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Abstract: In many small- or medium-sized remote islands, there is a 
significant electrical power shortage, where the water resources are quite 
limited. This unfavourable situation results in the operation of high cost 
autonomous thermal power stations and the transportation of fresh water of 
questionable quality at extremely high prices. Wind energy can definitely 
contribute on solving these problems at a rational investment and operational 
cost. To face the intermittent and stochastic wind behaviour, a combined  
wind-hydro configuration is proposed in collaboration with an appropriate 
desalination plant. The proposed solution leads to high wind energy 
penetration rates and bounds the operational hours of the existing internal 
combustion engines, additionally contributing to the air pollution reduction. 
Besides, significant water quantities can be produced, remarkably reinforcing 
the water reserves of the local community with fresh water of desired quality. 
Consequently, the configuration investigated can efficiently fulfil the electrical 
energy and the clean water requirements of numerous remote communities on 
the basis of clean and low cost wind energy, overcoming the intermittent and 
stochastic behaviour of the wind. 

Keywords: wind energy; remote islands; wind-hydro; desalination; stochastic 
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1 Introduction 

Aegean Archipelago is a remote Hellenic area on the east side of the mainland including 
a complex of several scattered islands as shown in Figure 1. Unfortunately, due to their 
relatively long distance from the mainland and the difficult access of their habitants to  
the decision centres, most islands face serious infrastructure problems. In this context, the 
electricity production cost is extremely high, while extended electrical black outs – due 
to the insufficient power supply – arise all over the year. On top of this, the water 
resources are quite limited for the vast majority of the islands, therefore almost 80% of 
the fresh water required is imported. This unfavourable situation results in the low 
development rates encountered (E.U.-Eurostat, 2003) for the entire Aegean Sea area and 
in the continuous decrease in population during the last 40 years. 

More precisely, during the last 25 years, a significant electrical power demand 
increase has been recorded in the majority of the large and small islands, on several 
occasions approaching 500% in relation to 1980; see Table 1 (Public Power Corporation 
(PPC), 2003). Up to now, the electricity requirement has been hardly fulfilled – at  very 
high fuel consumption values – by the existing outdated Autonomous Power Stations 
(APS) based on highly polluting internal combustion engines and low efficiency gas 
turbines. This choice results in an APS electricity production cost exceeding the 
200,000,000 euros annually, the fuel cost sharing more than 50% as shown in Figure 2. 

Additionally, the existing data analysis indicates (PPC, 2003) a seasonal electricity 
demand fluctuation, as the power demand is maximum during the summer (e.g. August), 
while it decreases during November to March as shown in Figure 3. This seasonal 
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electricity demand pattern, combined with the strong daily electrical load fluctuation, 
results in a relatively low wind power penetration in the local electrical grids, due to 
limited wind energy absorbance during the low demand periods. 

Figure 1 Wind potential in Aegean Archipelago 

 

Table 1 Peak electrical power demand (kW) of selected Aegean Sea islands (PPC, 2003) 

Year 1982 1992 2002 

Lesvos 19,300 33,000 55,500 
Andros 5550 10,900 21,570 
Thira 2600 11,800 27,570 
Ikaria 1400 3280 6100 
Kalimnos-Kos 12,200 32,600 66,100 
Karpathos 1510 4000 8050 
Milos 1950 3170 8270 
Paros 7000 19,900 48,330 
Samos 9000 16,700 27,000 
Siros  8900 11,000 16,770 
Chios 14,000 24,600 38,500 
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Figure 2 Electricity production cost of Greek APS (PPC, 2003) 

 

Figure 3 Electrical peak load variation for selected islands 

 

On the other hand, for the majority of the Aegean Sea islands, the water resources are 
quite limited, thus deteriorating the habitants’ standard of living. Besides, in several 
islands salt water intrusion into the aquifers is observed. In fact, the water reserves are 
not adequate to cover the needs of the islands, especially during the summer, when the 
population is occasionally even ten times more than the normal. For all these reasons,  
the majority of small- and medium-sized Aegean Archipelago islands have a significant 
clean water deficit, especially during the summer, while in several cases almost between 
50% and 80% of the fresh water required is transferred at a very high cost (Kaldellis  
et al., 2004b; Voivontas et al., 1999). Using the available data, one can observe a 
continuous and sharp increase of water quantities transferred as shown in Figure 4, as in 
specific cases the daily water quantity required per permanent capita exceeds the 150 l. 
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Figure 4 Water quantities transferred annually to the Aegean Sea islands 

 

2 Wind potential exploitation limits in the Aegean Sea islands 

During the last 25 years, wind energy has been proven (EWEA, 2003; Kaldellis and 
Zervos, 2002) to be a mature electricity production technology, constituting not only an 
economically attractive option for the worldwide constantly increasing energy demand, 
but also a sustainable energy solution for global development with a very limited 
environmental impact (Kaldellis et al., 2003a). In this context, most Aegean Sea islands 
have an excellent (annual mean wind speed higher than 8 m/s) wind potential, Figure 1, 
providing them with the capacity to meet their needs by producing plenty of ‘cheap’ 
electricity based on wind power plants. More specifically, in many of these isolated 
regions a high quality wind potential subsists all over the year, mainly characterised by 
remarkable annual mean wind speeds and relatively limited calm spells. However, the 
fluctuations of daily and seasonal electricity demand in almost all island grids result to a 
serious limitation of the wind park’s size, as the local grid stability should be maintained. 
Additional barriers against the penetration of the wind energy (Commission of the 
European Communities, 2001; Kabouris and Perrakis, 2000; Weisser and Garcia, 2005) 
in these autonomous grids also result, due to the intermittency and the stochastic 
availability of the wind speed, leading to important disharmony between the wind energy 
production and the electricity demand. 

In fact, during the last six years a substantial wind energy penetration has been 
noticed in Greece after a long period of idleness (Kaldellis et al., 2003b). It is important 
to mention that this significant wind power addition is mainly realised in the mainland, 
where the wind parks erected have to compete with the low cost lignite and natural  
gas-fired big thermal power stations. On the other hand, new size-limited wind parks 
have been erected in numerous Greek islands (even in big ones), although their wind 
potential is clearly better than the one of the mainland and their wind energy generation 
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is used to replace expensively operating outmoded internal combustion engines.  
This negative – for the Greek islands communities’ development – policy has been 
mentioned (1993) by the authors in their early-published work (Kaldellis et al., 1993), 
underlining the inability of the local weak autonomous electrical networks to absorb the 
increasing but intermittent wind generated electrical energy production. As a result, a 
sizeable wind energy rejection has been encountered during the last years in most Greek 
autonomous electrical networks, leading the wind park owners to remarkable financial 
losses (Kaldellis et al., 2004a). 

In this study, special attention is paid to investigate the possibility to stimulate wind 
energy applications in remote islands by using the energy surplus to cover the water 
shortage problems of local communities. In this case, additional revenues may be 
expected from the desalinated water production, while the energy storage capacity 
required is remarkably decreasing. 

The analysis uses extensive time-series data and measurements (PPC, 1985) 
concerning the area wind speed, the local network load demand (PPC, 2003) and the 
clean water consumption (Ministry of Aegean, 2003), while special emphasis is laid on 
realistically estimating the corresponding wind energy and clean water production.  
The numerical application case study refers to the island of Karpathos, which belongs  
to the Dodecanese Complex. However, even in this relatively sizeable island with a 
continuously increasing electricity demand and an excellent wind potential, the 
opportunity to operate a properly sized desalination plant, on the basis of wind energy 
surplus, remarkably improves the wind power installation financial efficiency. 

3 Proposed solution 

To face the above-described problems, the possibility to create a combined Wind-Hydro 
Energy Station in collaboration with a Desalination Plant is investigated on a  
techno-economic basis as shown in Figure 5. According to this study’s, results (see also 
Castronuovo and Lopes, 2004; Jaramillo et al., 2004; Kaldellis et al., 2001) the proposed 
project is the best possible method to cover the local electricity demand and the clean 
water shortage for the majority of the Aegean Archipelago islands, with rational 
installation, maintenance and operation cost, minimising thus the dependence of the 
Greek economy on imported and heavy-polluting fuel. 

More precisely, the most appropriate wind-hydro configuration – capable of facing 
both energy and clean water requirement problems of remote islands – is based on  
(see Figure 5): 

1 one or more wind parks of ‘z’ wind turbines; total rated power ‘N*
wp’ 

2 a small hydroelectric power plant based on reversible water turbines; rated 
power ‘N*

H’ 

3 a water pump station able to absorb the system’s wind power surplus, in 
combination with the reversible water turbines (operating as water pumps; rated 
power ‘N*

H
/’); rated power ‘N*

p’ 

4 at least two water reservoirs at bottom elevations ‘h1’ and ‘h2’, working in 
closed circuit, along with the corresponding pipelines. The water reservoir size 
is characterised by the days of autonomy ‘do’ of the local society provided 
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5 a properly sized desalination plant, able to absorb the energy surplus of the wind 
park and produce clean water from seawater, daily capacity ‘Vo’ 

6 the existing APS, based on internal combustion engines, so far used to fulfil the 
electricity demand of the local community; rated power ‘NAPS’. 

Figure 5 Combined electricity and clean water production system for remote islands 

 

The main target of the proposed system is to cover local community’s electricity 
requirements ‘ND’ and water demand ‘Vw’ on a regular basis, minimising thus the fuel oil 
consumption. 

During the long-lasting operation of the proposed energy production plant, the 
following situations may appear: 

1 the wind park feeds the local electrical network. Any energy surplus is 
forwarded according to the existing needs: 
a in an appropriate water pumping station to transfer water from the low to 

the high water reservoirs 
b in an existing modular water desalination unit, usually based on reverse 

osmosis to produce desalinated water of desired quality. 

2 the wind energy is not absorbed by the local electrical system, while the energy 
surplus is bigger than the water pumping capacity of the installation or the upper 
reservoir is full. In this case, the energy surplus is transferred to the water 
desalination unit to increase the water reserves of the local community 

3 the wind energy production is lower than the electricity demand. In this case, the 
energy reserves of the upper water reservoir are used via the existing small 
hydro turbines of appropriate size to cover the load demand of the system 

4 the water reserves of the local community are very low. In this case, a part of 
wind energy is forwarded directly to the desalination plant. If the available wind 
energy is not enough, then one may use the water stored in the upper reservoirs. 
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4 Calculation results 

Accordingly, the proposed solution is applied to a typical small- or medium-sized  
island to prove the capability of the combined electricity-clean water production system 
not only to overcome the intermittent character of the wind, but also to meet the 
requirements of a remote community with a rational cost. 

Karpathos is a medium-sized island (population 6000 habitants, area of 301 km²) of 
the South-East Aegean Sea, belonging to the Dodekanesa complex (the second biggest 
after Rhodes). Its major town is Pigadia with 1750 habitants. The local terrain is 
characterised by rocky mountains with sharp slopes and absence of flat fields. The annual 
energy production of the local APS (which also covers the electricity requirement of 
nearby Cassos island – 1050 habitants) was 31,500 MWh for 2004. The peak load 
demand – approximately 8000 kW – appears during summer, whereas the corresponding 
minimum value is 1400 kW. The APS of Karpathos consists of eight internal combustion 
engines of total rated power 9000 kW. 

The evolution of the local APS production cost presents a mean annual increase of 
5.1%, whereas the contribution of fuel cost is almost 50%. More specifically, the 
operational cost of the local APS currently exceeds the 0.23 euro per kWh, whereas the 
corresponding average price of electricity is 0.085 euro per kWh. This fact leads to an 
annual operational loss of almost 4,300,000 euros for 2003. 

On the other hand, the island has a very high wind potential, as the long-term annual 
mean wind speed approaches 9.6 m/s at 10 m height as shown in Figure 6. Besides, there 
is a quite large natural water reservoir (approximately 2,000,000 m3), which can be used 
during the application of the proposed wind-hydro solution. Unfortunately, due to the 
existing grid-related operational constraints and the intermittent character of the wind in 
the island, there exists (since 1991) only a very small wind park of Greek PPC based on  
five (5 × 55 kW) outdated WM-15S wind turbines, rated power 275 kW. 

Figure 6 Wind potential of Karpathos island 
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Using the analysis presented, one may build a new wind-hydro power plant  
in collaboration with an appropriate water desalination station to cover the requirements 
of Karpathos and the nearby islands. In this case, one may install the following 
configuration: 

• A wind park based on 13–27 wind converters of rated power of 300 kW each. 
The wind turbine type was selected on the basis of the island infrastructure, their 
annual energy production and their purchase and maintenance cost (Kaldellis, 
2002). The exact number of the wind turbines is to be defined according to the 
desired wind penetration rate and the corresponding amount to be invested. 

• Three reversible hydro turbines (3 × 3000 kW) of total rated power equal to the 
island peak load demand, increased by a safety margin to include any future 
changes (Kaldellis et al., 2005). 

• A water pumping installation, able to operate under the selected elevation 
difference between the upper and the lower water reservoirs (e.g. 200-m static 
head). The nominal power of the water pumps is defined as the difference 
between the rated power of the wind park and the reversible hydro turbines to 
absorb every wind energy surplus. 

• Two or more water reservoirs at different elevations working in a closed circuit 
to eliminate the water loss, able to store enough water quantities to meet via the 
hydro turbines the electricity requirements of the local network for ‘do’ days. 
The exact volume of the water reservoirs is to be predicted on the basis of a 
parametrical analysis. 

• A modular water desalination station based on modern reverse osmosis 
technology. The water capacity of the installation is set between 500 and 
1000 m3/day, whereas the corresponding electricity consumption varies between 
7 and 15 kWh/m3 (Garcia-Rodriquez, 2002). 

For the simulation of the proposed system, one can use the ‘OPTIMANAG-III’ 
numerical algorithm (Figure 7) developed by the authors’ research team since 1998, see 
also Vlachou et al. (1999) and Kaldellis et al. (2001). 

The calculation results of the proposed installation’s parametrical analysis are 
summarised in Figures 8 and 9. According to Figure 8, one can observe that even with 
the utilisation of 13 wind turbines, the proposed system covers the 66% of the annual 
energy consumption of the island, whereas the water production by the desalination plant 
can cover the 15% of the local community needs as depicted in Figure 9. As the number 
of wind turbines increases, the autonomous (without fossil fuel consumption) operation 
of the local network also increases linearly up to the installation of 17 wind turbines.  
At the same time, the desalinated water production remains practically constant. When 
the wind turbine number approaches 27, the contribution of the proposed configuration 
to the fulfilment of annual electricity demand tends asymptotically to 95%, whereas the 
production of the desalination plant increases over-linearly, exceeding the water 
requirements of the local community. 

At this point, it is also interesting to investigate the operational hours of the existing 
thermal power station (APS) as a function of the wind turbines used and the water 
reservoirs storage capacity. According to the results in Figure 10, the proposed 
configuration can meet the local needs without the operation of the local APS for  
4150 up to 8300 hr/year. In fact, this means that for the case of 27 wind turbines used, 
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the existing heavy-polluting internal combustion engines should operate for less than  
450 hr annually. Finally, in all three figures included (Figures 8–10), the impact of the 
water reservoir storage capacity is limited up to 17 wind turbines. Subsequently, as  
the number of wind turbines increases, the impact of the water volume stored becomes 
more evident. 

Figure 7 OPTIMANAG-III numerical algorithm 
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Figure 8 Contribution of the proposed installation on the fulfilment of Karpathos island 
electricity requirements 

 

Figure 9 Contribution of the proposed installation on the fulfilment of Karpathos island  
clean water needs 

 

Accordingly, we examine the wind energy disposal for three selected wind park 
configurations (utilisation of 13, 20 and 27 wind turbines), concerning the Karpathos 
island. More precisely, in Figures 11–13, we demonstrate the contribution of wind 
energy in the local system electricity production as a function of the water reservoir 
storage capacity expressed in days of energy autonomy. In the first case (Figure 11), the 
contribution of wind energy approaches 66.6% and is practically unaffected by the water 
reservoir storage capacity. In the same figure one may observe that the energy consumed 
in the desalination plant is quite small (less than 2% of the annual wind park production). 
In the second case (Figure 12), the contribution of wind energy exceeds 88.5% of the 
annual electricity consumption, remarkably increasing with the water reservoir storage 
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capacity. In this case, almost 25% of the wind energy production cannot be absorbed by 
the local system. Hence, the operation of the desalination plant utilises 15–20% of the 
annual wind energy production, increasing the financial viability of the proposed 
installation. Finally, in the last case (Figure 13), the wind energy penetration achieves 
95%, although almost 40% of the annual wind energy production is characterised as 
energy surplus by the local electrical network (Kaldellis et al., 2004a). In fact, the vast 
majority of this energy surplus is absorbed by the proposed desalination plant, 
contributing in this way to the clean water needs fulfilment of the local community. 

Figure 10 Contribution of proposed installation on limiting the local APS operation hours, 
Karpathos island 

 

Figure 11 Proposed installation wind energy utilisation (z = 13) on meeting the local  
community electrical and clean water needs, Karpathos island 
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Figure 12 Proposed installation wind energy utilisation (z = 20) on meeting the local  
community electrical and clean water needs, Karpathos island 

 

Figure 13 Proposed installation wind energy utilisation (z = 27) on meeting the local  
community electrical and clean water needs, Karpathos island 

 

Summarising, one may state that by using the proposed configuration for energy and 
clean water production, one may fulfil the corresponding needs of local communities, 
reaching to significant wind energy penetration rates (up to 95%) even in remote weak 
autonomous electrical networks. 
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5 Conclusions 

The present work is concentrated on presenting a complete configuration to face the 
intermittent character of wind power. Accordingly, the proposed system can be used to 
meet the electricity and water needs of a medium- or small-sized remote island at a 
rational cost. 

According to the results obtained, only by coproducing electrical energy and  
clean water via an appropriate desalination plant, it is possible to achieve high  
wind energy penetration rates and minimise the system energy surplus. On top of this,  
the proposed configuration significantly bounds the operational hours of the existing 
internal combustion engines, contributing thus to the air pollution reduction. Finally,  
as the wind park size is amplified, significant water quantities can be produced, 
remarkably reinforcing the water reserves of the local community with fresh water of 
desired quality. 

Recapitulating, according to the analysis presented, the proposed wind-hydro 
configuration in combination with an appropriate desalinated plant can efficiently fulfil 
the electrical energy and clean water requirements of numerous remote communities on 
the basis of clean and low cost wind energy, overcoming the intermittent and stochastic 
nature of the wind. 
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