use of single piping is adopted while
several constrains are considered such as that the operation of
the pumping station is not allowed during the power production
period or when the upper reservoir is full.

Based on the application of the energy model, the operation of
the system is simulated, for the specific case study of Lesbos island,
from 1.5 MW up to 15 MW hydro turbines nominal power (provid-
ing 6–60 MW h of electricity during peak load demand hours on a
daily basis) and for various combinations of the upper reservoir
volume ‘‘Vup’’, i.e. from 1.5 to 4 times the minimum upper one ‘‘Vup-

min’’. The calculation of Vupmin is based on the daily guaranteed en-
ergy production by the hydro turbines for each examined case. It is
worth mentioning that, in an attempt to reduce significantly the
initial cost of the investment, the proposed solution considers
one of the existing water tanks on the island as the lower reservoir
so it is not considered as a variable parameter in the study. The
water tank was constructed in 2003 and is located to the lower
point of the drainage basin of the Kalandra River in Eresos Prefec-
ture (west part of the island). Its large capacity (almost
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2,550,000 m3) together with the significant quantities of water
drainage due to floods and the high elevation differences in the
nearby region make the exploitation of this tank a considerably
advantageous solution.

The upper limit for new wind power installations on the island
is considered 21 MW. So, the calculated wind energy rejections
[17] from the existing 9 MW and the new WFs (up to 21 MW)
are used for charging the storage system of the proposed project.
It should be noted that, the wind energy rejected amounts of the
existing (old) WF of 1.8 MW are expected to be negligible and they
are not taken into account into the numerical procedure, since, this
WF is assumed to have priority in entering the local grid in respect
to the rest of WFs (according to the Law 2244/94) [27,28].
4.2. Energy model results

The results for two indicative cases which derived from the
application of the energy model are presented in Figs. 3 and 4,
depicting the lowest (i.e. 9 MW existing + 6 MW new) and the
highest examined rated wind power case on the island (i.e. 9 MW
existing + 21 MW new) respectively. The first case of 15 MW corre-
sponds to 14,224 MW h of rejected annual energy amounts by the
grid ‘‘Erejected’’ and that of 30 MW to 55,548 MW h. In these figures
the percentages (vertical axis) of the wind energy contribution
and the conventional energy bought by the local grid to the total en-
ergy consumed for charging the storage system on an annual basis
are illustrated, depending on the hydro turbines nominal power
and the upper reservoir’s volume (horizontal axis).

As it may be seen, the share of wind energy contribution to stor-
age increases in cases of higher installed wind power values
(Fig. 4), since the exploitable amounts of the wind energy surplus
are greater and thus the need to buy supplementary energy from
the grid becomes less. Furthermore, by increasing the volume of
the upper reservoir, the wind energy absorption increases as well,
however, this increase is gradually reduced and becomes marginal
for higher hydro turbines nominal power, especially for lower wind
power installations (Fig. 3). At this point, considering the imposed
limitation that the total conventional energy bought by the local
grid on an annual basis, should not exceed the 30% of the total en-
ergy consumed for charging the water pumping system (condition
(A), see Section 3.2), a red dotted line is plotted on Figs. 3 and 4,
depicting that this limitation may be consolidated in all the exam-
ined cases. Thus, based on that ‘‘energy-based’’ limitation, one may
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exclude any investigation of scenarios of ‘‘low’’ wind power in-
stalled (e.g. 15 MW or even lower) on the island.
4.3. Data presentation

Before proceeding to the application results of the economic
model, it is worth presenting the selected value of the following
parameters:

– The lifetime of the investment (n) is considered to be 20 years.
– The M & O cost inflation rate (gm), the capital cost (i) and the

annual electricity price escalation rates (e = e1 = w = w1) are
taken equal to 3.2%, 8% and 3% respectively.

– The M & O fraction m1 of the electromechanical equipment and
the fraction m2 of the civil engineering work cost are selected 2%
and 0.5% respectively.

– The variable cost (eV Cn ) is assumed equal to zero.
– The length of the new constructed utility network and the new

constructed roads is assumed to be 10 km.
– The length of the single piping system is assumed to be 2 km.
– The residual value (eY n) at the end of the investment lifetime is

taken equal to zero.
– According to the financial scheme that has been adopted in the

present study, loans constitute the 30% of the initial investment
cost with an interest rate of 5.2% and payback time in 10 years.

– The tax coefficient (u) is selected 30%.
– The specific price (cPPCO ) of the energy bought by PPC is taken

70 €/MW h (low cost ‘‘night’’ electricity) [29].
– The specific price (cWFO ) of the wind energy produced by the

new WFs and sold to the island’s local grid is taken 99.44 €/
MW h [30].

– The specific price (c�WFO
) of the wind energy surplus bought from

the already existing WFs constitutes a variable parameter in the
study. Thus, the following cases are examined:
(a) It is taken equal to zero.
(b) It is assumed equal to 30 €/MW h, a reasonable price if con-

sidering that the energy purchased is energy which is
rejected otherwise.

(c) It is assessed for each case depending on the increase of the
wind energy surplus (rejected amounts by the local grid) of
the already existing WFs, so that there is no reduction in
their annual revenues due to the incorporation of new
WFs to the island’s local grid. Thus, c�WFO

is expressed as:
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c�WFO
¼
ðEaj
� E0aj

Þ � cWFO

E00WFj
� mr

ð13Þ

where Eaj
and E0aj

is the annual wind energy absorption by the local
grid of the already existing WFs before (real data) and after the
installation of the project respectively. It should be noted that the
last one is based on the calculated maximum mean hourly wind
power absorbance from all WFs depending on their instantaneous
output (Law 2244/94) [27,28]. Accordingly, the percentage vr of
the wind power surplus that is going to be absorbed from each
WF for charging the storage system is considered to be distributed
proportionally according to their instantaneous output or practi-
cally according to their rated power. Note that the E00WFj

represents
the total annual wind energy (from both the existing and new wind
farms under investigation) absorbed for charging the storage
system.
– The project is assumed to be funded with the following financial

schemes (see also Eq. (1)):
(a) a = 30%, b = 30%, c = 40%
(b) a = 50%, b = 30%, c = 20%
(c) a = 70%, b = 30%, c = 0%

– Finally, the produced energy selling price (cHTO ) also constitutes
a variable parameter, so the following cases are examined:
(a) cHTO = 100 €/MW h, a relatively low price if compared with

the wind energy selling price in the non-interconnected
Greek islands (i.e. 99.44 €/MW h [25]), which has been
determined by considering the stochastic behavior of the
wind and the unstable energy production of WFs.

(b) cHTO = 150 €/MW h, an interim price.
(c) cHTO = 200 €/MW h, a quite fair price if considering the avoid-

able energy production cost (i.e. roughly equal to 250 €/
MW h with fuel cost sharing quite more than 50%) of the
thermal power units in Lesbos island during the peak load
demand hours.

4.4. Discussion of the economic results

The analysis presented in Section 3 is accordingly applied for
the specific case study of Lesbos island in order to obtain the eco-
nomic behavior of the proposed project for several possible system
configurations, as well as to appraise the effect of various financial
parameters such as the produced energy selling price, the percent-
age of state subsidization and the price of the wind energy surplus
bought from the already existing WFs.

Figs. 5–10, illustrate the npv index (i.e. net present value being
normalized by the initial cost of the investment (private capitals),
see Eq. (11)) (vertical axis) for the lowest (Figs. 5–7) and the high-
est (Figs. 8–10) wind power case examined, at the 20th year of the
plant’s operation, and the extent to which it is affected by varying
the aforementioned parameters (i.e. cHTO , c and c�WFO

). At the hori-
zontal axis of those figures one may see the size of the system’s
main components (i.e. hydro turbines nominal power and upper
reservoir volume).

A general conclusion which may be drawn is that for small wind
power installations (e.g. 15 MW total) (Figs. 5–7) positive eco-
nomic results (npv20 > 0) are included in a wide range of hydro tur-
bines nominal power regardless of cHTO , c and c�WFO

. As the wind
power installations are increased (Figs. 8–10), the range of eco-
nomically viable solutions becomes limited due to higher first
installation costs (higher wind power installed ? greater initial
cost for WFs installation ? more exploitable excess wind energy
amounts ? higher pumping station nominal power ? greater ini-
tial cost for the pumping station).

Furthermore, one should not neglect the significant effect of the
high initial cost of the upper reservoir (construction, maintenance,
land buying) on the investment. Especially in cases of small hydro
turbines nominal power (<6 MW) and small wind power installa-
tions (e.g. 15 MW) (Figs. 5–7), this cost is almost counterbalanced
by the fact that by increasing the upper reservoir volume, greater
rejected wind energy amounts are exploited and the need to buy
conventional energy by the grid is reduced (see also Fig. 3). Never-
theless, in case that the hydro turbines nominal power is more
than 6 MW (a condition which implies greater guaranteed energy
production), an increase of the upper reservoir’s volume acts neg-
atively upon the economic results of the investment, since, there is
a need to buy considerable amounts of conventional energy by the
grid to fulfil the condition of the guaranteed energy production. On
the contrary, for higher wind power installations (a condition
which implies greater wind energy surplus, see for example
Fig. 4), an increase of the upper reservoir’s volume does not seem
to affect significantly the npv. Particularly, the higher cost for the
upper reservoir’s construction seems to be counterbalanced by
the further increase in wind energy surplus’ absorption and
accordingly by the reduction of the conventional energy absorbed
by the local grid for charging the storage system.
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4.4.1. Effect of the produced energy selling price (cHTO )
As expected, the npv is greatly affected by the value of the pro-

duced energy selling price. Specifically, for low wind power instal-
lations (i.e. 9 MW existing + 6 MW new), when the produced
energy selling price is taken equal to 100 €/MW h, the npv curve
is downward sloping by increasing the hydro turbines nominal
power and the upper reservoir volume (see Fig. 5). This trend is ra-
tional because the incomes due to the annual wind energy sold by
the new WFs (6 MW) to the local network are considerably aggra-
vated by the increase of the initial cost of the investment, a condi-
tion which cannot be counterbalanced from the annual guaranteed
energy produced by the hydro turbines and sold at a very low price
(i.e. 100 €/MW h). In this context, one may also consider that the
cost of the annual energy bought by the local grid (EPPCo ) for charg-
ing the storage system is considerably high in the case of 15 MW
rated wind power because the expected wind energy surplus
may cover a small extend of the storage need (see also Fig. 3).
On the contrary, for higher wind power installations (e.g. 9 MW
existing + 21 MW new), the slope of the npv curve tends to be po-
sitive (Fig. 8) as the initial cost’s increase is counterbalanced by the
reduction in the annual conventional energy bought by the local
grid for pumping (see also Fig. 4). Nevertheless, when cHTO equals
to 100 €/MW h, negative economic results are included in a wide
range of hydro turbines nominal power, for all the examined wind
power installation scenarios, indicating the economic unsustain-
ability of the investment especially when the price of the wind en-
ergy surplus bought from the already existing WFs is adapted (see
Eq. (13)).

Considering now the cases of higher produced energy selling
prices (i.e. 150 €/MW h (Figs. 6 and 9) or 200 €/MW h (Figs. 7 and
10)), the results seem to follow almost the same trend. For all
the examined wind power installations, the npv curve is now
upward sloping, presenting also quite more economically viable
solutions than the previous case (i.e. 100 €/MW h). Here, the
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increase of the hydro turbines nominal power and the upper reser-
voir volume acts positively (absorbance of greater wind energy
surplus) upon the annual revenues of the project due to the adop-
tion of higher produced energy selling prices (i.e. 150 and 200 €/
MW h).

4.4.2. Effect of state subsidization (c)
State subsidization is valuable for the implementation of such a

project in order to achieve attractive economic results together
with a realistic payback period of the investment (e.g. <10 years).
The effect of different percentages of state subsidization (i.e. 0%,
20% and 40%) on the npv of the investment may also be obtained
from Figs. 5–10. For example, considering the case of 15 MW
WFs (9 MW existing + 6 MW new) the npv fluctuates between 0.3
and 4 (depending on the size of the system components and on
cHTO ) when the state subsidization percentage is equal to 40% and
c�WFO
is between 0 and 30 €/MW h (Figs. 5–7). On the other hand,

in case of 30 MW total rated wind power (9 MW existing + 21 MW
new) the range of the npv is slightly reduced (due to the initial cost
increase of the WFs and the pumping station) compared with the
previous case, reaching a maximum value of 2.9, presenting though
always economically viable results (see Figs. 8–10). It is obvious
that the values of npv are quite smaller when the subsidy percent-
age is considered less than 20%, however, even in those cases eco-
nomically viable solutions (npv20 > 0) arise but they seem to be
limited when the price of the energy bought by the existing WFs
is adapted.

4.4.3. Effect of the wind energy surplus purchase price (c�WFO
)

According to the data presented in Figs. 5–10, one may examine
the impact of the price of the wind energy surplus bought from the
existing WFs (9 MW) on the npv. In fact, the npv curves are quite
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similar when c�WFO
is set equal to 0 and 30 €/MW h, distinguishing

slightly better results, as expected, in case where the wind energy
surplus purchase price is free of charge.

Contrariwise, when c�WFO
is assumed to be adapted (Eq. (13)), the

npv is considerably lower, presenting non-sustainable economic
results (i.e. npv20 < 0 ? n� > n) for a wide range of hydro turbines
nominal power especially for higher wind power installations
(Figs. 8–10). For example, in case of 30 MW wind power installa-
tions and when c�WFO

is assumed to be adapted, the incorporation
of hydro turbines with high nominal power, state subsidization
more than 20% and produced energy selling price more than
150 €/MW h, all are prerequisite in order to obtain results within
the economically viable region (Figs. 9 and 10).

Generally speaking, the problem of the reduction of the energy
absorption from the existing WFs due to the incorporation of new
WFs is real and rather restrictive for increasing the wind power
penetration into the islands’ electrical grids. Nevertheless, if c�WFO

is adaptable, the economic feasible results are limited. However,
even in that case under certain conditions (i.e. high cHTO and c) eco-
nomically viable solutions may arise and thus the purchase condi-
tions for the energy produced by the existing WFs may not be
violated.

4.5. Optimum cost-related solution

Based on the results presented in the previous section, several
economically viable solutions derive, different though for each
examined case of installed rated wind power and largely depend-
ing on the produced energy selling price, state subsidization and
price of the wind energy surplus bought by the existing WFs. Be-
low, an attempt is made to assess the optimum size of the WPHS
system by taking into consideration the valuation criteria and
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limitations presented in Section 3.2. The results are summarized in
Fig. 11. Particularly, Fig. 11 depicts the optimum configurations’
financial results (npv20) and their viability in relation to the three
main variables of the sensitivity analysis. Thus, one may conclude
the following:

(A) If the energy bought by the existing WFs is considered to be
adapted, the produced energy selling price is equal to 100 €/
MW h and state subsidization is 40%, preferable results (giv-
ing npv20 = 0.45), among all, may be obtained in the case of
12 MW new wind power installations and 9 MW hydro tur-
bines nominal power (see Fig. 11, case A). Nevertheless, the
payback period of the investment, in this case, is estimated
at 13.3 years, a considerably long depreciation period for
an investor. Accordingly, considering lower subsidy percent-
ages (e.g. 20% or 0%) for the same c�WFO

and cHTO , comprising
the least favorable scenarios investigated in the present
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study, the npv curve takes only negative values
(npv20 < 0 ? n� > n), pointing out the non-viability of this
solution. Therefore, in case that cHTO equals to 100 €/MW h
and c�WFO

is adapted, for any subsidization scenario (c = 0%,
20% or 40%), the project presents ‘‘unattractive’’ economic
results.

(B) If the produced energy selling price is considered equal to
100 €/MW h, for any subsidization scenario (c = 0%, 20% or
40%) and price of the energy bought by the existing WFs
being equal to 0 or 30 €/MW h, preferable results (giving
0.2 6 npv20 6 1.8), among all, may be obtained in the case
of 6 MW new wind power installations and 3 MW hydro tur-
bines nominal power (see Fig. 11, case B). Obviously, the
application of the ‘‘best’’ scenario examined (i.e. c�WFO

¼ 0 €/
MW h and c = 40%) for this particular case, would give 1.8
times the initial capital invested at the 20th year of the
plant’s operation, while the respective npv20 for the ‘‘worst’’
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Table 1
Optimum size of the system main components.

Rated power of the new WFs (MW) 15
Rated power of hydro turbines (MW) 13.5
Volume of the upper reservoir (m3) 396,727
Rated power of the water pumping system (MW) 15
Tube diameter (m) 2.5
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scenario examined (i.e. c�WFO
¼ 30 €/MW h and c = 0%) would

be 0.2. However, the main objective of this study is the eval-
uation of a WPHS system which contributes to the electrifi-
cation of the island during the peak load demand hours,
where the corresponding peak load demand (>10 MW) is
up to now covered by thermal engines (e.g. gas turbines)
at a very high operational cost (�250 €/MW h). Thus, the
incorporation of a 3 MW hydro turbine is found technically
inadequate presenting though quite attractive economic
results. At this point, the need to incorporate hydro turbines
with more than 10 MW rated power and so providing the
grid with more than 40 MW h on a daily basis is highlighted.
Based on this assumption as well as on the limitation that
the supplementary energy bought by the grid, on an annual
29,6%

54,3%

45,7%

Fig. 13. 24 MW wind farms’ annual
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basis, should not exceed 30% of the total energy consumed
for charging the storage system, preferable results, among
all, may be acquired in the case of 15 MW new wind power
installations and 13.5 MW hydro turbines nominal power.

(C) If the produced energy selling price is considered equal to
150 €/MW h or 200 €/MW h, for any subsidization scenario
(c = 0%, 20% or 40%) and any price of the energy bought by
the existing WFs (0 or 30 €/MW h or adapted), preferable
results (giving 0.44 6 npv20 6 3.2), among all, may be
acquired again in the case of 15 MW new wind power instal-
lations and 13.5 MW hydro turbines nominal power (see
Fig. 11, case C).

Recapitulating the above, the most economically viable solution
is found to be the recovery of a considerable amount (i.e. 65%) of
excess energy (i.e. Erejected = 38,000 MW h) (Fig. 12) produced by
24 MW WFs (9 MW existing + 15 MW new) with the use of
15 MW water pumping system, 13.5 MW hydro turbines’ nominal
power, 4 times the minimum upper reservoir volume (i.e.
396,727 m3) and 2.5 m tubes diameter (see also Table 1). Based
on real wind speed measurements (for 2007) and the selected
wind turbines power curves the annual power production of the
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WFs has been estimated around 83 GW h [17], from which 45.7% is
rejected due to imposed electrical grid limitations (Fig. 13). 29.6%
is finally consumed by the pumps and the rest 16.1% is rejected,
from which 6.7% during hydro turbines’ production, 8.6% due to
full upper reservoir and 0.8% due to high values of excess wind en-
ergy. That means that a fairly good percentage, i.e. almost 84%, of
the total annual wind energy production is finally exploited. In this
context, another interesting conclusion which may be drawn at
this point is a potential confirmation for the use of single piping
system in the present study; however this statement constitutes
a subject that certainly requires further analysis. Particularly, as
aforementioned, the energy rejected during hydro turbines’ opera-
tion (a situation which is avoided in case of using a double piping
system since the hydro turbines and the pumps have the opportu-
nity to operate simultaneously) represents less than 7% of the total
annual wind energy production. Thus, the rather higher cost for
the installation of a double piping system, in this particular case,
likely would not be compensated by the higher wind energy
absorption.

Subsequently, according to the optimum cost-effective solution,
the annual guaranteed energy supply to the local grid by the hydro
turbines is 19,710 MW h, while local grid energy imports (low cost
night electricity) represent almost 45% (or 8930 MW h) of the pro-
duction. In this context, one may obtain from Fig. 14, the total an-
nual energy consumed for charging the storage system (wind
energy surplus + energy provided by the local grid) for the opti-
mum system configuration. Furthermore, from Fig. 14, one may ob-
tain the total energy losses of the system during pumping and
hydro turbines’ operation (depicted above the black dotted line
on the graph), comprising almost 41% (i.e. 13,790 MW h) of the to-
tal energy used by the plant (i.e. 33,500 MW h) in order to provide
the local grid with the desired guaranteed electrical energy amount
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(i.e. 19,710 MW h) on an annual basis. Besides, the share of the
energy imported by the local grid to the total energy used by the
plant is almost 26% (or 8930 MW h), thus validating condition
(A) (see Section 3.2 and Fig. 15).

From Fig. 16, one may obtain the payback period of the invest-
ment as well as the expected energy production cost of the pro-
posed system (see also Eq. (12)) at the 20th year of the plant’s
operation. It is worth mentioning that for any subsidization sce-
nario (c = 0%, 20% or 40%), any price of the energy bought by
the existing WFs, (c�WFO

= 0, 30 or adapted) and produced energy
selling price from 100 to 200 €/MW h, the energy production cost
of the WPHS system is fairly less than the ‘‘peak’’ energy produc-
tion cost of the thermal power units (EPCPPC) and from the avoid-
able fuel cost (cf), validating condition (D) (see Section 3.2).
Particularly, the energy production cost of the optimum solution
fluctuates between 10 and 135 €/MW h (see also the right vertical
axis of Fig. 16), depending on the scenario which is adopted.
Accordingly, in most of the examined scenarios (cHTo ; c

�
WFO

and
c), the payback period of the investment is expected before the
first ten years of the plant’s operation (red shaded area on the
graph). For instance, if cHTO , c and c�WFO

are taken 150 €/MW h
(see the left vertical axis), 20% and 30 €/MW h respectively (see
the grey curve), the payback period of the investment is esti-
mated at 9 years while if the subsidy percentage is set equal to
40% (see the yellow curve)1 the payback period drops to the 6th
year of the plant’s operation.

The total investment initial cost for the optimum solution is
estimated approximately 34.2 M€, from which, 57% is the total cost
of the new WFs’ installation, 12% is the total cost for the upper res-
ervoir construction and 9% is the cost of hydro turbines, while the
rest 12% comprises the cost of water pumps, piping system and
several other costs. According to the optimum financial scenario,
after the installation of such a project, RES contribution increases
by 12% (almost doubled) compared to current conditions, reaching
23% to the island’s energy balance (Fig. 17). Besides, it is worth
mentioning that if it were to install only WFs (15 MW) without
pumped-storage, RES contribution in the energy consumption of
the island would be hardly over 15%. Consequently, with the instal-
lation of the proposed system a further 8% increase in renewables
penetration is achieved.
1 For interpretation of color in Figs. 1–17, the reader is referred to the web version
of this article.
5. Conclusions

The optimum sizing of a WPHS system able to provide the local
grid of the island of Lesbos with guaranteed hydroelectric energy
amounts during the peak load demand periods, was analyzed in
detail. Several – technically acceptable – combinations of the key
system’s components (i.e. WFs, hydro turbines, pumps, reservoirs)
have been derived by the application of a numerical algorithm and
an attempt has been made to obtain the optimum solution by cal-
culating various financial indices such as the net present value,
payback period and energy production cost. The optimum solution
was selected based on the maximization of the net present value,
while also taking into account various other constraints and
parameters of the existing Greek legislation. Moreover, with the
use of extensive sensitivity analyses, the great dependence of the
investment’s financial indices on parameters such as the produced
energy selling price, state subsidization and price of the wind en-
ergy surplus bought by the existing WFs was pointed out.

According to the results obtained, the following main conclu-
sions may be drawn:

The most economically viable solution (giving up to npv20 = 3.2
and payback period less than 10 years, depending on the financial
scenario adopted) is found to be the recovery of a considerable
amount (i.e. 65%) of excess energy (i.e. Erejected = 38,000 MW h) pro-
duced by 24 MW WFs (9 MW existing + 15 MW new) with the use
of 15 MW water pumping system, 13.5 MW hydro turbines’ nom-
inal power, 396,727 m3 minimum upper reservoir volume and
2.5 m tubes diameter.

It is worth mentioning that for any subsidization scenario
(c = 0%, 20% or 40%), any price of the energy bought by the existing
WFs, (c�WFO

= 0, 30 or adapted) and produced energy selling price
from 100 to 200 €/MW h, the energy production cost of the WPHS
system is fairly less than the ‘‘peak’’ energy production cost of the
thermal power units (i.e. 250 €/MW h) and from the avoidable
associated fuel cost (i.e. 150 €/MW h). Particularly, the energy pro-
duction cost of the optimum solution fluctuates between 10 and
135 €/MW h, depending on the financial scenario adopted. At this
point, it should be noted that, the energy production cost of the
proposed project may be easily estimated at the beginning of its
implementation and does not retain risks during its lifetime, as is
the case of fossil fuels.

Based on the optimum financial scenario, after the installation of
such a project, RES contribution increases by 12% (in absolute terms)
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compared to current conditions, exceeding 23% to the island’s en-
ergy balance. On top of that, it is worth mentioning that if it were
to install only WFs (new installations of the order of 15 MW) with-
out pumped-storage, RES contribution in the energy consumption of
the island would be hardly over 15%. Nevertheless, the proposed
solution is indicative and constitutes an initial approach of the prob-
lem as it depends on a large number of factors that may change such
as geographical parameters (e.g. area limitations) and evaluation
criteria (e.g. maximization of the npv). In this context, what should
be underlined is that if one neglects the economic performance of
such a system and evaluates its behavior only from an energy point
of view (e.g. maximization of the wind energy absorption for stor-
age, minimization of conventional energy requirements by the local
grid, other energy considerations), the results could differ consider-
ably. However, such evaluation is included in previous works of the
authors [17–19].

In any case however, from the present analysis it became inar-
guable that under certain conditions, WPHS systems may consider-
ably contribute to the reduction of the current high energy
production costs, by taking advantage of the excellent wind poten-
tial which is encountered in most of the Greek islands and up to
now is only partially exploited. Furthermore, this system consti-
tutes a solution to the problem of the restricted wind energy con-
tribution to the islands’ energy balance, while, at the same time,
encourages future investments in wind energy applications since
a considerable amount of the expected wind energy rejection is
exploited and thus creating additional revenues for the WFs’ inves-
tors. Also, benefits for the autonomous electrical grids such as
power and frequency control and energy reserve services may be
obtained. Finally, the socio-economic benefits of such systems
should not be neglected since they contribute to regional develop-
ment by creating local job opportunities and reducing harmful
emissions related with the fossil fuel combustion.
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