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Abstract

The development of a combined wind–hydro electricity production system is found to be the supreme
method of handling energy shortage and excessive electricity production cost problems for the remote
Aegean Sea islands, taking also advantage of the existing high quality local wind potential. In the present
study, a parametrical investigation concerning the applicability of the recommended solution for several
different cases is conducted. Among the most important parameters affecting the energy behavior of the
proposed configuration are the number of wind turbines used, the selected water reservoirs size, the cor-
responding water pumps rated power and the local wind potential quality, along with the system electricity
consumption characteristics. Throughout the parametrical analysis, the impact of all the above mentioned
parameters on the system energy autonomy and electrical efficiency is examined. On top of that, detailed
energy balance profiles on an hourly basis are also included. Finally, the simulation results obtained
strongly support the suggested solution, especially when the conclusions of the present work are taken into
consideration. � 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Wind–hydro energy system; Renewable energy sources penetration; Electrical efficiency; Energy autonomy;

Energy balance

1. Introduction

Electricity consumption and power demand have significantly increased in Greece during the
last decades, approaching the 48 TWh in 2000. In this context, the corresponding electricity
consumption increase, in most Aegean Sea islands, has approximated 6% per annum for the
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1990–2000 period (Table 1). At the same time, the maximum (peak) load increase in the same
areas is more abrupt, approaching annual values in the order of 8% (Table 1).
Up to now, the electricity requirement has been hardly fulfiled by the existing outdated au-

tonomous power stations (APS) of PPC at very high fuel consumption values. For the near future,
the establishment of new electricity production plants is characterized as an extremely urgent
engagement in order to protect the local electrical grids from certain disoperation.
Another important issue is the extremely high electricity production cost of the small existing

thermal power plants spread over the Aegean Sea in comparison with the corresponding market
price of electricity (Fig. 1). The problem of inadequate electricity production cost–market price

Table 1

Electricity consumption characteristics of several Aegean Sea remote islands

Year Kithnos Karpathos Ikaria

Annual elec-

tricity con-

sumption

(MWh)

Peak load

demand

(kW)

Annual elec-

tricity con-

sumption

(MWh)

Peak load

demand

(kW)

Annual elec-

tricity con-

sumption

(MWh)

Peak load

demand

(kW)

1990 2654 1180 11,467 3060 8974 2760

1991 2719 1280 12,961 3550 9927 3300

1992 2975 1480 14,376 4000 10,880 3280

1993 3004 1830 14,939 4000 11,526 3260

1994 3191 1800 16,576 4550 11,827 3600

1995 3672 1840 18,995 4850 12,590 4020

1996 4022 1840 19,333 5050 14,093 4220

1997 4340 1760 20,419 5700 14,593 4660

1998 4820 1880 21,890 6150 16,150 5100

1999 5216 1960 24,369 6500 18,570 5400

Fig. 1. Time evolution of electricity production cost for various remote islands.
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balance becomes more obvious after the electricity market liberalization [1] in Greece (law 2773/
99) becomes effective on February 19, 2001, ending the State controlled PPC monopoly in the
local market. From now on, the minimum electricity production cost in these islands should be a
matter of concern [2].
The erection of several wind parks in these islands should be an ideal solution in terms of

minimum energy cost production, as in the majority of them, the local wind potential is excellent.
However, the strong disharmony between the highly varying (on daily and seasonal basis) elec-
tricity demand [3] and the stochastic behavior of wind speed, poses strict limitations on the
maximum wind power penetration in the local networks in order to maintain grid stability.
For all these reasons, in an attempt to rationalize the electricity production cost and increase

the renewable energy sources (RES) penetration in the local electricity market, a quite interesting
wind–hydro solution has been elaborated [4] since mid-1990s and recently presented [5] in an
integrated form [6]. Hence, taking into account the positive preliminary techno-economic eval-
uation results and Greek state amplified concern for this solution [7], a parametrical investigation
has been conducted, in order to examine the applicability of the proposed plan for several Aegean
Sea islands, underlining at the same time the ‘‘pros and cons’’ of this application in different cases.

2. Wind–hydro solution for Aegean Sea area

Using, as a basis, the information included in recent works by authors (see, for example Refs.
[4–6]), the proposed wind–hydro integrated solution (Fig. 2) consists of:

Fig. 2. Schematic presentation of the proposed wind–hydro solution for remote islands.
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(1) A number ‘‘z’’ of wind turbines (WTs) spread over the area examined; rated power ‘‘N �
WP’’,

with

N �
WP ¼

Xz

j¼1

N �
j ð1Þ

where ‘‘N �
j ’’ is the nominal power of each WT used (usually N �

j ¼ N �
0 ). Keep in mind [5,6] that

zmin 6 z6 zmax ð2Þ
(2) A small hydroelectric power plant [8,9] of at least two reversible water turbines able to meet

the local grid maximum demand ‘‘Npeak’’, including an optional (Table 1) future increase ‘‘dN ’’,
rated power ‘‘N �

H0 ’’.
(3) A water pump station [10], which in collaboration with the reversible [11] water turbines

(operating as water pumps) should have the capability to absorb the maximum power surplus of
the system, i.e. maximum wind power–minimum load demand, rated power ‘‘N �

p ’’.
(4) Two water reservoir [12] groups (an upper and a lower one) working in closed circuit along

with the corresponding pipelines. The water reservoir capacity is described via the desired energy
autonomy days (or hours) of the system ‘‘d0’’, expressing the number of typical days for which the
electricity consumption of the local society can be fulfiled, if the water stored in the upper res-
ervoir is forwarded to the existing hydro-turbines.
(5) The existing thermal power station of PPC, so far used exclusively to cover the electricity

needs of the system, rated power ‘‘NAPS’’.
(6) A properly sized [13] desalination plant, able to produce clean water from seawater by

absorbing the system energy surplus. Furthermore, low priority electricity loads may also be used
in cases of excessive energy surplus.

The main target of the wind–hydro system under consideration is to cover the electricity de-
mand ‘‘ND’’ of the local market during the whole year (100% reliability) under the following
constraints:

• maximum hours of energy autonomy, APS mode off;
• minimum energy contribution (minimum oil consumption) of the local APS;
• remarkable contribution on local clean (potable) water reserves;
• given (per capita) maximum first installation cost.

Finally, during a long term energy balance analysis of the proposed solution, the following
operational situations may appear:

1. The wind power produced is greater than the energy demand of the system, thus the energy
surplus is stored, by the water pumping system, in the upper reservoir.

2. The wind power produced is greater than the energy demand of the system, however, the upper
reservoir is full. Thus, the energy surplus is forwarded to other alternative usages, like the water
desalination plant.

3. The electrical power demand is higher than the wind park output, hence the hydro-turbines
cover the power deficit.
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4. The electrical power demand is higher than the wind park output, but the upper reservoir is
almost empty. In this case, the internal combustion engines of the ‘‘APS’’ take over the power
deficit, under a scheduled [14] operational plan.

3. Wind potential and island size impact on wind–hydro solution

Greece, and more precisely the Aegean Archipelago, has an excellent wind potential, as in many
regions the annual mean wind speed at hub height (30–50 m) is up to 11 m/s, see also Fig. 3. In
order to obtain a clear cut picture of the wind potential impact on a generalized application of the
proposed wind–hydro solution in the Aegean area, three typical islands are selected representing:

1. a small island––medium quality wind potential case (Kithnos);
2. a high wind potential––medium sized island case (Karpathos);
3. a high wind potential––small sized island case (Ikaria).

An effort to take into account the island size (i.e. annual energy consumption––island area) is
also attempted in the proposed parametrical analysis by including islands of different size.
More precisely, Kithnos is a small island (Fig. 3, Table 2) located southeast of Athens. The

topography of the island includes gentle slopes, absence of flat fields, low mountains and spare
vegetation. The peak load demand was approximately 2 MW for 1999 and the corresponding
capacity factor of the local APS hardly exceeded 28.5%. On the other hand Karpathos is a me-
dium sized island (Table 2), belonging to the Dodekanesa complex (the second biggest after
Rhodes). The local terrain is very intense, including rocky mountains with sharp slopes. The peak
load demand (slightly above 6.5 MW) appears during summer, while the corresponding capacity
factor of the local thermal station was 43.3%. In the island, there exists a remarkable natural

Fig. 3. Wind potential estimates for selected Aegean Sea islands at 30 m height.
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water reservoir (�2,000,000 m3). Finally, Ikaria is a small medium-sized island of the East Aegean
Sea, located 240 km from Athens. The local topography is similar to the Karpathos one. The
corresponding peak load demand exceeds 5 MW, while the local APS capacity factor is 38.2%. In
Ikaria, there also exists a remarkable water reservoir (�800,000 m3) at almost 700 m elevation.
For comparison purposes, the corresponding annual wind speed probability density [15] pro-

files are presented in Fig. 4a–c, while the resulting annual specific (kWh/(kWyear)) energy pro-
duction values [16] of the 300 kW WTs used [6] are given also in Table 2.
Applying the proposed solution [17] to these three islands, for z ¼ 13 (13 WTs, N �

WP ¼
13� 300 ¼ 3:9 MW) and for several water reservoir sizes (16 d0 6 3), one may predict the values
of RES penetration ‘‘R’’, of electrical efficiency ‘‘gel’’ and total efficiency ‘‘gtot’’ of the system
analyzed. More precisely, the definition of the above mentioned parameters is expressed as:

R ¼ 1�APS annual operation hours

8760
ð3Þ

gel ¼
Wind energy finally transfered to consumption

Total energy production of wind park
ð4Þ

gtot ¼ 1� System energy loss

Total energy production of wind park
ð5Þ

According to the results of Fig. 5a–c, the RES penetration is quite high for all cases analyzed,
being slightly dependent on the water reservoir size (mainly for Kithnos island). At the same time,
the corresponding electrical efficiency is very low for Kithnos island (6 40%), although the total
efficiency of the system (including energy used for desalination) is in the order of 90%.
Combining the simulation results of all three cases in Fig. 6 and comparing the solutions re-

alized for a high and a medium wind potential island, under the same RES penetration ‘‘R’’
values, it is obvious that the electrical efficiency of Ikaria is, by far, higher than the one of
Kithnos. A similar picture appears (Fig. 7) if a larger WT number (z ¼ 20) is tested. According to

Table 2

Main characteristics of island cases analyzed

Kithnos Karpathos Ikaria

Area (km2) 94 301 255

Population 1700 7100 6200

Peak load (kW) 1960 6500 5400

Annual electricity consumption (MWh) 5216 24369 18570

Maximum/Minimum load 6.5/1 4.4/1 5.25/1

APS capacity factor (%) 28.5 43.3 38.2

Lake-tanks volume (m3) 1,000,000 2,000,000 800,000

Average wind speed (m/s) 6.8 9.6 9.8

Specific wind energy production (kWh/kWyear) 3065 4900 5010

zmin 5 13 13

zmax 20 27 27

Water reservoir volume per energy autonomy day (m3) 60,000 250,000 150,000
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Fig. 7, for similar ‘‘R’’ values, the efficiency of a high wind speed area is more than threefold the
corresponding value of a medium wind potential island.

Fig. 4. Wind potential characteristics for (a) Kithnos island, (b) Karpathos island, (c) Ikaria island.
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Subsequently, for similar wind potential quality cases (Ikaria, Karpathos), the increase of ‘‘R’’
is realized at electrical efficiency loss.

Fig. 5. Wind energy disposition for (a) Kithnos island, (b) Karpathos island, (c) Ikaria island, wind–hydro solution.
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Finally, comparing the results of the Karpathos and Ikaria cases, one may conclude that for
similar wind potential cases, the bigger island presents an efficiency advantage, while higher RES
penetration values are realized for the smaller island.

4. The influence of wind park size on wind–hydro solution parameters

According to previously presented research [6,17], the number of wind turbines used (rated
power of each turbine ‘‘N �

0 ’’) varies between a minimum ‘‘zmin’’ and a maximum ‘‘zmax’’ value. The
minimum theoretical WT number is defined in order for the wind park to cover directly the annual
electricity consumption ‘‘Eannual’’ of the island, including an optional (Table 1) future increase
(‘‘dE’’). On the other hand, the ‘‘zmax’’ value is based on the theoretical hypothesis that a complete

Fig. 7. Electrical efficiency and RES penetration evolution, wind–hydro solution (z ¼ 20).

Fig. 6. Electrical efficiency and RES penetration evolution, wind–hydro solution (z ¼ 13).
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(100%) disharmony between electricity demand and wind energy production occurs. Thus, the
wind energy is exclusively market forwarded via the existing storage system, with transformation
efficiency ‘‘g�’’. Recapitulating, one may assume that:

zmin ¼
Eannual þ dE

8760� CF� N �
0

6 z6
Eannual þ dE

8760� CF� N �
0 � g� ¼ zmax ð6Þ

where the WT capacity factor ‘‘CF’’ depends [18] on the local wind potential ‘‘f ðV Þ’’ and the
specific turbine used power curve ‘‘NðV Þ’’––both functions of wind speed ‘‘V ’’––as well as on the
installation mean annual technical availability, thus:

CF ¼ D
Z 1

0

f ðV ÞNðV Þ
N0

dV ð7Þ

Using Eqs. (6) and (7), the ‘‘z’’ variation field (Dz ¼ zmax � zmin) is given in Table 2 for all cases
examined. Thus, according to the calculation results of Fig. 8a–c, one may state that a remarkable
RES penetration increase takes place by increasing the wind park size (i.e. by increasing ‘‘z’’).
More precisely, the increase is much more pronounced when z takes values between ‘‘zmin’’ and
‘‘zmin þ Dz=2’’, while for higher ‘‘z’’ values an almost asymptotic behavior of ‘‘R ’’ is encountered.
The above conclusions are also supported by Fig. 9a–c, where the evolution of the system

electrical efficiency is presented as a function of ‘‘R ’’ values realized for all three island cases
examined. According to the results obtained, the electrical efficiency is strongly decreased by
increasing the WT number from ‘‘zmin’’ to ‘‘zmin þ 0:5z’’. The decrease rate of ‘‘gel’’ is milder when
z varies between ‘‘zmin þ 0:5z’’ and ‘‘zmax’’.
Finally, for a typical case (d0 ¼ 2) concerning Karpathos island, there is the opportunity to

examine in detail (at least on an hourly basis) the local system energy balance for a typical 10-day
period and for several ‘‘z ’’ values (Fig. 10a and b). According to these figures, the energy deficit
(negative y-axis profile) is slightly influenced by the WTs number, as during calm spells, the energy
output of any WT combination is practically zero. On the other side, the contribution of the local
APS on the system energy deficit coverage is drastically reduced when the quantity of WTs used
rises. Thus, although the local APS operates for 196 t6 49 h and 1056 t6 192 h for z ¼ 13 (Fig.
10a), the corresponding operation period is limited between 135 and 190 h (1356 t6 190) if
z ¼ 20. In the maximum wind penetration case (z ¼ 27), the internal combustion engines of the
system are used for only one hour (t ¼ 164) during the whole 10-day period of analysis.

5. The influence of water reservoir size of wind–hydro solution parameters

The water reservoir size ‘‘V0’’ depends [6,12] on the annual electricity consumption of the local
society, the desired days of the system energy autonomy and the upper to lower reservoir ele-
vations difference ‘‘Dh’’, thus:

V0 � f Eannual; d0;
1

Dh

� �
ð8Þ

According to Fig. 8a–c the influence of ‘‘d0’’ on RES penetration is negligible for low ‘‘z ’’ values,
being much more important as ‘‘z ’’ grows. On top of that, the ‘‘R ’’ increase is even more intense
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Fig. 8. RES penetration in the local electrical system of (a) Kithnos, (b) Karpathos, (c) Ikaria, wind–hydro solution.
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when ‘‘d0’’ varies from one to two than when it varies from two to three. In addition, keep in mind
that the above remarks are also validated from Fig. 9a–c. More precisely, the ‘‘R ’’ and ‘‘gel’’
values are completely unaffected from ‘‘d0’’ variation, for z ¼ zmin and for the Kithnos and
Karpathos islands (Fig. 9a and b). This is not the case for Ikaria island (Fig. 9c).

Fig. 9. Electrical efficiency variation as a function of RES penetration and WTs number: (a) Kithnos island,

(b) Karpathos island, (c) Ikaria island.

2108 J.K. Kaldellis / Energy Conversion and Management 43 (2002) 2097–2113



Another important conclusion drawn from the present analysis states that by increasing the
days of the system energy autonomy, the electrical efficiency is increased, especially for remark-
able wind park size cases. Finally, it is almost obvious that the contribution of ‘‘d0’’ is significantly
substantial for large ‘‘z ’’ values.

Fig. 10. Energy balance for the wind–hydro system: (a) Karpathos island (z ¼ 13, d0 ¼ 2), (b) Karpathos island (z ¼ 20,

d0 ¼ 2).
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For a further detailed investigation of the water reservoir size influence on the energy balance
of the Karpathos (proposed) electricity system, the corresponding energy distributions are sum-
marized in Fig. 11a and b. As is expected, the energy deficit profile is completely independent of

Fig. 11. Energy balance for the wind–hydro system: (a) Karpathos island (z ¼ 17, d0 ¼ 1), (b) Karpathos island

(z ¼ 17, d0 ¼ 3).
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the ‘‘d0’’ variation. However, by increasing ‘‘d0’’, the APS contribution is decreased, especially
after a high wind speed values period (336 t6 49 h).

6. The influence of water pump size on the wind–hydro station energy behavior

The water pump system is used, in collaboration with the reversible water turbines, to transfer
water from the lower to the higher reservoir, absorbing the wind energy surplus of the installation.
In order to forward the appropriate water volume, the selected water pumps are operating in
parallel connection [10,11]. Thus, the minimum flow rate transferred depends on the corre-
sponding minimum operation flow rate of one of the water pumps used, in order to avoid in-
stability and cavitation problems.
During the present analysis, two simulation scenarios are examined concerning the nominal

power of the water pumps used. Hence, by using 500 kW water pumps instead of 1000 kW ones
(e.g. the Ikaria case), the energy autonomy of the system is remarkably increased (Fig. 12), for
small reservoir size and low WT cases. These results are also validated by the energy contribution
of the existing APS in the local system electricity production values (Fig. 13). According to the
results obtained, one may state that by selecting smaller water pumps, the energy autonomy of the
system is increased, while the energy contribution of the APS is reduced, especially for low RES
penetration cases. On the contrary, for high ‘‘z’’ values, the influence of the water pump size is
limited.

7. Conclusions

An extended parametrical investigation concerning the application results of the wind–hydro
electricity production solution is conducted for several small medium-sized Aegean Sea remote

Fig. 12. Comparisons on the basis of water pumps size, Ikaria island.
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islands. During the present analysis, the influence of the local wind potential, the local annual
electricity consumption, along with the impacts of wind park, water reservoir and water pumps
size on the basic energy balance parameters of the hybrid system, is examined in detail.
Among the most important conclusions is the strong system energy autonomy and electrical

efficiency dependence on the wind turbine number. Additionally, one may underline the dominant
effect of the local wind potential on the solution quality obtained, the increasing influence of water
reservoir size (in high wind penetration case) and the electrical efficiency––energy autonomy
advantage offered by utilization of relatively small water pumps.
The simulation results obtained strongly support the proposed solution, especially when the

conclusions of this study are taken into consideration. In almost all cases analyzed up to now, the
best energy balance behavior is accomplished for two days of energy autonomy water reservoirs,
500 kW water pumps and approximately ‘‘ðzmin þ zmaxÞ=2’’ wind turbines configuration. Sub-
sequently, the electrical efficiency of the wind–hydro system is quite lower for medium wind
potential quality cases compared to high wind speed areas, under the target of maximum RES
penetration. Finally, the bigger islands present an energy efficiency advantage over smaller ones,
while the small islands reach higher RES penetration values.
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