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Abstract - The energy problem of islands differs from those in mainland countries 
because islands need to manage their own energy supplies. The islands are good test beds 
for the utilization of renewable energy production and storage technologies. We present 
the main problems related to the electrical production in small islands and by the 
utilization of renewable energy plants; the necessity to integrate some energy storages is 
shown and various storage means are classified. At last, the hydro pumping storage will 
be presented as a good solution for participating to the increase of the penetration rate of 
renewable energies, particularly in island electrical grid. 
Keywords: Island electrical production - Renewable energies – Energy storage. 

 
1. INTRODUCTION 

Marin [1] said ‘The traditional limitations in the energy field like distance from the 
major grids, small scale, distribution difficulties and the lack of large conventional 
markets, are more than off-set by the extreme abundance of renewable energy sources, 
and the incredible adaptability and capacity of integration of renewable energy 
technologies; factors that are in sharp contrast with the progressive inefficiency and 
high cost of conventional energy systems in island regions. In fact, we would go as far 
as to say that islands have become genuine laboratories of the future of energy 
sustainability’.  

The problem of islands is worth raising, there are 300 islands in Europe (6 % of the 
territory, 14 M-Inhab.) and more than 100.000 islands in the World with almost 500 M-
Inhab. for an area corresponding to 1/6 of the Earth area [2]. 

2. ENERGY SPECIFICITIES OF ISLANDS 
Most of the islands depend on oil importation, but the criteria that make the energy 

problem of an island differ from inland are mainly: 
- the no or limited link between local and European electrical networks, which 

implies that the island has to provide itself with and to reach a precise 
production/consumption balance. It’s a structural fragility; a short-circuit on such a 
system could generate a voltage drop in the entire island. 

- the size: small population and low energy consumption require the use of small 
electrical plants for a better adaptation to the load; but the loss of an energy plant 
produces high disturbances. This is why the unit power of each production system is 
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limited to 25 % of the average power on the grid because the total electric system must 
not be weakened if a unit is down [3]. The small size implies a bad electricity quality 
(frequency/voltage),  

- the over-specialisation of economy (tourism) forces utilities to install an over-sized 
energy capacities to cover factors such as important seasonal demand.  

A typical small island electricity generation is heavily dependent on diesel engines, 
which are expensive and polluting, but still the most appropriate on such a small case 
[4]. We see this important contribution of fuel in the French islands electricity 
production in Figs. 1 and 2 [5]. 

 
Fig. 1: Generation facilities in the main French Islands (2008 data) 

 
Fig. 2: Parts of the electricity production sources in the main French Islands (2008 data) 

The problem in the islands is the access to energy; each territory must insure its 
supply and find an energy mix in adequacy with its specificities and guaranty the 
durability of this mix. In Corsica and overseas departments, the electricity cost is at least 
twice the purchase price secured by the French electricity tariff. This over-cost is 
redistributed all over the French territory. 

The isolation is a strong constraint, with an energy supply/demand equation difficult 
to solve, and some problems of power cut by rota and blackout often occur, which 
implies the need to have a power reserve continuously. The network smallness induces 
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difficulties in quality supplying and in frequency-power setting. Voltage and frequency 
drops are more numerous and deeper in islands than in mainland [6]. In Corsica, more 
than 200 network failures occur each year with voltage dips and generation failures with 
less than 46 Hz [3]. 

The islands must ensure to meet the three criteria set by the World Energy Council 
2007: 

- accessibility to electricity at an acceptable price; 
- availability of electricity in term of continuity and quality of service; 
- social and environmental acceptability of the project. 

3. FATAL CHARACTERS OF RENEWABLE SOURCES 
The power system is a dynamic system, subject to continuously changing 

conditions, some of which can be anticipated and some of which cannot. The system 
reliability becomes dependent on the ability of the system to accommodate, expected 
and unexpected, changes of load and disturbances while maintaining quality and 
continuity of service to the customers.  

The variability and unpredictability of wind and solar energies are higher as the 
penetration levels rises. When the renewable energy is lower or higher than the demand, 
other generation units must compensate the difference. This implies that a system with a 
significant amount of installed renewable energy systems must be operated with a 
sufficient reserve margin, as most traditional generation units require a considerable 
start-up time. 

The insertion of electrical energy plant using ‘fatal’ energy sources, as PV or wind 
systems, creates some problems in all electrical networks but more again in small island 
networks because: 

- no guaranteed power, inducing obligation to continuously provide other production 
means in reserve; 

- intermittence; obligation to compensate the power variations by other plants with 
reserves and able to react immediately. 

- the ‘expansion’ that is the distribution of renewable energy generation units over a 
given territory at an island scale is very limited. In cases of significant expansion, 
production will never be either zero or maximum. At any moment the probability to 
have all the wind turbines stopped simultaneously is smaller if they are spread over a 
large area than if they were all in the same wind farm. 

- sensibility to voltage and frequency drops cutting the production and increasing 
incidents; 

- no participation to the network stability and quality. 
The penetration rate of wind and solar systems must be limited in view to be able to 

guaranty the electrical grid stability and the production/consumption balance. Some 
feedbacks in Denmark show that for a penetration rate up to 20 or 30 %, some stability 
problems can occur [7]. In France, any facility whose power is at least 1 % of the 
minimum power circulating in the network and implementing randomness fatal energy 
can be disconnected from the public distribution network, by the network operator, 
when the active power from these plants reached 30 % of the total active power in the 
network.  

The same maximum penetration rate of renewable electrical systems is also used in 
other countries, as in the Canary Archipelago. Thus, in small systems particularly 
sensitive to disturbance and with a low electric inertia - as in islands, it is necessary to 



G. Notton et al. 

 

278 

limit the introduction of wind and solar power to 30 % of the power generated at any 
time of year, knowing that the load curve in islands undergoes significant changes, 
particularly in touristic areas. Small island perimeters require a balanced geographical 
distribution of projects on the island because if renewable energy projects are 
geographically concentrated, and that the wind fall or the sky becomes cloudy, a 
significant portion of power is suddenly lost inducing important problems for the 
electrical management. 

4. ENERGY STORAGE 
To illustrate the storage necessity, we present in Fig. 2 a case study: we consider a 

100 MW wind farm, a 70 MW PV plant and a conventional power plant composed of 
12 fuel engines of 25 MW. The annual load profile has a maximal power of 450 MW 
for an annual energy of 2634 GWh. In this first approach, using very simplified 
hypothesis, we consider that all the PV and wind powers are used. 
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Comparison production/consumption Production/consumption balance 

Fig. 3: Illustration of energy storage necessity 

The power produced by the conventional power plant depends on the load i.e. we 
consider that each fuel engine always runs at full capacity and that the number of used 
engines depends on the power needed by the network. Thus, sometimes, either is the 
load not satisfied or there is an electrical over-production. The production of each 
energy mean is shown and the energy balance production/consumption calculated.  

Globally the annual over-production is 376 GWh for an annual not-satisfied load 
equal to 70 GWh; the utilisation of various means of electrical storage should allow to 
meet the totality of the load without using new electrical systems, as gas turbines for 
example, or at least to reduce the number of fuel engines and economize fuel while 
reducing gas production. 

When introduced into the grid, the energy storage acts as a damper and regulator in 
the electric network, effectively solving the fluctuation problems and significantly 
improving the quality of the distribution. Combining a renewable energy generator and 
energy storage devices is a good solution to make an ‘active’ generator.  

Thus, we need an adapted storage allowing the compensation of the power 
difference between the actual renewable energy production and the required grid 
consumption, as well as a good energy management strategy to control the energy flows 
among the renewable energy generator, the energy storage and the grid. Storage means 
is usually classified into three categories [8, 9]: (Table 1 and Fig. 4.): 
 Bulk energy storage or energy management storage media is used to decouple the 

timing of generation and consumption. 
 Distributed generation or bridging power, for peak shaving. Storage is used for 

seconds to minutes to assure continuity of service when switching from one energy 
source to another. 

 Power quality or end-use reliability. Stored energy is only applied for seconds or 
less, as needed, to assure continuity of quality power. 

Table 1: Application category specifications 

Category Discharge 
power 

Discharge 
time 

Storage 
energy 

Representative 
application 

Bulk energy 10–1000 MW 1 – 8 h 10–8000 
MWh 

Load levelling, 
spinning reserve 

Distributed 
Generation 0.1 – 2 MW 0.5 – 4 h 50–8000 

MWh 
Peak shaving, 

transmission deferral 
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Power quality 0.1 – 2MW 1 – 30s 0.03–16.7 
kWh 

End-use power 
quality and reliability 

 

 
Fig. 4: Applications requirement 

Not all technologies are suitable for all applications, due to limitation in power or 
storage capacity. Response time is another critical issue, particularly for power 
applications for which the system must be available rapidly. Table 2 lists the 
technologies considered for each category of application [10]. 

Table 2: Technologies considered in each application category 

Bulk energy storage Distributed generation Power quality 
Lead-acid batteries Lead-acid batteries Lead-acid batteries 
Na/S batteries Na/S batteries Li-ion batteries 
Regenesys Ni/Cd batteries High-speed flywhell 
Zn/Br batteries Li-ion batteries Low-speed flywhell 
Ni/Cd batteries Zn/Br batteries Micro-SMES 
Compressed air (CAES) V-redox batteries Super-capacitors 
Pumped hydro (PSH) High-speed flywhell  
Asymmetric lead-carbon caps Surface CAES  
 Asymmetric lead-carbon caps  
 Hydrogen fuel cell  
 Hydrogen engine  

Figure 5 shows a storage technology chart published by the Electricity Storage 
Association (ESA) [8] that presents various technologies in terms of total power (kW) 
and energy capacity (time). 

These storages are at various stage of development. The main criteria for these are 
costs, availability, energy and performance density, efficiency, durability, dynamic 
response. A synthesis of criteria have been realized and presented by ESA [8] in several 
chart forms.  

Figure 6 illustrates the efficiency and the life time of several storages which 
influences the storage cost in its lifetime, the first one influences on the energy stored 
and the second one on the replacement cost. 
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Fig. 5: Electricity storage by technology  

(systems installed in November 2008) according to ESA [8] 

 
Fig. 6: Life- efficiency of various storages according to ESA [8] 

The energy densities are plotted in figure 7 [8]. Metal-air batteries have the highest 
energy density in this chart. The electrically rechargeable types, such as zinc-air 
batteries, have a relatively small life cycle and are still in the development stage. 

 
Fig. 7: Energy density of various storages according to ESA [8] 
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At last, the cost is an important parameter influencing the choice. In figure 8, the 
capital cost is reported, according to the type of storage (in power or in energy). This 
cost is expressed in kW or in kWh (taking into account the storage efficiency in such a 
way that the cost is expressed in useful kWh). The costs of storage technologies are 
changing as they evolve. The cost ranges are values of 2002 and the expected mature 
values in the coming few years [8]. 

 
Fig. 8: Capital costs of various storage means [8] 

If you want to transform renewable generators into conventional ones i.e. if you 
want to delete the main inconvenient of random renewable generators, the chosen 
storage must group, in the same time, the characteristics of the first and the second 
selection criteria, which is difficult.  

A storage system is more valuable to an utility when it performs multiple functions 
in more than one of these groups of applications [8]. Thus, the association of two 
storage means is examined by Zhou [11], who studied a hybrid system consisting of a 
wind generator, supercapacitors as fast-dynamic storage system and fuel cells with 
electrolysers as long-term storage in hydrogen. 

5. HYDRO-PUMPING STORAGE 
The pumped storage is a system of electricity generation, also known as 

hydroelectric storage, in which the electricity is generated during hours of peak 
consumption by using water that has been pumped into an elevated reservoir during the 
low consumption hours. Hydroelectric system is used by some power plants for load 
balancing. 

The method stores energy in the form of water lifted from a lower reservoir into a 
higher one. In a conventional electrical system, the low-cost off-peak excess electrical 
power is used to run the pumps, and the stored water is then released during high 
electrical demand period, with a cost benefit. In a “Renewable system”, at time of low 
electrical demand, excess power produced by the system is used to pump water into a 
higher reservoir and then, when there is a higher demand, the water is released back in 
the lower reservoir through a turbine. 

There are two possibilities: 
 two waterways : one for pumping, one for the turbine; 
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 one unique water way : a reversible machinery (Francis Turbine) (Fig. 9) can be 
used for both pumping and generating; it is designed as a motor and pump in one 
direction and as a turbine and generator in the opposite rotation (Fig. 10). 

 
Fig. 9: A Francis Turbine Fig. 10: Conventional pumped-

storage with one reversible pump 

Under favourable geological conditions, the station is located underground.. Various 
pumped storage plants exist worldwide with power varying from 1 MW (RHE 
Lepenica, 1985, Croatia) to 2700 MW (Kannagawa, 2005, Japan) [12]. Pumped hydro is 
available at almost any scale with discharge times ranging from several hours to a few 
days. Figure 11 presents some existing hydro-pumping systems in Austria [13]. 

The advantages of such systems are [13]: 
- More than 100 years of experience; 
- High efficiency, in the 70% to 85% range. 
- Multipurpose facilities; 
- Environmental friendly; 
- CO2- avoiding; 
- Highest availability compared to other technologies; 
- Quick response to load variation (few seconds) and reserve capacity. 

Taking into account evaporation from the water surface and conversion losses, about 
70 % to 85 % of the electrical energy used to pump the water into the elevated reservoir 
is regained. 

 
Malta HP Development/A): Turbine: 730 MW-120 MW/ Pump: 290 MW-116 MW 
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Zemm – Ziller HP Development / A 

Fig. 11: Different Types of HPP/Storage HPP (Austria) [13] 

Using a hydro-pumped storage allows to improve the quality of the provided 
electricity and to reduce the peak power of the other energy generating systems. This 
system flattens out the load variation on the power grid, and permits thermal power 
stations, that provide baseload electricity, to continue operating at peak efficiency while 
reducing the need for peaking power plants that use costly and polluting fuels. 
Moreover, a pumped storage system helps control electrical network frequency and 
provides reserve generation.  

Thermal plants are much less able to respond to sudden changes in electrical 
demand, potentially causing frequency and voltage instability. The hydro-pumped 
system can respond to load changes within seconds. These machines generate in 
synchronisation with the network frequency, but operate asynchronously as motor-
pumps. 

Another benefit of pumped storage is to help level the fluctuating output of 
intermittent power sources. The pumped storage absorbs load at times of high output 
and low demand, while providing additional peak capacity. In certain jurisdictions, 
electricity prices may be close to zero or occasionally negative, indicating there is more 
generation than load available to absorb it; although at present this is rarely due to wind 
alone; an increase of wind turbine implementation may increase the likelihood of such 
occurrences. It is particularly likely that pumped storage will become especially 
important as an utility grid regulator for very large scale photovoltaic generation. 

The typical overall efficiency of hydro-storage systems is between 65 % and 77 %, 
with a maximum depth of discharge up to 95 %. Kaldellis et al. [14] showed that this 
type of system for island autonomous electrical networks is the optimal solution for big 
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size islands and for small and medium sized islands; it appears to be the best solution 
for an electrical autonomy of 24 hours. 

6. CONCLUSION 
The development of renewable energy system for electricity production is limited by 

its penetration rate into the electricity grid, and this problem is increased in small 
electrical network as island ones. To solve this problem, the utilization of an association 
of storage means is necessary.  

The problematic of electrical energy storage will be one of the most important for 
electricity generation in the near future. Using hydro pumping, probably coupled with a 
short-time energy power energy storage, can be a good solution if one wants to increase 
the penetration rate of wind and solar energy systems.  

The final objective of this work, developed in the frame of a Ph.D, will be to model 
the following complex system (Fig. 12). 

 
Fig. 12: Principle diagram of the renewable 

plant with characteristic elements 
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