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The introduction of pumped hydro storage (PHS) systems in isolated electrical grids, such as those found
in island regions, appears to be a promising solution that is able to face both the high electricity produc-
tion cost and the continuously increasing power demand encountered in these areas. In this context, the
current work presents a methodology for the sizing of PHS systems that exploit the excess wind energy
amounts produced by local wind farms, otherwise rejected due to imposed electrical grid limitations. The
methodology is accordingly applied to the Greek island of Lesbos. Initially, a calculation of the wind
power penetration ability to the local grid is carried out and the corresponding curtailments of existing
and future wind farms are determined. An integrated computational algorithm is then presented which
simulates the operation of the system during an entire year and gives in detail the hourly operational sta-
tus as well as the various energy losses of the system main components. Based on the application results
obtained, the ability of the wind energy to remarkably contribute to the electrification of the remote
islands becomes evident.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Several Greek islands face significant energy distribution
infrastructure limitations while, at the same time, the electric-
ity production cost for their vast majority is extremely high
(approaching 0.25 €/kWh) due to the utilization of outdated Auton-
omous Power Stations (APSs) based on oil-fuel imports and diesel-
electric generators [1]. Moreover, because of the annual increase of
energy demand at an average rate of 5% [1,2] and the increasing
tourism during the summer months, major problems of inadequate
energy supply for the islands are encountered [3]. So, it can be
argued that in order to satisfy the high future energy needs in an
environmentally friendly and cost-effective way, an alternative
energy production pattern has to be introduced.

Taking into account the high wind potential that most of the
Greek islands possess, wind energy may be an economically attrac-
tive solution in order to face electrification problems [4–6]. Unfor-
tunately, the stochastic availability of the wind and the remarkable
fluctuations of daily and seasonal electrical load demand lead to
strict wind energy penetration limits [7,8]. More specifically, dur-
ing low consumption periods almost no wind power contribution
is permitted, since the entire system base load engines should
ll rights reserved.

: +30 210 5381467.
operate at a higher power level than their technical minima [9].
Additionally, even in high load demand periods, the island electri-
cal networks’ operator (i.e. the Greek Public Power Corporation or
PPC) imposes an instantaneous upper wind power participation
limit ‘‘k” in order to protect the stability of the local grid in case
that the wind energy production is suddenly zeroed [7]. The result
of these penetration limits is that remarkable wind energy
amounts should be rejected, leading to severe financial loss of
the wind farm owners and discouraging future investments in
wind energy applications [4,10]. To solve these problems and
establish wind power as a trustworthy electricity generation solu-
tion, the recovery of the excess wind energy is prerequisite. For
that reason, energy storage systems which are able to recover
the rejected wind energy amounts [11–15] under economically
effective terms [16,17] are widely applied, achieving maximum
exploitation of wind energy at both national [18] and community
level [19] applications.

During the recent years, a number of studies have been elabo-
rated on the development of wind-powered pumped hydro storage
(PHS) systems in Greek islands. It has been concluded that these
systems can be used efficiently to increase wind energy penetra-
tion and ameliorate the operational behaviour of the local electri-
cal networks [20,21]. The effect of some design parameters has
been examined showing that the system’s energy autonomy de-
pends on the installed wind power and the capacity of the water
reservoirs [20]. Moreover, the strong dependence of such a system
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on energy imports by the local grid has been investigated through
a parametric study [22] which examined the implementation of
such a scheme in the Greek island of Crete.

2. Proposed solution

In order to ameliorate the current situation and increase wind
energy penetration into the islands’ energy balance, a wind-pow-
ered pumped hydro storage (wind-hydro) solution is proposed
(Fig. 1). The solution [20] is based on:

� a number of wind turbines spread over the island under
investigation,

� a water pumping station able to absorb the wind power surplus
of the system,

� a small hydroelectric power plant able to meet the desired per-
centage of the peak load demand,

� two water reservoirs (an upper and a lower one) working in
closed circuit along with the corresponding pipelines.

The proposed hybrid station operates as a unit with constant
rate of production, working in parallel with a number of wind tur-
bines and providing the grid with guaranteed amounts of electrical
energy during the peak load demand periods. Particularly, during
the operation of the proposed energy solution, the following situ-
ations may appear:

� The wind energy surplus is used for pumping and therefore for
driving water to the upper reservoir for storage.
– If the rejected wind energy amounts are higher than the

pumps’ capacity or the upper reservoir is full, the residual
wind energy (i.e. the energy that cannot be stored), is for-
warded to low priority loads.

– If the water stores in the upper reservoir are inadequate to
fulfil the condition of guaranteed energy delivered to the
local grid, the PHS system absorbs energy by the local grid
during low consumption periods (e.g. at nights).

� The energy reserves in the upper reservoir are used to provide
the local grid with guaranteed amounts of electric energy via
the existing hydro-turbines.
3. Solution algorithm

The following methodology includes the implementation of two
steps where real data of long-term wind energy curtailments of
Fig. 1. Proposed wind
existing wind farms, as well as operational characteristics of the
PHS system components, are all used in order for the energy
behaviour of the proposed system to be optimised [23].

Before applying the model, one may estimate the existing wind
farms’ hourly power production and therefore the corresponding
wind power curtailments. A comparison must be carried out be-
tween the real wind power absorption data ‘‘Na(t)” by the local grid
for a selected year and the actual total wind power production
‘‘Nw(t)” of the existing wind farms during that year. The wind
power production is calculated with the use of real wind speed
measurements and the corresponding wind turbines’ power curves
of the local wind farms. The total mean wind power production is
the sum of the electricity generation of all the ‘‘in operation” wind
farms on the island expressed as a function of time ‘‘t” (i = the
number of the ‘‘in operation” wind farms):

NwðtÞ ¼
Xi¼i max

i¼1
Nwi
ðtÞ ð1Þ

Afterwards, one may estimate the mean hourly wind power
curtailments ‘‘Nwr(t)” of the existing wind farms:

If NwðtÞ > NaðtÞ then Nwr ðtÞ ¼ NwðtÞ � NaðtÞ ð2Þ
If NwðtÞ ¼ NaðtÞ then Nwr ðtÞ ¼ 0 ð3Þ
3.1. Step I: calculation of the wind power penetration ability

In order to determine the maximum wind energy penetration
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 ther-
mal power 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) The units’ dispatch order is determined according to the fuel
type consumed by each unit in order to achieve the mini-
mum electric energy production cost [24].

(ii) According to the thermal units’ technical minima, their dis-
patch order into the production schedule and their SFC, the
maximum and the minimum electric power production are
estimated and ‘‘n” operational points of the thermal power
station arise [7].

The minimum output power ‘‘Ndmin” of the ‘‘in operation” ther-
mal units is estimated with the use of the following equation [9]:
-hydro solution.
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Nd min ¼
Xj¼j max

j¼1
Nmin

dj ¼
Xj¼j max

j¼1
kj � Ndj ð4Þ

where the technical minimum of each thermal unit ‘‘Nmin
dj ” is

expressed via an appropriate factor ‘‘kj” and its rated (or max-
imum) output power ‘‘Ndj”. Typical values of ‘‘kj” are 30–50%
for engines which use heavy-oil and 20–35% for diesel en-
gines (including gas turbines), much depending on their age
and overall condition.
(iii) A monthly maintenance plan of the engines is assumed
excluding the months where the demand is very high (i.e.
summer months). The units that are going to operate
throughout the base 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 [25].

(iv) Estimation of the instantaneous maximum wind power pen-
etration in the local grid on the basis of the local electrical
system constraints [7,26,27].

(v) Estimation of the maximum mean hourly wind power absor-
bance of both existing and new wind farms by the Electricity
Generation System (EGS) and the corresponding curtail-
ments [9].

In this context, one should take into account that:

� The wind farms licensed before the establishment of the Law
2244/94 are not obliged to reject more production than the
one dictated by the EGS technical minima, hence they enter first
in the local grid. However, their contribution is normally very
small.

� The wind energy absorbance of the rest wind farms is distrib-
uted proportionally according to their rated power, see Eq. (5).
mi ¼
NiPi¼imax

i¼1 Ni

ð5Þ

where vi represents the percentage of wind power production
that is going to be absorbed from each wind farm, new or
existing. Note that vi is equal to the rated power of the wind
farm ‘‘Ni” which is under investigation divided by the sum of
the total installed rated wind power on the island (excluding
the rated power of the wind farms licensed before the Law
2244/94).
3.2. Step II: determination of PHS system configurations

In order to obtain PHS configurations an integrated computa-
tional algorithm is currently developed [23] (see Fig. 2). The algo-
rithm is based on a well-established sizing methodology that also
considers boundary conditions, while the respective numerical
code is prepared in ‘‘Visual-Basic” environment. 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. The use of a single piping is adopted while
the selection of the appropriate diameter is based on the principle
that the water velocity should not exceed a specific maximum
value. 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.
The pattern of guaranteed energy production by the PHS system on
a daily basis during the peak load demand hours (from 12.00 pm to
2 pm and 8.00 pm to 10.00 pm) is currently adopted [2]. More
precisely, the developed numerical code may be applied for differ-
ent values of daily guaranteed energy provided to the local grid at
peak hours (marginal production cost higher than 0.3 €/kWh) by
exploiting an amount of the wind energy surplus from existing
and future wind farm installations. In case that the water stored
in the upper reservoir is not enough for the fulfilment of the con-
dition of guaranteed energy delivered to the local grid, the water
pumps absorb any energy required by the grid during low demand
periods (from 1:00 am to 8:00 am) when the energy production
cost of the thermal power station is low (marginal electricity gen-
eration cost less than 0.08 €/kWh).

In order to accomplish the dual goal of energy efficiency and
cost-effectiveness, the design process must comprise a careful
activity. The implications of the design and operation of each com-
ponent on the dimensions (characteristics) of every other compo-
nent should be considered. Hence, the optimal sizing of the
wind-hydro solution includes the estimation of:

� The size of the wind converters.
� The size and operational characteristics of the hydro-turbines.
� The exact location, volume and geometry of the water

reservoirs.
� The rated power and operational range of the water pumps.
� The water piping system dimensions (diameter, length).

For example, the determination of the water pumps’ rated
power depends on the installed wind farms’ rated power. More
precisely, assuming that the energy demand is very small (or equal
to zero) while at the same time there is a significant wind potential
on the island and therefore the wind farms produce their maxi-
mum power, the pumps of the hybrid system must have the ability
to store the produced wind energy to the upper reservoir. But this
may be inapplicable when high values of installed wind power are
under investigation because the system would require a huge
pumps’ capacity to store the corresponding wind energy rejection
to the reservoir, making the investment economically non-viable.
So, in order to determine the pumps’ nominal power, one may esti-
mate the wind power rejection frequency and cumulative proba-
bility for each installed wind power case examined. However, in
any case, the water pumps should be able to store, in a specific
time period ‘‘dtp”, the energy required to fulfil the condition of
guaranteed energy delivered to the local grid on a daily basis dur-
ing the prearranged hours ‘‘dtHT” (e.g. 4 h/day). Actually, the fol-
lowing relation should be valid:

dtP � _VP P dtHT � _VHT ð6Þ

where _Vp is the water pumps’ nominal flow rate (m3/s) and _VHT is
the hydro-turbine’s nominal flow rate (m3/s).

Summarizing, the free design variables of the computational
sizing procedure include the hydro-turbines’ size and the reser-
voirs’ volume, while, the number of the water pumps is predeter-
mined according to the aforesaid analysis whereas the water
pipe diameter is selected to be the minimum acceptable for each
examined case. Also, to minimise the hydraulic losses along with
the initial installation cost, the length of the water network is con-
sidered to be the shortest possible.
4. The examined case

The island of Lesbos is located in the North-Eastern part of the
Aegean Sea. It is the third in size island of Greece with an area of
2154 km2, while the total population of the region is around
110,000 inhabitants (according to the 2001 census). The climate
of Lesbos is a mild Mediterranean one, with sunlight all year round
and excellent wind potential (Fig. 3). The local economy is based on



Fig. 2. Proposed sizing algorithm.
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rural production and tourism, while the island lacks any indige-
nous solid fuel sources and depends on imports to cover the needs
for electricity production, transport and heating.

The thermal power station that supplies the island electrical
grid with electricity is geographically located 1 km far from the
capital of the island, Mytilene (Fig. 3). The official rated power of
the existing units is slightly above 80 MW, while the real maxi-
mum power available is almost 60 MW. Particularly, the thermal
plant comprises eight internal combustion engines which use hea-
vy-oil (mazut) and one gas turbine which consumes diesel-oil and
it is normally used at peak load demand periods. Taking into ac-
count the continuous electricity consumption increase (Fig. 4)
along with the problematic condition of the local electrical grid
and the insufficient power capacity of the local APS, several black
outs have been encountered on an annual basis, especially during
the summer. Fig. 5 illustrates the total electricity consumption
time variation for 2007, where one may detect at least eight (8)
major blackouts of the system. Besides, the current electrification
system is related with high operational cost that also presents a
continuous increase [1].

On the other hand, although the wind energy potential on the
island is quite significant (Fig. 3), its contribution to the energy
supply remains small, up to 11% [26], with the total installed rated
wind power being 11.025 MW (in operation wind farms). A



Fig. 3. Wind and solar potential in the area of the Aegean Sea.
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municipality enterprise is the owner of three wind generators with
total capacity 0.825 MW, located 5 km away from Mytilene, where
nowadays only one of the wind turbines is still in operation
(225 kW). PPC is the owner of a wind farm located in the munici-
pality of Eressos-Antissas, at the west side of the island (Fig. 3).
Currently, this wind farm consists of eight turbines (225 kW each)
and has an installed capacity of 1.8 MW. Furthermore, one private
wind farm is located in the same region (Fig. 3) which nowadays
consists of 15 turbines (600 kW each) with total rated power
9 MW. According to real wind speed measurements and the corre-
sponding wind turbines’ power curves, the total production
throughout 2007 of both wind farms located at the west part of
the island is estimated around 37 GWh from which 10% was re-
jected by the local grid. In this context, in Fig. 6 one can see the
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wind power rejection for the 9 MW wind farm, reaching 7% of its
annual production.

5. Application results and discussion

5.1. Calculation of the wind power penetration ability

The analysis presented in Section 3 is accordingly applied for
the specific case study of Lesbos island in order to estimate the
maximum mean hourly wind power absorbance and the corre-
sponding curtailments of the existing and new wind farms, using
as base the year 2007 where detailed official data are available.
More precisely, the data required and used for the application of
the methodology include:

� The instantaneous electrical load demand.
� The characteristics of the thermal units, such as their maximum

power output, technical minima ‘‘Ndmin”, SFC and fuel type
which is consumed.

� The characteristics of the existing wind farms, such as their
licence year and power output.
� Analytical wind speed measurements concerning the region
where the new wind farms are assumed to be located and the
corresponding wind turbines power curves.

As mentioned above, for the case of Lesbos thermal power sta-
tion, the eight internal combustion engines consume heavy-oil
(mazut) while the gas turbine consumes diesel-oil. The cost ratio
between these two fuels is about 1:3 respectively. This imposes
the thermal units to enter the production schedule according to
the following dispatch order:

� eight internal combustion engines
� gas turbine (it is used mainly to cover the peak load demand

periods).

Moreover, it is assumed that the three base load engines (Nos.
11, 10, 6) (see Table 1) operate at about 75% of their rated power
for security reasons while the other five operate between 85%
and 90% of their rated power, i.e. at the minimum SFC area [24]. Fi-
nally, the gas turbine (No. 12) is assumed to operate at about 100%
of its maximum power, since it is the last engine which enters the



Table 1
PPC’s plant possible energy production operational points according to thermal units’ duty sequence and SFC.

Operational points Units’ numbers Power production (kW) Minimum power
production (kW)

Winter Summer

1 11 8250 8250 5650
2 11 + 10 16,020 16,020 10,830
3 11 + 10 + 6 24,060 24,060 16,180
4 11 + 10 + 6 + 2 28,972 28,972 19,105
5 11 + 10 + 6 + 2 + 3 33,885 33,885 22,030
6 11 + 10 + 6 + 2 + 3 + 4 38,797 38,797 24,955
7 11 + 10 + 6 + 2 + 3 + 4 + 13 41,528 41,528 26,507
8 11 + 10 + 6 + 2 + 3 + 4 + 13 + 7 45,008 45,008 28,507
9 11 + 10 + 6 + 2 + 3 + 4 + 13 + 7 + 12 59,008 57,508 36,257
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system in order to cover the peak load demand. Using the data pre-
sented in Table 1, nine (9) possible operational points for the PPC’s
thermal plant are determined.

Afterwards, a monthly maintenance plan, during low consump-
tion periods, for the eight internal combustion engines is assumed.
The gas turbine is not included in the maintenance plan. So, all the
engines are assumed to operate during July, August and December
where the load demand is very high. Based on the above, the time-
series presented in Fig. 7 may be drawn, showing the technical
minima of the thermal units that correspond to each mean hourly
value of power demand throughout the year 2007.

Consequently, the resulting maximum wind energy penetration
time-series in the local grid may be estimated [7]. In this context,
one may reproduce the corresponding results for a future year,
based on the electric power demand time-series over that year
and the respective annual increasing rate, while new power pro-
duction units which are scheduled to be installed in the near future
should also be taken into account.

Examining the case of adding extra wind power on Lesbos is-
land (e.g. 6–21 MW) for the two upper wind power participation
limits (i.e. k = 30% or k = 40%), an estimation of the wind power
possible absorbance and the corresponding curtailments of exist-
ing and future wind farms by the local grid is carried out. At this
point it is important to mention that the wind farm of 1.8 MW
was licensed before the establishment of the Law 2244/94, hence
it enters first in the local grid. This old wind farm is relatively
small, thus its operation does not considerably affect the wind en-
ergy rejection of the newer and bigger wind farms which are under
investigation.

Analyzing the current condition of 1.8 and 9 MW installed wind
power on the island, we conclude that the power absorbance for
the first one does not change as the maximum wind power pene-
tration is always greater than the wind farm mean hourly wind
power production and therefore there is no additional rejection.
On the other hand, the absorbance of the second one is negligibly
reduced from 93% (real data) to 90% (for k = 30%) and 91% (for
k = 40%) of its annual production (see Fig. 8).

Accordingly, the possible absorbance of wind power by the local
grid is examined, in the cases of both the existing (9 MW) and new
wind farms (6–21 MW) and on the basis of proportional distribu-
tion according to the wind farms’ rated power. For example, in case
of 15 MW wind farms (9 MW existing and 6 MW new), the power
absorbance is around 73% and as higher wind power values are
considered the absorbance is gradually reduced. Although these re-
sults make future investments appear attractive [4], the share of
wind energy penetration to the electricity consumption of the is-
land still remains limited, up to 18% (Fig. 9), meaning that the wind
farms alone cannot achieve significant changes to the overall elec-
trical energy balance of the island.

In this context, one may estimate the rejection frequency and
cumulative probability for each installed wind power case investi-
gated. According to Fig. 10, the most frequently rejected wind
power ranges between 4 MW and 6 MW for the case of 15 MW
wind farms, while if considering the cumulative probability of re-
jected wind power, the dimension range of the PHS main system
components may be restricted as well (e.g. there is no point to
use a water pumping system greater than 6 MW). Note that the
cumulative possibility on the graph also includes the value of
0 MW rejected wind power, i.e. 68% for this case.

5.2. Determination of PHS system configurations

Proceeding to the parametrical analysis of the problem, the var-
iation limits were selected to be from 1.5 to 10.5 MW for the hy-
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dro-turbines power ‘‘NHT” and from 1.5 to 4 times the minimum
upper reservoir volume ‘‘Vupmin” for the upper reservoir capacity
‘‘Vup”. At this point, it is worth mentioning that, in an attempt to
reduce significantly the first installation cost, the proposed solu-
tion takes advantage of one of the existing water tanks in the island
as the lower reservoir. This water tank is located at the west side of
the island and its water storage capacity is almost 2,550,000 m3.
In Figs. 11 and 12, one may demonstrate the effect of Vup and NHT

on the resulting recovery of rejected wind energy amounts by the
local grid ‘‘Erejected”. The resulting recovery is directly related to
the energy provided to the local grid by the hydro-turbines of the
system for the given time period of daily operation and hours of
operation (4 h/day). As it is expected, by increasing the volume of
the upper reservoir, wind energy absorption increases as well. In
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Fig. 13. Rejected wind energy amounts’ absorbance and energy bought by the grid in relation to NHT and Vup, 9 + 6 MW wind farms, Erejected = 14,224 MWh, k = 0.30.
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fact, the effect of the upper reservoir volume becomes stronger in
cases of higher hydro-turbines’ nominal power and therefore in
cases of higher amounts of guaranteed power (see Fig. 12). In other
words, there is a marginal difference noted in the case of 1.5 MW
between different upper reservoir volumes, gradually increasing
in cases of higher hydro-turbine power values. On the other hand,
it is obvious that the increment of the wind energy absorbance
due to upper reservoir volume is gradually reduced for every single
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Fig. 14. Rejected wind energy amounts’ absorbance and energy bought by the grid in relation to NHT and Vup, 9 + 21 MW wind farms, Erejected = 55,548 MWh, k = 0.30.
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case of hydro-turbines nominal power. That means that there is a
limit on the wind energy absorbance for a given system
configuration.

Figs. 13 and 14 present the final results of the computational siz-
ing procedure for two distinct cases, i.e. 15 MW and 30 MW total in-
stalled rated wind power respectively. The first case of 15 MW
corresponds to 14,224 MWh of rejected energy amounts by the grid
and that of 30 MW to 55,548 MWh. The vertical axis depicts the to-
tal energy consumed by the PHS system in order to provide the local
grid with guaranteed energy amounts, depending on the size of the
system main components. In these graphs one can see the contribu-
tion of the wind energy as well as the energy bought by the grid for
all the examined cases. In cases of higher installed wind power val-
ues (Fig. 14) the need to buy supplementary energy from the grid
becomes smaller compared to the lower values of wind power
(Fig. 13) and therefore the share of the wind energy to the produc-
tion is higher. Generally, it is obvious that the absorption of the re-
jected wind energy amounts increases with the increase of the
upper reservoir volume, while at the same time the energy imports
by the local grid decrease. On the other hand, absorption of rejected
wind energy amounts increases with the increase of the hydro-tur-
bines’ nominal power. Therefore, in order to be able to store a great-
er portion of the excess wind energy there is a need not only for a
large upper reservoir, but also for high turbines’ nominal power.
But this in turn leads to the increase of guaranteed energy supply
and therefore greater energy import needs by the local grid. The an-
nual energy bought by the grid in some cases exceeds 100% of the
production showing the strong dependence of such a system on
the energy imports. For example, (see Fig. 13) the annual guaran-
teed energy supply to the local grid with the use of 10.5 MW hy-
dro-turbines’ nominal power is 15,330 MWh. In this scenario,
where the volume of the upper reservoir is 1.5 times the minimum
one, local grid energy imports are almost 105% of the production (or
16,094 MWh). In this case the excess wind energy only balances the
total energy losses of the system which are clearly depicted above
the dotted line on the graph. Minimising energy import needs pre-
supposes the use of very small hydro-turbines’ nominal power, a
condition that would increase the non storable periods and very
small amounts of the rejected wind energy would be exploited.
As it can be clearly seen from Fig. 15, the percentage of the total en-
ergy losses remains almost unchanged around 80% of the produced
energy. In other words, the total energy used by the plant in all
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power production scenarios is almost 1.8 times more than the pro-
duced one due to the significant energy losses during pumping and
hydro-turbine operation.
6. Conclusions

Through this study a methodology concerning the sizing of
wind-powered pumped hydro storage systems was introduced
and then applied to the island of Lesbos for a selected year
(2007). The methodology includes the determination of the wind
power penetration ability to an isolated electricity grid and the
investigation of the PHS system operational parameters with the
use of an integrated computational algorithm designed to cover
guaranteed electrical energy on a daily basis.

According to the results obtained, the existing wind farms cur-
tailments were estimated up to 10% of the respective total annual
production, a relatively acceptable percentage compared to other
islands’ similar cases. On the other hand, it was estimated that in
case of installing new wind power on the island, the total share
of wind energy penetration to the electricity consumption would
still remain small (up to 18%), while significant (up to 50%) wind
energy rejection would be expected.

Through the parametric study, various combinations of hydro-
turbine power (up to 10.5 MW), upper reservoir volume (since
the lower one already exists on the island) and installed wind
power (up to 30 MW) were examined and their effect on the
resulting wind energy recovery was presented. Moreover, the
important role of energy imports by the grid to the operation of
such a system was also underlined. Nevertheless, in order to desig-
nate the optimum wind powered PHS system size one should use
these results in combination with a complete cost-benefit analysis.
The developed methodology can also be applied to all the hybrid
projects that incorporate the operation of wind farms, pumped
storage and hydro-turbines giving the operational status of various
PHS system configurations.
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