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PREFACE

by

MARIA DA GRAÇA CARVALHO

Minister for Science and Higher Education

Portugal

Most of the islands in the world are highly dependent from importation of fossil fuel for 
energy and, in many cases, also water production (sea water desalination). In general, tour-
ism is a very important economic source of income in islands. Energy and water demand 
for tourism is high, mainly during the peak season (summer), when cooling and water needs 
are very important. Energy production and air conditioning systems present low efficiency, 
fresh water availability and storage is deficient.

The energy sector is the main contributor of Greenhouse Gases (GHG) emissions and 
consequently to global warming and climate change. Islands contribute to a minimum extent 
to total GHG emission but are in the first line to confront with sea level and climate change 
negative effects. Undeniably, the concentration of GHG in the atmosphere is increasing and 
the effect on climate is certain and the most important consequence for Islands is the sea 
level rise along with extreme meteorological events aggravation.

Technical and technological solutions for GHG emission reduction and mitigation from 
energy sector exist, but still face non-technical barriers that inhibit their full deployment at 
the global level. However, due to their particular geographic and economical characteristics, 
many of these barriers are not present in Islands. It is the case for example, of price barrier 
for Renewable Energy Sources. In general, fuel price is higher in islands and some renew-
able technology can be competitive. Also, Island has a particular interest in promote New 
and Renewable Energy Technologies regardless to their cost, in order to protect their fragile 
environments, and, for these reasons, Islands are a positive example for the whole World.

One of the most important means to increase efficiency and to reduce pollution and CO2 
emissions, is to organize and rationalize the energy systems, mainly by the rational produc-
tion and consumption of the energy produced and the use of endogenous energy sources. 
In general, the islands present great potentiality in renewable energy sources, such as solar, 
wind, geothermal, biomass, hydro and wastes.

Other energy sources can also be used to tackle the energy problem of the islands: the 
use of liquefied natural gas, hydrogen, fuel cells (with local production of hydrogen for the 
cells) and co-generation (tri-generation with district cooling). Seawater desalination process 
can also be used for energy storage.
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This publication describes several New and Renewable Energy Technology scenaria with 
great potential of application in Islands, their current status and barriers. The cases several 
European and non European archipelagos are described to illustrate possible scenaria for 
the integration of renewables in the energy sector and other relevant economic sectors of 
the islands.
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RES FOR PARADISE
Towards 100%

Renewable Energy Sources Supply Strategy

by

CIPRIANO MARÍN

Secretary-general of the UNESCO Centre of the Canary Islands

Lands trapped between sea and sky and often considered paradises on Earth, islands are 
now facing a new revolution. The consolidation of energy options related with the use of 
renewable energy sources, technological maturity in the exploitation of these sources, and 
continuous innovation, place islands before a panorama that was unthinkable only a few 
years ago.

Anticipating the actual size of this approaching change firstly presupposes knowing the 
actual scope of the so-called “island factor”. This concept is not only defined by islands’ 
geographical singularity, but also by a distinctive idea brightly resumed by Godfrey Bal-
dacchino1: “Islands are creatures of trans-territoriality; their history and culture, as well as 
their political administration, is a perennial dialectic between the woof of home and the warp 
of away; between openness and closure; between routes and roots”.

 
The extent of the island universe is poorly known, and this favours a distorted view 

by continental people, which look at islands as thought-provoking, singular, far, but little 
known places, lacking of an overall identity. In fact we can assert that even most island 
people are not aware that their world embraces more than 100.000 islands of all sizes and at 
all latitudes, which are home to almost 500 million inhabitants. The total area of their lands 
and Exclusive Economic Zones (EEZ) covers more than one sixth of the area of the Earth2.

If we translate these figures to the European reality, they are also very significant, since 
we are dealing with 659 islands where 16.8 million European citizens are living (overseas 
regions within the European Community’s influence are included, while very small islands 
are not). This means that the European island society as a whole exceeds the population of 
19 States of the European Union (EU25). In terms of energy isolation, that is to say, islands 
non-connected to the mainland grid, we are talking of 147 territories, an equally significant 
number. 

 
Within this context, it is important to remind that the use of renewable energy sources has 

been consubstantial with the development of island cultures. Islanders had to resort to their 
own resources to survive, developing social and technological mechanisms that nowadays 
seem amazing to us, because of their creativity and inventiveness. For centuries, the sails of 
Lasithi windmills caught the wind guaranteeing fertility in the centre of Crete. Wind power 
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also helped pumping seawater to transform island coasts into salt-producing areas, turning 
places such as Trapani, Ibiza, Lanzarote or Djerba into wealthy centres of trade. As a matter 
of fact, old wooden windmills are an expression of identity for islands such as Saaremaa in 
the Baltic Sea. Thanks to the island winds sugarcane was milled on Trinidad, Barbados and 
St. Lucia, starting the White Gold Route that crossed the Atlantic Ocean. The same winds 
allowed the mills of Hydra grinding the wheat that relieved hunger of Athens besieged. 
Small waterfalls were ingeniously harnessed on Madeira, Corsica and Yakushima, giving 
birth to a water energy culture without precedents, to survive beyond the possible. And we 
cannot forget that, from Knossos to Rapa Nui, the sun has always guided the building sense 
of several insular constructions. 

This is just a small idea of the long adventure of survival that islands have lived, clev-
erly harnessing their few and fragile resources. Throughout time, all over the world, island 
peoples have always had to develop ingenious ways of harnessing the sun, the wind, the 
biomass and the water at their disposal. 

During the last decades, and differently from the ancient times, islands show a new par-
adigm where risks deriving from the growth and inactiveness produced by development 
models induced from outside are emphasized, but at the same time we witness the arising of 
new options of intelligent management of our limited resources. Speaking in energy terms, 
we know that an important number of islands are extremely vulnerable, because of their 
absolute dependence on conventional energy sources, which is made worse by the present 
situation of the conventional energy global market, characterised by an extreme inconstancy 
and unpredictability. In other words, we are facing a new situation where reliability of energy 
supply on islands can condition their own reality, tipping the scale towards cosidering them   
places for living or just to stop by. Furthermore we already know that conventional energy 
sources and standardised consumption habits always start an economical, environmental and 
landscape impact chain of consequences less and less foreseeable. In addition, we cannot 
forget that costs supported for power generation and fuel availability are often a lot higher 
on islands than in continental areas, especially because of transport, and the small scale of 
island energy markets and generation and distribution systems put every island in the last 
step of competitiveness compared with other market and energy supply system dimensions. 
Furthermore, the insularity problem does not lie only in the risks related with environment, 
economy and energy supply reliability, but it also regards the concept itself of energy quality 
as a product and service.

All the above happens within a context where many island economies are under sig-
nificant changes, undertaking new specialisations and monocultures, such as tourism, that 
create scenarios and consumption standards where energy demand is characterised by 
sudden increases and a marked seasonal and even daily variation. This is a dangerous path 
through which islands can, as they did in several occasions, even forget their own limits and 
circumstances.
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Renewable energy sources are generally widely available on islands. On these territories, 
applications and technologies based on RES show a strong adaptability, flexibility and mod-
ularity, in contrast with the rigidity that characterises the exploitation of conventional energy 
sources, making RES more competitive on islands than in the continent. Furthermore, the 
variety of energy vectors offered by RES are more properly adjusted to islands’ energy pro-
file, since normally they do not have energy-intensive sectors, and they of course offer an 
incomparable opportunity at the time to develop technologically advanced local cultures and 
markets well-adapted to the actual scale of each island. RES turn to be a strong ally against 
supply unreliability and technological, economic and social dependence on energy sources 
based on fossil fuels.

Among island societies, the sensation of being before a new scenario went beyond the 
technical level, and turned to be one of the main debates on islands’ options of future. Sev-
eral declarations such as the ones of the Canary Islands (1998), Palma de Majorca (1999), 
Azores (2000), Cagliari (2001) and, especially, the one of Chania (Crete-2001), as well as 
meetings of large transcendence such as the one held by the Small Island Developing States 
on Mauritius (BPoA+10 - 2005), which stressed on the crucial role of renewables in the con-
solidation of actual sustainable development strategies and their relation with the improve-
ment of economic development and quality of life of island populations (See Annex).

Islands have, therefore, reached an important moment in their evolution. Political will, 
technological development and the terms of a sensible economic discourse based on sus-
tainable development make it advisable to open the gates wide to this great idea of energy 
self-sufficiency for islands in the new millennium. 

Paving the way towards 100% RES

Chapter 17 of the Rio Agenda (1992) already advanced that islands are a very special 
case in the sustainable development strategy, and therefore their strategy towards the future 
should absolutely be a different and special one. This statement has been demonstrated to 
be totally true when we analyse problems related with biodiversity and land management, 
water cycle, energy, waste, tourist development policy or transport and island mobility. 
Since then it has been recognized that islands are the places of our world facing the highest 
risk because of climate change.

Nevertheless, as it has been well described by Di Castri3, in spite of being so widely 
used, sustainable development is a rather debatable term and concept when applied in opera-
tional terms to large areas and regions with badly defined boundaries, and to the interactions 
among too many economic sectors. There are so many definitions and even opposite inter-
pretations of this concept that – paradoxically – “it is now a term that inherently eludes defi-
nitions”. Nowhere else this concept can be better applied for real operational activities and 
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proper management than on islands, especially in sectors such as tourism, water or energy. 
If a solid theory and practice on sustainable development would really emerge in the future 
– and this should be a must for continuing using this term – most likely they will originate 
from research and management carried out in these areas.

The reasons set forth, of opportunity and actual possibility to implement sustainable 
development strategies on islands, as well as the extreme diversity of situations that guar-
antee a high replication capability, turn these lands into preferred areas for renewable 
energy development and intelligent energy management. In fact, we would go as far as to 
say that islands have become genuine laboratories of the future of energy sustainability. 
This philosophy is shared by most islands, and was explicitly stated in the final document 
drawn up at the end of the First European Conference on Sustainable Island Development 
(Minorca, 1997), which clearly says that: “Non-renewable energy sources must be con-
sidered as provisional solutions, unsuitable as a long-term solution to the energy problem 
in islands”.

Under these conditions, it is not very advisable to set limits as targets of RES use on 
islands. They may make sense as political-economical and technological objectives in main-
land areas, such as in the case of the European Union, that fixed a target of 20% by 2015. 
This option was openly supported at the Chania Conference, where the concept “Towards 
100% RES” was coined, considering that: “the idea of attaining 100% Renewable Energy 
Sources Supply has become a powerful metaphor for many islands, supported by the appear-
ance of real projects that demonstrate the real possibility of this final objective and by the 
wide-spread will of islands to establish differentiated energy strategies based on a maximum 
use of renewable energy sources”.

This option showed to be so real that at present twenty-nine 100% RES initiatives are 
under way. If we project this number at a continental scale, we can better understand its 
importance. In global terms it would mean that nowadays at least 350 projects of 100% RES 
communities would exist, that is absolutely untrue. Nevertheless, this is something possible 
for islands, the laboratories of the future. Laboratories of evolution, as Darwin observed on 
Galapagos, laboratories of democratic ideas as shown by Pascal Paoli in Corsica and again, 
laboratories of Sustainable Energy Communities (SEC) as claimed by these twenty-nine 
cases.

The islands represented by this initiative are just the tip of the iceberg of that sixth part 
of our planet which understands that, above policies or tendencies of global economy, there 
is a special concept of trans-territoriality and interculturality, which allows us leading this 
process of change based on a new idea of energy sustainability. Before the takeoff of nuclear 
energy and the uncertainty of fossil fuel market, islands can be the environments where 
renewables and energy efficiency are not just a complementary technological option, but 
also laboratories where this options acquires a new meaning.
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This is mainly due to the fact that energy is now the determining factor of development 
models and the pumping heart of island activities. Availability and characteristics of energy 
sources increasingly determine such important aspects as water production and manage-
ment. But the most important thing is to acknowledge the influence that an energy sustain-
ability strategy has on island development. It is more and more evident that an aggressive 
and massified tourist development model is supported by a hard energy option, where 
renewables, in the best case, are a simple complement. Similarly, a mobility strategy based 
on over-motorization and oversized development of road infrastructures, will be supported 
by an energy concept based on increasing dependence and on the inexistence of criteria of 
efficient use of energy.

The above reasons endorse the need to consolidate island strategies based on the SEC 
concept. Before the simplism of conventional energy planning, where only conjunctural 
and market criteria matter, SEC are characterised by their high rate of participation, letting 
energy strategy unfold its social, cultural and economic dimensions. That is to say, putting 
the energy at the centre of the development model whose final objective is the quality of life 
and the intelligent and respectful use of fragile island resources.

This book gathers together a selection of the main case studies and contributions made in 
some of the most important island conferences of the last years: “Renewables 2002 - New 
and Renewable Energy Technologies for Sustainable Development” (June 2002, S. Miguel 
Island, Azores, Portugal), “RES for Islands, Tourism and Desalination” (May 2003, Herso-
nissos, Crete, Greece), “Towards 100% RES Supply” (June 2001, Chania, Crete), and the 
“Island Solar Summit” (May 1999, Tenerife), four events that have decidedly marked a way 
towards the renewable islands of the future.

References 
1.  Godfrey Baldacchino, Sustainable Use Practices, including tourism in/for small islands, in INSULA-Interna-

tional Journal of Island Affairs, February 2004.
2.  Report of the Ad Hoc Technical Expert Group on Island Biodiversity, UNEP/CBD/SBSTTA/10/INF/1, 20 

December 2004.
3. Francesco di Castri, Sustainable Tourism in Small Islands: local empowerment as a key factor, in INSULA-
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RENEWABLE ENERGY DEVELOPMENT 
AND ITS IMPACT ON ISLANDS

ARTHOUROS ZERVOS, JOLANDA CRETTAZ AND CHRISTINE LINS

EREC - European Renewable Energy Council

Energy constraints on islands’ development
Locally available energy resources are fundamental to the future development of islands, 

given their extreme dependence on imported conventional energy sources, which makes 
them vulnerable to the volatility of supply and environmental degradation. The imported 
energy sources are often expensive, cause environmental damage, and leave islands without 
energy security. Energy options also decide other essential aspects of sustainable island 
development, affecting the island’s competitiveness in key sectors such as tourism, industry 
and commerce services, agriculture and transport. 

Within the last years, the number of projects involving renewable energy sources (RES), 
together with energy efficiency (EE) measures has increased. In some cases, the projects 
look in particular at RES solutions to solve fluctuations in energy demand due to seasonal 
tourism. In other cases, they propose RE technologies for desalination. In many cases, too, 
they consider holistic energy systems of RES and EE on islands. International collaboration 
and cooperation to develop EE and increase the use of RES can be very useful to stress the 
best strategies for islands’ sustainable development. 

RES for tourism 
Many islands in Europe have a sound and fast developing economy, founded to a large 

extent on the service sector and tourism. Severe energy shortages can result from tourism, 
particularly during peak-holiday times. Additional energy supply infrastructure is needed, 
for which traditional fuel-based energy supply may not be the most economic solution. Stud-
ies carried out by INSULA (the International Scientific Council for Island Development) 
show that more than an economic problem, it is the ignorance of RE technologies, as well as 
the lack of co-operation among the main actors: architects, engineers, consultants, promot-
ers and hotel managers, that explain the failure to implement such technologies.

RES, especially if combined with investments in energy efficiency technologies, can 
answer many problems in the tourism sector. Problems of high increase rates of energy con-
sumption, such as with transport and buildings during seasonal peaks, can hence be solved. 

On some islands where tourism peaks occur regularly, plans of promotion of RES and RUE 
have already been developed and have proven successful. In particular we can mention the 
example of Tenerife, where a scenario has been developed for the progressive 100% supply 
coming from RES (as well as the application of EE strategies to reduce consumption). 
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RES for desalination
The worldwide availability of renewable energies and the availability of mature technolo-

gies in this field make it possible to consider the coupling of desalination plants with renew-
able energy production processes in order to ensure the production of water in a sustainable 
and environmentally friendly scheme in islands and remote regions concerned by scarcity 
of fresh water supply. 

Desalination processes require considerable amounts of energy to achieve separation of 
dissolved salts in seawater or brackish water. As mentioned in the Encyclopedia of Desalina-
tion and Water Resources, it has been estimated by Kalogirou (1996) that the production of 
1.000 m3 per day of fresh water requires 10.000 tons of oil per year. This is highly significant 
as it involves a recurrent energy expense, which few of the fresh water-short areas of the 
world can afford. Given the current understanding of the greenhouse effect and the impor-
tance of carbon dioxide levels in the atmosphere, more environmental options than fossil 
fuels were progressively taken into account and further developed. 

There can be thermally-driven distillation processes achieved by collection of solar energy 
using flat plate collectors. Although desalination also can be done with small hydropower, it is 
wind energy and photovoltaics (PV) in particular that have made enormous advances. 

The successful example of Crete 
Crete is the fourth largest island in the Mediterranean Sea with an area of 8.335 km2 

(6,3% of the national area) and a population of 601.000 (2001) resident inhabitants (5,5% 
of the national population). Its population is increased during summer due to the tourist 
development (in 2002 the arrivals reached 3 million). The rate of increase in energy demand 
and particularly electricity is the highest nationwide (twice as much as the national average) 
and causes power problems, which require expensive solutions in coping with the peak 
power loads from seasonal variations.

Within the last years, Crete has implemented several policies in favour of RES and EE. On 
of it is the formulation of the “Implementation Plan for RES in Crete”. This policy planned to 
last for the period 1998-2010 is mainly focused on the large-scale deployment of RES for elec-
tricity production. It is also formulated on the basis of available RES potential, on the technical 
constraints for the RES penetration and on the existing legislative framework. 

 Nowadays 10% of the electricity production of the island is produced by the wind parks. 
In 2001, the Region of Crete and its Regional Energy Agency have received from the Euro-
pean Commission the first award for the Best Regional Renewable Energy Partnership (in 
the framework of 2001 Campaign for Take-off Awards), for the existing RES plants in Crete 
and their successful integrated programme “Large Scale Deployment of Renewable Energy 
Sources in Crete”. 

 Actions taken so far in Crete included RES, such as biomass, wind or solar hot water sys-
tems, especially for small village type accommodations, or for the local population directly: 
Intensive use of solar hot water systems took already place and further actions are expected 
(86.000 m2 in 2000, 365.000 m2 in 2005 and 500.000 m2 in 2010). Further plans included 
energy-saving measures such as the replacement of incandescent bulbs in the residential 
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sector and in street-lighting; the passive and hybrid systems for cooling of dwellings, hotels 
and bungalows. Thirdly, actions included the smoothing of the daily average hourly load 
curve, such as time-zone pricing systems. 
 
Islands worldwide

A look at worldwide islands’ situation shows that the long-term development generally 
implies the need to take into account alternative ways to traditional fuels, in order to reduce 
their dependence of energy imports. Islands’ potential to integrate RES being naturally abun-
dant, it is a good opportunity to use RES and combine it with energy efficiency measures.

Moreover, for some islands the problems are sometimes quite urgent: faced with the threat 
of being completely submerged if sea levels continue to rise through the effects of climate 
change, there is a need for a large-scale action on lowering global emissions of greenhouse 
gases. RES and EE measures will therefore ensure viable long-term development of islands 
worldwide. 

With the increasing awareness of climate change problems, and the accompanying meas-
ures that are developed, such as the “clean development mechanism” under the Kyoto Pro-
tocol, innovative financing means emerge to develop renewable energy/energy efficient 
projects in islands of developing countries, which will at the same time offer to stop the 
traditional dependence of those islands on expensive imported oil. Such activities will also 
generate additional employment opportunities in the renewable energy and associated indus-
tries, thereby creating social welfare.
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100% RENEWABLE ENERGY ISLANDS. 
A PRACTICAL CASE: EL HIERRO

TOMAS PADRÓN HERNÁNDEZ

President of El Hierro Island Government

The Cabildo de El Hierro (Island Government) took its stance in the early eighties, 
opting for an original and pioneering development model based on respect for our island 
heritage, revitalising and conserving our natural resources and fostering co-operation and 
collaboration among our industries. At the time, these guidelines seemed to be in contra-
diction with the social and economic dynamics of the Canary Islands that were seeking to 
attract mass tourism built on a foundation of a spectacular real estate business. It now gives 
us great satisfaction to be able to say that we have seen that the road chosen by the people 
of El Hierro was the right one and we are proud of living in harmony with a natural habitat 
that has remained largely unaffected by the hand of man.

This change that the island of El Hierro has been undergoing for several decades is based 
on the following factors: a commitment to the primary sector as the main contribution to 
conserving our identity and our landscape, the creation of basic infrastructures, improved 
communications, both within and beyond the island boundaries, with investments in com-
munications facilities and, most of all, the conviction that an environmentally friendly and 
sustainable development model could be implemented on this island.

In this sense, the Cabildo of El Hierro, was the first in the Canary Islands that dared to 
talk of “sustainability”, and the first to adopt a Sustainable Development Plan, in 1997, a 
step that was rewarded and ratified by UNESCO, when the entire island was declared a 
World Biosphere Reserve and, in turn helped to push through the El Hierro Island Planning 
Regulations (PIOH, from its initials in Spanish) and the urban planning regulations for the 
two municipal districts that El Hierro is divided into.  

This strategic framework lays the foundations for implementing specific Projects in El 
Hierro, based on integral and sustained development, sensitive to the geo-spatial singulari-
ties and characteristics of the island, taking an extra-insular view and designed to bring the 
local economy into harmony with the environment and the quality of life of the inhabitants 
of the island of El Hierro, as this is the objective that we are determined to attain.

The “EL HIERRO 100 % Renewable Energies” Project will make our island the first 
in Europe to be supplied with renewable energies, turning it into a worldwide benchmark 
in implementing energy self-sufficiency and autonomy systems based on clean energy 
sources. We have also reached a landmark, developing and providing content for our letter 
of introduction as a World Biosphere Reserve.
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The mainstay of our plan to provide renewable energies is the construction of a HYDRO-
WIND POWER STATION.

The island of El Hierro has sufficient wind potential to cover all its electricity demand. A 
study of the wind potential of the island (only considering the places where wind turbines 
could be located) calculated that wind energy could cover 158% of current demand for 
electricity.

The Canary Island electricity act, however, sets a limit of 12% market share for wind 
energy. This constraint is due to the problems of electricity stability associated with wind 
generation.

One method of realising the full potential of wind power would be to store this energy. 

A hydro-wind power station is a water pumping station, in which the water is pumped 
with wind energy. It consists of using wind power to pump water up to an upper reservoir to 
harness the potential energy of the fall of the water with a hydraulic turbine.

On the island of El Hierro, conditions are ideal for this project. Apart from the enormous 
wind power potential that has been mentioned, the island also has a rugged terrain and a 
low electricity demand in comparison with the other islands of the Canary Archipelago (the 
island of Gran Canaria had 744.93 MW of installed power in 1999).

Fig. 2  Schematic view of the 100% RES power supply project. 
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According to studies conducted by the Canary Island Government, this Hydro-Wind 
Power Station would make a saving of some 6,000 tonnes of diesel fuel (the fuel used in the 
El Hierro fuel burning power station) per year (which is the equivalent of over 4,000 barrels 
of oil that would no longer have to be imported by ship and would represent a saving of over 
1.8 million euros a year on the diesel oil bill). From the point of view of the environment, it 
would reduce CO2 emissions into the air by 19,000 tonnes a year (it would require a forest 
of between 10,000 and 12,000 hectares – more than 20,000 football fields – to  absorb this 
amount of CO2). It would also reduce the emissions of SO2 by some 100 tonnes a year, NOx 
by 400 tonnes (NOx that would be emitted in the exhaust gases of 1,000 buses driving round 
the island of El Hierro more than 5,500 times each) and some 7 tonnes of particles a year 
(equivalent to the particles emitted by 1,000 buses driving around the island of El Hierro 
280 times each).

As we cross the threshold of the 21st century, El Hierro will become the first European 
island to cover its energy needs with clean and renewable energies, clearly opting for a 
development model based on conserving the environment.
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The UNFCCC – United Nations Framework Convention on Climate Change signed during 
the United Nation Conference on Environment and Development in Rio (Earth Summit, 
1992) was based on a new concept: sustainability. Sustainable development is a broader con-
cept than human development, which itself includes economic development. Afterward, the 
environment issue (mainly the climate change issue) overlies the development concern. 

However, the UNFCCC, whose main objective is “the stabilization of green house gas 
concentration in the atmosphere” (article 2) made a natural partition of the countries based 
on the “common but differentiated responsibilities and respective capabilities” (article 3) i.e. 
a partition based on economic development. 

The Annex I countries (the 24 members of the Organization of the Economic co-operation 
and Development – OCDE plus 12 countries in the process of transition to a market economy) 
were recognized responsible for the actual concentration levels of Green House Gases (GHG). 

The Kyoto Protocol (signed in December 1997 in Kyoto-Japan) resulted from the third Con-
ference of the Parties to the UNFCCC and sets legally binding emission targets for developed 
countries (Annex I countries). Together, these countries must reduce their emissions of six green-
house gases by 5.2% below 1990 levels over the commitment period 2008-2012. The countries 
not listed in Annex I (developing countries) did not commit themselves to any reduction. 

Reflecting the guiding principle that “policies and measures to deal with climate change 
should be cost-effective so as to ensure global benefits at the lowest possible cost”, the 
Kyoto Protocol incorporates provisions for cooperative implementation mechanisms that 
allow countries to exploit the differentials in marginal costs of climate change mitigation. 

The so-called Kyoto Mechanisms are: Joint Implementation (JI–Article 6), International Emis-
sions Trading (IET–Article 17) and the Clean Development Mechanism (CDM–Article 12).

Essentially, the Kyoto mechanisms allow Annex I countries and respective GHG-emitting 
companies to meet part of their reduction commitments by financing (directly–CDM and JI, 
or indirectly–IET) GHG reductions abroad. Since mitigation of global warming is independ-
ent from the location of GHG abatement efforts, the overall effectiveness in terms of climate 
change mitigation is not reduced. JI and IET are possible only among Annex I Parties, CDM 
being the only mechanism that involves non-Annex I Parties (developing countries). The 
cooperation between developed and developing nations involves the concept of “leap-frog-
ging” the development of the GHG-generation infrastructure in developing countries should 
occur in such a way to leap over emission-intensive steps that have been undertaken by 
industrialized nations. 
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More than merely the reduction in CO2 emissions the Kyoto Protocol reinforces the Conven-
tion in which it points to sustainable development as the solution: if such development is achieved 
the reduction in emissions will come naturally. Thus sustainable development should be required 
for eligibility. However, there is no agreement on how to define sustainability in the operational 
terms required for specific activities. The Commission for Sustainable Development (CSD) is 
currently preparing a list of sustainability indicators. In the meantime, the most practical approach 
would be to allow host countries to define their own criteria for sustainable development. 

Among the Kyoto Mechanisms, CDM is clearly a mechanism that addresses both cli-
mate and development issues and in this way integrates the essence of the “Earth Summit” 
environment and development. The international legislation that will regulate the CDM is 
under ongoing discussion. There is common agreement in some areas, and others, such as 
project eligibility, additionality, equity, baselines, role of the organisations involved, supple-
mentarity, funding, auditing, verification and certification of emissions reductions achieved, 
share of the proceeds for adaptation assistance and sinks are still being discussed. 

Among these issues this paper intends to highlight the fact that UNFCCC and the Protocol 
should not exacerbate inequities. Rapidly industrialised countries show the greatest potential for 
emission reduction. They might receive the bulk of investment resulting from the CDM. In the 
interest of equity, investments under CDM must be fairly distributed among regions. This could 
be accomplished by means of a quota-based system. Other solution (Papayotou, 1998) could be 
giving extra credits to activities undertaken in countries with very low income per capita. 

Another issue addresses the kind of project that will be implemented. Small projects with 
very high social impact can be neglected against projects based on a high level of technol-
ogy. The developed countries could prefer to support their own industry when selecting 
CDM projects. In this case the developed country will benefit from CO2 credits as well as 
from export and maintenance and operation support. For instance, a wind farm would be 
preferred in opposition to an energy efficiency program. 

To illustrate this issue an analysis is made to the way the mechanism will work in a particu-
lar type of country: Small Islands Developing States – SIDS, in this case, Santo Antão islands 
in the archipelago of Cape Verde. The first case is an analysis of a demand side project in the 
electricity sector, and the second case consists on the evaluation of demand side projects.

Case study: Cape Verde, Santo Antão island 
Cape Verde is an archipelago of 10 islands and several islets lie around 450 kilometres off the 
coast of West Africa in the Atlantic Ocean. The overall land area is of 4,033 square kilometres 
and the population is around 440,000 (in 2000). Santo Antão is the second biggest island (779 
square kilometres, 44,000 people) characterised by mountainous landscape. The climate of 
Cape Verde is tropical and arid with erratic rainfall and average temperature of 24ºC. 

Supply side projects 
Supply side projects address the way services and goods are supplied to consumers, either by 
improving the efficiency of the supply system or, as is the case for some energy sector projects, 
by changing the primary source of energy (by introducing renewable sources of energy). 
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One of the best candidates for such CDM projects is the energy sector, particularly elec-
tricity production. There is no local production of oil or gas in Santo Antão thus 92% of the 
electricity comes from diesel engines. This problematic dependence on fossil fuels can only 
be eliminated through the use of renewable sources of energy. Cape Verde has abundant 
wind resources and the technology is proven and commercially available. The units already 
installed are now responsible for a share of approximately 8% of the energy produced (table 
1). The potential of the islands is not yet fully exploited. Santo Antão, for example, has on 
the northeastern side of the island an average yearly wind velocity of more than 11 m/s. 

Table 1 - Electricity production (kWh) and losses in the year 2000

Island  Diesel/Fuel  Wind  Total  Losses (%) 

Santo Antão  5.866.742  - 5.866.742  22.4 
Total ELECTRA  134.399.506  7.927.254  142.326.760  14.6 

Source: ELECTRA

A recent analysis of the electricity sector in the island of Santiago (Duiæ et al., 2001) 
simulate the penetration of wind energy in Santo Antão electricity grid. Business as usual 
scenario based on Diesel capacity is compared to different scenario one of them envisaging 
30% of the electricity generated by the wind power. The scenarios were compared from the 
point of view of electricity generation prices, but also from the point of view of greenhouse 
gases (GHG) emissions. The possible influence of Clean Development Mechanism as part 
of satisfying the United Nations Framework Convention on Climate Change objectives were 
assessed. A certain potential for financing the technology transfer was quantified and its 
influence on different electricity system planning scenarios estimated. The study covers a 
period from 2000 to 2030 (figure 1). 

Figure 1 - Electricity production for 30% wind electricity scenario 

The major drawback in the use of wind technology is that it does not eliminate the need 
for conventional power plants. Thus the final price per kWh from a wind-diesel option will 
be affected. The benefit will be the reduction on fuel consumption and GHG avoided. The 
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first can be accounted in terms of financial benefit (at a macro level, for the whole economy 
because the fuel is imported and at micro level as it means money saved). If the GHG 
avoided can be expressed in financial unit thus there might be a financial compensation that 
can benefit the final price of each kWh produced from wind -diesel. 

Figure 2 shows reduction of CO2 emissions from the electricity generation due to pro-
ducing 30% of electricity from wind that can be used as CO2 credit by an Annex I country 
through CDM to fulfill its own obligation under the Kyoto Protocol.

Figure 2 - Reduction of CO2 emission due to 30% of electricity produce from wind 
and the maximum potential value of emission certificates due to CDM 

The study used an estimated price of Diesel electricity in Cape Verde of 8 US¢/kWh for a unit 
that operates on 45% of load and a price of wind electricity estimated at 7 US¢/kWh. The com-
parison of electricity prices between the business as usual scenario and wind scenario shows 
that even if the price of renewable scenario is higher than the Diesel only the influence of CDM 
certificates is crucial, since it pushes the wind into economic viability (figure 3). 

Figure 3 - Comparison of electricity price generated in business and usual and 
wind scenarios, with the influence of the emission certificates 

In a scenario with wind technology prices falling by 2 % per year the energy mix will 
get economically viable when compared with the business as usual scenario only in 2018, 
while when taking into account the potential value of CDM certificates this would happen 
in 2014, four years earlier. 
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Demand side projects 
In 1990, electricity accounted for less than 5% of the energy use in Cape Verde. The most 
important source of energy was biomass (31% of the primary energy) and the biggest con-
sumer was the residential sector (44.6% of the final energy use). In Santo Antão islands the 
share of the domestic sector raised to 80% of the final energy use, and most of that energy 
was used for cooking. The fuels used were a combination of liquefied petroleum gas (LPG), 
kerosene, wood and residues (domestic and agricultural). 

In 2002 the share of electricity increased due to a recent campaign of rural electrification. 
However the domestic sector is still the main consumer with cooking at the top of energy 
uses. Thus any measure to significantly reduce CO2 emissions should address this sector. 

A supply side approach such as the one for wind penetration is not feasible, as the most 
important fuel, wood, is collected by each family directly from the fields, and all the fuels are 
used according to the needs of each family and not according to their availability. Besides, 
cooking is a cultural matter. The fuel, the technology, the dishes and any other behaviour 
related to cooking hardly depend on social input. Thus, any measure to change the consump-
tion pattern must change the energy behaviour of the population. The following study is largely 
based on the results of an inquiry on cooking practices conducted by the World Bank in 1988.

Structure of the model 
For the model created, the results to any year are calculated in the following sequence: 
1. The population model provides the size and number of families; 
2. To each type of family, the useful energy needs are considered only to change with the 
size of the family, remaining the same than in 1990 (base year). However, if a family reduces 
from, e.g., 5 to 4 people, it is not reasonable to assume that the new family uses 4/5 of the 
energy; in reality it uses a little more. This is considered by introducing a “virtual guest” that 
uses X% (this value is an input of the model, by default it is set to 20%) of the energy of a 
normal person. Then the new family uses: 

E4 = E5- 
1 E5 + X % × (E5-E4 )   (1)

               
5 

3. The share of each fuel in the energy mix of each family remains the same than in the base 
year (e.g. a family that uses 30% wood and 70% LPG will always have the same distribu-
tion). The change in cooking practices is captured by the changes in the number of families 
with this energy mix; 
4. Using the efficiencies of each device the model calculates the fuel consumption of each 
family; 
5. By using the share of each type of family (the main input of the model: the 10 types identi-
fied by the World Bank report plus the four new types introduced with solar ovens, bearing 
in mind that the total shares must sum 100%), the model calculates the total use of each fuel 
for cooking for the given year; 

  Fuel (tons/year) = Σ  Si × FUi (2) 



ANILDO COSTA, GONÇALO GONÇALVES, NEVEN DUIC, MARIA DA GRAÇA CARVALHO

32

Where: 
Si – Share of each type of family 
FUi – Fuel Use by year of each type of family
 

6. The number of devices is calculated on the assumption that each family has a number of 
devices equal to the different number of fuels used (if a family uses two different fuels it has 
only one device for each fuel); 
7. The emissions resulting are calculated with the CO2 equivalents per unit of fuel used 
recommended by the IPCC (table 2); 

Table 2 - CO2 emissions by fuel 

Fuel  CO2 emissions (kgCO2/kgfuel)  
Biomass 1.6  
LPG  3.0  
Kerosene  3.1  
Residues  0.8  

8. Finally, the model calculates the expected revenues from the sale of CO2 credits (at 
15USD/tonCO2) and expected investment in devices: these values are inputs of the model, 
the prices used are considered typical in Cabo Verde (table 3): 

Table 3 - Equipment costs (Cabo Verde Escudos) 

Device  Price in Cabo Verde Escudos (ECV) 
Classic stove  500 
Improved stove  2000 
Solar oven  4000 
LPG stove  2000 
Kerosene stove  1500 
Solar water heater  100000 

The data on fuel consumption was obtained from a thorough survey conducted by the 
World Bank in 1988. It is assumed that the consumption does not vary significantly from 
1988 to 1990. The fuels used in Santo Antão include LPG, kerosene, firewood and residues 
(agricultural and domestic). 

The devices considered in the model are: 
• 3 stone open fires – the simplest device, consists of 3 stones arranged in a triangular 

shape. Fuel (firewood or residues) is fed between the stones; 
• Classic stove – type of stove locally hand built from large tin cans; 
• Improved stove – metallic wood stove built in local workshops according to the specifi-

cations of the World Bank report authors; 
• Kerosene stove – several manufacturers; 
• LPG stove – Camping Gas manufactures the most common model. 



END-USE VERSUS SUPPLY SIDE APPROACH FOR GHG REDUCTION IN SIDS. CASE STUDY: CAPE VERDE ISLANDS

33

The calculations made in the model require only the efficiency of each one of these 
devices (table 4): 

ε = Useful energy (MJ/kg)/Calorific power of fuel (MJ/kg) 

Table 4 – Devices used for cooking - efficiencies (World Bank, 1988) 

Device   Efficiency 

3 stone fire   15% 
Classic stove   30% 
Improved stove   45% 
LPG stove   55% 
Kerosene stove   63% 

There is no reliable data about the share of each device but in order to provide some 
demonstration results, the following shares where considered in 1990: 3 stone–80%, clas-
sic–15% and improved–5%. The average efficiency of firewood stoves can be calculated 
with the following equation: 

  ε3S εFS=                                          (3)
S3S+SC 

ε3S   +SI 
ε3S

                    
               

   
        

          
εC               εI

Where: 
εFS – Overall efficiency of firewood stoves .
Si  – share of each device (3 Stone, Classic and Improved).
εi – efficiency of each device.

According to the assumptions made, the firewood use efficiency in the base year is then 
16.8%. The value is recalculated whenever the shares of each firewood stoves change. 

Population model
An estimate of the total population and the size of the families (both rural and urban) is 
required to calculate the family energy use and the total energy use. The population is esti-
mated based on the available data from the national census conducted in 1990 and 2000 and 
some considerations on the growth rate (table 5). 

Table 5 – Demographic data from the 1990 and 2000 census 

 1990  2000 

Population  43845  47223 
Urban population  10083  11462 
Rural population  33762  35761 
Urban family size  4.63  3.92 
Rural family size  5.40  4.90 
Number of urban families  2180  2921 
Number of rural families  6252  7298 
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For the purpose of this study the population model is divided in three periods: 2000-2010, 
2011-2020 and 2021-2030. The annual growth rate of the population and the number of 
families for the first period is considered to be the same than that of the period 1990-2000 
(table 6). That average growth rate is calculated as follows: 

P2000 
= P1990  

x
 (1 + Gr )(2000-1990) => Gr = 0.74%     (4)

 

Table 6 - Growth rates considered in the model 

 Population  Rural population  Number of families  Number of rural families  

2000-2010  0.74%  0.58%  1.94%  1.56%  
2011-2020  0.50%  0.20%  1.00%  1.10%  
2021-2030  0.20%  -0.05%  0.50%  0.80%  

Base year (1990) data 
The data available from the World Bank report was organized in order to give shares of types 
of families and fuel consumptions for each type. 

Table 7 – Base year data 
Family type  Share  Wood  LPG  Kerosene  Residues  Useful energy   
 (Kg/year) (Kg/year) (L/year)  (Kg/year) use (GJ/year) 

RURAL  100%       
Firewood  8.2%  1596.5     4.30  
Firewood + LPG  32.8%  1419.2  70.9    5.61  
Firewood + kerosene  11.5%  1025.0   236.6   7.97  
Firewood + residues  42.6%  1616.3    80.7  4.46  
LPG  3.3%   169.5    4.29 
Kerosene + LPG  1.6%   88.7  443.5   12.02  
URBAN  100%       
Firewood  4.8%  1367.6     3.68  
Firewood + LPG  21.0%  1215.7  60.8    4.81  
Firewood + kerosene  3.2%  878.0   202.6   6.83  
Firewood + residues  3.2%  1384.5    69.1  3.82  
LPG  35.5%   145.2    3.67  
LPG + firewood  21.0%  523.4  121.6    4.49  
LPG + kerosene  6.5%   121.6  109.8   5.50  
Kerosene  1.6%    261.7   5.77  
Kerosene + firewood  1.6%  1435.1   295.5   10.38  

Scenarios 
To build the scenarios 4 new families types were introduced (solar + firewood, solar + 
kerosene, solar + LPG for the rural families and solar + LPG for the urban families). A solar 
oven is capable of cooking a meal if given enough time, which is of no problem in rural areas 



END-USE VERSUS SUPPLY SIDE APPROACH FOR GHG REDUCTION IN SIDS. CASE STUDY: CAPE VERDE ISLANDS

35

where it is common to leave the meal cooking in slow fire during the whole morning. Since 
the fuel is required only for cooking, the share of fuel needed is reduced. It is still not pos-
sible to completely replace conventional devices with solar ovens, therefore the use of such 
devices is limited to a share of the total cooking energy needs. This value is an input of the 
model and is set by default to vary from 50% in the base year to 70% in 2030, meaning that 
the use of the solar oven reduced the fuel needs by 50% and 70% respectively. The useful 
energy needs of these families are considered equal to the energy use of the families that use 
only firewood (4.3 GJ/year), LPG (4.29 GJ/year) or kerosene (12.02 GJ/year). 
• Business As Usual – BAU: in this scenario the share of each type of family, and therefore 

the share of each fuel remains constant, providing a baseline for other scenarios 
• Introduction of efficient firewood stoves in both rural and urban areas: this scenario cal-

culates the result of replacing 3 stone fires with classic and improved stoves, keeping 
unchanged all other values. This will result in an improved use of wood fuel without 
change to the other fuels or devices 

• Introduction of solar ovens in rural areas: this scenario simulates the introduction of solar 
ovens in rural areas as a complement to the use of conventional heating appliances and 
fuels. Users of firewood, LPG and kerosene will use solar ovens to cover part of their 
energy needs, maintaining their conventional devices. The introduction of such devices 
is phased during the simulation period. 

• Introduction of LPG in rural areas: this scenario simulates the introduction of LPG in 
rural areas replacing other fuels (the scenario does not include solar ovens). The main 
types of families are be pure LPG and LPG + firewood. 

• Introduction of LPG in urban areas: although LPG already has a strong presence in urban 
areas, this scenario simulates almost the entire urban population using LPG, eliminating 
kerosene and residues. The implications on the overall results are expected to be small 
due the low share of urban population (20%-25%). 

• Introduction of solar water heaters in urban areas: solar water heaters already exist in 
Santo Antão but due to their cost, only a few units have been installed. The need for hot 
water in these mild weather islands is reduced. Even though, this situation is simulated. 
Only the wealthier families could afford to pay for such device, even if it was strongly 
subsidized and these families are those who consume mostly LPG. This measure slightly 
reduces the fuel demand. 

• Best-case scenario: this scenario simulates the combined use of all the alternatives tested: 
introduction of efficient firewood stoves, increased use of 

LPG and introduction of solar ovens in rural areas. Solar water heaters where excluded 
due to their high costs and low impacts. 

Figure 4 shows the saving potential, which can reach almost 18000 tons of CO2 in 2030 
for the best-case scenario. Figure 5 shows the potential CO2 credit in Cabo Verde Escudos. 
Figure 6 shows the calculated costs of each scenario simulated. Those costs include only the 
investment made in devices, and do not include the investment needed to disseminate and 
distribute the technologies.
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Figure 4 - CO2 saving potential

Figure 5 - CO2 credit potential

Figure 6 - Calculated costs of each scenario simulated 

The results show a great potential for reduction in the domestic sector, with the credit 
potential exceeding the investment by an order of magnitude. But the cost does not 
reflect the total cost of the action. Particularly since this is an action aiming at chang-
ing energetic behaviour, the time and the effort needed to reach the objectives are hard 
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to quantify. For instance, the switch from a three stone cooking device to GPL or the 
adoption of a solar oven will affect the way people cook, the taste of the meal prepared 
in this new conditions and even the cultural heritage. For instance, the recent switches 
from wood to GPL in Cabo Verde, mainly in urban areas changed the base dish from 
(dried) corn to rice based dish. 

The effective result in public health (mainly women and children) is obvious as the smoke 
inhaled while preparing the meals is the cause of an abnormal occurrence of respiratory 
diseases. Women are free from the daily task of collecting wood and can develop produc-
tive activities and children can dedicate their free time to schoolwork. These are just some 
examples of indirect benefit from the implementation of the proposed scenarios that have a 
positive impact on long term development (education, health and economy). 

Conclusions 
It is obvious that these two study are not in a straight line comparable due to the differences 
in the assumed assumption. However they show, in a qualitative way, that there may be is 
a biggest potential in small projects dealing with rational energy use, fuel switching and 
change in energy behaviour than in high tech projects. Naturally, the introduction of electric-
ity in rural areas would have a positive benefit in the long term but for the rural population 
with low income the need for this noble form of energy is low (mainly for lighting). 

Some industrialised countries would choose the high tech project, benefiting directly 
from the CO2 credit and indirectly from technology exportation. Even the authorities from 
developing countries would probably have the same choice, as a high tech project is more 
visible. This study shows, however, that the population would rather benefit from the second 
project. Even if the discussion about the impact of both projects in the long-term develop-
ment is still open, it is clear that the end-use approach would profit even in a short-term. 

References 
1.  Briguglio L., Small Island Developing States and their Economic Vulnerabilities, World Development. 23(9): 

1615-1632, 1995.
2.  Brown P., N. Kete, R. Livernash, Forest and Land Use projects, Issues & Options The Clean Development 

Mechanism Chapter 13: 163 – 173, UNDP, 1998.
3. Dessus B., Equity, Sustainability and Solidarity Concerns, Issues & Options The Clean Development Mecha-

nism Chapter 6: 81 – 89, UNDP, 1998.
4. Duiæ N., L. M. Alves, M. G. Carvalho, Potential of Kyoto Protocol Clean Development Mechanism in Transfer 

of Energy Technologies to Developing Countries, 2001.
5. ELECTRA, Empresa de electricidade e águas de Cabo Verde, http://www.electra.cv/ 
6. Hamwey R., F. Szekely, Practical Approaches in the Energy Sector, Issues & Options The Clean Development 

Mechanism Chapter 10: 119 – 136, UNDP, 1998. 
7. Hassing P., M. S. Mendis, Sustainable Development and Greenhouse Gas Reduction, Issues & Options The 

Clean Development Mechanism Chapter 12: 147 – 162, UNDP, 1998. 
8. Sathaye J., End-use energy modeling for developing countries, UNEP, 1995. 
9. Sokona Y., S. Humphreys, J. Thomas, What Prospects for Africa?, Issues & Options The Clean Development 

Mechanism Chapter 9: 105 – 118, UNDP, 1998.
10. TERI (Tata Energy Research Institute), Clean Development Mechanism Issues and Modalities, 1998.
11. World Bank, Cape Verde Household Energy Strategy Study, 1990.



ANILDO COSTA, GONÇALO GONÇALVES, NEVEN DUIC, MARIA DA GRAÇA CARVALHO

38

12. Yamin F., Operational and Institutional Challenges, Issues & Options The Clean Development Mechanism 
Chapter 5: 53 – 79, UNDP, 1998.

13. Karani P., Constraints for Activities Implemented Jointly (AIJ) Technology Transfer to Africa, World Bank, 
1998.

14. United Nations Commission for Sustainable Development – CSD, http://www.un.org/esa/sustdev/csd.htm 
15. United Nations Framework Convention on Climate Change, United Nations, 1992. 

Acknowledgements
The authors would like to acknowledge the Portuguese Ministério da Ciência e Técnologia for the financial support 
of the scholarships of Dr. Neven Duic through the programme Praxis XXI. 
The financial support DGTREN of the European Union and the Portuguese Direcção Geral da Energia is also 
acknowledged. The content of the publication is the sole responsibility of its authors, and in no way represents the 
views of the European Commission or its services.



39

TOWARDS 100 % RES SUPPLY ON SAMSOE, DENMARK
FIVE YEARS OF EXPERIENCES IN A PLANNING 

PERIOD OVER TEN YEARS
SØREN HERMANSEN

Samsoe Energy and Environmental Office

Energy objectives
Samsoe has the long-term objective that island heating and electricity needs be met solely 

by renewable energy sources in the course of a ten-year period. Another objective is to make 
the transport sector more efficient, thus reducing fossil fuel energy consumption in this 
sector. The various possibilities for a partial transition to renewable energy sources in the 
transport sector will also be explored. 

The energy island project has the explicit objective to create an appreciable number of 
new jobs. The ten-year period of transition to 100% renewable energy in the heating and 
electricity sectors will create about 30 permanent new jobs in the island energy sector. The 
potential for new jobs in the service trades due to energy island tourists and guests in the 
important spring and fall seasons have not been examined. Initial steps have been taken to 
found an Energy Academy that can develop and organise educational courses for interested 
guests from Denmark and abroad. The Academy will be run as an independent institution.

The organisational framework
The Municipality of Samsoe (representing the 4,300 inhabitants), the Samsoe Associa-

tion for Energy and the Environment (representing the consumers), the Samsoe Agricultural 
Society and the Samsoe Chamber of Commerce nominate a number of persons to the Board 
of Trustees of Samsoe Energy Company. This Board appoints an Executive Committee that 
also involves representatives from all four organisations. 

New district heating areas
By the fall of 2000, the utility Energy Company NRGi had made so much progress in the 

Nordby/Mårup area that the final contracts with the interested homeowners are signed. The 
heating plants in the villages Nordby and Mårup are based on wood chips and other available 
biomasses as well as a solar heating system with 2500 m2 solar heaters. The construction of the 
system was finished in oktober 2001. Samso Energy Company and a local workgroup will then 
continue the implementation of the district heating scheme in the villages Ballen and Brundby.

Samsoe Energy Company and the Samsoe Association for Energy and the Environment 
contacted the local citizen group in Onsbjerg in the fall of 2000 to raise the issue of a local 
district heating scheme in the village. Onsbjerg has decided to establish a straw-based dis-
trict heating plant, and a local farmer have been invited to make the construction and opera-
tion of the plant. The plant started production september 2002.
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Energy crops
20 –30 hectars of Elephant grass is planted in 2001. 12 farmers have agreed to grow these 

new crops on their marginal acreage. The Elephant grass will be used as biomass fuel in the 
district heating plants. 

Lower heating costs in subsidised pensioner homes
In the spring of 1999, the 440 pensioners who receive municipal heating subsidies were 

mailed campaign material that suggested they consider energy conservation initiatives in 
their homes. A national programme reimburses pensioners up to 50 % of their energy conser-
vation investments (up to a maximum reimbursement of 25,000 Danish crowns). 62 island 
pensioners have participated in this programme in ‘99, resulting in insulation work and the 
installation of new windows, etc. for more than two million crowns. 

The mailing campaign was not followed up in 2000. The good results in 1999, and the 
fact that the local carpenters and plumbers could still refer to the national programme has 
meant that 31 new energy conservation projects for pensioners for the total sum of 815.000 
DKK have been carried out in 2000. In 2001 –2002 the campaign was opened again.

Individual renewable energy systems (for homes outside district heating areas)
The Danish Energy Agency subsidised a new campaign for the promotion of RE energy 

installations in the spring of 1999 and 2000. The campaigns in concert with the ongoing 
efforts of NRGi and the local tradesmen has sustained a strong rate of growth. 150 thermal 
solar systems, approx. 200 biomass boilers and 30 heat-pump systems have been established 
in mostly private homes. 

Land-based windmills
The 11 land-based 1 MW windmills were installed in March and August 2000. This 

means that roughly 100 % of Samsoe’s electricity consumption is now produced by wind-
power. Two of the windmills are owned co-operatively by Samsoe Vindenergi, while local 
farmers privately own nine. A planned Energy Foundation will receive annual donations 
from the windmill owners. These funds will be made available for public energy projects 
on the island.

Off-shore windmills
The first planning phase for a 23 MW sea-based windmill park south or west of Samsoe 

began in the autumn of 1998. The Danish Energy Agency conducted a hearing that reduced 
the three potential sites to one sole site, an area south of the island called Paludans Flak. The 
second phase of this process entails detailed planning of the actual site, the exact windmill 
placements, environment impact studies, etc. This phase started in spring 2000 with funding 
from the Agency. 

The phase 2 study will place 10 windmills oriented in a straight line from north to south, 
with the first windmill about 3½ km. south of Samsoe. Three turbine sizes are examined, 2-, 
2½- and 3 MW. The hearing of all implicated parties took place in the spring of 2001. The 
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Agency then approved the project, the final specifications and organisational preparations 
began in the summer of 2001 and the windmills will be erected in the fall of 2002.

Disposal site methane gas
In the spring of 2000, the energy organisations and a local farmer began to investigate the 

possible exploitation of methane gas from a closed landfill site. With financial support from 
The Danish Energy Agency, the installation was established in autumn 2000. The farmer 
invited other islanders to join him in this economic venture, and a co-operative was born 
– Samsoe Deponigas I/S. The methane gas runs a 15kW motor/generator. 

The excess heat is not (as yet) utilised. The electricity is sold to the grid. The installation 
is still being adjusted. Island officials have taken note of the positive results in this process 
and started another feasibility study, a larger installation at the present disposal site. The gas 
chimneys and piping can be established as the site is filled. The utilisation of the methane 
gas will depend on its volume and quality, but the second phase will heat site buildings 
and/or generate electricity.

Renewable energy islands in Europe
The European Union ALTENER project “Towards 100% Renewable Energy on Small 

Islands” terminated in June 2000. Samsø, El Hierro (Spain), La Maddalena (Italy) and Aran 
Islands (Ireland) collaborated on a series of projects on their respective islands. Samsoe 
participated in this 1½ year programme with campaign initiatives about the new district 
heating areas, the promotion of single home renewable energy systems, and for co-operative 
windmills, both land- and sea-based. Some time was also invested in the exchange of experi-
ences and reciprocal visits to energy project sites on the islands.

Samsoe as an exhibition window
The office staff has considerable representative and public service functions: receiving 

guests, participating in conferences, writing articles, answering general questions about the 
project, the periodic update of our home page. There is a great deal of focus on the project 
both nationally and internationally, and this interest is expected to increase as the specific 
projects are realised on the island. An increasing number of international visitors are going 
to Samso to examine the result of 100% RE planning.

The hotels and restaurants have gained from this by extending the season by 1-2 month.
The construction and planning also calls for hotel rooms and production of food for work-

ers visiting the island for construction and expertise. Ordinary visitors has not been affected 
by the RE installations. They do not notice because the planning has taken considerably 
notice of the impact on the nature and placed the installation outside these protected and 
vulnerable areas.

So as a conclusion you can say that RE development and tourism work side by side for 
the benefit of both parties.
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THE PROSPECTS OF RENEWABLE ENERGY 
SOURCES IN THE AZORES ISLANDS

JOSÉ MANUEL MONTEIRO DA SILVA

Electricidade dos Açores, S.A. - Ponta Delgada - Azores

The state of the art in the Archipelago of the Azores 
The archipelago of the Azores comprises nine islands with very marked differences, at 

various levels, namely, their dimension, population and infrastructures, such as roads, ports 
and airports, industries, hotels etc.

Geographic factors, such as both the distance between islands and the distance between 
the islands and the Portuguese mainland, the ruggedness of the ocean bottom, the limitations 
of means of communication and transport, naturally result in high costs in the generation, 
distribution and transformation of power, as there is no longer any interconnection between 
the electricity generating systems of the islands and the mainland, nor between the islands. 
Furthermore, the main source of power in the archipelago of the Azores is, at present, petro-
leum derived fuels, with prices that tend to be high and volatile. The islands of the Azores 
are not connected to the European network and there is no possibility of such a connection 
being established.

Studies were recently carried out by a specialised firm to determine the technical and 
economic viability of a system of underwater cables to connect those islands lying closer to 
each other, namely, Faial, Pico and São Jorge. However, the studies indicated that this type 
of installation would not be viable. Thus there are nine independent systems in the Azores, 
with very distinct and peculiar characteristics.

The islands of the archipelago of the Azores are subject to inclement weather condi-
tions, influenced by deep depressions, affecting the availability of wind and hydroelectric 
power production and further aggravating costs. Over the past two decades the demand for 
electricity caused production to increase from 160,7 GWh in 1982 to 600,9 GWh in 2002, 
representing an annual average increase of about 7%.

The relative proportion of conventional thermoelectric production dropped from 92% in 
1982 to 79% in 2002. Nevertheless, even though the generation of electricity is predominantly 
thermal, there has been a drop in its proportion in relation to other power sources, given that 
the renewable component has assumed a significant role, representing 21% in 2002.

As can be seen in the table below, the renewable component has been reinforced essen-
tially by the contribution of Geothermal power. Hydroelectric generation, despite the increase 
from 13 GWh in 1982 to 27,9 GWh in 2002, has seen a drop in its relative proportion, from 
8% to 5% in 1982 and 2002, respectively.

As shown by the table below, the only islands that do not use renewable sources in their 
production systems are those of Pico and Corvo.
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In spite of the specificities and peculiarities existing in the Azores, nine systems are able to 
coexist, each with very different characteristics, as we can see in the following tables, in which 
an island like São Miguel produces Geothermal, Hydroelectric and Thermal power, while Pico 
produces only Thermal power and Flores produces Wind, Hydroelectric and Thermal power.

Given the fact that the new wind parks only initiated their activity in the last quarter of 
2002, only in the present year will wind generated electricity make a full contribution. This 
contribution will grow to the order of 100% according to the estimated annual production of 
10 GWh for 2003. In the case of Pico Island, the installation and exploitation of a 1,5 MW 
wind park is planned for 2004. Studies are also underway for the installation of a Hydroelec-
tric Power Station, with a capacity of 0,85 MW, where the turbinated water will be used to 
supply the public network of the district of Lages do Pico.

There are also studies to implement an integrated hydroelectric/pumping, wind and diesel 
project for Corvo Island. There is also a short/medium term plan to install a Geothermal 
Power Station of 12 MW and a wind park of 1,8 MW on Terceira Island, plus two hydro-
electric power stations, one on São Miguel, with an installed capacity of 3 MW and one on 
São Jorge, with a 1,25 MW capacity. 

Once the new investments planned have been implemented and are operational, the con-
tribution of renewable power to the total of electricity produced in the Azores will represent 
about 40% in 2006/7.

The success case of renewable uses on Flores island
The island of Flores, the most westerly in the Azores, has a surface area of about 141,70 

km2 and approximately 3995 inhabitants (2001), representing a total of 2194 clients (2002). 
Electricity is distributed at low and medium tension. The generating system in Flores has, 
since its beginnings, a significant hydroelectric component, given the island’s high rainfall 
and the type of vegetation that continues to occupy much of the island’s hydrological basins 
and contributes strongly towards maintaining an abundant and constant supply of water in 
the streams.

Based on three hydroelectric plants of 370 kVA and a thermal set, which were installed 
in 1966, the power supply on Flores is guaranteed. In 1984 a fourth hydroelectric set was 
mounted to meet growing demand. All the hydroelectric sets are installed at the Além 
Fazenda Power Station and are connected to the same penstock. Due to the continuous 
increase of electricity consumption and so as to cover hydraulic variations, thermal sets were 
installed in accordance with needs.

All investment and management was, until 1993, undertaken by an entity called “The 
Federation of Municipalities of Flores Island”. This entity was dependent on the Town 
Council and lacked adequate experience, knowledge and technical specialisation. It sold 
kWh at a reduced price and did not have the necessary financial capacity to invest in gener-
ating and distribution equipment so as to be able to secure the supply of a public service to 
meet the needs of the population.

Since 1994, the Electricity Company of the Azores has been responsible for all the hold-
ings and for managing the electrical infrastructures on Flores. It initiated projects to inte-
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grate the system in line with the standards of quality and service upheld by the company 
throughout the archipelago. A cycle of investment was thus introduced in the distribution 
network, in the commercial sector and the production system. Up until the year 2002, the 
production of electric power was provided by three thermal (diesel) and hydroelectric sets, 
but in the final quarter of that year a wind park was put into operation with two wind genera-
tors producing 300 kW each.

Until that time production had been strongly conditioned by the rainfall and its distribu-
tion throughout the year, causing significant variation between the capacity for hydroelectric 
production and the complementary thermal production to meet the island’s needs. On the 
9th June, 1996, as a result of heavy rains, the dam overflowed and the it’s extrems near the 
margins were badly damaged. During reconstruction, works were carried out to capture 
waterways from adjacent basins and thus increase the collect channels. Even so, the hydro-
electric component continued below 50%, the rest being secured by thermal production 
(using diesel) with its high cost further aggravated by the cost of transport.

It is within this production scenario that the various alternatives for reinforcing produc-
tion using renewable sources were weighed up, thus:
• An exhaustive study was carried out to determine the growth capacity of the hydroelec-

tric component on the island;
• winds were systematically measured and recorded in order to study existing wind capacity.

From the data relating to hydroelectric capacity various alternatives came to the fore:
• to capture other waterways and to set up a system to increase the dam’s capacity by 

installing a system of flood gates at the discharge level of the dam, as the most economi-
cal measure;

• to build a second power station on the same incoming waterway, which would allow the 
process to be reversed, bearing in mind the inconvenience of high costs and the continued 
dependence on the rainfall in that area of the island;

• to build a completely new hydroelectric power station in another part of the island, Ribeira 
Grande, with a high production capacity but which would cause some construction difficul-
ties owing to the geography of the area; the principal problem in this solution is that it is 
limited in terms of production as existing power is far superior to the island’s needs.

Studies relating to wind power indicate its capacity exists, with a high annual average 
speed and even distribution throughout the year. These factors, linked to the possibility of 
obtaining the installation of equipment at more accessible prices led to the decision to install 
two 300 kW wind generators, part of an order for another thirteen wind generators to be 
installed on other islands. This cut down on the transport and mounting costs undertaken 
by the supplier. This decision led to the choice of installing wind power exceeding the pos-
sibilities of its application, so that the engine load had to be limited (in the order of 50%) 
during the winter months.

This restriction of the application of wind power arose, for example, in the first months 
of 2003, when the respective proportion of production was around 50% for hydroelectric 
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power and 25% for wind, the remaining 25% relating to thermal power. It has been difficult 
to decrease the percentage of thermal power because the instability of wind production and 
the slow response of hydroelectric turbines require that a thermal set with a low charge be 
kept working permanently. This type of set has quite a quick response both in correcting the 
frequency (keeping it within legal limits) and releasing the charge due to the variations in 
wind production.

Furthermore, the study of the problem reveals difficulties arising from the age of the three 
less powerful sets and the regulators installed, both in the instability that a modern regula-
tor (mounted in the most powerful set) feels in the regulation of tension and frequency of a 
week and isolated network connected to wind sets which often create situations with strong 
variations in load. Added to this is the fact that all the turbines are interconnected on the 
same conduit and so the variations in the load of any one can cause instability in the process 
of draining the conduit.

The table below indicates the recordings of the different productions of energy on Flores 
Island since 1990, revealing that 1997 was an exceptionally good year given that hydroelec-
tric production rose above 71,4%.

During the 1980’s and 90’s the relative percentage of hydroelectric production on Flores 
reached as much as 100% daily but as time went by and consumption increased, the need 
arose to increase the proportion of thermal production. Over the last four years the pro-
portion of hydroelectric production has not gone beyond 46% in global terms per year. 
Nevertheless, on many days of the year, especially during the winter, the percentage of 
hydroelectric production exceeded 75%.

The following graph shows the respective production for the day 2002.04.01, indicating 
wind production in the order of 23%, hydroelectric, 55% and thermal, 22%.

Based on these data and on the renewable capacity still available, bearing in mind the 
rationalisation and improvement of the technical characteristics of the generating system, 
we are making every effort to make this the first island in the Azores to use 100% renewable 
sources.

The technological project studies to be implemented for Corvo island in the near 
future: a hydroelectric/pumping, wind and diesel project.

The island of Corvo, the smallest in the archipelago of the Azores, has a surface area of 
approximately 17,12 km2 and 425 inhabitants (2001), representing a total of 221 clients 
(2002). Electricity is distributed at low tension and generation has been exclusively thermal, 
producing around 900 MWh/ year, with a peak of 180 kWh and an installed capacity of 386 
kW (figures for 2002).

The high cost of kWh sold reached a figure of 0,5167 Euro in the year 2002 and is chiefly 
due to the high cost of production of around 72% (37,28 euro) and of the commercial sector 
around 0,0622 euro compared with the other islands, although in the area of distribution 
(0,0503cE) the figure is closer to the others.

In the area of production costs, 50% of those costs are spent on personnel and 32% on 
fuel (diesel). These figures can be explained by the need to guarantee 24 hour a day manual 
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operation of equipment, given the low level of automation of the existing power station, plus 
the cost of personnel and the cost of using a higher quality fuel, with high acquisition costs, 
aggravated by the cost of transportation to the island.

Any attempt to invert these factors should consider both a degree of automation that 
would dispense with the need for constant surveillance of the equipment, and the use of all 
the renewable sources the island possesses to provide alternative means of generating power. 
Both the use of the scarce hydroelectric sources and wind sources should be contemplated.

Given the island’s small surface area and its relief, the hydrological basins are small and 
lack a permanent nature, some flowing towards the sea through remote, inaccessible zones, 
far distant from the small electricity network that covers the populated area of the island.

In order to guarantee a water supply for the population, an artificial lake was built that 
collects some waterways which are at high alltitute and well away from contamination by 
agricultural exploitation on the island. On the other hand, the aforementioned drawbacks 
could be turned into advantages, as can be seen in the description of the project to be imple-
mented.

Regarding wind power, given the island’s relief and geographic situation, it was possible 
to predict what was later confirmed by readings, that is, the existence of constant winds 
with high annual average speeds, registering far higher maximum wind speeds than on any 
other island. This situation is due to the passing of strong Atlantic weather fronts and active 
cyclones or tropical storms.

The island also has serious logistic problems as it has a very small port and airport and the 
restricted means available make any solution expensive or impracticable to implement. 

In this context, the project currently defined is based on three fundamental vectors:
• The creation of a completely automated system, which will ensure a correct regulation 

of charges and guarantee the quality of electric power capable of integrating the various 
means of generating power (Thermal, Wind and Hydro);

• The implementation of a hydroelectric system that could exploit existing supply reser-
voirs with different quotas among them for producing energy, both in the turbination of 
the water for public consumption and surplus water, and in creating a pumping system 
which would allow for the increase of hydroelectric production at the cost of other excess 
production (wind);

• The implementation of surplus wind production, adapted to production needs and inte-
grated within other means of production (thermal and hydroelectric) and consumption 
(namely pumping).

 For the first vector we sought solutions that have already been implemented, both by 
research institutions or by development enterprises, and a partnership has already been 
signed with a view to carrying out this project modelled on other tested projects whose reli-
ability and integration have been proven.

The system will make use of the two existing thermal engines and two others are to be 
acquired. Coupled with suitable fly wheels, these will allow rapid connections and parallel 
functioning of the thermal sets whenever necessary. The second vector is being studied by a 
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consultant who is working on a project for micro-hydroelectric and pumping systems, suited to 
the availability of water during the winter (excess water) and the summer (water in reserve and 
for consumption), which will conserve this source and use it according to its availability.

As for the wind power vector, detailed wind recordings are being taken and the physical 
and logistic difficulties are being studied that will enable the predefinition of the type, class 
and capacity of the wind generator to be installed.

The objective of this installed system is:
• To maximise wind production for public supply and the pumping system in order to 

conserve the hydroelectric source;
• To use the hydroelectric component to complement the load whenever necessary and 

possible, bearing in mind the time of the year and the management of the levels of storage 
above and below the public supply network;

• To work with the thermal sets according to the load requirements and the absence of other 
usable sources, guaranteeing an electricity supply to the public within the standards of 
quality required by law.
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TOWARDS 100% RES SUPPLY 
IN THE ISLAND OF LEMNOS - GREECE

GEORGE PANARAS, GEORGE CARALIS AND ARTHOUROS ZERVOS

NTUA - National Technical University of Athens

PETE GAROFALLIS

Moudros Municipality (Lemnos) - Greece 

The island of Lemnos is located in the Northern Aegean sea; the population reaches 
18,105 in an area of 476 km2. The island follows the general island-type of the Northern 
Aegean complex. This expression refers physically to a semi-mountainous area, with agri-
culture activities mainly of wheat and vineyards. In the eastern part of the island there is one 
of the major wetlands of Greece, area of great ecological interest and part of the Natura 2000 
network. The local industry concentrates on agricultural products processing, while the main 
local activity is services in connection to the tourism development of the island. 

The energy system of Lemnos is autonomous, with limited prospects of inter-connection 
(due to geological constraints and strong undersea streams), constituting of diesel/heavy oil 
IC engines, while the heating and transport needs are covered with oil import. The RES pros-
pects of the island are considered very high, concentrating on the solar and wind potential, 
while biomass exploitation refers to a significant amount of agricultural residues in connec-
tion to the traditional wood-stoves and the prospects for the development of energy crops. 

The methodology
For reaching the target of 100% RES supply it is necessary to shift from a centralized 

view of the energy sector to a regional perspective. Thus, a bottom-up approach is adopted, 
intended to match, at the regional level, the supply of available renewable resources to the 
particular energy demand profile1. The methodology includes the following steps:
• Energy system analysis.
 - Analysis of present energy status.
 - Forecast of energy demand.
• Estimation of exploitable RES potential.
• Energy demand – RES supply matching.
 - Analysis of technical and non-technical issues.
• Definition of the path towards 100% RES supply.

Energy system analysis

Analysis of present energy status
The energy system analysis is based on a bottom-up approach model, developed at NTUA. 

The output is the estimation of the useful energy demand and supply, per demand sector and 
energy use. The useful energy demand analysis sets the guidelines for the formulation of 
the RES Action Plan, while the energy supply analysis helps to calculate the saved avoided 
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fuel consumption due to RES penetration. The model has been validated by statistical data 
referring to electricity and total fuel consumption.

Demand analysis:
The main energy demand sectors considered are the following: (1) Domestic, (2) Tour-

ism, (3) Public services, (4) Commercial, (5) Agriculture, (6) Industry, (7) Transport.
Energy demand for the industrial and transport sector is estimated on the basis of available 

consumption data from statistical national and regional reviews. So, the analysis has focused 
on the energy needs of the building sector (sectors 1-4) and agriculture, which represent an 
important part of total energy demand and are the privileged field for RES implementation. 
Relevant estimates refer to the year 2000. Table 1 presents the results of the analysis.

Table 1 - Analysis of energy requirements in terms of useful energy (TJ) – Year 2000.

Sector/Use Space Heating Water heating Electrical uses Space Cooling

Domestic 106.6  30.2  43.4  8.6
Tourism 2.2  3.1  4.5  2.1
Public 8.0 0.22  9.5  1.3
Commercial 4.8  - 22.4  1.1
Industry electricity: 0.039 , heat: 0.19 
Agriculture Diesel: 75.4 , electricity: 2.83 
Transport Diesel: 161, Gasoline: 298  

Supply analysis:
In the island of Lemnos, the following fuels and energy forms are used for meeting the above 

estimated energy requirements: Electricity, Diesel, LPG, Biomass, Solar energy, Gasoline. The 
formulation of the energy balance is based on the estimated shares of the different end-use tech-
nologies to each activity and the corresponding efficiency. Current RES production refers to the 
wide exploitation of solar energy for hot water uses, the operation of two wind farms, as well as 
to the exploitation of biomass in individual, traditional woodstoves in the residential sector. 

The electrical system:
The electrical system of the island of Lemnos is a remote and autonomous system, which 

depends almost entirely on energy imports from the mainland. Economic growth, based 
significantly upon tourism, has resulted in a continually increasing energy demand with a 
seasonal character and high peaks (one in August and the other during winter). The base load 
is low due to the restricted industrial activity. The maximum average hourly power demand 
occurred was 12.3MW, while the total electricity consumption was 49.3 GWh, in the year 
2000 (Public Power Corporation data).

Forecast of energy demand
The growing economic development of the island (based to a significant degree on tour-

ism) and the increasing urbanization have resulted in a continually increasing energy demand 
with seasonal character and high peaks. 
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The estimation of future energy demand involves splitting the total demand into sectors 
and end-uses (energy consuming processes) and defining different rates of increase, with 
reference to a business-as-usual scenario. The business-as-usual scenario assumes the criti-
cal imposition of energy-efficiency measures on the steady increase of energy demand, due 
to the change of living standards and tourist activities.

The composition of the energy supply mix is to be defined after the path towards 100% 
RES supply will be established.

Exploitable RES potential

Wind potential
As concluded by a study conducted by CRES for the wind potential of Greece2, the exist-

ing wind potential of Lemnos (fig.1) allows for a further deployment of wind farms. Nev-
ertheless, such development requires interventions to the existing infrastructure, in order to 
deal with the arising technical constraints.

Biomass potential
The theoretical biomass potential has been estimated from data for the cultivated areas for 

each crop and the residue yield3,4. Thus, the estimation for the available potential of biomass 
in Lemnos is 138 TJ. The techno-economical potential is estimated at 100 TJ. 

In addition to the biomass prospects, the island of Lemnos presents significant biogas 
potential, referring to electrical energy produced by the exploitation of landfill biogas from 
the waste disposal plant.

Figure 1 – Map of techno-economically exploitable wind sites
Solar potential

The solar radiation over the island of Lemnos is 1496 kWh/m2/yr (horizontal level)5 indi-
cating that there is a high potential for the deployment of solar applications, and referring to 
the wide penetration of solar water heating systems, at present. Special attention should be 
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given to the fact that there is a developed solar industry in Greece, ensuring a high level of 
know-how in this field, and local representatives are capable to offer solutions for covering 
the expected demand.

Description of the Action Plan 
The Action Plan was formulated on the basis of the forecasted energy demand, the avail-

able RES potential and the technical constraints for RES penetration. Moreover, the inves-
tor’s interest, the maturity and cost-effectiveness of the technologies, the existing legislative 
framework and the public attitude have also been considered.

RES electricity production
• There are two wind farms in the licensing process6 (fig. 2).
• Further deployment of wind energy (abundant suitable sites exist in the north part of the 

island) requires the parallel installation of the Pumped Storage Unit. 
• The proposed PSU unit constitutes of turbines rated 2MW (2x1MW) and pumps rated 

2,5MW (5x500kW) 7. The most suitable site for PSU installation is the greater area of 
the mountain of Karvounolakas (north-western part of the island, fig. 2), where the two 
existing wind farms are located.

• The dry and anhydrous land of Lemnos may be exploited for the development of energy 
crops. The case of Spanish artichoke leads to 260 ha of required land for the 2 MW bio-
mass electricity plant8.

• The produced biogas at the central waste disposal and treatment plant (under develop-
ment) at the area of Vigla (fig.2), may be exploited for electricity production under the 
installation of an IC engine of 250 kW, with upgrading prospects.

Figure 2 – Sites of proposed RES installations

RES penetration in the heating sector
• A technically feasible target for solar water heating systems would be to cover 70% of the 

hot water needs for the year 2020.
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• The key-issue for biomass is to find a way to increase the efficiency of the traditional 
woodstoves. Thus, a large-scale replacement of the traditional wood-stoves (35% effi-
ciency) with closed type wood-stoves (75% efficiency) is proposed. 

• An alternative solution for biomass is the penetration of a central, closed-type, hybrid 
wood-stove (with solar collectors). 

RES penetration in small scale (decentralized systems)
• The RES penetration in small scale, proposes autonomous solutions that are feasible for 

isolated areas, facing energy supply limitations that conventional infrastructure finds it 
hard to cope with. Apart of the social benefits extracted, such activities demonstrate to 
the public the power of RES, helping towards the environmental awareness. 

The focused key-sectors are: 
• Integration of RES to isolated sheep-folds (autonomous PV systems ~100 We - 2m2).
• Integration of RES to the cultural landscape (traditional villages, buildings under conser-

vation, traditional wind-mills transformed to living places, etc.). 
• RES and archeological sites (excavation works, visiting places). 
• RES and agro-tourism projects (integration of RES to the abandoned, traditional village 

of Aghios Alexandros, north-eastern part of the island). 
• RES and Natura 2000, demonstrative integration of RES to the Environmental Informa-

tion Center for the wetland in the eastern part of the island.
• Integration of RES to the abandoned hotel, organized in blocks of buildings, as well as 

bungalows, thus constituting a small village. 

Other RES solutions proposed 
• As there are certain parts of the island that deal with lack of water resources (due to 

tourism demand or lack of resources), a feasible solution (considering the high wind 
potential) is the development of wind-desalination plants9 (fig.2). 

• The solution of absorption solar cooling, finds positive prospects in Lemnos, as there are 
two hotels of 300 beds each, satisfying the technological size limitations. The prefeasibil-
ity study for such a hotel proposes the installation of a 100 RT (350 kW) unit, combined 
with a solar field in the order of 500 m2.10 

RES penetration in the transport sector
Concerning RES penetration in transport one has to study the development of energy-

crops for bio-fuels production and wind energy (supplying electricity for H2 production). 
Such a development requires measures to be taken at the national level and significant modi-
fications in the existing infrastructures which go beyond the local area under examination. 
For this reason, this kind of intervention is not included in the analysis.

The path towards 100% RES supply
The methodology for the formulation of the path towards 100% RES supply11 as applied 

in the case of Lemnos (fig.3), is based in two phases. The most mature and cost-effective 
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RES technologies, requiring no serious interventions in the existing infrastructure, are intro-
duced, until up the year 2005. On the next phase, planning goes further in the sector analysis, 
overcoming also the energy sector and proposes integrated energy-water-waste solutions 
on a local level. The current share of RES supply to the total energy demand is 13%, and 
according to the proposed Action Plan will reach 78% in 2020 (not including the transport 
sector; fig.3). Such approach is considered successful, in terms of the 100% RES supply 
goal, and under the limited prospects of the islands grid for inter-connection to the mainland, 
leading to the inability for RES energy export.

In the electricity sector the main contributor is the wind energy, along with the partici-
pation of biomass and biogas units covering base loads. In addition, the introduction of 
the PSU after 2010 contributes towards a stable and RES dependent autonomous electrical 
system (89% RES penetration in 2020).

Figure 3 - The path towards 100% RES supply

In the heating sector, the penetration of the solar water heating systems, on a share of 70% 
in the building sector, is a realistic and ambitious target. In addition, the biomass target in the 
building sector is considered very high, according to the island-type of the Northern Aegean 
complex and the consequent fuel supply pattern. 

Cost Benefit Analysis
The Cost Benefit Analysis has been performed, under the financial, economic and social 

point of view. As regards the distinct technologies, analysis has proved the profitability of the 
investments for private investors, at the same time that the returns to the national economy 
and the society are much more than the engaged resources (except from the PV’s; table 2). 
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Table 2 - Cost Benefit Analysis Results
Technol. / Wind PSU Biomass-EL Biogas PV SWHS Path Path
Analysis       2000- 10 2010-20 

B/CF  1.2 1.0 1.4 2.2 0.79 1.1 1.4 1.3 
B/CE 2.3 1.2 2.7 8.7 0.61 1.9 2.3 1.9 
B/CS 4.1 1.6 3.9 9.8 0.84 2.8 3.5 2.8 

Imposition of the time distribution of relevant investments to the distinct technologies 
analysis, has demonstrated the profitability of the Action Plan (table 2).

Conclusions
This paper has presented an Action Plan for the Large Scale Implementation of RES in the 

island of Lemnos, towards 100% RES supply, for the period 2001-2020. The Plan has been 
proven to be profitable, under the financial, economic, as well as social point of view. 
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POWERING THE ISLAND THROUGH RENEWABLE 
ENERGY – A RENEWABLE ENERGY STRATEGY FOR 

THE ISLE OF WIGHT TO 2010
ANGELA MAWLE
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This Renewable Energy Strategy has been prepared as part of the IRESSI project, which 
stands for Integrated Renewable Energy Systems for Small Islands. The project is 50% funded 
by the EC ALTENER programme, which falls under the EC Directorate of Energy and Trans-
port. The ALTENER programme, and this project, form part of the EC Campaign for Take Off, 
which aims to kick start the implementation of renewable energy in Europe, in order to achieve 
the target of meeting 12% of EU energy demand from renewable energy sources by 2010. 

The project partners are the Isle of Wight Council, and the Isle of Gotland Energy Agency 
(GEA). GEA acting in an advisory capacity, to assist the Isle of Wight in producing a renew-
able energy strategy. As well as producing a renewable energy strategy, for the Isle of Wight, 
the project also identified five exemplar energy projects on the Island, and has been working 
towards producing feasibility studies for these, through public working groups.

The IRESSI project is part of a larger cluster of 3 projects, all looking at Renewable 
Energy on Islands. The overall cluster is being co-ordinated by ISLENET, of which the Isle 
of Wight is a member. ISLENET is a network of European Island Authorities, which pro-
motes sustainable and efficient energy and environmental management. It actively promotes 
the adoption of local energy saving strategies and renewable energy projects. A Renewable 
Energy Strategy is a fundamental first step in creating an enabling framework for the devel-
opment of renewable energy projects on the Isle of Wight. 

Isle of Wight 
This work is within a national context of the UK government’s commitment to supplying 

10% of the UK’s electricity from renewable sources by 2010. This forms part of the govern-
ment’s Climate Change Programme, which aims to cut UK emissions of CO2 to 20% below 
1990 levels, by 2010. Furthermore, it follows on from, and draws heavily on, the South 
East Renewable Energy Study (SERE), which was completed in January, 2001. SERE was 
commissioned by the UK government as part of a positive strategic approach to planning for 
renewable energy at a regional level. 

This shaped the recently produced Strategy for Energy Efficiency and Renewable Energy 
(SEERE), (September 2002) which has a vision for the region of 14% of the region’s elec-
tricity generation being produced from renewable energy sources by 2026. It recommended 
that 4% of the region’s electricity should come from renewables by 2010. A specific target 
for Hampshire and Isle of Wight was set of 159 MW coming from renewables, of which 67 
MW should come from the Isle of Wight *.
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The Isle of Wight, through this study, and also earlier work from the Island Agenda 21 
strategy and Ecological Footprint Study, has been working to promote sustainable develop-
ment on the Island. In particular, the Council has been exploring and maximising the oppor-
tunities that making use of the Island’s renewable energy resources can have for the Island 
Community. This is not just in terms of reducing environmental impact, and the Island’s 
Ecological Footprint but also for economic development and regeneration, diversification of 
rural incomes, and promoting the idea of the island as a centre for “Green Tourism”.

This renewable energy strategy, has been prepared through a process of consultation and 
active participation of the Island community, and is an essential step in creating an enabling 
framework for the development of RES on the Island, that will maximise the opportunities 
for bringing environmental economic and social benefit to local people.

The IRESSI project aims to build directly on the work carried out under SERE. The 
latter study explicitly states that targets at the sub-regional level can be fine tuned to suit 
local needs and preferences, and this is what this Isle of Wight Renewable Energy Strategy 
aims to do. The SEERA draft referred to above specifically identifies the need for the active 
involvement of local communities in the development of renewable energy projects and 
policies and this is exactly the path that the Isle of Wight has followed.

The Strategy also takes account of the Energy Report issued in February 2002 by the Cab-
inet Office Performance and Innovation Unit which recommends that the planning system 
should take a more proactive approach towards renewable energy planning and to ensuring 
informed decision making in this area. 

The IWC Unitary Development Plan specifically states “The Council’s view is that this 
plan should reflect a positive approach to harnessing the generating potential from renew-
able energy sources in an environmentally acceptable way. Of particular concern is the total 
effect of a number of different proposals on the intimate scale and nature of the Island’s 
landscape, which perhaps makes it unsuitable for extensive schemes. The development itself 
need not always be large-scale and an adverse impact might be created by the cumulative 
effect of small-scale developments”.

The Isle of Wight Rural Development Strategy identified the need for the development of 
renewable energy technologies which will benefit rural communities, promote green tour-
ism and blend with the Island’s unique landscape and environment.

The Renewable Energy Strategy forms an integral element of the Community Strategy, 
which actively supports the use of renewable technologies for the generation of electricity 
and which also seeks to secure localised production of those technologies particularly appro-
priate for Island development and manufacture.

Finally the development of the Renewable Energy Strategy is key to the implementation of 
the Island Agenda 21 Strategy. This important strategy, put together in consultation with over 
1.700 Island people, identifies sustainable resource management as a key priority. It specifi-
cally states that the Island should be “efficient in the use of our energy and where possible use 
our renewable resources to generate electricity” The associated Action Plan requires “research 

*This includes a 50MW off-shore wind turbine mentioned in point 3.6
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of the optimal use of the Island’s natural and waste resources in the local generation of electric-
ity and identify specific initiatives which will develop the use of this generating capacity” The 
Agenda 21 Strategy is identified within the Council’s Corporate Plan as a key component of 
the Council’s strategic priorities, with a specific commitment made to ‘promote alternative and 
renewable energy initiatives, improve waste management recycling and energy management.

Resource assessment and technical analysis
The resource assessment and technical analysis (Appendix 1) was undertaken to deter-

mine the amount of renewable energy that could be developed on the Island, and therefore 
set appropriate targets.

Much of the data for the technical assessment analysis drew heavily on data collected 
during the Ecological Footprint analysis and on previous ETSU studies and the SERE. 
Existing Council plans, namely: the Unitary Development Plan, Agenda 21 Strategy, Local 
Transport Plan, Ecological Footprint Study were also used. Further data from energy sup-
pliers and from larger end-users was collected and discussions were also held with several 
key stakeholders, namely: Council staff, ETSU, NFU, EA, Island Waste Services, Southern 
Water, Isle of Wight Grain Storage, the Forestry Commission, renewable energy companies 
and technology suppliers.**

The Renewable Energy Strategy is primarily concerned with Renewable Energy as dis-
tinct from energy efficiency. However the importance of energy conservation and efficiency 
should not be ignored, and is the focus for one of the flagship projects (zero energy hous-
ing). The analysis covered a full range of renewable energy sources and technologies. The 
potential contribution of each of these is summarised in the table below.

Table 1 - Summary of potential contribution of different renewable energy options for 
meeting electricity and total energy demand on the Isle of Wight, by 2010

** For more information on the methodology used and assumptions made for this section, see Background Analysis Report



ANGELA MAWLE

60

Based on economic and near economic options, the lower bound of estimates is that the 
Island could meet 10% of its electricity requirements by 2010, coming primarily from on-
shore wind, biomass CHP, and the existing waste-to-energy plant. Of the options considered, 
on-shore windpower is the main option for a new renewable energy development on the 
Island that is commercially viable in the near term. The range of achievable contribution to 
electricity demand by 2010 is estimated to be 5-8%. This could take the form of 2-3 small 
wind clusters, of 4-6 machines in each. 

The waste-to-energy plant on the Island currently produces about 13GWh of electricity 
per year, which equates to just over 2% of 2010 electricity demand. There are no plans to 
expand the plant. However, under the latest government guidelines, only 50% of the plant’s 
output can be considered to be renewable, when assessing contributions to the 10% govern-
ment target. 

Options that are close to being economic, and could become economic by 2010, and that 
could make a significant contribution to meeting Island energy demand are: biomass heat and 
power production, using energy crops (most likely short rotation coppice) and forestry resi-
dues as feedstock; anaerobic digestion, both farm-scale and centralised; biodiesel production 
as a substitute for diesel fuel for transport; and off-shore wind. These technologies will most 
likely require grants or some form of price support in the short term to make them economic. 

The possible contributions from these near economic technologies (see also summary 
table) are as follows: 
• A centralised 5MW CHP biomass facility, burning forestry residues and energy crops, to 

generate heat and electricity. This would meet about 7% of 2010 electricity demand, and 
3% of total energy demand. This would require about 10% of agricultural land on the island 
to be planted with energy crops – most likely short rotation coppice poplar or willow.

• A biodiesel production plant, making use of waste vegetable oil, and rapeseed grown on 
set aside land, could produce 2.4 million litres of biodiesel per year. This would provide 
enough diesel to meet the needs of the Island Waste Services, Wightbus, and Southern 
Vectis diesel fleet. This would meet about 3% of 2010 transport energy demand, and 
0.7% of total energy demand.

• There are estimated to be 5500 dairy cows on the Island. The slurry from these animals 
could be anaerobically digested to produce methane, to power a CHP engine. This could 
either be in a single centralised plant, or in a number of smaller, farm based units. This 
could meet 0.3-0.7% of 2010 electricity demand. 

• One offshore wind farm, 50MW capacity, would meet 27% of 2010 electricity demand, 
and 5% of total energy demand. 

Of these, the contribution of a single, offshore wind farm would make the largest contribu-
tion to electricity and total energy demand. However, it is also the option over which the Island 
community has the least degree of control or influence over. However in the Regional Assem-
bly Strategy it suggests a 50 MW off shore wind farm for the Isle of Wight, but there are strong 
reservations about this option. Solar water heating is another well-proven, mature technology 
that can make a small, but valuable contribution to meeting heat demand on the Island, for 
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domestic, and institutional water heating, as well as for heating outdoor swimming pools. The 
main constraint for this technology are the relatively long payback times, which are unlikely to 
decrease much, with current energy prices, due to the mature nature of the technology.

Photo-voltaic (PV) technology (also known as solar panels) are another relatively well 
demonstrated technology that can also make a small, but valuable contribution to meeting 
the electricity demand of domestic as well as commercial buildings. However, the current 
relatively high capital costs of these systems will limit their degree of penetration by 2010. 
But cost reductions are foreseen for this technology, particularly with building-integrated 
PV, which could increase its economic viability beyond 2010. Both PV and solar water heat-
ing both have the advantage that they are readily suited to urban environments, and therefore 
can be introduced without many of the planning constraints associated with other types of 
renewables technologies.

There is one further RES option possible for the Island, which is still at an R&D stage. 
This is tidal stream, or marine current turbines, which make use of tidal currents to generate 
electricity. The Island is one of the few sites in the UK with suitable resource. Although it 
is not certain as to whether this technology will be commercially viable by 2010, there is an 
opportunity for a demonstration installation of up to 3MW off the coast of the Island. This 
could provide about 1.6% of 2010 electricity demand, with an annual energy output similar 
to the existing waste-to-energy plant. If this technology did prove to be technically and com-
mercially viable, then there could be opportunities for wider deployment of this technology 
off the Island’s coast in the longer term.

Based on the analysis, a number of exemplar, or “flagship” projects are identified, which 
could be submitted for grant funding, and would act as important pilot and demonstration 
projects for renewable energy on the Island. 

These are: 
• A community wind project
• A biomass CHP or heat-only scheme, providing energy for a large end-user
• Zero energy housing development, incorporating a combination of different RES and 

energy efficiency measures.
• Farm based anaerobic digestion 
• A biodiesel production plant
• Demonstration marine current turbine

Cost Benefit Analysis
This looks in detail at the non technical parameters concerned with the various options, 

and covers:
• Economic issues- including market costs and prices
• Environmental issues- both in terms of national effects such as global warming and 

atmospheric pollution, but also local environmental effects such as noise, and visual 
intrusion

• Social issues- concerning level of employment, regional development and overall atti-
tude of the population towards the technologies and specific options proposed 
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In terms of the economic analysis the costs and prices were taken from data collected 
during the background analysis and from other available information. The costs included 
capital, fuel and Operation and Maintenance (O&M) costs. The capital costs were annuitised 
- using specific lifetime figures and discount rates. The annual costs of fuel and O&M were 
added to this capital cost to give a total energy cost. The direct economic cost in p/kWh is 
then calculated based on the energy output of the system. A simple rate of return (average 
annual return divided by capital cost)- ROR- has also been calculated to provide a pseudo 
measure of profitability, ignoring discounting.

The economic figures can, by their very nature, be quantified, whereas the social and 
environmental indicators are generally hidden impacts and may be viewed either as external 
costs (i.e. to the environment – local and/or global) or as external benefits (i.e. job crea-
tion). The social and environmental indicators have been quantified using data from an EU 
project, ExterneE that researched these costs in detail for a wide range of electricity produc-
ing technologies. A range has been given for these costs and an average taken in order to 
calculate the final production cost including all of these externalities. 

A list of the social and environmental impact indicators is included in the report- as 
although a quantitative figure has been given overall, many of these are qualitative. These 
have been considered in Section 5 on Policy Recommendations.

The cost benefit analysis considers the non-technical issues for each strategy within both 
the upper and lower bounds. Table 2 is a summary of the local environmental and social 
impact indicators that are of particular relevance to the specific technology and a summary 
of the specific economic costs. 
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Table 2 - Summary of Economic, Social and Environmental Costs for each 
specific technology to be considered in a Renewable Energy Strategy on the Isle of Wight

Renewable  Specific Environmental Specific Social  Specific Economic Costs 
Technology Impact Indicators Impact Indicators (with assumptions)

Wind- on shore • Noise • Community cohesion Economic: 2.9-3.6 p/kWh
 • Visual • Tourism
 • Impact on landscape • Political
 • Effect on birds • Employment
 • Planning process • Education
 • Use of land • Self reliance

 

Wind off shore • Noise • Tourism Economic: ~3.6 p/kWh
 • Visual • Political
 • Impact on landscape • Employment
 • Effect on birds
 • Planning process
 • Recreational 

 

Biomass- anaerobic  • Noise • Community cohesion Economic: 4.7-8.2 p/kWh 
digestion • Visual • Tourism (Electricity only)
 • Use of land • Political Economic: 3.6-6.3 p/kWh
 • Transport of fuel • Employment (Heat and Electricity)
   • Education
   • Self reliance

Biomass-centralised  • Noise • Employment Economic: 2.6-2.9 p/kWh
CHP • Visual • Education
 • Use of land • Tourism
 • Transport of fuel
 • Planning process

Biomass- de- As above • Community cohesion Economic: ~1.8 p/kWh
centralised heat only   • Tourism
   • Political
   • Employment
   • Education
   • Self reliance  

Tidal Currents • Visual • Tourism Economic: ~7 p/kWh
 • Impact on landscape • Political
 • Effect on marine life • Employment
 • Planning process • Education
 • Recreational 

  

Solar water heating • Visual • Employment Economic: 13.9-20.9 p/kWh
   • Education
   • Self reliance

Solar PV • Visual • Employment Economic: 78.5-104.7 p/kWh
   • Education
   • Self reliance

  

Biodiesel • Use of land • Employment Economic: ~82p per litre
 • Transport of fuel    
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Actions taken by the Isle of Wight
Creating the framework for the development and management of the project

The preliminary step was to meet with key players on the Island in the public private and 
voluntary sector, specifically to identify the organisations, groups, agencies and networks 
that would need to become involved in the development of the Renewable Energy Strategy. 
A plan for community participation and involvement was then put together linked to the 
main stages of resource and technical assessment process.

All of those identified as having an interest and possible involvement in renewable energy 
development on the Island (over 230) were invited to the project launch, which took place 
in Newport in July 2001.

Members of the general public were invited to take part through the local press and radio. 
Altogether 85 members of the community attended the launch nearly all of who signed up 
to remain in touch with the project as it developed. The resource assessment and technical 
analysis took place from July through until January 2002 involving very regular liaison with 
members of the Renewable Energy Task Group, a working party formed from officers and 
Councillors from the Environment & Transport Select Committee 

An important feature of the work and one of significant interest to the Task Group was 
the identification of potential ’Flagship Projects’ which would be particularly appropriate 
for the Island and which would promote understanding of how RES technologies can benefit 
local communities.

The Technical Analysis Report was presented at a daylong workshop, which was held 
in Newport in March 2002. All those members of the community who had expressed an 
interest in remaining involved were personally invited to the Workshop and once again the 
general public were encouraged to attend by means of the local press and radio.

After the presentation of the Resource Assessment and Technical Analysis Report the 
workshop was divided into two interactive sessions when participants were assigned to one 
of five facilitated groups to consider:
• Islanders Vision for Renewable Energy
• Practical next Steps for Flagship Projects

At the conclusion of the workshop it was very clear that there was a very high degree 
of interest from participants in remaining actively involved in the development of the RES 
strategy and the Flagship projects. Therefore, it was decided to run ongoing meetings focus-
ing on each Flagship project, where members of the community could meet with the officers 
and members of the Task Group and decide how best to progress each technology here on 
the Island. These community working groups were arranged to take place during the eve-
nings in May, June and July.

Community working groups
Each of the Community Working Groups focused on a particular Flagship Project (these 
were: Marine Current Turbines; Biomass/CHP; Zero Fossil Energy Build; Community 
Wind; Biodiesel and Anaerobic Digestion) Each meeting followed an identical format:
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Meeting 1 general discussion. Information share and identification of expert speaker to be invited to 
 the subsequent meeting
Meeting 2 Expert speaker, general discussion and identification of priority actions
Meeting 3 Final combined discussion to consider the Cost Benefit Analysis Report and to identify which of the 
 Flagship Projects should be taken forward as priorities.

With the exception of the final combined meeting the meetings all took place in County 
Hall during weekday evenings and were each attended by up to 35 Island people.

Developing knowledge and understanding within the community and the Council
To adequately service these meetings and to better explore the potential of each ’Flagship’ 

Project, officers of the IW Council sought advice and background information from experts 
and others involved in RES across the country. The Renewable Energy Task Group and 
leading officers and members involved with planning issues visited South Lakeland District 
Council to learn of the policies and processes developed to incorporate renewable energy 
generation into the Lakeland the National Park. Throughout the period of the Altener Project 
there has also been very close liaison with and input from our mentor island Gotland which 
is working towards 100% renewable energy generation by the year 2025.

Thus by the time the final combined meeting took place at the end of July 2002 all of 
those involved in developing the Renewable Energy Strategy were very eager to hear the 
results of the Cost Benefit Analysis which had been undertaken by Intermediate Technology 
Consultants and which was to form the main focus of the event. This meeting was again 
publicised widely through the local media and a general invitation was extended to members 
of the public, all Councillors, the Member of Parliament and other key partners.

The RES target and the flagship projects
Following the Cost Benefit Analysis presentation and the many questions, which ensued, 

the meeting broke into 4 groups to discuss the targets for renewables that the Island should 
be achieving by 2010. This led to very lively debate and when the meeting reconvened for 
the final report back some very interesting conclusions had been reached. Discussion also 
took place on the progress of the Flagship Projects

Level of RES target for 2010
Some participants were keen to set 100% for the RES generation of electricity by 2010 

citing global warming and the size of the Island’s Ecological Footprint as overwhelming rea-
sons for the phasing out of fossil energy Others thought that the ’predict and provide’ model 
should be abandoned as flawed and that a reduction in consumption should form the basis of 
any target. Generally there was agreement that the target should be as high as possible but 
that 10% should be an absolute minimum and that we should be working towards a much 
more ambitious target past 2010.

The flagship projects
Participants expressed concern about the fate of the ’Flagship Projects’ as it was felt that 
they needed to be progressed as a priority or they would be lost. 
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Community Wind - There was acknowledgement of the fact that wind power had scored 
highly on the Cost Benefit Analysis and that it was the only currently viable source/tech-
nology that was not self-limiting. There was strong feeling that any wind development 
should be community owned and that planning guidance should be developed as an 
immediate priority in consultation with local communities and drawing upon the best of 
practice world-wide. A suggestion was made that the Island should only be countenanc-
ing 600 KW turbines but possibly trialling a 1.5MW machine to assess reaction and to 
attract tourists.

An offshore wind farm was thought to be a possible option but there were serious concerns 
about the impact on shipping, fishing, sailing and the marine environment. Also it was dif-
ficult to see any possibility of community ownership.

Marine Current Turbines - Interest remained high in locating a Marine Current Turbine as 
a demonstration project providing that the marine environment and local fishing and sailing 
were not jeopardised in any way.

Biomass/CHP - It was agreed that the use of Biomass is a very practical option for the Island 
as borne out by the Cost Benefit Analysis. There is keen interest in the development of a Bio-
mass fired CHP/heat only system at Sunnycrest Nurseries. It was particularly felt that this 
could be used as a demonstration project to build confidence in the system and to encourage 
diversification by identifying and developing markets for energy crops. 

Biodiesel - The Biodiesel project was agreed to be a must for the Island as not only would 
it reduce the overall fossil fuel energy demand but also it would significantly contribute to 
waste reduction.

Zero fossil energy build – everyone present identified the urgent need to not only to ensure 
the maximum energy efficiency and sustainability of all new build on the Island but also to 
address issues of energy conservation within the current housing stock

Policy recommendations
The Isle of Wight Council is committed to achieving sustainable development and has 

undertaken the Altener project as a first step towards reducing the energy component of 
the Island’s Ecological Footprint. Furthermore, the Council is conscious of its responsibil-
ity towards the global environment and the urgent need to reduce the emission of climate 
changing greenhouse gases. The Council has also committed to playing its part in achieving 
the government’s target of 10% electricity generation from renewables by 2010 and is eager 
to ensure that in doing so he Island economy gains maximum benefit from the development 
and use of its renewable energy sources.

From both the Technical Analysis and the Cost Benefit Analysis it is very clear that the 
Isle of Wight is well placed to achieve significant electricity generation from renewable 
energy sources. Nevertheless, as has been agreed throughout the consultation process, the 
protection of the beauty and character of the Island’s unique environment and landscape is 
of major importance in determining policies governing the extent and nature of renewable 
energy development. 
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Renewable energy targets
The summary of the potential contribution of different renewable energy options for meet-

ing electricity demand on the Isle of Wight by 2010 identified in the Background Analysis 
Report Resource assessment (see Table 1) shows a lower boundary of 10.1% and an upper 
of 45.1%.

Wind energy is identified as the major potential contributor (Lower Bound 5.1%; Upper 
Bound 34.9%) and Biomass as potentially making a lesser but significant contribution 
(Lower Bound 3.9%; Upper Bound 7.4%)

The Cost Benefit Analysis of these options also identifies the above renewable resources 
as having the most competitive production costs. Taking into account the above resource 
assessment and Cost Benefit Analysis, the process of investigation of the RES technologies 
in consultation with the Island’s community, and the considerations identified in Para 6.1 the 
following conclusions have been reached:

Policy RES 1 - 

Level of contribution of RES technologies to electricity generation on the Isle of Wight by 2010

This should be identified as at least 10% 

Policy RES 2 - 

Contributing RES Technologies

On-shore Wind

To achieve the above target on-shore wind energy should be developed to at least the capacity identified in the 
Background Analysis (5.1%). This should take place within the following context:
• Within a framework of planning criteria that have been developed and agreed with the Island’s community
• With full regard to all the environmental and landscape designations applying to the countryside marine and 

coastal environments
• On the condition of community ownership and/or local economic benefit 

Biomass 

The 3.6% contribution to the 10% Lower Bound target should be encouraged through the development of a Flag-
ship CHP Project using forestry residues, other waste woods and energy crops to pilot and showcase the technol-
ogy. From the information and research associated with this Flagship project it should be possible to:
• Quantify the amounts of source material and production capacity required to move towards the 3.6% RES target. 
• Assess the volume of additional biomass able to be supplied through Island produced energy crops and 
• Identify the impact of feedstock production and movements on the environment and transport system

If appropriate, the technology could then be applied to a centralised CHP system, which would possibly supply 
heat and power to newly developed residential areas and adjacent public/private utilities.

Anaerobic Digestion 

Through the consultation process it has been noted that this may not be a realistic option for Island farmers. 
The Background Analysis Resource Assessment identified dairy cow manure as the only significant source for 
anaerobic digestion (0.3% of the total 10% target) but the long term commitment required both in providing the 
necessary capital outlay and to dairy farming itself is not easily achievable from the farming community in these 
uncertain times.
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Marine Current Turbines (Tidal stream energy)

This technology remains in the research and development phase. Currently a 300kW prototype is undergoing 
assessment off the North Devon coast. The trial site for the next phase of development has not yet been decided by 
the production company Marine Current Turbines Ltd. However, the company has expressed interest in locating a 
demonstration tidal farm either in the Hurst Narrows or off St Catherine’s Point

Policy RES 3

It is proposed that the Isle of Wight Council investigates the possibility of locating a marine current turbine dem-
onstration project off of the coast of the Isle of Wight.

Policy RES 4

The remaining 1.3 % of the RES target will be achieved through the operation of the existing RDF/CHP plant 
operated by Island Waste Services (1.1%) and the research, development and implementation of photovoltaic 
technology in new build (.2%)

Energy efficiency and reducing energy demand from fossil fuels
The domestic sector is the largest energy consumer on the Island. The average Island 

household consumes annually 15,000kWh of gas and 5,000kWh of electricity. This creates 
annual carbon dioxide emissions of 500 tonnes per household contributing to global warm-
ing.

Policy EE1

It is therefore proposed that alongside the development of renewable energy resources, energy efficiency within 
the domestic sector should be promoted as a priority concern of the Council.

For current housing stock this should be achieved by:
• Identifying and targeting energy conservation grants initially on those households where fuel costs form a 

large element of household expenditure 
• Stimulating and maintaining the highest levels of public awareness and education on matters relating to energy 

efficiency and conservation

As regards the impact of future housing development the Council’s Unitary Development Plan (UDP) describes a 
need for 8000 new housing units to be built on the Island by 2011, which will increase current CO2 emissions on 
the Island by approximately 40,000 tonnes.

Policy EE2

Of these 8000 new homes 500 have been planned on a site adjacent to the Pan Estate in Newport. It is therefore 
proposed that the new ‘Pan Village’ development should be used as an exemplar project for sustainable, energy 
efficient building, based on the following principles:
• Wherever possible selecting building materials from natural, renewable or recycled sources and wherever 

possible brought from within a 35 mile radius
• The installation of a combined heat and power unit able to produce all the development’s heat and electricity 

from Island sourced biomass
• The optimal use of solar energy
• Energy efficient design maximising solar gain and using high efficiency insulation and glazing
• Water conservation through the use of water saving appliances, the use of rainwater and ‘grey-water’ recycling
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• Implementation of green transport management plans reducing reliance on the car by cutting the need to travel 
(on-site facilities etc), providing safe and enjoyable walking and cycling routes and accessible, affordable 
public transport

• Waste sorting and composting systems

Biodiesel production and use
Biodiesel is produced from vegetable oils. The feedstock can come from either used 

cooking oil, from oil crops such as rapeseed, linseed and sunflowers, or a combination of 
both. It is estimated that the Island produces around 1 million litres of waste cooking oil a 
year. Approximately 570ha of rapeseed is grown on the island and 621ha of linseed.

To utilise waste cooking oil in the production of biodiesel would not only remove a 
significant percentage from the waste stream but would also replace a fossil fuel with a 
carbon neutral alternative. The use of oil crops as a feedstock could also offer an important 
opportunity for local farmers to diversify or expand production. With the co-operation of 
the Island Bus operators and other commercial vehicle fleet operators biodiesel could be 
utilised widely for freight and passenger transport across the Island. Local branding and 
advertising this ‘green’ fuel would add considerably to the Island’s image as a green tour-
ist destination.

Policy EE3

It is proposed that the Isle of Wight Council establishes a multi-partner initiative to: 
• Investigate the feasibility of developing a biodiesel production plant on the Isle of Wight 
• Identify funding opportunities available to support the initial set-up costs 

Identifying the target for RES contribution to electricity demand beyond 2010
The Isle of Wight Council acknowledges that Renewable technologies are developing 

rapidly and will continue to do so into the future. Consequently, opportunities for reaching a 
higher penetration of these technologies into the energy market will become greater through 
time. 

From the community participation and involvement which has taken place throughout 
the Altener project it is clear that Island people wish to work in partnership with the Council 
in creating a sustainable future, within which renewable energy will play an increasingly 
important part. 

Policy RES5

It is proposed that the target for renewable energy contribution beyond 2010 is considered and determined as part 
of an ongoing process of monitoring and assessment of:
• The implementation and operation phases of the 10% contribution
• the new wave of renewable technologies (e.g. Tidal stream; hydrogen)
• the trends in energy demand 
• global fossil fuel markets 
• energy supply security issues
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Energy demand and supply in Cuba
In 1998, over 90 % of Cuba’s electricity generation capacity was oil-fired. Currently, 

Cuba produces 50 % of its oil demand, with the other 50 % imported. Oil imports have 
been restricted due to the on-going economic crisis, producing widespread electricity short-
ages, which have been minimised up until the present. The Government’s National Energy 
Programme places a high priority on the development of indigenous and environmentally-
benign resources for electricity generation, including biomass, wind, solar and small hydro 
resources, in order to alleviate electricity shortages, reduce oil imports and preserve the 
environment for tourism.

Table 1 - Installed capacity and generation in the National Electric System (NES) of Cuba, 2001

Source Installed  Generation,  Percentage of 
 capacity, MW GWh Total Generation
Fuel-oil  3,505 14,372 86% 
Hydroelectric 57.4 75 ~ 0% 
Natural Gas  145 1,258 8% 
Biomass 704 929 6% 
TOTAL 4,411 16,634 100% 

The increase in national crude oil production has reduced the sensibility of national power 
generation capacity on imported fuel-oil. However, due to the quality of the crude oil it 
cannot be used for other energy services and these still depend heavily on fuel imports. This 
situation has provoked an intense energy deficit, which has had a strong negative impact 
on the country’s economic structure and population. The importance of fuel oil for Cuba is 
shown above in Table .

National energy policy and institutions
Given the situation described above, exploring alternative sources of energy is a high 

priority for the Government. In 1993, the National Parliament approved the National Energy 
Sources Development Programme where the efficient use of the country’s natural resources 
(biomass, wind, solar, hydro) for the production of energy is given top priority in terms of 
development efforts. In October 2002 the Government of Cuba decided to create a Commis-
sion for Renewable Energy, which is a trans-ministerial body co-ordinated by the Ministry 
for Science, Technology and Environment. The main mission of this committee is to com-
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bine national efforts to increase the participation of renewable energy sources in the national 
energy balance. To support the development of renewable energy applications, the Cuban 
Government is promoting foreign investment in those areas in which capital and technologi-
cal innovation are most needed. The electric power generation sector is among the targeted 
areas. Various forms of economic association, such as joint ventures, can be employed for 
this purpose. The legal conditions for foreign investment are established in the Law 77 on 
Foreign Investment published in September 1995. Furthermore, Article 23 of the Constitu-
tional Reform Law approved in July 1992 states that the Government will respect the prop-
erty of the joint ventures and other economic associations set up under the law.

Energy scenario on Isla de la Juventud 
The island’s installed electricity generation capacity is totally fuel-oil and diesel based. 

However, the use of fuel oil and diesel as the main energy vectors in the island is caus-
ing many problems as the cost of these fuels is very high and their supply unreliable. The 
negative economic effect of this situation can be seen, for instance in the fact that the many 
enterprises are running below capacity, which delays the social and economic growth of 
the island. The expected rapid expansion of tourism and related activities on the island, 
along with the necessity for more reliable and efficient power generation has highlighted 
the need to replace old diesel engines with new ones, thus providing an opportunity for the 
introduction of renewable energy technologies. Expanding the fossil-fuel based electricity 
generation is not sustainable. The renewable energy resources of the island are sufficient to 
partly replace the fossil fuels used in electricity generation and some of the non-power appli-
cations. Therefore, replacing diesel generators by renewable energy-based supply systems 
was the selected route to achieve sustainability.

Demand and Supply
The use of electricity on the island can be broken down into four main sectors: residential 

(households), commerce, agriculture and small industry. Electricity generation accounts for 
54 percent of the island’s primary energy use and 50 percent of energy imports. The remain-
ing 46 percent of total primary energy consumption (42 percent of imports) is broken down 
as follows: 23% for transport, 6% is used in the form of fuel and diesel oil for industrial 
boilers and cookers, 7% is consumed by other industrial and agricultural uses and 6% is 
consumed by the residential sector in the form of LPG for cooking. The residential sector 
consumes the only renewable resources presently used on the island in the form of fuel wood 
and charcoal (4%). In total the residential sector accounts for 29% of the island’s primary 
energy consumption, including 34 % of the total amount of electricity generated. 

Future Trends of Electricity Demand
According to the Planning Authority of the island, the tourist industry will show the most 

growth in the next 15 years and generate a demand for more electricity. This projection alone 
implies a 2 MW increase in maximum demand and 10 GWh increase in consumption by the 
year 2010. By the year 2015 this demand will have increased to about 4MW and 19 GWh 
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respectively. The development of the tourist industry will also increase the consumption of 
the industrial, commercial and agriculture sectors. The industrial sector has potential for 
development in construction materials, food processing, and ceramics and the agricultural 
sector in tobacco and citrus crops. It is also expected that the commercial sector would pro-
vide vital support to the development of tourism. 

The rate of activity increase in these three sectors is shown in Table 4.

Table 4 - Estimated sector activity increase by 2015 (INEL, 2002)

 Sector Rate of activity increase
 Residential 2.0 % 
 Industrial 1.5 % 
 Commercial 2.5 % 
 Agricultural 2.0 % 

Three main scenarios for the island were developed during this project, covering the evo-
lution of the tourist and related industries and the increase in power demand. 

These are shown in Table 5.

Table 5 - Energy scenarios for Isla de la Juventud (INEL, 2002)

Maximum capacity required, MW 2010 2015 2020
Scenario 1: Pessimistic approach  18 20 24
Scenario 2: Realistic approach 18 21 24.5
Scenario 3: Optimistic approach 18 22 29

Energy Resources of Isla de la Juventud
 Isla de la Juventud has a great amount of renewable energy potential. A large part of the 

island is covered in thick forest and studies have shown that it is possible to create “energy 
crop” style management of the forest resources. Biomass fuel could be produced in a sus-
tainable manner to feed a power plant. The wind regime in the island is also suitable for large 
scale electricity production. The estimated renewable energy resources on the island are 
sufficient to replace up to 40% of the fossil fuels used in electricity and heat generation. As 
part of the preparatory studies for this project, a wind map was drawn for the entire Isla de la 
Juventud. Results obtained show winds up to 6.5 m/s at 50 meters high and the possibility of 
achieving a Capacity Factor raging from 20 to 30%, which is a sound basis for wind resource 
exploitation when compared to international experience. Three simulations were carried out 
using WASP software at the most promising site, Playa de la Bibijagua. Although used often 
for energy production in Cuba, there is no potential for bagasse use on the island. However, 
there is a significant woodland resource. The National Forest Company accounts for a pat-
rimony of 32,500 ha of woodland of which 22,100 ha are natural forests and 10,400 ha are 
plantations developed for a reforestation program that began in 1961. In addition there are 
3,300 ha of deforested land, 2,300 ha of which are covered with marabú. In terms of tons of 
biomass resource, the results estimate usable total wood biomass at 482,000 tons compris-
ing of the following species: pinus, eucaliptus, casuarina and albizia. It is envisaged that 
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biomass fuel could be produced in a sustainable manner to feed a power plant, if a strategic 
plan to replace fuel oil by biomass is designed.

Project objectives
The aim of this project is to remove the barriers against the use of renewable energy 

technologies, to reduce the economic and environmental vulnerability of small islands and 
to diminish Cuba’s energy related CO2 emissions by substituting fuel oil use in power and 
heat generation. To achieve these goals the project will focus on demonstrating the technical 
and economic viability and environmental benefits of replacing a fuel-oil based electricity 
generation and heat production by a sustainable energy production based on local natural 
resources in Cuba. The first step will be capacity building and implementation pilot projects 
on the Isla de la Juventud. This project will help to reduce dependence on imported fossil 
fuel, improve the energy balance of the island, reduce environmental risks such as oil spills 
and use a more sustainable system to power the island’s electricity needs. An additional 
benefit of the project will be to increase the small industry processing capacity by reducing 
its dependence on imported fossil fuel. These will be the first diesel-biomass hybrid and 
wind energy projects in Cuba. The capacity building activities of the project will establish a 
solid base for a nation-wide and regionally based replication strategy. This project will also 
identify, evaluate and implement the necessary actions to overcome the barriers preventing 
increased uses of renewable energy sources for the provision of modern energy services, and 
design activities for their reduction/removal.

Project rationale
This project supports the development of renewable energy based provision of modern 

energy services in Isla de la Juventud by the substitution of fossil fuel based production of 
electricity and heat with renewable energy based production. Although the initial activities 
will focus on the Isla de la Juventud, from this starting point replication activities will be 
designed for implementation on the mainland of Cuba and possibly on other countries in the 
Caribbean. The main renewable energy resources on the island are biomass from forestry 
and wind in the coastal regions. Therefore, the technologies chosen for the replacement of 
fossil-fuel based generation were biomass gasification and wind technologies. By demon-
strating the feasibility of these technologies and reducing the barriers to their large-scale 
replication, it is expected that a significant fraction of the biomass energy potential in Cuba 
and the region can be harnessed in the future.

Baseline Scenario
The Isla de la Juventud is the second island in the extension of the Cuban archipelago 

formed by more than 2000 islands and keys. The main economic activities are fishing, agri-
culture, citrus in particular, banana and pig farming, and the ceramics industry. Tourism is 
also beginning to increase on the island and a number of new economic activities for the 
local population are starting to develop. These new activities however, will likely lead to 
increases in the demand for energy. The island possesses a number of natural and renewable 
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resources that could be utilised in the production of energy. These are mainly biomass from 
forest products and organic residues, wind power located along the east and south coast and 
solar energy for thermal generation. At present the island’s electrical generating capacity 
is totally based on fossil fuels. Three diesel power plants, 3.5 MW each, supply the mini-
electrical grid, which covers 99 % of the island’s population. The cost of fossil fuel-based 
power is very high and is severely restricting economic activities. The need to reduce the 
cost of power generation is a must and should not be delayed any longer. For this reason 
it is envisaged to replace the old diesel engines with 2 new 3.6 MW fuel-oil generators for 
electricity production and only keep a minimum capacity of old equipment as a back up. 
Fuel consumption for heat process production is also plays a key role in the island energy 
services. Some industrial activities like fishing and ceramic production have been affected 
by high fuel prices but alternative sources of heat energy are not available to them at this 
moment in time.

Alternative Scenario
The Isla de la Juventud has significant renewable energy resources that are not being 

developed because of the lack of knowledge of the appropriate technologies. The island has 
potential for sustainable biomass production and good wind energy potential. These can be 
used to cover the increase in future needs in electricity and fuel for process heating, instead 
of resorting to an expansion of the current fossil fuel capacity. The proposed initiative 
focuses on the partial replacement of fuel-oil and diesel generators with renewable energy 
alternatives. This will be implemented through four components: sustainable biomass pro-
duction and wood management, biomass gasification for power generation and process heat 
and wind power for electricity generation. To fully implement the biomass gasification in a 
sustainable manner, it will be necessary to support and develop management and operational 
forestry activities on the island, in order to produce the biomass required to feed the gasifier 
systems for power and heat generation from existing forestry resources. This forestry man-
agement infrastructure development component will form an integral part of the project.

Selection of technologies 
Biomass gasification followed by the use of the gas in an internal combustion engine is 

the most efficient way of converting solid fuels into heat power or electricity. In recent years 
biomass gasification technology has matured and is now considered a reliable and modern 
technology for power and heat production. Medium and small-scale power gasification 
allows the use of biomass instead of petroleum derivatives in internal combustion engines 
and burners. There is a significant biomass resource on the Isla de la Juventud, therefore 
biomass gasification is particularly appropriate as it presents a local fuel alternative for the 
island, where petroleum fuels are scarce. As the biomass for gasification will be produced on 
a sustainable basis its use can be counted as a CO2 reduction strategy. Equally, wind energy 
technology is a mature, reliable technology, which is contributing to electricity generation 
all over the world. Studies carried out during this project show that the necessary potential 
wind energy for exploitation exists on the coasts of the Isla de la Juventud and on many other 
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Cuban islands. The Cuban wind resource represents an untapped source of energy for power 
generation with development potential for foreign and domestic companies. The use of wind 
energy is an established method of reduction of CO2 emissions.

Description of the four business units
In order to achieve the aims of this project several pilot projects (listed below) are to 

be implemented on the Isla de la Juventud to provide the basis for capacity building and 
technology transfer:
1. A biomass production and supply infrastructure that ensures a sustainable provision of 

biomass during the entire lifetime of the biomass plants;
2. A biomass gasification plant to produce power (electricity) for the main grid of the island, 

near the principal town of the island;
3. Four small gasifier units to be placed at four industrial sites for heat production (all 

within a reasonable distance of each other), all managed by the same company within an 
ESCO concept; and

4. A wind park located on the North coast of the island at Playa de la Bibijagua, where 
optimal wind conditions were found, to produce electricity to be fed into the main grid of 
the island.

Biomass Production
This component involves the Local Forestry Company and its obligation to produce and 

supply the biomass to the power plant and the heat process units. The aim is to manage the 
production of biomass in a sustainable manner, creating a local renewable fuel source and 
local long-term employment. 

The details of this component of the project are summarised in Table 6 below.

Table 6 - Forestry management summary for biomass production

   Project Details  
 Biomass production for fuel supply Technical assumptions:

  Total biomass produced 36,423 ton per year
  Humidity of the biomass delivered: 30%
  Price/cost of biomass

  Cost of biomass crop and delivery 14.0 USD/ton
  Price of biomass 17.0 USD/ton

Gasification for Power Generation
The main aim of this component is to introduce biomass gasification technologies to 

the island, and thus to reduce costs and decrease dependency on imported fuels. Under this 
component of the project biomass gasification based technology will be installed to cover 
a 3.5 MW power demand. Considering current local technological experience and power 
generation infrastructure, the integration of biomass gasification and diesel engines is the 
most promising option. 

The representative conditions assumed for this solution are summarised in Table 7. 
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Table 7 - Technical specification for large-scale biomass gasifier

  Project Details 
 Biomass gasification plant  Technical assumptions:

for electricity production. Power to be installed: 3.5 MW, Power Plant annual operating time: 6,000 hrs, 
Humidity of the biomass delivered: 30%, Humidity of the biomass use at site: 
10%, Power plant life time: 15 years, Net Power efficiency: 32-34%, Biomass 
consumption: 0.75 kg/kWh, Biomass hourly consumption: 2.7 ton/hr @10%

  Costs:

  Biomass wood price: 17 US$/ton
  fuel oil price: US$ 197/ton
  Price/cost of gas

  Cost of gas production (biomass and O&M) 5.63 USD/MWth
  Price of gas 12.0 USD/MWth
  Production of gas

  Energy Produced 90,222 MWhth

Gasification for Heat Processes
The main objective of this component is to reduce the consumption of diesel and other 

fossil fuels for the production of heat in small industries and to improve the availability and 
reliability of fuel supply by using renewable energy. Across the industrial spectrum, four 
industries have been identified for the pilot project intervention because of their specific 
needs, contribution to the local economy and cost effectiveness. Under the proposed inter-
vention, the four identified industries will also make efforts to upgrade their manufacturing 
technologies, up and down stream processes and activities. 

The technical specifications for the small gasifier units are summarised in Table 8.

Table 8 - Technical specifications for the small gasifier units

 Project Details  
Biomass gasification plant  Technical assumptions:

for heat production. Meat company 2.4 MWth at 3,180 hrs per year
 Milk Company 1.4 MWth at 6,000 hrs per year
 Fishing Company 1.4 MWth at 3,000 hrs per year
 Ceramics Company 0.5 MWth at 6,000 hrs per year
 Humidity of the biomass delivered: 30%, Humidity of the biomass use at site: 10%, 

Power plant life time: 15 years, Net Power efficiency 80%, Biomass consumption: 0.75 
kg/kWh, Biomass hourly consumption: 0.15-0.75 ton/hr @ 30%

 Costs:

 Biomass wood price: 17 US$/ton
 Fuel oil price: US$ 197/ton, 
 Price/cost of gas

 Cost of gas production (biomass and O&M) 5.63 USD/MWth
 Price of gas 12.0 USD/MWth
 Production of gas

 Energy Produced 25,783 MWhth 
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Windpower generation at Playa Bibijagua
This component aims to introduce the use of wind power technologies on the Isla de la 

Juventud which then can be replicated in other parts of Cuba. Combined with the biomass 
power generation, this component will also ensure higher reliability of electricity supply on 
the island. In a pre-feasibility study, three simulations were carried out at the Playa de la 
Bibijagua site (one with 2 750 kW machines, one with 2 600 kW machines and finally one 
with 7 200 kW machines). Details of this component are summarised in Table 9.

Table 9 - Technical specifications for the Wind Park at Playa de la Bibijagua

 Project Details  
Wind park at   Technical assumptions:

Playa de la Bibijagua  Capacity installed  1.5 MW
 Capacity Factor  25%
 Price/cost of electricity

 Cost of kWh (O&M) 24.32 USD/MWh
 Price of electricity 0.09 USD/kWh
 Production of electricity

 Energy Produced 3,700 MWh per year 

Barriers to the development of Renewable Energy Sources
Cuba, like many other developing countries, faces many institutional, financial, technical, 

information dissemination and human resources barriers to the development of renewable 
energy technologies in its territory. During this project specific barriers preventing increased 
use of renewable energy sources for the provision of modern energy services on the Isla de 
la Juventud were identified and evaluated. 

In order for the project to be implemented barriers such as following must be removed: 
• Absence of effective institutional and financing mechanisms;
• Lack of effective regulatory framework;
• Lack of technical capacity;
• Absence of information dissemination; and
• Lack of commercial demonstration model experience.

A GEF grant has been requested to aid in the removal of these barriers. The barrier 
removal activities will also help to reduce technological uncertainties and transaction 
costs associated with the technology choices for biomass and wind power and help remove 
other barriers related to the absence of effective information dissemination and a condu-
cive regulatory, commercial and institutional framework. 

Environmental benefits
The implementation of this project will result in a net GHG emission reduction of 26,144 

tons of CO2 per year, or nearly 392,162 tonnes over the fifteen-year lifetime of the project. 
The potential for replication of this project to other unelectrified islands or remote areas of 
Cuba means this figure has the potential to become much larger. Power generation efficiency 
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will also increase through the decommissioning of old fossil-fuelled engines, savings on 
maintenance activities and improved operating conditions. In addition there will be a reduced 
risk to local flora and fauna from future oil spills. The reduction of fuel oil requirements on 
the island by nearly 5,400 tons per year represents 15 fewer shipments of fuel oil and diesel 
per year, thus both the probability and intensity of future oil risks is reduced. In terms of the 
local environment, using renewable energy in place of diesel generation will reduce emis-
sions and pollution that might be of local concern if population and tourist industry growth 
were to develop as predicted. This project will propose a programme to gradually replace all 
the old diesel generators on the island with renewable energy technologies. 

Conclusions
In terms of the quality of electricity service provided to the consumers of the Isla de la 

Juventud, the quality should be much improved following the re-powering effort using wind 
and biomass renewable energy technologies. This will be due to the greater reliability of the 
biomass fuel supply, leading to less chance of electricity cuts due to power shortages. This 
will help the growing tourist industry and related small businesses and development of other 
economic activities. In addition to the above, there is an environmental benefit of reducing 
the risks to local flora and fauna from future oil spills and the reduction in CO2 emissions. 
Replication from the Isla de la Juventud to the Cuban mainland is easily achievable and it is 
also realistic to envision replication to other Caribbean countries. Cuba is part of the group 
of countries that have created a Regional Energy Technology Centre. It is expected that the 
Centre will take part in replicating results to the other countries of the region. The Caribbean 
islands have energy problems that are similar to each other. National markets are small, 
technology and equipment are inefficient and many depend heavily on imported fuel. The 
dimensions of most of the Caribbean islands are similar to Juventud Island, so the renewable 
energy solutions, such as the management of mini-grid systems based on renewable energy, 
will be replicable.
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Stating the problem
Serifos is an island of the Cyclades island complex, which is located in the southwestern 

Aegean Sea, 74 nautical miles from Piraeus. The island grid is not interconnected to the 
mainland, thus it operates a conventional diesel fueled power station. The island is char-
acterized by a great Aeolian potential, which still remains unexploited (see fig.1). The cost 
of electricity generation is very high and the operation of conventional engines has great 
environmental impact. Furthermore, the high seasonal tourism is resulting an increase in 
energy and water supply demand during peak holiday times which aggravates the above 
unfavorable situation.

The electricity supply cost in Serifos for 2001 was approximately 0.31 €/kWh1, which is 
considerably high compared to that of the mainland. The above cost is disaggregated in two 
major factors: the cost for fuel and lubricants 0.133 €/kWh1 and the rest of expenses concerning 
payment of wages, financial expenditures, fixed assets depreciation and general expenditures of 
administration. Serifos island covers 75 sq km area and has 1,414 inhabitants2. Seasonal tour-
ism causes a considerable increase to the above number of inhabitants, thus it strongly affects 
the power demand during the same period. During the year 2001 the peak load was measured 
to be as high as 2350kW and it has appeared on the 14th of August1. On the contrary, the lower 
demand load was about 300kW during the winter period. There is also a significant increase of 
the demand loads during Easter period as a result of the domestic tourism. 

The conventional electrical system of Serifos consists of six diesel fueled gensets of total 
rated power 3400kW. The above gensets are installed in the Local Power Station (LPS) 
near to Chora, where the power production takes place. During 2001, the LPS met the total 
demand of the island that was 5,547MWh. 

The electrical distribution grid consists of three main lines of 15kV each, traversing the 
island from the LPS to the main villages1.Wind energy penetration in a traditional autono-
mous system cannot reach a satisfactory level due to several technical and electrical restric-
tions. Weak autonomous island grids are particularly sensitive to disturbances and transitional 
phenomena so that stability problems arise. Furthermore, severe problems appear concern-
ing the cooperation between fixed speed WTs and gensets. Finally, the situation is further 
deteriorated by the stochastic nature of wind, which doesn’t meet the load profile of the 
utility5. Conclusively, high wind energy penetration cannot be achieved by means of a con-
ventional energy system because of the inherent difficulties that it contains. Consequently, 
it is essential to search for alternatives in the exploitation of cost-effective wind-power in 
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such utilities and for a system with optimum cooperation between wind energy converters 
and other energy sources aiming at the maximization of economical wind-energy penetra-
tion. This paper focuses on planning and implementing an Integrated Power System using 
medium-term pump-storage. 

The integrated power system of Serifos

The Integrated Power System (IPS) consists of the following subsystems:
• a wind farm, 
• the upper and the lower reservoir
• the subsystem of mid-term energy storage which is comprised of a hydroelectric power 

station plus a pump house, 
• and the conventional power station. 

The finest cooperation of the above combined power production units would set as target 
the reduction of the cost of electricity supply per kWh and together improve the power qual-
ity to the utility. For that reason, the IPS will utilize the WTs as base unit and all the other 
parts as reserves. The utility will be designed with the use of power electronics to meet the 
standards of power quality defined by the IEEE5.

Lower reservoir
The Ministry of Agriculture in terms of irrigating and water supplying the island during 

the summer season, has already constructed an artificial lake that can be used as the lower 
reservoir. The constructed dam has created the lake with total capacity 700,000m3 in Livadi, 
2.5km from the capital Chora at an altitude of +120m from the sea level (see fig.2). The 
study conducted from the Ministry of Agriculture calculates on a monthly basis the avail-
able water volume in the lake, the maximum available abstraction volume and the maximum 
evaporation3. The IPS will not be subdued to any restriction concerning water abstraction 
from the lake because it is designed only to recycle water between the two reservoirs.

Upper reservoir
The upper reservoir will be located on the top of Mt Petrias on the northwest of Chora at 

an altitude of +520m from the sea level. The aforementioned reservoir will be constructed 
from reinforced concrete with the shape of a truncated pyramid. After the optimum sizing, 
(see section V) it is expected to have 60,778m3 capacity. The wall slope is calculated to be 
2:1 in respect to the horizontal level and the total depth 10m. The excavation depth is only 
5m and the excavated soil will be used to support the above-the-ground walls in order to 
increase the depth by 5m more and to reduce the construction cost. The complex terrain of 
the place of installation restricts one dimension to 40m, thus the optimum dimensions are 
then calculated to be 40x140m.

Wind Farm
The wind farm will be located on the ridge of the mountain Diasela attached to Mt Trou-

los massif located on the north of the capital Chora in 3 km distance (see fig.1). In the same 
place where CRES conducted measurements on the island’s wind potential, the wind farm 
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is expected to experience no significant discrepancies to the wind speed with the data from 
CRES, if any wake effect phenomena are avoided4. The optimal wind farm has 3,000kW 
total installed capacity and consists of 5 variable speed pitch controlled with synchronous 
generator wind turbines of rated power 600kW each.

Mid-term energy storage subsystem
The hydro plant will have two Pelton turbines of 600kW nominal power each, with an 

operating head of 460m. It will be constructed at the level of the lower reservoir. The pump 
house will be positioned next to the hydro plant with 10 multi-stage pumps, 130kW nominal 
power each. The pumps will be connected in parallel and will use a variable speed inverter. 
Water pumping and recycling will be realized between the two aforementioned reservoirs. 
The steel pipeline will have fluctuant diameter and the length is calculated to be 2.5 km.

Conventional local power station
The peak load demand of the island is constantly growing by 8-10% every year. PPC pre-

dicts the future demand from the previous five years’ peak loads using a simple extrapola-
tion method, thus, it increases the total installed capacity to meet the new increased demand 
plus an extra backup reserve. For the year 2001 in Serifos, the installed capacity reserve was 
850 kW 1. The implementation of the IPS will have no impact on the features of the LPS and 
PPC will not have to invest more capitals for further expansion of the existing LPS in order 
to maintain a safety reserve of installed capacity during the period of peak loads.

Operation modes
The philosophy of the IPS is to give full priority to the Renewable Energy Sources (RES) 

and secondary to the conventional diesel units6. Therefore, it is designed with main target 
the maximum exploitation of wind power directly to consumption. The secondary aim is to 
use hydropower -alone or in cooperation with the wind power- to meet the demand and if the 
energy production is still insufficient then utilize the installed conventional diesel station8. 

Wind turbine operation mode
Stand-alone operation of variable speed pitch controlled with synchronous generator WTs 

has become easily applicable and viable with significantly acceptable high power quality, as 
a result of the rapid development of power electronics. The aforementioned WTs will not be 
directly connected to the grid but through an inverter5. The inverter will ensure the frequency 
stability and the synchronous generator will provide the adequate reactive power to the util-
ity. The surplus of wind power will be either used to pump water to the upper reservoir, 
or dumped into a special device with resistances called dump load6. In that case, the load 
demand of the island will be met in the case of adequate wind speed. Because of the small 
size of the island, the load demand is not supposed to have significant fluctuations during the 
above operation. Moreover, the IPS has been designed to operate the WTs with power limita-
tion about 10% of the nominal power for each wind speed. By that way, the controller of the 
WT can very quickly meet a sudden increase of the load demand of the grid by adjusting the 
power production of the WT to its nominal value for the prevailing wind speed.
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Figure 1 - Map of exploitable wind potential sites.4 

Wind turbine and hydro operation mode
The IPS compares the previous wind production data to the actual wind production that 

takes place at the same moment and if it has been constantly decreasing reaching a security 
level, then it examines all the possible modes, giving priority to the RES. If there is adequate 
water in the upper reservoir the IPS starts to operate the hydro turbine without load. This 
mode can also be coined as idling. In that way, the Pelton turbines are ready to take loads 
from the grid that the WTs cannot meet. The Pelton turbines are the perfect case because 
they can meet the load instantaneously, when they are operating in idling mode; Pelton tur-
bines are a typical kind of reaction turbines8.

Wind turbine and Diesel
In the above unfavorable condition, where no water is available in the upper reservoir, or 

a problem occurred in the pipeline, the IPS starts one or more of the diesel gensets to warm 
up. After the end of the synchronization period the IPS connects them to the grid to cover the 
potential power shortage. In that case, the WTs are adjusting their power output in order to 
minimize the number of diesels to be connected, provided that the wind speed is above and 
higher than their cut-in speed. Additionally, diesels operate at 80% of nominal power, where 
efficiency is at maximum.

All the other possible operation modes result from the permissible combinations of possi-
ble operation modes of each subsystem separately. It should be stated that the pump operation 
mode could be activated only in cases where the wind power surplus is significant and not in 
cases where the power surplus comes from the diesels. It is convenient to represent the opera-
tion mode of the IPS with an array of 3 elements (WP, HS, DG, SC), plus SC, which refers to 
secondary consumers or dump load. The two lettered symbols represent the four systems and 
are allowed to take definite values that denote: 0-stop operation, 1-stand operation, 2-pumping 
(only for HS) and 3-stand by. Each time the preferred operating mode is determined by the 
current wind power and load demand, while water level in reservoirs is considered too. The 
mode determination algorithm was used in the simulation for the IPS.
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 Figure 2 -The lower reservoir in the phase of construction3

Modelisation and simulation
The operation of the IPS of Serifos was simulated in order to define the optimal size of 

each subsystem that comprises the IPS. The simulation code programming was performed 
under Matlab environment. The code was carefully studied, so that all the important param-
eters (controlled and non), which influence the operation of IPS, were considered.

The non-dynamic type of simulation is using ten-minutes time series. Each unit of the IPS 
has been modeled in a separate routine so that the main program calls it to run each time: 

a) Wind turbines (WP=1)
 The characteristic power curve for the above-specified WTs was taken from the techni-

cal manual for the Enercon E40. Attention was paid to the conversion of wind data from 
the typical height of the 10m mast to the hub height. For simplistic reasons, the simulation 
takes into consideration that the appropriate calculations for this conversion are based on two 
phenomena of the airflow that combined together result into the velocity deviation among 
different heights. First comes the boundary layer that is expressed by the exponential law 
assuming the suitable roughness length of ground. Afterwards, comes the speed-up effect due 
to topographic elevation since the WP is not sited on a flat terrain. The Guidelines method of 
Taylor and Lee (1984) 9 has been found to give reliable estimates of wind speed on tops of 
certain terrain features like 3D hills, 2D hills (ridges) -this is it in our case-, 2D rolling terrain 
and others. After evaluating the wind speed at hub height the corresponding output power of 
each WG is calculated through the power-curve given from manufacturer. The power is sup-
plied to the grid with an electrical efficiency of 0.97. Finally, we assume an availability factor 
of 0.95. This means that 5% of the days of the year are randomly chosen by the program to 
give zero power. So we avoid decreasing the nominal output of WTs. 

b) Variable speed pumps (HS=2).
During the simulation the operation point of pumps is calculated in function to current 

required power P to absorb. The performance curve of the pumps and the characteristic 
curve of piping are used to define the operation point9. Each operation point (H,Q) refers to 
a unique combination of valve opening, operation speed and number of operating pumps. 
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By this way current efficiency η of pumping is evaluated and consequently can by used with 
more accuracy in the known equation when the surplus power for pumping is known:
P = γHQ/η => Q = ηP/γH, where H is the total head, Q is the water flow, P is power and γ is 
the specific weight of water. So, the flow of water is more precisely simulated.

c) Hydro turbines (HS=1)
Typical variation of efficiency (for Pelton turbines) as function to water flow variation is 

considered. Finally, the simulation of reservoirs was carefully developed in order to present 
realistically their repletion and emptying taking into account overflows, water utilization, 
evaporation and seasonal inflows for the lower reservoir only.

d) Diesel units (DG=1)
According to data from LPS of Serifos the relation between power P (kW) and fuel con-

sumption (kgr) is known. So the average specific consumption be for stand-alone operation 
of diesel units is calculated equal to 240 gr/kWh 1. In IPS the operation of diesel generators 
is held to the 80% of nominal power by adjusting the power of WTs or Pelton Turbines, 
which is the operation point of maximum efficiency. Therefore, when operation of diesels 
is supported by the IPS, the specific consumption be drops to 220 gr/kWh. At last, when 
wind power surplus underruns (goes down) a certain level, one diesel unit have to be set 
as reserve. The fuel consumption at idling is considered approximately 25% to 30% of the 
consumption at nominal rated power.

e) The Central Control Unit 
is simulated by a set of logical operations, which have as input the wind power surplus 

and the availability of water in the tanks and as output the suitable operation mode. The fol-
lowing diagrams of power distribution and of water exchanging between lower and upper 
tank are presented further below. These result from the simulation program for year 2007.

Figure 3 - Annual synthesis of production and fluctuation of  water  
volume in both reservoirs for the year 2007.
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Figure 4 - Annual synthesis of production and 
fluctuation of water volume in both reservoirs 
for the Period from 12:00 of the 1st August to 

23:50 of the 9th August for the year 2007.

Figure 5 - Annual synthesis of production and 
fluctuation of water volume in both reservoirs 
for the Period from 0:00 of the 10th August to 

23:50 of the 16th August for the year 2007.

Optimum Dimensioning

The optimum dimensioning consists in finding the best size of each subsystem that con-
stitutes the IPS i.e.:
- the nominal power of wind farm (WF) to be installed
- the number of pumps of 130 kW nominal power each.
- the capacity of the upper concrete reservoir.

The main objective is to minimize the levelized cost per kWh produced by the IPS7. From the 
simulation of IPS in operation for year 2007 the percentage of RES (WT and Hydro) in overall 
annual energy supply is calculated. Besides, annual fuel consumption from conventional units is 
calculated. Numerous simulations with different configuration each time have been executed.

Figure 6 - Optimum values for the three sizing parameters.

Moreover, the annual expenditures, which constitute the annual electricity supply cost, 
were calculated for each different configuration. The partial expenditures, which contribute 
to the annual electricity supply cost, are the annual investment charge, the operation and 
maintenance costs of WTs and Hydro and the fuel cost. The parameters for each configura-
tion were the three abovementioned sizes. In that way, three curves, which represent the 
annual supply cost towards each of the three parameters, are drawn. The optimum value 
for each parameter is located on the minimum of the corresponding curve. The optimum 
configuration was analytically presented in section II.
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Capital cost analysis
As a project of RES technology, the project will receive a subsidy from the EU up to 40%. 

The total investment cost is evaluated for each different configuration. The expenditures are 
divided into constant and variable according to the 3 known parameters. The price of WT 
is estimated to be 940 € per installed kW. This is the current price of a WT that fulfills the 
aforementioned restrictions for the stand-alone operation on the grid. The calculation of the 
annual investment charge from the total capital costs is done after subsidy, concerning a 6% 
interest rate and a repayment period of 20 years7.

Significant ecological benefits
The implementation of the IPS of Serifos will result in the maximum wind energy pen-

etration together with the recovered pump-stored energy to be 79.5% for the year 2007. 
This equals to the overall participation of all RES (WTs & Hydro) to the annual production. 
The energy production of each subsystem for the optimization year (2007) is shown in the 
following table.

Prospective consumption 9,961.5 MWh % Wind Energy Allocation % 

Production of WT 6,271.6 MWh 63.0 Direct consumption 50.4 
Production of Hydro 1,643.1 MWh 16.5 Pumping 21.3 
Production of Diesel 2,046.8 MWh 20.5 Dump 28.3 

The expected diesel-fuel consumption of the conventional system for 2007is 3,032 tons, 
while the IPS consumes only 450 tons! In that way, the avoided CO2 emissions are calcu-
lated to be 8,262 tons or equally 4.1 million m3

 for the year 2007. The benefits from the 
above fact are not only environmental but also largely contribute to the emancipation of the 
national economy from oil.

Figure 7 - The evolution of the Levelized Cost (LC) of the IPS [€/kWh] 
compared to the LC of the Conventional system.
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Financial evaluation and sensitivity analysis
The profits from the operation of the IPS is estimated more easily taking into account the 

reduction of electricity supply cost in relation to the previous situation. 
The comparison between the levelized cost per kWh of the IPS9 and the supply cost per 

kWh of the Conventional System can only be made by ignoring all costs other than fuel 
(payment of wages, depreciation of conventional equipment, administration, financial and 
other expenses), which remain unchanged or at least they are independent from the con-
struction and operation of the IPS. Thus, the comparison is conducted between the fuel and 
lubricants costs for the Conventional System and the total sum of annual investment charge, 
the O&M (Operation & Maintenance) costs (for WTs and Hydro) and the new fuel and 
lubricants costs for the IPS9. Figure 7 shows the significant profitability of the IPS compared 
to the Conventional power station. As an example of the above, it can be stated that the lev-
elized cost of energy of the IPS for the year 2004 is estimated to be 0.082€/kWh, when at the 
same time, the levelized cost of the LPS was 0.133€/kWh for the year 2001. This equals to 
a relative profit of 0.051€/kWh for the first year of operation of the IPS. The annual profit is 
estimated around 566,341€ for the optimization year 2007 and according to the load forecast 
it is bound to reach as high as 882,942€ for 2014. Thus, the amortization period is 7 years.

It should be stated that the realization of the IPS would prevent the necessary expansion 
–due to the yearly increasing loads- of the existing LPS, thus the benefit of this avoided 
new installation will be further advantageous for the amortization period of the IPS. Practi-
cally, the LPS would remain unchanged and the amortization period will be substantially 
reduced.

Finally, from the conducted sensitivity analysis it can be concluded that the relative profit 
per kWh of the IPS is strongly dependant on the future oil price, while the other parameters 
cause no significant discrepancy to the initial values compared to that of the future oil price. 
The considered parameters for the sensitivity analysis are: the interest rate, the initial con-
struction cost, the future fuel price, the O&M costs, the annual energy load demand and the 
wind energy penetration. 

 

 Figure 8 - Sensitivity analysis.
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Conclusion
This paper aims to show the immense potentials of applying the maximum RES power to 

stand-alone grids while simultaneously the whole investment proves to be very profitable. 
Besides, the strictly non-financial benefits such as the avoided CO2 emissions, the gained 
independence from oil imports and the attraction of eco-tourism in the island are the key 
reasons to render the implementation of IPS of Serifos a present necessity.
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Yakushima is a circular island located in the ocean 60 km from the southernmost tip of 
Kyushu, Japan. Fig.1 presents a map showing the location of Yakushima. The area is 505 
km2 with a population of 14,000. The annual precipitation in Yakushima is 10,000 mm in 
the mountainous area, and the average value is about 4,500 mm. The altitude of the highest 
mountain on the island is 1,935 m, and the average altitude is 600 m1,2.

Figure 1 - Location of Yakushima island.

The island was inscribed onto the World Natural Heritage List in 1993. In the wide 
range of altitudes from the coastline to the 2,000 m-high mountains, Yakushima exhibits a 
very rich floral zone with 1,900 species and subspecies of plants, including some species 
endemic to Yakushima1,2. The climate varies with an increase of the altitude from subtropi-
cal to subarctic zones. This change causes great diversity in species. There are natural forests 
of cedars, which are several thousand years old, rare Yakushima rhododendrons, and many 
other plants. The island contains many valuable species. 
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The most famous cedar is a single tree called the Jomon-sugi. It is considered to be 7,200 
years old, and is known to be the largest cedar in the world1. Yakushima has been previously 
studied as a model area where material-recycling and regional energy systems will be real-
ized based on the zero-emission concept3,4. Since the island is a steep alpine club with large 
amounts of water, the potential of hydroelectric power is considered to be sufficient to real-
ize the zero-emission concept. Actually, the electric power consumed on the island has been 
supplied mainly from hydroelectric power. Therefore, this has made the energy strategy of 
Yakushima different from that of other areas in Japan. 

However, the island also still depends on fossil fuels imported from outside sources. 
Many plans concerning the reduction of the consumption of fossil fuels have been proposed. 
The production of bio-diesel fuel from used vegetable oils is one of the practical applications 
that have been considered. Fifteen automobiles that are part of the public office fleet use this 
bio-diesel fuel, but it is difficult to expand this fuel, because the amount of product is limited 
by the consumption of the vegetable oils on the island. Although realistic plans have never 
been implemented, Yakushima has the highest potential in Japan to realize a renewable 
energy system that is independent of fossil fuels.

Since Yakushima is an island, it is easy to keep track of and investigate the amount 
of import and export of every material, and energy demand and supply. The objective of 
the present study is to quantitatively investigate the current energy demand and supply in 
Yakushima. We also evaluate the hydropower potential, and the possibility of substituting 
fossil fuels with hydroelectric power. 

Energy demand and supply
The energy consumed in Yakushima is based on electric power, liquefied petroleum gas 

(LPG), gasoline, kerosene, diesel oil, and heavy oil. Although a small amount of firewood 
is also used, it is excluded from the present analysis. As it is necessary to inspect a hydro-
electric power plant periodically, a portion of the power supply was sometimes displaced 
by power supplied by a thermal power plant using heavy oil. Basically, the electric power 
used on this island has been fully covered by hydroelectric power in recent years. The height 
of standing water (referred to as “water-head”) is high due to the unique geographical fea-
tures of the island, as described above. Fig.2 shows the ratio of each energy source used in 
Yakushima based on the previous study3. About 30% of the energy depends on renewable 
energy, namely hydroelectric power. Although the development and introduction of hydro-
power generation are encouraged5, the average value of that in Japan is about 3%. This result 
shows that the energy system in Yakushima largely relies on natural resources.

A private company, Yakushima Denko Co., Ltd., owns the hydroelectric generation facili-
ties on the island, and consumes most of the generated electric energy in the production 
of silicon carbide. The company also sells some portions of its energy generation to the 
commercial and residential sectors on the island. Since such a large amount of energy is 
consumed by this company, Fig.2 excludes the company’s consumption. There are no other 
large manufacturers on Yakushima, and energy consumption by the commercial and residen-
tial sectors corresponds to the energy supply shown in Fig.2.
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Figure 2 - Structure of energy supply on Yakushima.

LPG is imported from outside sources. The main use of LPG is fuel for gas ranges for 
cooking. In addition, LPG is burned in order to heat hot water used in kitchens and bath-
rooms. In Japan, city gas networks have been developed for most parts of the country. City 
gas, which is mainly composed of methane, is usually used for cooking and heating bathwa-
ter in each home. On Yakushima, however, pipeline networks have not been developed, and 
cylinders of LPG are distributed to each consumer. 

Gasoline and diesel oil are sold at gas stations. There are 13 gas stations in Yakushima. 
These fuels are used for transportation. Since fuel must be transported to the island, and 
this is costly, the price of these fuels are about 30 % higher than the average price in Japan. 
The classification of diesel oil in Fig.2 contains the consumption of LPG by taxis. There are 
about 50 taxis on the island, and they use LPG as fuel.

Table 1 - Employed population in agriculture and construction sectors.

Agriculture and forestry 11.0% 4.6%
Construction 15.5% 10.0%

Kerosene is used as a fuel for stoves and bathwater heaters. Since kerosene is also 
distributed by dealers to each consumer, there is little difference in convenience for con-
sumers between kerosene and LPG. The price of kerosene is about a half of that of LPG, 
based on the heating value. Therefore, the use of LPG for space heating is insignificant. 
Kerosene is also preferable for bathwater heating because of its low cost. Heavy oil is 
used for heating bathwater and reheating hot spring water in accommodations. It is also 
used to fuel fishing boats and ferryboats, and is consumed in agricultural and industrial 
sessions.
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The consumption of 
diesel oil is larger than 
that of gasoline on this 
island. This tendency is 
different from the average 
consumption pattern in 
Japan. Although the con-
sumption ratio of diesel oil 
to gasoline is about 0.73 
in Japan, on Yakushima, 
it is 1.27. On Yakushima, 
the percentage of popula-
tion employed in the agri-

culture and construction sectors is much larger than that of the average value in Japan as given 
in Table 1. The main fuel for these vehicles is diesel oil. On the other hand, the consumption of 
gasoline used for commuting and for leisure is limited because of the small scale of the island. 
Therefore, the consumption of diesel oil is larger than that of gasoline. 

Another reason for this is that the prices of fuels are higher than those in other areas of 
Japan, as mentioned above, and diesel cars are preferred because of its lower price. 

Since tourism is one of the most important industries on Yakushima, we evaluated energy 
consumption by tourists. Fig. 3 shows the increase in the number of visitors to Yakushima6. 
The number of visitors has gradually increased, and doubled from 1988 to 2000. There is no 
statistical data on the number of tourists, and the ratio of tourists among visitors to the island 
is not clear. The number of tourists in Fig. 3 is supposed to be obtained by multiplying the 
number of visitors by a constant. According to this estimation, about 160,000 tourists visited 
the island during a period of several years. We consider this value to be an underestimation, 
and estimate that 80% of the visitors to the island are tourists. 

The increase in tourism presents a dilemma. Although it is economically beneficial to 
the island, an increase in tourists 
means an increase in fossil-energy 
consumption. In addition, since 
6,000 tourists hike and back-
pack on the island’s mountains 
every year, they might cause an 
impact on the environment. Fig.4 
shows the change in the capacity 
of hotel accommodations over 
the years6. Energy consumption 
and the yield of waste materi-
als by tourists are considered 
to increase with an increasing 
accommodation capacity.

Figure3 - Change in number of visitors and tourists.

Figure 4 - Change in capacity of accommodation in Yakushima
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We investigated the energy consumption in the types of accommodation available on the 
island based on the number of tourists. There are many types of hotels and lodging houses on 
the island. The biggest part of energy consumption in hotels comes from heating bathwater 
and reheating hot spring water. In addition, the guests use electricity for air-conditioning 
and electrical utilities. We summarized the energy consumption based on the previous data3 
on these items. The energy used for transportation, including buses, rental cars, taxis, and 
minivans was calculated using the data of number of these vehicles and their mileages. The 
usage of rental cars increased three times over the period from 1992 to 2001, and the usage 
of buses were doubled during this period6. Therefore, the consumption of fossil fuels in the 
tourism section showed a large increase. As a result, the sum obtained of the energy con-
sumption by tourism was 110 TJ. This value is about 14.8% of the total energy consumption 
on the island.

Potential energy of hydropower
Yakushima has a sufficient amount of hydroelectric potential. There are four hydroelec-

tric facilities, three of which are located on the Anbo river (see Fig.5). The amount of power 
generated by these three power plants is over 99% of the total power generated. Two of the 
main plants generate power using about 300 m of water-head, and their capacities are 23.2 
MW and 32 MW, respectively. 

The power plant located the furthest downstream is situated underground, 170 m from the 
mountain surface. This site is slightly above sea level. There is no environmental noise on 
the surface above this site.

According to research conducted by the Ministry of the Environment (a Japanese govern-
mental agency)7, there are 36 sites that are candidates for relatively large hydropower plants 
on Yakushima. Many mini and micro plants are likely to be installed. The total potential 
of hydroelectric power is estimated at 254 MW. Fig.6 shows the potential hydropower and 
the generation by the exist-
ing hydroelectric facilities. 
The potential hydropower is 
about three times that of the 
generation produced by the 
existing hydroelectric plants. 
The total present value of the 
generating capacity, includ-
ing the consumption by the 
Yakushima Denko Co. LTD., 
is about 361 GWh. However, 
the consumption of elec-
tric energy in the residential 
sector is 58 GWh, and is only 
5% of the water potential of 
this island.

Figure 5 - Location of hydroelectric plants on Yakushima.
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It is possible that in the near future, we will be less dependent on fossil fuel. We evalu-
ated the substitution of fossil fuels with electric power. If fossil fuels were to be displaced 
by the same energy as electric power, it would require 530,000 GJ (147 GWh). This value 
was calculated based on the data given in Fig.2. Namely, a hydropower plant with a capacity 
of 22 MW will be required when it is in operation at 75 % capacity. The scale of this new 
plant is smaller than the scale of the existing plant. Generally, electric energy is used more 
efficiently than fossil fuels. Therefore, the amount of required electric power, as obtained 
above, would be reduced. We estimated the required power generation based on substituting 
it with presently existing technology using electric energy, by considering the efficiencies of 
devices using electricity and fossil fuels. 

Figure 6 - Hydroelectric power production by existing plants and water potential.

The heat efficiency of a gas range is about 40%. By assuming that the efficiency of an 
induction-heating cooker is 80 %, the energy of LPG can be substituted by 50 % of electric 
energy. The energy supply from LPG, 51,300 GJ, shown in Fig.2, can be displaced by 
25,600 GJ of electric energy.

Residentially, kerosene is mainly used for oil stoves and bath-water heating. The ratio of 
these items is assumed to be 1:9. 

The apparent efficiency of an air-conditioner is 300%, whereas the efficiency of an oil-
stove is almost 100%. Assuming the efficiency of heating water by kerosene is 80% and that 
of electrical heating is 100%, we can conclude that the energy supply from kerosene, 58,600 
GJ, given in Fig.2, can be displaced by 44,100 GJ of electric energy.

We studied substitution by an electric automobile because it is considered to be the most 
efficient on Yakushima. This type of car has already been marketed, and is presently being 
used as public office fleets in Yaku-town on the island. However, the use of this type of 
car is a trade-off, because the price of the car is twice that of the car that uses gasoline. In 
addition, exchanging the batteries on this car is costly. Therefore, at this stage, it is not real-
istic to expect the inhabitants of Yakushima to purchase electric automobiles. In this paper, 
however, the energy consumption of an electric automobile was compared with that of a 
gasoline car of the same model. The gasoline consumption of the car was 14.4 km/L when 
it was measured based on the Japanese standard 10-15 mode measurement. The efficiency 
of the electric version of the same type of car is 7.96km/kWh 8. By displacing gasoline cars 
with electric cars, the energy consumption of gasoline in Fig.2, 143,300 kJ, can be reduced 
to 38,000 kJ of electric energy. In the case of diesel cars, the energy consumption of 181,300 
kJ can be reduced to 55,400 kJ.
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Heavy oil is mainly used for heating water and as fuels for boats. About 50% of this oil is used 
as fuel for boats. Electric heaters are available in place of oil heaters for heating water. However, 
the efficiency for heating is assumed to be the same as with kerosene. A boat, which installs fuel 
cells in the megawatt range, will be developed in the near future9. We assume that the efficiency 
changes will range from 30% to 50% by installing fuel cells on boats. Consequently, it will 
become possible to displace heavy oil consumption of 95,300 kJ by 74,500 kJ of electricity.

It has already been mentioned that a hydroelectric power plant of 22 MW is required for 
substituting fossil fuels with hydroelectric power. Considering the efficiency of energy con-
sumption, however, we calculated that the required electrical energy would be 238,000 GJ 
when fossil fuels are substituted with electric energy. In this case, the hydroelectric power 
plant that has a capacity of 11 MW (in operation at 75% capacity) can cover these energy 
demands. The addition of a generator of capacity 11 MW is possible without the develop-
ment of a new site. It would be possible to install an additional generator at the base of an 
existing station. Consequently, we can conclude that Yakushima possesses enough energy to 
substitute all energy demands by hydroelectric power, without impacting the environment 
on the island.

Shift into a hydrogen economy
One choice available for Yakushima is to abandon fossil fuels for hydroelectric power. 

Although several problems would still remain, it would be possible for the island to shift 
to a renewable-hydrogen economy10. A private company on Yakushima, Yakushima Denko 
Co.LTD. has proposed to create a new model of a sustainable hydrogen society11. Iceland 
is now trying to shift into the world‘s first hydrogen society. In Iceland, the economically 
harnessable hydroelectric energy is almost 30 TWh/y, and geothermal energy is almost 200 
TWh/y 9. However, only a part of the energy has been harnessed out of the huge amount 
of potential energy sources. About 43% of the energy used in Iceland is still dependent on 
imported fossil fuels 9. Although the scale of Yakushima is about 5% of Iceland (see Table 
2), the energy yielded by a hydropower plant is enough to supply all of the automobiles on 
the island, and it is possible to realize a scale down society of Iceland on Yakusima.

The electric automobile is the most efficient on Yakushima, because electricity is first 
generated from hydropower plants. When we take a wide view of the situation, however, 
hydrogen system is advantageous for automobiles. A large investment has put on the devel-
opment of the system including automobiles. Therefore, the energy system based on hydro-
gen is one choice available for Yakushima. Hydrogen can be produced without exhausting 
CO2 on Yakushima. Many automakers have been developing fuel-cell automobiles. In addi-
tion, BMW has tested the car powered by liquid hydrogen and constructed a refueling robot 
system for liquid hydrogen at Munich Airport12.

Two Japanese automakers, Toyota and Honda, released fuel cell cars into the market in 
2002. The fuel consumption of the FCX (Honda) is about 95 km/kg-H2 

13. If we assume that 
the efficiency of the electrolysis of water is 50%, the price of the hydrogen generated by 
hydroelectric power in Yakushima can be calculated. When we estimated the cost required 
for driving 100km based on the price of hydrogen and gasoline in Yakushima, it was found 



98

that for both cases, the costs are almost the same, about 900 yen. Judging from this estima-
tion of running cost, a future car-system based on hydrogen can be realized on Yakushima. 
DaimlerChrysler has been developing NECAR (new electric car) powered by fuel cells since 
1994, and introduced a bus powered by fuel cells, NEBUS (New Electric Bus), in 1997 14. 
The operating range of the NEBUS is 250 km. The public buses in Yakushima are operated 
on the road along the coastline. Since the distance between two terminals is about 75 km, it 
would be sufficient to construct one hydrogen filling station for public bus operation. For 
a future hydrogen society, several hydrogen filling-stations should be strategically located, 
based on detailed research.

Conclusions
Hydroelectric generation on Yakushima plays a very important role in the energy supply. 

The renewable energy used by the residential sector is about 30% of the total energy con-
sumption. Tourism is a main industry on the island, and energy consumption by this sector 
is about 14.8%. To exclude fossil fuels from Yakushima, we estimated the required capacity 
of a hydroelectric plant, and determined that it would be sufficient to construct an additional 
generator with an 11 MW-capacity by considering the efficiency of energy consumption. 
This facility is small, and will not impact the environment. Yakushima is one of the most 
suitable area in Japan for a hydrogen economy system to be realized in the future.
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To establish a general guideline for the integration of RES on any island is a difficult task. 
Resources vary in a large amount, as well as needs and island characteristics. Obviously, the 
approach for powering with RES an island with 10,000 inhabitants is completely different 
than one with half a million.

A tool is being implemented to outline the energy scenario and RE possibilities of almost 
any island, given climate information and potential resources. The software will make a 
real hourly energy management for a specific type of renewables (for a combined approach 
in the near future) as well as storage dimentioning. Therefore, to test the validity of our 
approach, to cover the widest possible range of applications, it has been decided to study the 
case of a large island, where more difficulties come together. Undertaking this task for an 
island with a complex scenario, both in energy demand and sectorial requirements, would 
make it easier for a further implementation in other regions. Afterwards, the method can 
be easily simplified locally, as an extreme example is given a solution, even though local 
parameters affect the results in a large extent. Nevertheless, the methodology will be similar, 
and as many technical challenges are addressed when approaching autonomous applications 
in a large scale, this example could be the basis for future studies.

Introduction
The scenario chosen derives from the actual situation of a real island with a high wind 

energy potential.
For an appropriate integration scheme, strategies should be developed for a regional high-

level water and energy production with RE and desalination systems. They must specifically 
reflect the needs and behavior 
of consumer daily and seasonal 
patterns, taking into account 
the economic development and 
human needs that have an impact 
on energy consumption. Moreo-
ver, the challenge of supplying a 
vast area with renewable energy 
in an autonomous mode is a 
technical, human and decision-
making challenge.
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The large scale installation of renewable energy generation plants, together with the 
appropriate policies and regulations on energy savings and rational use of energy, is impor-
tant for a sustainable development, as pollutants are not produced like when using conven-
tional fuels. The tendency of the RE market and operators is the increase on the RE installed 
power, allowing higher densities of installed power. This will enable a more efficient use of 
areas with the required natural resources.

The most important technical challenge is the assessment on regulation, integration and 
storage solutions. Several approaches should be considered, including the use of fuel cells, 
hydrogen solutions, batteries, hydro power storage, thermal storage, etc. For a complete 
100% RES island, solutions for transports should also be studied. The diagram with the 
process to evolve from conventional to renewables is the following:

The strategy for the 100% RES must be based on the energy demand and the conven-
tional powered groups used in the island. Several steps have to be taken prior to the complete 
supply with RE sources. But two scenarios should be analysed:
• RES with Constant Energy Output: Large hydro, geothermal or biomass resources
• RES with Variable Energy Output: Wind, Solar, etc.

RES with Constant Energy Output: large hydro, geothermal or biomass resources.
RES can be installed to reach 75% of conventional groups working in the lowest con-

sumption hour. For example, in an insular network with 100 MWh consumption in the valley 
hour, with three vapour turbines of 40 MW each, 70 MW of RES may be installed. This will 
ensure that the conventional turbines keep working at a minimum, without having to turn 
them off, and afterwards requiring a fast turn on that may not be possible.

The next diagram will be the scheme of the 1st integration step, with 115 MW RES 
installed:

In a next step, RES power may be installed up to 75% of conventional groups working in 
the peak consumption hour. Regulation is required in this step, switching off RES groups to 
limit its power to the mentioned 75% for each hour.

For a 100% supply, a progressive substitution of conventional groups to RE is made, until 
peak demand is supplied with RES (396 MW in this example). Adding storage to our equation 
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may flatten the energy production curve, but it will significantly increase costs. No special 
integration requirements exist in this scenario, as we are simply replacing fossil fuels powering 
the turbines with biofuels (biomass), heat (geothermal) or waterfalls (hydro power).

RES with Variable Energy Output: wind, solar, etc.
The main difference for variable energy output RES integration is that storage is a must, 

and it should be able to supply peak energy demands for an estimated period when the 
resource is scarce. Moreover, in a first step, RE production in optimum conditions should 
not exceed 25% of the conventional power in use for valley energy demands.

Integration for this scenario should follow the next step:
1. No regulation: RE power lower than 25% of power of operating conventional groups
2. With regulation (both RE and conventional) and RE requiring external excitation (wind 

energy with asynchronous generator): RE power up to twice the power of operating con-
ventional groups

3. With regulation (both RE and conventional) and RE not requiring external excitation 
(wind energy with synchronous generator): same RE power of power of operating con-
ventional groups

4. With RE Park disconnection: RE power not limited
5. With conventional plant disconnection and RE not requiring external excitation: RE 

power up to five times the power of operating conventional groups
6. 100% RES: no conventional plants + synchronous control + storage.

Regarding storage, it should be noted that it must be dimensioned to meet remaining energy 
requirements for peak hours after deducing constant energy output RES (e.g. cogeneration or 
hydro plants) for adverse climatologic conditions (no generation from RE variable sources). 
That is, if we have a peak demand of 296 MWh at a certain time, and 100 MWh are guaranteed 
with constant energy output RES, our system should have a storage capacity of 196 MWh. 

The diversity of resources available, depending on the island, makes it extremely difficult 
to outline a model that covers all existing possibilities. In previous chapters, assessment on 
the available technologies depending on the resource has been given, as well as required 
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changes in policies and regulations and the “obligation” of RUE as a previous and continu-
ing step to implement islands 100% RES.

An example on a real case scenario will help the understanding of the approach. We will 
gather the information for a real island network on the Canary Islands. The power demand 
curve of the island is highly foreseeable, like in other insular contexts with long period data 
available, and there are no unexpected changes in consumptions. Additionally it is important 
to take into account that there are consumptions associated to the generation plants (7,4%) 
and losses in the distribution and transport system (7,46%). 

The increase in the demand was 7,7% during 1999. If the percentage of increase is main-
tained, the consumption figure will reach 3 millions of MWh per year in 2010. Nevertheless, 
taking into account that RUE requirements should be followed for a 100% approach, this 
figure can be reduced to approximately 2 millions.

The curves on power demand for our case study, both in winter and in summer, are: 

In our case scenario, we have a population of 692.366 inhabitants and the following con-
ventional groups for energy production:
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Table I - Conventional Groups for Energy Production 
Technology  Power N.turbines Total

Vapour  40 4 160
Vapour  22 2 44
Diesel  12 3 36
Gas  37,5   2   75
Gas  17,2 1 17,2
Vapour  80 2  160
Diesel  24 2 48
Gas   37,5 1 37,5
Cogeneration  38 1 38

The average consumption per family in the island is 468 kWh/month. The highest hour 
demand during 1999 was 396 MWh and the lowest demand 173 MWh.

If we have available RES with constant energy output, that will reduce energy requirements 
of other RES. Photovoltaics is an expensive alternative for a centralized energy production 
plant, so the energy percentage obtained from PV panels in buildings is negligible for our 
purposes. Biomass could be an alternative if soil is available for energy crops and there are no 
non-polluting natural resources. The same applies to geothermal energy, if resources are appro-
priate. Nevertheless, the island has excellent wind resources that could provide the required 
energy for island consumption, complemented with a small percentage of small hydro, photo-
voltaics, thermal collectors for DHW, cogeneration and maybe biomass.

The next graph illustrates which generation groups are in operation in a standard winter 
working day, where V means Vapour, D Diesel, G Gas, and CO Cogeneration. The adjacent 
number is the rated power in MW.

The archipelago has excellent conditions for the development of Renewable Energy 
Plants. The wind potential is huge, ranging from 3000 to 4500 equivalent hours. The islands 
are under the influence of the trade winds, one of the reasons of its excellent climate during 
the year. The main advantage is that the wind direction is really constant. Wind blows most 
of the time from the East-Northeast direction with the highest strength. The sun hours also 
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allow the production of energy with photovoltaics, but this technology does not seem appro-
priate for centralised production; it seems more suitable for isolated applications and local 
energy production for special applications (one-family houses, buildings, public lighting, 
etc), reducing energy needs. Solar thermal collection is a great field of application, and its 
use should be increased in the island, to minimise the electricity used for domestic hot water 
and air conditioning.

Energy consumption per Sector

The southern coast of the island has a wind resource with 3000 equivalent hours. That 
means that, if supplied only with wind power, the island would require 794 MW installed. 
But that is a rough figure, as it only takes into account the energy needs over the year. But 
wind resources are climate dependant, which means that it is not adaptable to the energy 
demand. Taking into account real hourly wind speed data and consumption, the energy gen-
erated for 500 MW wind power and the consumption of the island is the following:
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A look at a shorter period will be more adequate. A month, for example, with a 700 MW 
wind Park:

Therefore, the period where wind resource exceeds demand will charge the storage system, 
which will supply the required energy where wind resource is low.

Nevertheless, peak power demand should be taken into consideration. Up to now, we have 
considered only energy supply in rough figures, but the peak power demand (396 MW) is an 
important matter. Let us assume we have that peak consumption simultaneously to a scarce 
wind resource. Our storage system should be dimensioned for that power. That means that 
the power from batteries+pumping_station_from_hydropower +turbines_powered_with_
biofuels+flywheels should equal the power of consumption. To avoid excessive costs, diesel or 
biofueled turbines may be used for consumption peaks.

The next graph shows energy consumption guaranteed with wind power. As it can be 
seen, without storage, only 70% may be supplied



106

A different path for the dimensioning of the storage is required, balancing powers to 
be able to supply the peak demand. Moreover, costs for each vector should be analysed to 
balance the total investment. It may be wiser for some scenarios to increase installed wind 
power even at the cost of losing energy, but reducing storage costs significantly.

The evolution for a 100% RES is not lineal, it should be done in progressive steps, each of 
them at a higher cost. The last step for 100% RE is extremely expensive, as we have to guaran-
tee a small energy percentage that will occur during days only throughout the year. 

If wind power and storage are combined (in storage steps of 100 MW and 5,000 MWh, 
consumption may be supplied as in the same graph:
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The experience of Kiribati in PV-based rural electrification is unusual and relevant, as 
Kiribati originally failed in its attempt to use PV for rural electrification through purchase 
of systems by rural households. Kiribati then changed the institutional structure of the solar 
implementation agency to a service-based institution and turned failure into success. The 
energy service concept developed by the Solar Energy Company has assured reliable opera-
tion of solar home systems during the past ten years. A currently ongoing project, funded 
by the European Union, is dealing with the extension of this concept to increase the solar 
home systems from the existing 300 to 2100, bringing the coverage of the electrified rural 
households to 20%.

Kiribati
The Republic of Kiribati, a former British Colony under the name of the Gilbert Islands, 

has been an independent country since 1979. It consists of 33 small atoll-type islands, spread 
in an enormous area of the Pacific Ocean (about 5 million km²) with an extension of almost 
4,000 km on East-West direction.

Kiribati’s total terrestrial surface is just 811 km² and its population is just over 90,000 
persons with one third living on South Tarawa, the capital island. The rural population is 
spread over 21 atoll islands in three main groups: the Gilbert Group in the west, and the Line 
Group and Phoenix Group in the east. The land in all islands has an elevation that does not 
exceed 5 metres and is composed primarily of coral sand and rocks. 

Droughts often occur due to irregular rainfall patterns. The soil is poor and vegetation is 
mainly limited to coconut palms, breadfruit and pandanus trees. Except for the cultivation of 
babai (a variety of taro), cassava, and sweet potato, on a limited, personal basis, especially in 
Banaba, conventional agriculture is virtually non-existent. Other food sources are coconuts, 
pandanus and breadfruit plus plenty of seafoods.

Kiribati is categorised by UNDP among the least-developed countries. Because almost 
all manufactured commodities must be imported, the government is trying to develop small-
scale import substitution industries in the private sector.

The capital island, South Tarawa, is electrified by a grid powered by Diesel engines with 
a total installed power of about 2 MW. Small Diesel or petrol generators power outer islands 
government offices and larger secondary schools, but there is no grid-based electricity pro-
vided outside of the main island. This lack of grid-electrification leads to pollution from 
fuel spills and throw-away batteries, dependency on unreliable fuel services (sometimes two 
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months go by with no fuel deliveries). The higher living standard on the main island leads to 
a migration pressure from the outer islands.

Evolution of photovoltaic usage in Kiribati
Kiribati has utilized PV systems for small communication applications; a few private 

lighting and pumping systems were present in the country in the late 1970s and early 1980s. 
However, the first national involvement with PV for general rural electrification began in 
1984 with the formation of the Solar Energy Company of Kiribati (SEC).

The SEC was established as a private enterprise by the Foundation for the Peoples of the 
South Pacific (FSP), a U.S.-based NGO. The SEC was established using USAID funding 
and was organized as a private corporation with the purpose of promoting and selling PV 
sets to rural households. The initial private shareholders were FSP and the Bank of Kiribati 
with shares also held by the Ministry of Works and Energy.

Its original charter was to act as a retail outlet for solar PV systems and to provide techni-
cal assistance where needed for their installation and maintenance. The company was organ-
ized to provide installation and maintenance services on demand by customers.

The sales concept (1984-1989)
With technical assistance and 

training from the UN Pacific 
Energy Development Programme 
(PEDP) and the South Pacific 
Institute for Renewable Energy 
(S.P.I.R.E.), SEC developed a 
competent technical staff and a 
stock of components suitable for 
Kiribati, including PV panels, bat-
teries, high-efficiency lights and 
charge regulators. These items 
were available for sale individu-

ally or as a system. The staff was available to customers for free consultation in the office. For 
site visits, a charge was made which covered labour, travel, and subsistence of the technician.

Analysis of other solar village electrification projects in the Pacific Islands indicated a 
number of significant barriers to sustainable PV rural electrification: harsh environmental 
conditions, lack of information on the how to install and maintain systems, lack of spare 
parts and high investment costs. Each of these problems was addressed in the design of the 
SEC sales and service structure. 

During the period 1984-1989, about 270 PV lighting systems were sold to private cus-
tomers throughout rural Kiribati. Additional sales of larger systems were made to schools 
and government agencies.

Despite the USAID grants supporting the operation of the SEC and a rational approach 
to the private sale and support of PV RE systems, by 1989, SEC was effectively bankrupt. 

Aerial view of Tarawa, main island of Kiribati
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Annual sales had dwindled to the point where even salaries could not be covered let alone 
providing money for reinvestment in inventory.

A survey representing over 90% of the rural Kiribati population and almost 100% of the 
private PV installations has been performed. Of the 270 PV systems installed in Kiribati, 
90% were only marginally operational or not in use at all. The major problems were low 
battery life due to lack of maintenance, low quality installation and components (50% of the 
systems without charge regulator), increase of energy demand by replacement of efficiency 
fluorescent lights with automobile lights and CB radios.

Since the average age of the systems surveyed was less than three years, the concept of 
providing for PV- based rural electrification through the private marketplace was found not 
to be a sustainable and appropriate concept for the conditions in Kiribati.

The end result was unreliable systems, a high rate of expensive battery failures and general 
customer dissatisfaction. This translated into general distrust of PV as an electrical supply 
source and reduced sales to the point where the sales company could not stay in business.

The utility concept (since 1989)
In 1989, when the SEC faced bankruptcy 

and it became clear that the private-market-ori-
ented approach to PV rural electrification was 
not viable in Kiribati, the approach of the rural 
electricity utility concept was launched and 
implemented. This concept provided that:
1) Systems that would be installed on indi-

vidual households would be owned and 
maintained by SEC. 

2) SEC would provide and guarantee energy 
service.

3) The user would rent the system.
4) Monthly Maintenance and fee collection would be performed by an SEC technician.

In 1990, JICA agreed to support the new institutional structure of the SEC through a pilot rural 
electrification project, covering 55 systems. The project was completed in 1992 and monitored 
by JICA. Results obtained through surveys showed: (i) a high level of customer satisfaction, (ii) 
a continuing good level of maintenance, and (iii) a fee-collection rate at a high on-time level.

In 1994, SEC completed with funding from the European Union, the next stage of PV-
based rural electrification in Kiribati with 250 additional systems. This second stage pilot 
project allowed the SEC to begin trials of its capability to provide service on two additional 
remote islands where operational control would be more difficult. The same institutional 
concept of a solar-based utility company which sells electricity service rather than solar 
systems, was used for the EU expansion project.

The follow-up inspections concurred with the results of the JICA project in that (a) instal-
lations were all functioning well; (b) customer satisfaction was high; and (c) technical main-
tenance was being properly carried out.

First regulator manufactured in Kiribati
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Continuing the success: increasing the degree of electrification
In 1999, the European Commission agreed to provide 4 million Euros for the launching 

of the “Solar Energy for Outer Islands” project. The project duration was 5 years, closing in 
March 2005. The main objectives of the project are:

• Reduction of migration pressure to the main island
• Increased living standards on outer islands
• Long-term sustainable rural electrification (financial, environmental, organisational)
To accomplish these goals, special weight was given to training activities, as can be seen 

in slice of the project budget shown in Figure 1:

Figure 1 - Project budget structure

Furthermore, a budget has been previewed to provide Technical Assistance to the Solar 
Energy Company of Kiribati (SEC), which is being performed by a Greek / Spanish con-
sortium formed by Energo Group and Institut Català d’Energia (ICAEN), with the technical 
support of Trama TecnoAmbiental (TTA).

In the following sections, the most interesting aspects of this expansion project are high-
lighted.

Training and capacity building
After the completion of this project, SEC will have to cope with the seven-fold number of 

systems (from 300 to 2100) and with the six-fold number of islands (from 3 to 18). Furthermore, 
training is needed for completing the installation of 1800 system within only half a year.

The “training for trainers” concept has been a useful method for the transmission of 
knowledge to a maximum number of people. The overseas expert trains local trainers on 
the knowledge and on how to transmit this knowledge. Then, the local trainers hold semi-
nars in local language, and also perform on-the-job training, often under supervision of the 
overseas expert. This method assures enhancement of local skills and the fast transmission 
of knowledge to local people.

The training covers personnel at all levels of SEC staff, from the management level to the 
technicians and also the users. Issues addressed during the training sessions are:
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1. For SEC staff:
a. technical design of solar home systems, 
b. tender preparation and evaluation,
c. installation and maintenance of the systems
d. logistics
e. training of users
f. regeneration of lead-acid batteries

2. For SEC management:
a. administrative functions
b. maintenance procedures
c. financial procedures
d. business-1related areas dealing with management of the larger-scale customer base

Procurement with international tenders
All material required for the implementation of the PV systems has been procured through 

an international tender procedure. The procurement strategy was not to tender for complete 
systems, but to request offers for individual or groups of system components. 

Certain lots (fluorescent lights, poles, and electronic material), however, had to be re-
tendered as the first offers were not satisfactory in one or more aspects. The reasons for the 
re-tendering were (i) the rules of origin of the goods, (ii) the incapacity of local suppliers to 
cope with the paperwork required for EU-tenders, and (iii) late delivery of tenders due to the 
remoteness of Kiribati.

Careful planning allowed the increase of procured items for 1700 household systems 
(instead of the 1500 originally planned). Furthermore, material for about 100 solar lighting 
systems for community halls and 18 service centres was also successfully procured.

It is interesting to note, that a company in Fiji started the manufacture of fluorescent lights 
specifically for this project and it seems that the company is planning to continue production 
for other similar projects.

A few of the problems encountered with the suppliers were: (i) delivery of dry charged 
batteries with open lids, (ii) delivery of racks where mounting holes were not drilled at the 
proper point, and (iii) screws not delivered in stainless steel quality as specified. Solutions 
to these problems are underway.

Logistics
Due to the high number of PV systems to be installed in a short time, the logistics pre-

sented a significant challenge and had to be supported by a user-friendly computer applica-
tion. This allowed SEC to deal with the delivery of about forty containers (20t each) and 
their storage in rented warehouses. In order to give an idea on the huge amounts of material 
managed, it is only pointed out that 145 km of cable has been ordered in 100m rolls.

The items had to be shipped for the installation on the 18 islands covered by this project, 
which are up to 800 km from the headquarter of the Solar Energy Company. 

The small items procured for the solar systems was packaged at the SEC headquar-
ters into kits, allowing easy shipment to the beneficiary islands. Once stored in local 
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warehouses on the outer islands, the 
systems are delivered to the users to be 
installed.

Installation
Three groups of technicians, working 

in parallel, are performing the installa-
tion each group handling three islands. 
Each group consists of a group leader, 
four installation teams and one distribu-
tion team. All group members are local 
and have been trained for their tasks.

The organisation of the installation 
process is complex due to the remoteness 
of the islands and the unreliability of 
transportation means for the installers.

The use of a rigorous quality control 
system, forming part of the installation 
process, ensures that the systems will 
be in good operational order in the long 

term. A continuous monitoring process allows the operations manager to detect problems 
early and to intervene as needed, without delay. At the end of January 2005, 1.700 PV 
individual systems will be installed, with about 96 systems in community halls will be com-
pleted before end of March 2005.

System design
The design of the systems that were to be manufactured at SEC was to have the following 

characteristics: 
• Robust and easy design. 
• No open-wire connections which could be accessed by the user.
• Battery and charge regulator to be placed in one single system box, which can be locked.
• Slight oversizing of PV-power (100W) for long battery life.
• High quality components, especially batteries (140Ah, positive tubular plates, open lead 

acid type).
• Modular design of community hall systems from 200W to 600W in steps of 100W 

according to energy demand.

Local manufacture
There are several reasons that led to the decision to perform the manufacture of electronic 

devices locally, at SEC. These are as follows:
• Most of the commercially available charge regulators do not stand the harsh climatic 

conditions in Kiribati.

First PV module installed within the EC current project
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• Local repair increases reliability of the devices.
• Increased local knowledge and skills

Consequently, a former locally developed regulator model has been slightly improved 
by TTA, and a small industry has been created in order to manufacture locally all charge 
regulators used by the project, which is, in fact, the first manufacture of electronic devices 
in Kiribati.

The disposal of used lead acid batteries
This is an important concern which was given due attention by SEC and the consultants 

from the start because the project should be environmentally sound and sustainable. System 
batteries that will have to be replaced would be collected by SEC technicians and delivered 
to a recycling utility in Kiribati, which would ship the batteries to an environmentally sound 
recycler in Australia.

Operation and maintenance
The enormous dispersion of outer islands implies difficulties not just in PV installation 

systems, but in all operation & maintenance organisation service. A special effort has been 
made in order to minimise all this costs related to O&M on the long-term run, taking into 
account, among other aspects: strict quality control during commissioning procedures, 
robust design, long life batteries (with high quality charge regulator). On the other side, the 
local field technicians have been organised into two categories:
• the island technicians, who supervise regular maintenance actions and repair the systems, 
• the village technicians, which execute the most simple maintenance tasks. 

A administrative manual has been edited and translated into Kiribati language, which 
instructs all SEC personnel on the administrative procedures to be followed during opera-
tion. Several training workshops have been held, which included technical and administra-
tive issues.

Financial sustainability
The sustainability of the utility service concept depends, on one hand on the careful 

long-term management of the Solar Energy Company and, on the other hand, on conditions 
affected by political considerations.

The cash flow of the Solar Energy Company (SEC) has been modelled using precise data 
on revenues and costs. The timeframe of this model is 2004 – 2014 in order to cover the 
period when the batteries of the novel systems will have to be replaced. This model is being 
used in the ongoing discussions on the level of fees to be paid by the users, which should 
be high enough to ensure sufficient cash flow to SEC up to the point at which the batteries 
will need to be replaced. Six key parameters have been identified, which may serve as key 
indicators of sustainability: 
1. Level of fees: the actual level of fees (A$9 per system and month) shall be maintained 

during the first year after the commissioning of the project. The method of gradual 
increase during the following years is still under discussion.
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2. Investments: these are required in order to increase revenues to SEC, should the fee level 
allowed by government be lower than required. With this form of government support it 
is the investment costs which is subsidized, rather than operational costs. In this scheme, 
the government of Kiribati will need to provide capital investment for the purchase of 
hardware to gradually increase the number of electrified households at a rate of 100 solar 
home systems each year after the commissioning of the EU funded project.

3. Fee collection rate: SEC should collect at least 90% of the user fees.
4. Sales and maintenance contracts: Revenues from these activities can be easily increased 

by 10% each year.
5. Battery lifetime: a minimum average lifetime of 8 years is envisaged.
6. Efficiency of operations: The annual increase of operational costs should be below 5%.

Only if the thresholds mentioned above can be achieved, SEC would be able to operate 
the utility service company in a sustainable manner. The first two depend on governmental 
decisions, whereas the remaining four depend on the management of SEC.

Impacts of the electrification with PV
The electrification cost using PV systems is less than the purchase and operation of a 

diesel-based grid for the same customer base and service provision. 
Satisfaction has been high and reliability of service very high. Users report a significantly 

better quality of life particularly for women and children. 
Women report less pressure for completion of household chores due to the availability of 

good lighting. They also report greater social interaction at night and better ease in caring 
for babies after dark. Children have been reported to have improved school grades due to 
improved lighting for homework and study. 

Men report less pressure 
to complete work during 
the day as good light is 
available at night, some-
thing particularly valuable 
for the common activity 
of fishing net preparation 
and repair. Fishermen 
also find the good light-
ing valuable for their pre-
dawn preparations and all 
members of the household 
have expressed pleasure at 
being able to have radio 
and cassette players avail-
able for entertainment at 
any time. 

More than 1,700 PV systems will be installed in individual households and 
about 100 in community halls
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Improvements in health services have also been reported due to the availability of emer-
gency radio communications, good lighting and vaccine refrigeration at island health cen-
tres. With a lessened need to ship and store kerosene and dry batteries, there is lowered 
environmental impact. 

When compared to the environmental impact of a diesel-based grid, the impact of PV 
electrification is substantially lower though there remains the need to recycle the lead acid 
batteries.

Conclusions
Two primary barriers exist to the creation of a successful solar utility in a developing coun-

try:
1. An base of 500 to 1000 installed systems is necessary for the utility company to break 
even on O&M costs with a fee structure that is affordable for most rural developing-country 
households. An initial capital investment of about A$1 million is needed for this number 
of systems, a sum that is unlikely to be available from commercial sources at an affordable 
interest rate.
2. Good quality, continuing management training is indispensable since long-term planning, 
good accounting and careful cost control is necessary in the management of a successful 
solar utility; such skills need development in most countries that can benefit from solar-
based rural electrification.

For such cases of developing countries, a strong need is felt for assistance organizations 
such as those existing in the European Union to overcome the barrier of the initial capital 
investment and to offer the institution building and training programs necessary to support 
the establishment of successful and sustainable solar utilities. This is exactly the process that 
has taken place in Kiribati through EU assistance – capital investment combined with busi-
ness skills development – and it has resulted in one of the few long-term successes in the use 
of solar energy for a sustainable rural electrification in developing countries.

The beneficiaries of such projects are the people of the outer islands of Kiribati, for which 
the lighting service provided is a drastic improvement of their living standards.
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THE ITALIAN “SUSTAINABLE ISLAND” 
PROGRAMME

GIANNI SILVESTRINI AND MARIO GAMBERALE

Ministero dell’Ambiente, Servizio Inquinamento Atmosferico e Rishi Industriali

Italian small islands
Italian archipelagos (Venetian, Tuscany, La Maddalena, Ponza, Campania, Eolean, 

Aegadi, Pelagie, Tremiti) have several characteristics in common. In most of the islands 
reserved areas have been established in the last few years and many others will be intro-
duced soon. All the islands have a strong tourist character: population in summer is 1,5 to 
10 times higher than in winter. This huge tourist movement entails big problems in terms of 
water, wastes, energy and mobility management.

As regard energy production, most of the small Islands (with the exception of Elba, 
Ischia, Procida and La Maddalena that are electrically connected to the continent) produce 
their own electricity locally with diesel generators. Generators are usually oversized to take 
into account the overpopulation in summer. A number that shows this seasonal trend is the 
ratio between the power capacity installed and the inhabitants: its value, that is close to 0,7-
0,8 kW per inhabitant in the continent goes from almost one kW per inhabitant in the biggest 
islands inhabited in winter (Capri, Lipari, Lampedusa) to about 10 kW per inhabitant for the 
smallest highly tourist islands like Tremiti, Vulcano, Panarea, Stromboli1. 

The seasonal nature of the load can be directly shown by the seasonal load curve. Figure 
1 shows the seasonal load curve of Giglio Island where population increase roughly three 
times in summer. In this scenario, generators are used inefficiently because their use is 
inconstant. Furthermore, management, maintenance costs and mortgages are higher than 
in the case of continuos operation. Transportation, water cycle, and wastes present similar 
problems due to the overpopulation in summer.

Figure 1 - Seasonal Load Curve of Giglio Island2
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Why launching a sustainable island programme in the small islands
In the last 20 years there have been several attempts to introduce renewable energies in 

Italian small islands, with limited results. Rather then a problem of funding, the reasons has 
been the combination of two important obstacles: the regulatory framework for the produc-
tion and distribution of electricity and the obstacles posed by authorities (Soprintendenze) 
that defend the landscape.

The Ministry of Environment has decided to launch a sustainable energy program for 
the small islands to try to overcome these obstacles and foster the large scale diffusion of 
renewable sources of energy. 

The problems posed by electric producers 
Most of the island generation systems are managed by small electricity distribution com-

pany. Only 8 out of 45 are ENEL-owned (Panarea, Salina, Capraia, Stromboli, Vulcano, 
Alicudi, Filicudi, Ventotene)3. 

Island utilities are quite reluctant to change the existing situation for several reasons:
1. They work in a monopolist condition.
2. The extra cost of local energy production is totally covered by the government.

In fact, the kWh production cost varies from island to island from a minimum value of 
0.30 €/kWh to a maximum of 0.72 €/kWh 4. Every island inhabitant pays the energy unit at 
the subsidised price of almost 0.15 €/kWh. The government pays the difference between the 
cost of energy and the final user bill to the distributor. This mechanism produces high energy 
consumption and inefficiency and it is the reason why distributors are definitely against a 
change of scenario particularly if energy saving measures and renewable energies are being 
proposed.

The launching of the sustainable islands program by the Ministry of Environment gives 
a great opportunity to discuss with the different actors about the best specific solutions and 
to accelerate the definition of new rules that, as it already happens in the rest of the country, 
will help to promote the efficient use of electricity and the diffusion of renewable energies.

The gap between the culture of renewable 
energy and the landscape protection

In order to achieve a large-scale diffusion of renewable energies it is important to define a 
correct introduction in the urban and rural landscape. In the past there have been many cases 
of installation of technologies (for example solar collectors) not in armony with the con-
text in which they were introduced. On the other hand there have been cases of unjustified 
opposition by the Authorities that protect the urban and rural landscape to the introduction 
of renewable solutions.

For this reason in June 2000 a Protocol has been signed between the Ministry of Environ-
ment and the Ministry of Culture in order to define guidelines that will help to overcome 
these obstacles. A specific chapter of these guidelines will be devoted to small islands. The 
launching of the sustainable islands program is helping to define the best ways to reconcile 
the different positions and overcome previous rigid attitudes.
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Areas considered in the “Sustainable Islands” programme
There are environmental, energy, economic and social reasons for launching a sustain-

ability programme in the Italian small islands. We will concentrate on the action that will be 
promoted in the energy and transportation area.

Sustainable energy
Diesel generation has several negative effects on the Islands and every measure that aims 

at reducing their use must be pursued. In particular, diesel generation entails:
1. High air emissions and noise in natural reserved areas;
2. High cost of energy due to the over-sizing of generators;
3. Low conversion efficiency;
4. Difficult refuelling. 

High prices of conventional fuels entail that electricity covers every final use of energy 
from cooking, to room heating, to DHW production.

The energy planning on islands can partially solve this problem by reducing energy needs, 
peak loads, atmospheric emissions and by introducing renewable energies.

The energy optimisation can be realised first of all by energy saving measures and 
demand-side management programmes, secondly by the introduction of renewable energies 
and of sustainable transportation projects.

The tourist nature of the island gives a unique opportunity of applying direct solar technolo-
gies: the seasonal nature of the load curve meets the solar insulation curve availability much 
better than any other seasonal load curve in the continent. The first result of this is that the ratio 
between the energy actually used and the total energy produced is much higher than usual.

The Programme will offer to a large number of islands a unique possibility to develop 
specific feasibility studies on the large-scale introduction of renewable energies and will 
enable a couple of them to begin the transition toward self-sufficiency.

Transportation:
The second part of the Islands program of the Ministry of Environment is focused on 

financing sustainable mobility solution. As is well known, the large diffusion of cars and 
motorcycles is one of the biggest problems to be solved in order to improve the quality of 
life in the main islands.

Many municipalities have adopted in recent years policies to reduce private traffic and 
this is a prerequisite for being financed. With the feasibility studies a global approach to a 
more friendly transportation will be explored. As a first step 0,8 € have been allocated to the 
diffusion of electric bikes and motorcycles in 19 islands during 2001.

The structure of the “Sustainable Islands” programme
The programme foresees the realisation of environmental valorisation actions to be real-

ised in Italian Small Islands that are natural parks.
For the realisation of the programme a Protocol has been signed by the former Minister of 

Environment and the Association of small islands, ANCIM. For the realisation of the above 
activities the following programmes have been planned:
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- sustainable mobility programme
- energy saving and renewable energy programme
- environmental protection actions in small islands
- new reserved areas promotion 

The first operational step toward the application of the Protocol has been the launching 
of a public tender for the local administration of Small Island to submit energy and mobility 
plans Projects will be judged by a jury that will select the best projects and finance them to 
a maximum of 1,7 million € per project for the energy projects and to a maximum of 1,25 
million € per project for mobility.

A fund of 2,4 € will be given to a couple of islands that will be chosen among all the munici-
palities that will prepare feasibility studies to improve sustainable mobility in their areas.

A set of compulsory prescriptions have been included in the call for tender; particularly:

1. In case of more than one local administration on a single island the studies must be sub-
mitted jointly and all administrations apply as a single proposer. 

2. The energy studies must include a strong participation of the local electricity distribution
3. The plan must involve the tourist sector (hotel, restaurant, house rental, and so on) that 

represents the greatest user of electricity.
4. Islands electrically connected to the continent are invited to submit mobility projects only.
5. As regards the energy plans the islands are requested to follow a scenario procedure 

focusing firstly on energy saving measures and solar thermal systems and secondly in 
renewable energies application for electricity production.

Figure 2 - Islands participating in the programme

ISLAND National Grid connected Project
Palmaria no R & M
Giglio no R & M
Giannutri no R & M
Elba yes R & M
Gorgona no R
Capraia no R & M
Ponza no R & M
Ventotene no R & M
Procida yes R & M
Ischia yes R & M
Capri no R & M
Anacapri no R & M
Tremiti no R
Salina no R & M
Lampedusa no R
Linosa no R
Pantelleria no R & M
Lipari no R & M
Panarea no R & M
Stromboli no M
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Stromboli/ginostra
Favignana no R & M
Marettimo no R
Levanzo no R
La Maddalena yes R & M
S.Stefano no R
S.Maria no R
Budelli no R
Razzoli no R
Caprera no R & M
Asinara no R & M

The procedure can be summarised as follows:
Scenario 0: Present situation assessment, diesel generation and high electricity use for final 

thermal uses on the demand side;
Scenario 1: Introduction of high efficiency devices; Demand Side Management and energy 

savings programs;
Scenario 2: Introduction of solar thermal collectors for hot water production feeding electric 

boilers, washing machines, and all the other Hot water based devices;
Scenario 3: Introduction of renewable energy technologies for electricity production (FV, 

wind, solar thermal medium, high temperature, biomass, etc.)

Each final user should be urged to implement this procedure especially in the tourist 
sector. Figure 3 shows how the energy intensity of a standard hotel in an island can be 
reduced if energy saving measures first, secondly solar thermal systems and finally tech-
nologies for energy production are introduced sequentially. 

Figure 3 - Energy saving measure and renewable energies introduction effects on hotel energy consumptions 5

This hypothesis has only considered the energy efficiency measures that can be achieved 
without substituting major electric devices like refrigerators, washing machines and so on. 
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As shown in figure 3 the most impressive measure in terms of energy savings is the intro-
duction of solar thermal systems. The low temperature heat produced by the collectors can 
feed any devices that employ hot water like electric boilers, washing machines and so on and 
the ratio between solar energy actually used and total solar energy production can be close to 
85% (against a standard 65% on the continent).

If this approach can be extended to the whole tourist sector of the Islands three major 
advantages are achievable:
• elimination of electricity wastes of the final user;
• replacement of most of the electricity used for final thermal uses with thermal energy 

produced by solar collectors;
• sizing process of renewable energy plants for electricity production starting from a lower 

electricity consumption with the same final service provided;
The effect on the final user are obviously :
• better use of energy
• lower monthly expenses for energy services
• lower indirect emission
All the benefits of such a process can be enhanced by the tourist nature of Islands: projects 

would benefit of high visibility made possible by the thousands of tourists coming from 
Italy and abroad. 
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NEW SCENARIOS FOR RES
THE CASES OF CUBA AND ST. LUCIA

CIPRIANO MARÍN

INSULA - International Scientific Council for Island Development

ALFREDO CURBELO

GEPROP (Centre for Management of Priority Programmes and Projects) – Cuba

The Caribbean region is currently heavily dependent on fossil fuel combustion, with 
petroleum products accounting for an estimated 93 percent of commercial energy consump-
tion. On the other hand, “the equivalent in barrels of oil of solar energy available in the 
Caribbean is much greater than the energy we use as imported fossil fuels. The big question 
is why such resources remain largely untapped. The International Energy Agency states: the 
economics of renewable energy are the largest barrier to renewables penetration. Low oil 
prices as well would have had a negative effect on the pace at which alternative non-fossil 
fuel sources would be brought on stream”. This remark, made a few years ago by Indra 
Haraksingh1, focuses the key issue for the future of RES in the Caribbean region, but at 
the same time contains a statement by IEA that started losing its meaning in the last years. 
Experiences such as large-scale deployment of windpower in Europe show their competi-
tiveness under market conditions if the barriers to RES have been overcome. Furthermore, 
last years’ experience showed the unpredictability of oil price, in parallel with the increase in 
competitiveness of RET. Therefore, new encouraging scenarios have appeared, where large-
scale implementation of RES is not only a technologically feasible option or just an envi-
ronmentally sound practice, but, without any doubt, a reasonable way to guarantee energy 
sustainability in many islands throughout the world.

Small Island Developing States (SIDS) are, in general, particularly sensitive to Climate 
Change as many of them are vulnerable to the consequent sea level rise and ecological 
changes. Sea level rise can also affect offshore gas and oil exploitation and oil imports. 
Therefore exploitation of Renewable Energy resources positively contributes to preserva-
tion of the environment of the islands and avoiding future oil availability problems in the 
region. Due to their special circumstances, island regions and states have in fact become the 
basic references for Sustainable Energy Community models at the international level, being 
this a line of action politically favoured by most SIDS.

However, a few general barriers involving restrictions to large-scale implementation of 
Renewable Energy technologies have been identified:
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Table 1 - Barriers to Renewable Energy Development in the Caribbean
 Most Significant Barriers Identified
• Lack of commitment on the part of governments;
• Lack of human resources for overcoming these defects;
• Lack of interest and commitment of national utilities; 
• Discriminating taxation of RE products and other financial disincentives for 

RE technologies.
• Policy framework - subsidies, tax exemptions, venture capital
• Utility resource acquisition procedures that favour conventional technologies
• Lack of community and private sector involvement.

• Insufficient acceptance of RE.
• Lack of project developers.
• Lack of capital

• The existing capacity-building activities and opportunities in RE are scattered 
and fragmented in the Caribbean region. Existing opportunities lack continu-
ation, regional co-ordination and possibly integration; 

• There are few training RE opportunities in the region for officers/decision 
makers, technicians of ministries, utilities and local industry. Training oppor-
tunities offered to this group are often “donor driven” and not sustainable, and 
do not reflect priority needs (energy policy, project development, formulating 
bankable projects).

• The lack of awareness of and confidence in the technology is a key barrier 
to the commercial application of RE technologies. A critical number of key 
persons is needed to be aware of RE, for the technologies and strategies to 
become accepted by the society;

• Most decision-makers would prefer to actually see functioning demonstration 
projects before investing in RE technologies;

• Insufficient availability and management of relevant energy data. Strengthen-
ing and improving the existing Energy Information System in the Caribbean 
is crucial for the success of any regional energy project in general, and for RE 
projects in particular; 

• Lack of systematic RE resource assessment.
• Transfer of technology limitations.

Barriers Categories
Policy-related barriers

Barriers related to RE finance

Barriers related to human and 
institutional capacities

Awareness and information 
barriers

Source: Cornelius Fevrier. Caribbean Community Secretariat (CARICOM)

 
On the other hand, there are a few evident opportunities:

• High avoided costs (i.e. fuel, variable O&M, capacity, emission losses) = good econom-
ics for Renewable & Energy Efficiency

• Existence of energy sustainability plans.
• Need to preserve an extremely fragile and sensitive environment.
• Abundance of renewable energy sources.
• Reduction of the extreme energy dependence on non-renewable sources, since RES and 

RET are more adapted to islands’ characteristics and needs.
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Figure 1 - Average Revenue/KWH (Cents/KWH)

  Source: Roland Clarke. CARICOM Secretariat.

Caribbean islands are an area of special interest for RES, including the sectors of energy 
efficiency and transport. Special island conditions make these territories be privileged loca-
tions to develop energy sustainability communities. Furthermore, Caribbean islands cannot 
be considered as small independent markets, but they have to be seen as a large opportunity 
area within this context.

This is one of the main conclusions from the EuroCaribbean RES Forum, an initiative 
of inter-island cooperation launched in St. Lucia in the year 2002, aiming to join efforts to 
overcome the existing barriers against RES development, as well as to identify new market 
and technological development areas. The EuroCaribbean RES FORUM was created as a 
network of institutions, industrial associations, international organisations and authorities of 
both European and Caribbean Islands, generating an extensive process of partnership and 
identification of opportunities of mutual interest.  

The initiative stemmed from the idea that it is possible to establish an efficient co-opera-
tion framework based on Caribbean island countries’ determined bet on renewable energy 
sources deployment and the complementary European experience developed in this field 
during the last years. In particular, European and Caribbean RET industry’s capability, 
together with ambitious and innovative large-scale projects for RES on islands and the new 
policies developed for the support of renewables, offer a wide range for the support of new 
co-operation opportunities.

From a practical point of view, the Forum aims to generate co-operation projects through 
joining together several partners, public and private, both Caribbean and European, includ-
ing RET industry, developers, consultants, energy agencies, financial institutions and inter-
national programmes.

The main objectives of the Forum are:
• To share information and results derived from viable projects and proposals for RET 

applications, including replication of successful island experiences.
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• To help in the identification of present and future needs of the Caribbean islands and the 
contribution that EU islands and industries can provide in addressing such needs.

• To promote trade in renewable energy devices and systems and facilitate the creation of 
an enabling environment for rapid market growth.

• To disseminate “state-of-the-art” RET, RUE and clean transportation technologies in 
Caribbean countries, taking advantage of new island experiences and of the European 
RE industry.

• To support the Caribbean Island States’ strategies aiming at sustainable development and 
energy independence.

• To identify projects, analyse their viability, promote necessary assistance and search of 
effective partnership for its development.
Cuba and St. Lucia are two cases that show very well the situation in the Caribbean 

and match the profiles of several islands of the world. These two islands give an excellent 
view of different-scale Caribbean RES scenarios, since they include the largest island of the 
region and one of the small-sized ones. Both are Island States and represent different eco-
nomic models, as well as complementary areas within the whole Caribbean.

Cuba facing the challenges of energy independence
The recent history of Cuba set it apart from other developing countries, providing oppor-

tunities as well as big challenges. As an example, local investment in education and health 
made social development indicators meet and even surpass those of developed countries. 
Recent attention to the development of institutions, laws, policies and capacity in the protec-
tion of the environment has been notable for a country pulling itself out of a severe economic 
crisis. There is a high degree of capacity to design and manage local projects, and projects 
based upon mutually supported goals are generally efficiently and effectively carried out. 

Two main facts make up the framework of the present energy scene. In 1993 the Coun-
cil of Ministries and the National Assembly of the Popular Power approved the “Devel-
opment Programme of National Energy Sources” (Programa de Desarrollo de las Fuentes 
Nacionales de Energía), whose bases are the increase in energy efficiency, exploitation and 
rational use of Cuban oil and the development of renewable energy sources. Huge impor-
tance is given to sugar cane biomass, and all possible ways to use other renewable sources 
are included. Another significant fact is the approval in 1997 of the Law for the Protection 
of the Environment and the “Electricity Saving” programme. Both initiatives aim to reduce 
energy dependence, minimise its impact on economy and benefit to the maximum from local 
sources of energy.

This exceptional situation, marked by Cuba’s economical and political peculiarities, and the 
enforced international isolation of the last years, has completely conditioned its energy policy, 
putting the scarce primary source saving and management at the centre of all decisions and 
actions. As a surprising result, the GDP Energy Intensity has been even decreasing. 

The impact of dependence on petroleum product import is quite relevant, taking into 
account that in Latin America the average figure is 7% of total imports of goods and serv-
ices, while in Cuba it reaches 25.1%2. The energy problem in Cuba is very evident if we 
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compare the fact that in 2000 the energy consumption per capita was 0.36 toe, while in the 
European Union was 3.8 toe.

Renewable energies are a strategic, first-magnitude allied to face this situation. Starting 
from their very sound experience, and in order to speed RES development, GEPROP together 
with other energy-related institutions and centres, prepared an original and advanced Portfo-
lio of projects that have decidedly marked a new path for large-scale deployment of RES.

From sugar to electricity
One of the main particularities of Cuba’s energy system is the very important role played 

by biomass as baseline energy. Sugar industry is at present the main source of renewable 
energy for the electricity generation in Cuba. The bagasse (crushed sugarcane husks) exploi-
tation for energy production purpose plays a decisive role in the electric production system 
of the island, feeding the 704 MW of installed power in 2002, and a production of 930 GWh. 
In the same year, 26.2% of the primary energy consumed in Cuba came from this source3 
(Figure 2).

Figure 2 - Distribution of primary energy - 2002
6915.8 ktoe

The use of biomass is focused on the electricity generation and heat supply for industrial 
purposes and cooking. In fact, the sugar industry produces around 73% of the energy that 
is consumed. There are currently 72 sugar mills interconnected with the national grid that 
receive and consume electricity from the utility. Estimated cogeneration levels during sug-
arcane production average 27.8 KW/milled sugar cane ton, accounting for nearly 98% of 
total energy consumption during this production. But the most important fact is that power 
generation can continue after sugar harvest.

It is one of the few countries in the world that could guarantee a high share of primary 
energy based on renewable sources, biomass in this case, due to the infrastructure for pro-
duction and generation available. But for a better exploitation of the existing potential there 
is an urgent need to improve efficiency at all system’s levels.
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The strategy to follow includes the remodelling of the sector and the introduction of an 
integrated concept of energy-sugar biomass. It involves:
• Remodelling the energy basis in sugar mills.
• Inclusion of new co-generating power plants annexed to sugar mills. 

The projects aiming to remodel the energy basis included in the Portfolio are focused on the 
increase in energy efficiency of sugar production, improving steam and electricity cogenera-
tion and burning sugarcane wastes in sugar mills. All this is intended to have steam generating 
capacities from bagasse after the harvesting time. Such capacities together with left biomass 
would help generating electricity in a condensing turbine generator with all-year operation 
capacity. Surplus electricity would be delivered to the National Electricity Utility (UNE).

The proposed electricity co-generating plants consist of power plants designed for all-
year operation, using sugarcane biomass as a main fuel that may be complemented with 
forestry wastes or other local biomass available. These power plants must be adjacent to 
sugar mills in order to meet the heat and electricity demand required for sugar production, 
and in turn receive sugarcane biomass during the harvest time. When sugarcane harvest time 
is over, these power plants would sell heat and electricity to existing by-product production 
and buy sugar cane biomass or other biomass to be used as fuel, according to their needs.

Sugar projection towards the energy dimension is not only limited to the exploitation of 
bagasse as fuel, but also exploitation of vinasses from alcohol distilleries and bio-metanisa-
tion of liquid wastes from sugar production. Although smaller in importance, these sources 
have undoubtedly an energy and environmental interest. Cuba relies on several experimental 
plants working in these fields, including plants having an industrial production capacity 
using UASB-type reactors, such as the Heriberto Duquesne plant. Peculiarly, biogas use not 
only covers domestic needs, but also allows covering the acetylene deficit. 

After an experimental phase, biogas exploitation is now focusing on other encouraging 
projects such as production from livestock waste (e.g. pig manure) or the waste bio-metani-
sation process that will be working at the new dump that will receive urban waste from all 
municipalities of the eastern metropolitan area of La Havana.

Table 2 - Biomass potential in Cuba
 Energy potential ktoe/year

Husks of sugar cane (bagasse)  2,800
Rests from cane harvesting  490
Biogas production  280
Wood  1,110
Charcoal  61
Total potential  4,741

Alcohol and sustainable mobility 
Common crises affecting sugar international market could be approached from a different 

side, looking for an adapted and flexible solution in the energy dimension. Sugar industry 



NEW SCENARIOS FOR RES THE CASES OF CUBA AND ST. LUCIA

129

can be transformed in such a way to divert a variable amount of sugar cane or bagasse to 
fermentation for alcohol production. 

After analysing this possibility, MINAZ (Sugar Ministry) and CETRA (Centre for Trans-
port Research and Development) has recognised the importance to convert some of these 
resources into ethanol, which would make it possible to open up two new important lines in 
favour of renewables and aiming to reduce energy dependency:
• Replace petrol with ethanol with a progressive conversion of the fleet of vehicles, thus 

generalising the use of ethanol in the public and freight transport system.
• Open up prospects for a possible export of ethanol as an automotive bio-fuel to other 

countries, that is, change part of the sugar exports for the energy version of the same 
product.
 
Starting from the base that most urban transport vehicles are currently diesel-powered, 

these can be reconverted to ethanol with a series of technical modifications to the engine and 
the fuel and air supply systems. The first project selected for the city of La Havana consists 
in converting a 50-vehicle fleet. This project will not only provide cleaner transport in the 
city of La Havana, but it will also be a pilot project for assessing the potential for larger scale 
ethanol-substitution programmes in Cuba.

With regard to export possibilities, opportunities have increased in the last years. It is 
worth recalling that the European Directive (2003/03/EC) on the use of bio-fuels and other 
renewable fuels predicts that bio-fuels will account for 5.57% of overall fossil fuel con-
sumption in EU-25 by 2010, some 50 billion litres a year. This estimation is based on the 
verified consumption of bio-fuels in 2001. Current European production does not even reach 
5% of this amount, so, unless EU Member States just ignore the Directive, it will be impos-
sible to reach the minimum target values required.

Wind, a new energy source for Cuba.
Before the 90’s, there were very few experiences of wind powered electricity generation 

and mechanical applications in Cuba. Wind power has been used until recently only for 
small applications in remote sites, with more of 8,000 wind generators working in almost all 
the provinces in addition to the traditional windmills used for water pumping in farms. 

Between 1991 and 1998, wind resources were partially assessed at 24 sites. In advanta-
geous zones of the northern coast ranging from Villa Clara to Guantanamo a conservative 
forecast indicates that at least 400 MW of wind power could be deployed. After 1999, pro-
grammes for wind power exploitation through the use of modern wind technology started, 
being the first one the small demonstration wind farm of Turiguanó Island.

The Occidente (western region) shows very good wind power possibilities. In this area it 
is planned to build wind farms with more than 30 MW of power installed, that would also 
bring stability to the national distribution grid. Beside the big potential found in the western 
region, the best wind power prospects are to be found in the north (Cayo Coco), and on 
the islands of Cayo Largo and La Juventud. Cayo Coco and Cayo Largo are tourist areas 
non-connected to the grid and with a high wind potential, features that makes it possible to 
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give them a different treatment with clear opportunities. The case of Isla de La Juventud is 
quite different, since the evident wind power possibilities are combined with a 100% RES 
integrated local development project.

Within this context, Isla de La Juventud deserves special attention. The island is located 
southwest of the main island. It is the second island in the extension of the Cuban archi-
pelago with a population of about 85,000. Although 350 islands make up the Canarreos 
Archipelago, this island is by far the biggest of them. 

With regard to its energy structure, the electricity generation accounts for 54% of the 
island’s primary energy use. Three fuel oil generators, of 3.5 MW each, supply the main 
electrical grid, which covers 99 percent of the island’s population. The remaining 46% of 
total primary energy use was consumed in the following way: 23% in the transport sector 
(15% in the form of diesel for trucking activities and 8% in the form of gasoline for use in 
private cars); 6% in the form of fuel and diesel oil to fuel industrial boilers and cookers, 6% 
by the residential sector in the form of LPG for cooking, and the remaining 11% is consumed 
by other industrial and agricultural uses. The residential sector also consumes renewable 
energy resources in the form of fuel wood and charcoal to partially meet their energy needs 
on the island.  

This project, aiming to achieve a 100% RES island, is based on an advanced integrated 
energy system of biomass exploitation in combination with other energy sources that will 
completely substitute the mix used at present. To this end, an important technology integra-
tion effort will be made through the development of biomass gasifiers for power generation 
and for process heat, an energy plantation will be started and a wind farm installed. But this 
project not only aims to cover electricity and heat energy needs, but also includes the pro-
duction of bio-fuels to cover transport needs. The possible ecological impact of the planta-
tion is absolutely reduced since it will be located on an abandoned area, previously hosting 
intensive crops which had highly altered its soils. 

Its character of demonstration project, together with the possibility of replication of this 
experience, favoured its financing by GEF, with UNEP acting as Implementing Agency, 
which will oversee the successful achievement of the project objectives, while UNIDO 
as executing agency under expanded opportunities will execute the project activities. The 
national counterpart agency is the Centre for Management of Priority Programmes and 
Projects (GEPROP) under the Ministry of Science, Technology and Environment, Govern-
ment of Cuba, and Compañía Fiduciaria – a national level trust fund financial and banking 
company. 

The solar strategy
Solar radiation in Cuba is around 5 kWh/m2/day, practically all the year round, meaning an 

excellent potential for solar energy applications. Under these good conditions, solar thermal 
collectors have been very extensively used in Cuba, since the 80’s, and an important number 
of them have been installed in schools and other places of social interest. There is therefore 
an accumulated experience with regard to installation, reaching the present number of 5593 
solar panels systems (350 medical rural centres, 2344 schools, 5 hospitals, etc.).
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Nevertheless, with a view on new market potential, the tourist sector is where the best possi-
bilities have been detected. Starting from a solid experience in solar thermal panel construction, 
assemblage and commercialisation (of both local and imported units), as well as the existing 
good professional experience, the Ministry for Foreign Investments and Economic Coopera-
tion (MINVEC) and the Ministry of Science and Technology (CITMA) promoted one line of 
projects based on solar applications in the tourism sector, especially addressed to hotels. The 
generalised application of solar energy in the tourist sector is linked with the promotion of the 
new concept of sustainable destinations and the introduction of tourist responsibility standards.

There is enough experience accumulated regarding solar PV in Cuba, since there is a 
plant for the assemblage of modules and a few programmes of PV electrification have been 
developed, which allowed electrifying, until this moment, more than 350 medical centres, 
2364 primary schools, 1864 TV rooms and 150 social centres. The important rural compo-
nent of Cuba makes solar photovoltaic applications be a first-rate social objective and serv-
ice. Decentralised electrification through photovoltaic panels allows introducing the concept 
of integration at different levels. On the one hand, the installation can be designed in such a 
way to exploit different energy sources and combine them in the same “hybrid” kit. On the 
other hand, electrification can be integrated with other services sharing installation works 
(drinking water and sewing networks...) and can integrate applications in different sectors 
such as social sector (schools, health centres, communications...), production (water pump-
ing, equipment for workshops...) and residential sector (lightening, electric devices, etc.).

Hydropower and ecological municipalities 
Cuba has more than 170 hydroelectric plants in operation that have been built through 

the years by the National Institute of Hydraulic Resources (INRH). The estimated hydro 
potential is of about 650 MW. At present only 54.7 MW are exploited. The farthest-reaching 
project was a plant of 360 MW to be built at Toa-Duaba, that has been revoked for its envi-
ronmental impact. Nevertheless, inventories made indicate that in the existing reservoirs 
and run of rivers is possible to install 270 MW of small hydro. INRH is currently generating 
almost 2% of total electricity produced in Cuba.

Priority projects are mainly located in the Santiago de Cuba Province, in southern Sierra 
Maestra National Park, where there is trained personnel and pre-feasibility studies for two 
projects (Peladero I and II, with a total 10MW capacity) have been carried out. The main 
goal is to guarantee electrical power from renewable sources and turn this zone within the 
National Park into an “ecological municipality” (Guamá Municipality). Likewise, INRH 
has assessed the feasibility of developing other four projects in the same area, providing an 
approximate additional 20MW capacity. 

The Sustainable Energy Plan model in St. Lucia.
Experience shows that changing towards a strategy aimed to an intensive use of renew-

able energies has to be necessarily based on a sound programme that combines energy 
efficiency with penetration of renewables, after undertaking a process to eliminate main 
market barriers. The Government of St. Lucia, conscious of the need to establish a favour-
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able framework combined with a medium and long-term strategy, developed a Sustainable 
Energy Plan (SEP), that is its main reference of future. 

St. Lucia currently depends on imported fossil fuel for nearly 100% of its electricity, and 
energy efficiency/demand-side management practices are minimal. In comparison with coun-
tries at a similar stage of development, the level of energy requirements in St. Lucia is about 
average. In 2000, the per-capita primary energy consumption was estimated at about 18.7 mil-
lion Btu which compares with the average per-capita consumption of 38.46 million Btu for the 
OECS states. In the ten years from 1985 to 1995, the primary energy consumption per dollar of 
GDP in 1995 constant dollars, increased at an average of about 1.1% per annum4.

The following table illustrates the proportions of consumption according to the major 
users (table 3).

Table 3 - Consumption of electricity in Saint Lucia, 1995-1999, by sector
Year 1999  1998   1997   1996   1995

 MWh % MWh % MWh % MWh % MWh %

Domestic Use 79.491 36,86 75639 38,04 69.617 38,51 65.653 39,74 62.668 38,37
Commercial & 
Hotel Use 

120.628 55,93 108618 54,63 97.248 53,80 86.518 52,37 85.683 52,46

Industrial Use 12.271 5,6 11640 5,85 11.287 6,24 10.860 6,57 12.697 7,77
Street Lighting 3.271 1,52 2931 1,47 2.605 1,44 2.185 1,32 2.282 1,40
TOTAL SALES 215.661 100% 198.828 100% 180.757 100% 165.216 100% 163.330 100%

Source: Saint Lucia Electricity Services Ltd. Planning and Projects; Load Forecast 2000 to 2010; revised May 2000.

The current generation profile for Saint Lucia consists entirely of diesel-powered genera-
tors (66.4 MW of installed capacity). Even though Saint Lucia has to import all its petroleum 
products, there are several logical reasons for the use of these systems. They are relatively 
inexpensive to procure, install, and maintain, and the utility is very comfortable with their 
operation. The power generated is quite stable and is appropriate for baseload use. However, 
an analysis of the long-term costs of operation (including investment, O&M, fuel costs, etc.) 
shows that the cost of power is quite high: US$0.13/kWh fixed cost and US$0.068/kWh fuel 
cost. Further, the country faces a considerable fuel price risk as a result of the vagaries of 
international oil markets and the current trend towards higher costs. The utility, however, 
avoids much of this risk, as it is able to charge a regulated price for electricity with a built-in 
escalator that ensures a minimum profit of 15% of the Weighted Average Percentage Cost of 
Equity and the Weighted Average Cost of Debt. 

The Sustainable Energy Plan faces this high-dependency framework, characterised by a 
generalised use of electricity as basic vector. As a result of the SEP, which was approved by 
the Cabinet in July 2001, St. Lucia set goals of reducing energy demand by 15% by the year 
2010, and delivering 20% of its electricity with renewable energy sources by that time. 

Objectives outlined in the SEP can be summarised as follows:
• Ensure the existence of adequate energy supplies to sustain economic development, while 

meeting current and projected power demand.
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• Provide for stable and reliable electricity supplies for all customers.
• Enhance the security of energy supply and use for all sectors of the economy.
• Allow reasonable incomes for businesses engaged in the local energy sector, while 

attracting international investment where appropriate.
• Promote energy efficiency and conservation at all levels of the economy in order to 

achieve optimum economic use of renewable and non-renewable sources of energy.
• Protect the local and global environment by maximizing the use of renewable-energy 

and energy-efficiency alternatives where viable, thereby enabling Saint Lucia to become 
a “Sustainable Energy Demonstration Country” by 2008-2012 in accordance with the 
agreement made at the Fifth Meeting of the Conference of Parties of the United Nations 
Framework Convention on Climate Change5.

The most innovative and advanced aspects within the SEP are based on the establishment 
of a regulatory framework favourable to RES implementation and to the creation of a strat-
egy of energy sustainability. Its main elements are:

Development of the Renewable Energy Portfolio Standard (RPS): the Ministry of Public 
Works, in consultation with key stakeholders, has prepared a specific legislation fixing mini-
mum penetration of renewables in St. Lucia’s energy mix. The RPS sets the policy by which 
electricity generation must achieve minimum percentages of renewable energy contribu-
tions by the years 2005 and 2010. 

Development of Policies to Enable Auto-Generation (or Co-Generation): The Govern-
ment (Ministry of Public Works) shall initiate dialogue with the local utility (LUCELEC), 
hotel association and local industry to propose amendments to the current arrangement for 
auto-generation on the island. A body of laws was prepared to guarantee the enablement of 
auto-generation and also to introduce ways to sell excess capacity back to the utility. 

Development of Policies to Enable Independent Power Production aiming to develop 
rules and regulations describing relationships between the IPP and the utility. 

Establishment of Renewable Energy Regulations and a Regulatory Authority following 
the implementation of policies that enable private power production and auto-generation.

Development of Solar Hot Water System Tax Relief Policy: recognizing the tremendous 
contributions that solar hot water heaters in energy savings, in 2002 the Government of St. 
Lucia removed import duties on these products. Further, granting a tax deduction for the 
purchase (and installation) costs of solar water heating systems (household, commercial, 
industrial, etc.) will greatly expand the number of systems utilized.

Starting from present scenario and considering the possibilities offered by the new energy 
framework, the SEP establishes an ensemble of targets to be achieved by the years 2005 and 
2010 (Table 4).
• Reduce projected electricity demand by 5% in 2005, resulting in a peak demand in 2005 

of 51 MW, which will require an installed capacity of 75MW. 
• Reduce projected electricity demand by 15% in 2010, resulting in a peak demand in 2010 

of 55.7 MW, which will require an installed capacity of 77.4 MW.
• Deliver 5MW, or 7% of installed capacity, via renewable energy technologies in 2005.
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• Deliver 17MW, or 20% of installed capacity, via renewable energy technologies in 2010.
• As a result of reductions in demand and increased use of renewable energy resources, 

reduce the annual consumption of diesel fuel for electricity generation to 436,579 barrels 
in 2005 (12% reduction from the baseline) and 392,823 barrels in 2010 (35 % reduction 
from the baseline).

• Reduce the annual GHG emissions from the electricity sector to 166,197 tons of carbon/
year in 2005 and 149,539 tons of carbon/year in 2010.

• Reduce the consumption of gasoline and diesel fuel in the transportation sector by 5% in 
2005 and by 15% in 2010. These reductions will be achieved by a combination of meas-
ures, including the increased use of public transportation, the introduction of high-effi-
ciency vehicles, the deployment of a limited number of vehicles powered by alternative 
fuels, driver education and awareness to reduce fuel consumption, and improvements in 
road and traffic management.

Table 4 - Electricity sector targets

Development of an energy efficiency policy as a base for renewables
Generally speaking Government policy to encourage energy conservation should be sup-

ported by the economic pricing of petroleum products and electricity. However, pricing 
policy alone is not adequate to motivate demand side management (DSM) programs. There-
fore, long term sustainability of DSM programs would depend on the creation of institu-
tional capability and availability of resources. 

Experience with previous regional and extra-regional efforts at energy efficiency pro-
grammes during the 1980s and early 1990s suggest that for the overall success of energy 
efficiency programmes to be assured, there are a number of important pre-conditions which 
must be fulfilled. As it happens in most Caribbean island countries, St. Lucia Government’s 
policy, in order to encourage efficiency, has to be based on:
• Economic pricing of petroleum products and electricity.
• Availability of finance and attractive financing terms including a willingness of financial 

institutions to involve themselves in non-traditional lending. Loan officers must be made 
sufficiently familiar with energy conservation principles and techniques and excessive 
bureaucratic requirements must be eliminated including undue restrictions on equipment 
sourcing.

• Availability of financial incentives through tax credits.

Year

2005

2010

Target Peak 
Demand (% 
reduction from 
baseline)

51 MW 
(5% reduction)

55.7MW
(15% reduction)

Target Installed 
Capacity (% 
reduction from 
baseline)

75 MW 
(5% reduction)

77.4 MW 
(15% reduction)

Target Renewable 
Energy Installed 
(% of total installed 
capacity)

5 MW 
(7% of total)

17 MW 
(20% of total)

Diesel Fuel 
Consumption 
(% reduction 
from baseline)

436 579 barrels
(12% reduction)

392 823 barrels
(35% reduction)

GHG Emissions 
(% reduction from 
baseline)

166197 tons of carbon 
equiv. (12% reduction)

149539 tons of carbon 
equiv.(35% reduction)
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• Availability of information regarding the available opportunities, including public infor-
mation campaigns and exhortations to save energy, but these should be focused on the 
individual and the financial benefits which can derive instead of the general national 
good experience in the region has shown that campaigns focused on the national good 
only work for very brief periods, if at all.

• Technical support systems. Very often, the energy auditing to quantify potential energy 
efficiency gains and to prepare projects for financing are beyond the resources and capa-
bilities of the project sponsors. Technical assistance must therefore be made readily avail-
able with subsidised support from government or its agencies.
Energy consumption in buildings is a good example of the strategy to develop. An Energy 

Efficiency Building Code should be developed for new construction and retrofits in commercial 
and institutional buildings. It is important that Government makes it mandatory that the EEBC 
is strictly complied with so that all new buildings can accommodate solar water heaters and the 
other energy savings devices. Judging from the experience of other Caribbean countries, and 
of most islands as well, it is estimated that total energy savings of about 15-20% (compared 
with current energy use) in new construction of office buildings over the next ten years could 
be achieved under the standards of an Energy Efficient Building Code (EEBC). 

This EEBC could, however, be introduced over a period of time, a technology transfer 
phase should be implemented and engineers and architects should be trained in the applica-
tion of the Code through a series of workshops. To facilitate this transfer, design handbooks 
incorporating local construction practice could be prepared by teams of local architects and 
engineers with inputs from international specialists, where required. 

Another important initiative en favour of energy efficiency is the Appliance Testing and 
Labelling Program aiming to provide information to consumers on energy consumption in 
major appliances. An energy efficiency test laboratory for refrigerators and freezers should be 
established at the Saint Lucia Bureau of Standards. Alternatively, since much of this work has 
already been carried out elsewhere in the Region (Barbados and Jamaica), the results of this 
work could be borrowed by St. Lucia. In a first phase, the public information and labelling 
program addresses key aspects for consumers, such as refrigerating equipment, air condition-
ing equipment, electric cookers, gas cookers, and solar and electric water heaters. Later phases 
would include other equipment such as charcoal stoves, computer monitors and television sets.

Renewable islands are possible
Other experiences in the Caribbean region clearly show that generalisation and large-

scale use of renewable energy sources is feasible. 
The island with the most successful solar hot water programme is Barbados with 33,000 

solar hot water systems (SHWS) installed, quite a high percentage considering its popula-
tion of 266,400 inhabitants, overcome only by the spectacular case of Cyprus, in the Medi-
terranean, where 92% of housings use solar hot water systems. Apart from Barbados and 
Jamaica, there are at best a few hundred heaters installed in the other islands. Barbados has 
over 55 hotels being run on SHWS as opposed to the small figures recorded in any other 
Caribbean island. 
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The reason for Barbados’ success must be noted. In the early seventies the Government of 
Barbados recognized the benefits of employing SHWS throughout the country and therefore 
adopted the policy of offering tax incentives for these systems under the Fiscal Incentives 
Act of 1974.

The island of Guadeloupe is another important reference for renewables, with two bril-
liant windpower-based 100% RES examples, the small islands of La Désirade and Marie 
Galante, and a working geothermic plant of 4.8 MW, an experience that is at present being 
replicated in the Qualibou depression on St. Lucia.

Furthermore, the large wind farms on Curaçao, Donaire and Aruba are clear examples of 
very successful large-scale exploitations in the region.

Some of the main promoters of the Euro-Caribbean Conference held in St. Lucia in May 2002. Starting from left: Indra 
Haraksingh (The Caribbean Solar Energy Society) Arthouros Zervos (EREC), Cipriano Marín (Insula), Mona Whyte 
(Caribbean Energy Information System), Ronald Parris (Insula), and Bishnu Tulsie (St. Lucia Government).
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Chapter 17 of Agenda 21 (Action 21, 1992) points out that islands are a special case both 
for the environment and development, and that they have very specific problems in planning 
sustainable development, as they are extremely fragile and vulnerable. In the context of 
sustainable development, energy is the cornerstone of their planning strategies.

Marin (2004) from INSULA said about islands that “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 renew-
able 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”. 

In the final document drawn up at the end of the First European Conference on Sustain-
able Island Development (1997), we can read that: “Non-renewable energy sources must be 
considered as provisional solutions, unsuitable as a long-term solution to the energy problem 
in islands”.

Corsica is concerned by these problems. The Corsican Territorial Assembly wants to impulse 
an innovative energy strategy. The particular 1982 statute – reinforced in 1991 and recently 
– gives the Territorial Assembly wide responsibilities in the energy and development fields.

To reach its purposes, the Corsican Territorial Community set up an Energy Council gath-
ering all the energy actors in the island. The guarantee of a permanent and quality energy 
supply needs a specific reply in islands. Moreover, the setting-up of equipments and the use 
of local resources must take into account the fact that the ecosystem is reduced and vulner-
able. The energy policy of the island must:
• guarantee the satisfaction of the increasing needs of an economy depending on tourism;
• intelligently use the natural resources of the island;
• promote new behaviours concerning the rational energy management.

Presentation of the island of Corsica.
With its 8680 km² and an average altitude of 568 meters, Corsica is the smallest, but the 

most mountainous of the three big occidental Mediterranean islands. The island is 183 km 
long from 41°19’ to 43° North, and 83.5 km large from 6°31’ to 7°13 East. Thus, Ajaccio 
is located under the meridian of Genova and at the same latitude as Roma and Barcelona. 
Ajaccio is 1,145 km away from Paris and only 185 km away from Bastia. 
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Mediterranean by its situation, Corsica is alpine by its structure. The central fold, of 
North-Northeast direction, South-Southeast direction which splits Corsica into 2 parts, 
forms an important barrier which can be crossed over by passes often situated at a height 
of more than 1,000 m and, with snow in winter. As 10 mountains exceed 2,000 m, the most 
important being Monte Cinto with 2,710 m and Monte Rotondo with 2,625 m, this island is 
described as “a mountain in the sea”. Moreover, Corsica is remarkable for the diversity and 
the complexity of its geological nature (fig. 1). Corsica has more than 1,000 km of coastal 
area (14% of the total French coasts).

By its situation at the 
heart of Genova gulf, Cor-
sica fits naturally into the 
Mediterranean climate zone 
with subtropical or temper-
ate affinities according to 
the season. The importance 
of its relief introduces strik-
ing contrasts, the funda-
mental type evolving from 
a maritime Mediterranean 
climate to an alpine climate 
within only a few kilome-
tres. Thus, there are large 
differences of temperatures 
and precipitations: the mari-
time Mediterranean climate 
on the littoral and into low 
valleys and the moderate 
precipitations (from 600 
mm to 800 mm per year) 
change quite rapidly for 
the worse as the altitude 
gets higher. The alpine cli-
mate is characterised by 
greater thermal gradients 
and profuse precipitations 
(from 800 mm to 2000 mm 
per year) in rain or snow 
forms. Except during the 
dry season in the summer, 
the precipitations are well 
spread over the year with 
two maximums:

Figure 1 - Corsica map with the main sites named in this paper
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• a very important one in autumn;
• another more appeased one in February-March;

The precipitations are maximum in November and minimum in July. They are irregular 
and violent. In plain, the average number of rainy days is 100.

Corsica has a high level of solar irradiation (average daily solar irradiation on an horizon-
tal plane equal to 4.41 kWh.m-2 for Ajaccio and 4.25 kWh.m-2 for Bastia) and a number of 
hours of sunshine duration per year equal to 2,728 h for Ajaccio, 2,683 h for Calvi; 2,636 h 
for Bastia and 2,585 h for Solenzara. This potential corresponds to an average of 1,400 TOE 
of primary energy per hectare and per year.

Moreover, Corsica has a rich and abundant biomass which constitutes a high available 
energy potential.

The temperatures are maximum in July and August and minimal from December to March. 

Figure 2 - Meteorological conditions in Corsica.

With about 260,000 inhabitants in 1999, up by some 10 000 in 40 years, the island of Corsica 
has an average population density equal to 30.1 inhabitants/km², the lowest of France (compared 
with 107 inhab/km² in France). But in rural areas, this density falls down to 7-10 inhabitants/
km². 44% of the population live in district of less than 100 inhab/km². The biggest concentra-
tions are in Ajaccio (53,000), Bastia (38,000) and Porto Vecchio (10,000) and environs

Moreover, Corsican culture is mainly pastoral and a lot of sheepfolds are scattered all over 
Corsican country side. It is the only island of the Mediterranean sea which has not found 
the population it had at the beginning of the XX century. It is three times less populated than 
Balearics, six time less than Sardinia and twenty times less than Sicily. The increase of the 
population is moderated (+4% between 1990 and 1999) and mainly due to migrations. Two-
thirds of the population live in coastal areas as and this is expected to rise up three-quarters 
by 2030. It is hardly surprising, therefore that the Region has put in place many policies and 
incentives to encourage people to resettle or stay in the interior.
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During the summer, the island has more than 1 million inhabitants (60% of the tourism 
is in July-August), there are about 2 million tourists per year for 24 million occupied beds. 
This parameter is important for the energy production of the island.

Total employment in Corsica is about 88,000 persons in 1997, the local economy is unbal-
anced: the tertiary sector represents 78% of jobs, industry 6.8 % (the least industrial area 
in France), agriculture 6.1% and construction 9.1 %. The importance of the tertiary sector 
is more due to public sector than commercial services. Industry accounts for very small 
numbers and among the ten largest 
industrial employers in Corsica, three 
are bakeries. Economic life in Corsica 
is heavily dependent upon its connec-
tions with the outside world - and their 
reliability, regularity, ease and cost 
(Corsican Regional Prefecture, 2004)

Of course these figures correspond-
ing to the lowest ebb of the tourist 
season are much different in July 
and August. It is an economy where 
there is a very high level of seasonal 
employment. The GDP per capita (The 
Gross Domestic Product) is the lowest 
in France (19,133 € in 2002 against 
25,153 € for France i.e 31% inferior to 
the French average) due to the fact that 
in Corsica there is one active person for 

two inactive persons and a low pro-
ductivity. The GDP is about 79% 
of the European Union 15 GDP 
(24100€ per capita) and 90% of the 
European Union 25 GDP (21200 € 
per capita) between Spain and Italy 
(Eurostat, 2005).

The electrical energy situation 
Electricity production in Corsica 

is the result of thermal and hydrau-
lic installations located on the 
island, an electric contribution lim-

ited in power from the Italian main-
land (from a DC electricity SACOI 

cable connecting Italia to Sardinia) (see 
Fig. 3) and of some wind turbines.

Figure 3 - The SACOI cable.

Figure 4 - Repartition of the installed power.
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More than the half of the 524 MW working installed capacity (table 1 and fig. 4) and pro-
duction (fig. 5) is handled by diesel thermal installations (Barlier, 2000;EDF-GDF, 2004). The 
renewable power plants (hydraulic plant and wind turbines) make up 33% of the total capacity 
of electric production in Corsica (in power).

Table 1 - Installed power in Corsica in 2004.

THERMAL 3 (MW) 301 MW
Vazzio (Ajaccio) Diesel (1981-1988) (8 x 20) 160 MW
Lucciana (Bastia) Diesel (1973-1978) (6 x 11) 66 MW
Lucciana (Bastia) Combustion Turbine TAC (3 x 25) 75 MW
HYDRAULIC 3 DAM + 7 PP  134 MW
Prunelli – Ocana 1 DAM (1958-1965) + Tolla (20 ) 40 MW
(Tolla 67400 m3) 3 Power Plants Ocana (15)
  Ponte de la Vana (5)
Golo 1 DAM (1965-1968) Corscia (13) 55 MW
(Calacuccia 79500 m3) + 3 Power Plants Castirla (28)
  Sovenzia (14)
Fium’orbo (Sampolo) 1 DAM (1987-1992)  39 MW
(Sampolo 45 000 m3) + 1 Power Plant
MICRO-HYDRAULIC 13  20.7 MW
Cargiaca (Scopamene) 2003 12* (3.2) 
Curgia (Ortolo) 13* (0.7) 
Asco 1 (Asco) 1990-1992 3* (3.3) 
Asco 2 (Asco) 1990-1992 4* (0.68) 
Manica (Asco) 1990-1992 5* (0.75) 
Asinao (Rizzanese) 11* - 
Bocognano (Gravona) 10* (1.98) 
Cardiccia (Tavignano) 7* - 
Casamozza 1 (Golo) 1* - 
Oneo (Alesani) 6* (1.85) 
Soccia 1 1998 (Liamone) 8* (1.14) 
Soccia 2 (Liamone) 9* - 
Via Nova (Golo) 2* (1.25) 
SACOI Cable 
 (1965 and 1992)  50 MW
WIND TURBINES 3 Wind farms  18 MW
Ersa (11/2000) (13 x 600) 7.8MW
Rogliano (09/2000) (7 x 600) 4.2 MW
Calenzana (12/2003) (10 x 600) 6 MW
Total installed guarantee power   485 MW
Total installed un-guarantee power (Micro-hydraulic + wind turbines)  38.7 MW
TOTAL INSTALLED POWER   523.7 MW

NB: it is not really possible to add all the electrical production powers. Wind or micro-hydraulic powers are not always available 
depending on meteorological conditions. * corresponding number on figure1.
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If we compare this repartition of the installed power in Corsica with the repartition occurring 
in the French overseas Departments (island areas) (RTE, 2003a), we note that, except for Guyana, 
Corsica has the highest level of renewable systems in its electrical generations facilities. 

Table 2 - Generation facilities in French overseas department and St Pierre and Miquelon.

 Installed Combined Combustion Bagasse, Hydraulic Wind Geothermal
 Power (MW) Cycle Diesel Turbine coal  
Corsica 524 43% 14%  30% 4% 
Guadeloupe 360 53 % 23% 18 % 2 % 3 % 1 %
St Martin 39 100 %     
St Barthélémy 22 100 %     
Martinique 394 77 % 23 %    
Réunion 478 28 % 21 % 26 % 25 %  
Guiana 254 31 % 24 %  45 %  
St Pierre 21 100 %     
Miquelon 6.2 90 %    10% 

One of the characteristics of the energy production (fig. 5) is a first peak in the winter and 
a second one during the summer (June, July, 
August and September) due to an important 
tourist flow during this period (1,770,000 
tourists in 1997 for a local population of 
258,000 inhabitants). Concerning the elec-
tric energy production, the beginning of the 
wind turbine production appears in Septem-
ber 2000.

Moreover, according to the month, the con-
tribution of thermal or hydraulic generation is 
not the same: during the summer, the hydraulic 
part is very poor and almost the total electric-
ity production is provided by thermal plants as 
seen in Table 3. Each type of source has spe-
cific constraints (function of the seasons and 
electricity request).

Table 3 - Part of energy production by various sources 
(calculated on the period 1998-2003).

 On the year On the summer
  (from June to September)

Thermal 55.25% 69.31%
Hydraulic 23.46% 8.78%
SACOI 20.44% 21.47%
Wind 0.86% 0.44%

Figure 5 - Repartition of the electrical energy
production in absolute and relative values.
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Compared with all European countries, Corsica is well situated from the point of view of 
renewable energies. (see fig. 6 - Eurostat, 2005). The part of renewable energy in Corsica is 
superior to the European average. 

Figure 6 - Renewable energies part in the electrical production for European countries.

The consumption in Corsica is the least important of all the departments of the metropolitan 
France. If we observe the repartition of the utilization of the electricity produced in 2002 and 
2003 in fig. 7 (RTE, 2003b, 2004), we note that the domestic use is the most important part, 
this being the characteristic 
of a region without a large 
industrialisation. In the ter-
tiary sector, a large part of 
the consumption comes from 
the tourist activities which is 
marked by a strong seasonal-
ity. In the winter, the half of 
the electrical power is used 
for the heating and in the 
summer, this power depends 
on the tourist crowds.

Hydroelectric installations 
There are two types of 

hydroelectric installations: hydroelectric EDF power stations with a high nominal power (from 
5 to 40 MW) and a dam, and private micro-hydroelectric power stations. The production of 
these installations depends on the water resource and thus on hydraulic variations. This pro-
duction can therefore vary very strongly (fig. 8). The part of the hydraulic production in the 
total electricity production reached 61% in 1980 then decreased in percentage because the 

Figure 7 - Utilization of the electricity.
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total production increased without an increase of the hydraulic facilities. If hydroelectricity 
represents 285 GWh (27%) in 1995, it reaches 576 GWh (50%) in 1996.

Figure 8 - Hydraulic and thermal production.

These installations thus provide a partially guaranteed energy, insofar as energy is not 
always available when that is necessary. 

The part of the renewable energy (hydraulic) in electric production varies greatly from a 
month to another, the maximum was reached in May 1999 with a renewable energies contri-
bution of more than 77%. (see fig. 9)

Figure 9 - Repartition of the hydroelectricity.



145

ELECTRICITY STATUS AND RES DEVELOPMENT IN CORSICA ISLAND

The production cost of EDF installations thus varies in the same way, but it is also related 
to the ratio of initial investment if we compare it to the expected production: between 0.030 
and 0.061 €/kWh for the Prunelli installations of, between 0.055 and 0.11 €/kWh for the 
Golo and Fiumorbu installations (EDF-GDF, 2001).

Conversion station (Italy-Corsica-Sardinia electric connection) 
An electric cable made by the Italian government (called SACOI: SArdinia-COrsica-

Italy) connects Tuscany, Elba island and Sardinia via Corsica (fig. 3). In return of the pas-
sage of this cable in Corsica, EDF signed a convention with ENEL (company of electricity 
distribution in Italy) authorizing EDF to have 20 MW guaranteed and 50 MW not guaran-
teed (but always available according to a low enquiry from Sardinia). 

The SACOI HVDC link consists in a mono-polar link with sea return, with a rated voltage 
of 200 kV, a rated current of 1500 A and a rated power of 300 MW, which can flow both from 
Suvereto (Italy) to Condrogainus (Sardinia) and vice-versa. This HVDC link is based on a 
conventional grid commuted twelve pulse thyristor bridge and has a third terminal tap station 
(50MW) in Lucciana (Corsica) (the station began to work in 1987) [10-11]. More technical 
information on this HVDC cable are given in (Corsi et al, 2000). The Lucciana conversion 
station thus allows to get guaranteed energy, and this at a weak cost (0.029 €/kWh). 

Thermal installations (Corsican Energy Committee, 2004)
The production cost of electricity from the thermal equipment depends indirectly on 

hydraulic electricity. Indeed, the production of hydraulic electricity varying according to 
the years, the thermal installations mitigate these variations in comparison with the request. 

In addition to the cost of fuel used, the production cost also includes maintenance, staff 
expense and equipment replacement, all this being independent from consumption. In this 
context, diesel power stations provide a production cost varying from 0.091 to 0.14 €/kWh 
and constitute the principal revolving electricity reserve and are used under basic opera-
tion. 

From the beginning of 2001, EDF use a heavy fuel with very low sulfur content. The 
over-cost induced by the utilization of the new fuel has been estimated at 3776 k€ per year. A 
new “environmental” fuel (Straight Run) has been used at the Vazzio plant since December 
2003 with an over-cost estimated at 3000 k€ per year. A new fuel has also been tested since 
May 2004 in Lucciana and allows to respect environmental regulations with an over-cost 
estimated at 100 k€ per year. 

Since August 2002, a denitrification experiment based on the HAM (Humid Air Motor) 
process has been in progress on a diesel engine (investment 6.3 M€) at the Lucciana plant. 
It consists in injecting water in the combustion chamber in view to decrease the temperature 
and the production of NOx. At the Vazzio plant, a process called SCR (Selective Catalytic 
Reduction), which involves processing exhaust fumes in order to substantially reduce their 
nitrogen oxide content, in process since May 30th

,2004,. The investment concerning four 
SCRs is about 5.5 M€ and the operation cost is about 550 k€ per engine only for the reagent 
(liquid urea).
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On the other hand, the gas turbines located at Lucciana have a very high cost of operation 
(1.03 to 2.40 €/kWh), due to the use of an expensive combustible (domestic oil) and reduced 
operation (high investment and operation costs for a small production of energy). These two 
turbines are only used in case of high electricity demand.

Wind turbines (Lynge Jensen, 2000)
The technical potential of wind energy in Corsica has been identified at 433 MW for an 

annual average wind speed higher than 7m/s. On this basis, the economic potential is esti-
mated at a level of 100 MW. In the frame of the Eole 2005 programme, 11 projects have been 
approved (52 MW): 3 projects in the Corsican Cape (extreme North of the island) for 14.4 
MW, 2 projects in Balagne (Region of Ile Rousse) for 6 MW and 6 projects in the extreme 
South of Corsica for 32 MW. Between all these projects, only two are in operation:
- since September 2000, a wind farm at Ersa-Rogliano with 20 Wind Turbines (WT) of 

600 kW (12 MW) which should produce 30 GWh per year.; in fact, its yearly production 
varied between 22.6 and 26.8 GWh between 2001 and 2003.

- since December 2003, a wind farm at Calenzana with 10 WT of 600 kW (6 MW) which 
should produce 15 GWh per year; it produced 12.9 GWh in 2004. .

 The evolution of the wind turbines production in Corsica is given on figure 10 (TBSP, 
2004).
To help the development of wind energy in France, new conditions of purchase of the 

wind kWh were announced by the French government in December 2000: 0.084 €/kWh 
during the first five years and between 0.03 and 0.084 €/kWh during the following 10 years 
according the quality of the production (ADEME, 2001). Favourable conditions are present 
to develop the wind energy in Corsica, but perhaps a real information campaign and dia-
logue must be developed. 

Figure 10 - Wind turbines production.
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Energy management 
The part of the electrical energy used for a thermal utilization is important (moreover 

53% of the electricity is used for a domestic utilization), thus the replacement of electri-
cal heating by other means may contribute greatly to the energy management. Moreover, 
an environmental advantage appears: an electrical kWh for heating produces 894 g CO2 
against only 200 g for a gas heating (Grandju, 2004). Various actions have been developed 
for the substitution of the electricity in the frame of a partnership between ADEME and 
the Corsican Territorial Community. 1900 solar systems are used in Corsica today: 1300 
solar home systems, 450 collective solar installations for water heating, 60 combined solar 
systems (home heating) and 50 solar air collectors. With 48 m² of solar collectors for 1000 
inhabitants, Corsica has a good place in Europe (36 m² in Europe and 11 m² in France) and 
this market is growing.

The utilization of the biomass, after some problems, seems today to be able to contribute 
to reduce the electricity demand. 8 installations have been made for a heating power equal 
to 12MW and a wood consumption of 10000 tons. 

Several studies and diagnoses have been launched so as to manage the energy demand 
and several actions are in progress to replace electrical heating by gas heating.

Problems occurring in the electrical production (Barlier, 2000).
The size of the electrical network implies some difficulties to keep control of voltage and 

frequency. In such an isolated system, we noted numerous network failures:
• more than 200 failures per year on the transmission network with voltage dips.
• Several generation failures each year with less than 46 Hz;

The quality of the electricity provided to the consumers is very bad. A way to ensure the 
inertia of the Corsican system consists in the interconnection with more powerful systems, 
as the Sardinian system which is eight times more important than the Corsican one. 

According to EDF, constraints due to the small size of the electrical grid require to 
limit the unit power of each production system at 25% of the average power on the grid 
because the total electric system must not be weakened if a unit is down. The same 
constraint also lead to limit at each moment the wind turbine power on the grid at 30% 
of the total power produced. The connection of wind turbines in such a grid must take 
into account:
• a simultaneous decrease of wind speed over the island can rapidly decrease the wind 

turbines production. 
• synchronic machines are very sensitive to voltage dips due to a problem on a production 

plant for example
• the wind turbines don’t participate to the voltage regulation which must be continuously 

supervised.
For these three reasons, the production system must have an available power margin 

rapidly usable and the other production means must be sufficient.
As written by Levratto (2005), in no-interconnected areas, the production over-costs 

are explained by physical and technical specific configurations. The energy sources for 
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electricity production are reduced to renewable energies, coal (sometimes with bagasse) 
and principally fuel (see table 2). It is the small size of the production plants in non-
interconnected areas which explains a production cost of about 100 € per MWh i.e. about 
two times higher than on the mainland and largely superior to the kWh price for the user 
(Syrota, 2000). Thus, the deficit in Corsica has reached 70 M€ in 1999 (in 1995, the defi-
cit was 65.5 M€ for a turnover of 105 M€) i.e. a same losses per kWh than in the French 
overseas departments.

These production units have a much smaller size than in the French mainland (about 20 
MW en average, i.e. 70 times smaller than nuclear units) and they use fossil energies. In 
the French overseas departments, 75 % of the electricity comes from fuel and in mainland 
France, more than 75% is provided by nuclear energy. Other technical factors contribute to 
increasing the production cost: corrosion of the material, more modulated production peak, a 
more expensive maintenance, this being due to the problem of distance. Another specificity 
of non interconnected areas is the unusually high gap between the produced energy and 
the sold one (technical and non-technical losses). These gaps between interconnected and 
non-connected areas were: in 1999, 7% in continental France, 9% in Reunion, 10% in Mar-
tinique and Guyana, 13% in Guadeloupe (Levratto, 2005; Syrota, 2000); in 2003, it reaches 
10% in Guadeloupe, Martinique and Reunion, 12% in Guyana and remains close to 15% in 
Corsica.

In 2004, the distribution of electricity has been perturbed: some problems occurred with 
an engine of the Vazzio plant and the power required by the electric grid being not satisfied, 
the voltage fell below 198 V (Grandju, 2004). Thus the current system does not lay out an 
important power margin. In February-March 2005, the worst happened: the ambient tem-
perature fell down under zero and the electrical consumption raised. EDF preferred to use 
its water resources rather than using the combustion turbines (for cost reasons). The cold 
went on and the dams were empties moreover the temperature did not allow to transform 
the snow into water. The island stayed far two weeks with numerous power cuts (30 minutes 
every three hours). Some engine generators were brought by plane from continental France, 
Canada and Ireland and a 20 MW TAC was brought from Athens. 

Current electricity needs in Corsica and evolution forecast.
In 2003, the maximum power required in Corsica was 390 MW for a guaranteed power 

(not always guaranteed, the problem in 2005 showed it) available of 485 MW (thermal + 
SACOI + hydraulic with dam) as seen in figure 11. 

The load curve is characterized by (Barlier, 2000): in winter: from 200 up to 350 MW, in 
autumn and spring: from 80 up to 150 MW, in summer: from 120 up to 230 MW. If we com-
pare the load profiles for Corsica and France (fig. 12), we see that in France the maximum 
load is obtained between 10 am and 2 pm hours but in Corsica this maximum is reached at 7 
pm and 8 pm. Moreover, contrary to what happens in France (RTE, 2005), the consumption 
is higher in Summer than in Autumn-Spring in Corsica due to the presence of an important 
tourist population. Thus, the load curve of Corsica is very different to the distribution of the 
power in the French continent.
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Figure 11 - Evolution of the peak power.

The evolution of the past and expected peak power is presented on figure 13 (Souchard, 
2003). While referring to the power requested during the year 1991 (284 MW), an average 
evolution of 8 MW per year can be seen. EDF estimates an increase by about 3% per year 
(Barlier, 2000). From 1999 to 2003, the annual average of increasing was 2.7%. Forecasts 
(RTE, 2003a) have been made on the basis of a sector-based analysis covering the industrial, 
residential and tertiary sectors. These forecasts take into account the Demand Side Manage-
ment efforts made by various partners, as well as specific actions to promote gas heating in 
towns and oil heating in rural areas, as a substitute for electric heating. The conclusion is that 
in 2005 and 2010 the peak power will be respectively equal to 406 and 494 MW and thus, 
new equipments will be necessary to satisfy the load. In this context, considering the open-
ing of the European market of electricity since 1999, EDF already seems to have adopted its 
choices in terms of new energy supplies, for the next 10 and 15 years and to adapt quickly 
to the evolutions of electricity demand actually seen.

Figure 12 - Load curves for Corsica and France.
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In 1993, 806 GWh were consumed in Corsica, 73% for domestic use and 27% for industrial 
use, inducing a total production of 1063 GWh (including the losses of the electrical supply net-
work). In 1998, the production went up to 1433 GWh, that is to say an annual average growth 
of about 12.2 % per year over the 1993-1998 period. In 2015, INESTENE (1996) expects an 
increase in consumption by 2% per year, that is to say a need for production of 1920 GWh per 
year. For its part, EDF envisages a growth ranging between 3.2% per year between 1999 and 
2010 (against 7% per years in the eighties) (see fig. 13). According to RTE (2003a), the energy 
production in 2005 and 2010 should be equal to 1887 and 2129 GWh.

Figure 13 - Prevision for energy and peak power.

The expected power and energy are not the only parameter to take into account in the 
future production of electricity because there are other problems occurring on the electric 
grid as said in chapter 4. 

The means of electrical production are getting old: the thermal plants were set up between 
1981 and 1988 for Vazzio and 1973 and 1978 for Lucciana. The latter was to be stopped 
between 1993 and 1995 but it is still operating. 

A new dam with 1.3 million m3 on the Rizzanese river and a turbine of 50 MW for a 
yearly production equal to about 80.6 GWh should be set up by 2009 and would increase the 
hydraulic power to about 37%.

Some new private hydro-power plants (about 10 MW) should be developed: some 
projects should be connected soon: Cazamozza II (2.7 MW, Golo), Pont de Calzola (0.4 MW, 
Taravo), Funtanone (1 MW, Golo), Barchetta (0.5 MW, Golo) and Olivese (1.6 MW, Pisicia 
in Alba). The impacts of hydraulic power plants on the environment and on the landscape 
tended to discourage the development of this form of energy. Moreover the most interesting 
sites are already equipped in Corsica. However, hydraulic energy, which is both clean and 
renewable, still has a considerable potential for development under certain forms. One of 
the main possibilities is the equipment and exploitation of water networks that already exist 
or which are to be created (drinking water, waste water, irrigation water). This technique is 
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called “electricity production from water conveyance” from drinking water supply systems 
or wastewater treatment plants. Several sites in Corsica are identified for a feasibility study; 
a first estimation shows that the electric power which can be produced by this technique is 
about 2.5 MW. Such systems could be used in the network providing water for agricultural 
needs on the eastern part of Corsica: the water pressure is too high to be used directly for 
agriculture, thus it is decreased by appropriate systems which could be replaced by turbines 
or reversible pumps.

The two fuel thermal plants would operate until 2012 and no decision has been taken 
about their replacement. One solution consists in their redeployment in gas combined cycle. 
In fact, an of Algerian gas pipeline project is now studied to connect Algeria to Italy via 
Sardinia (1550 km) and it could pass by Corsica located only 14 km away from Sardinian 
coasts.

An alternative connection with Sardinia (limited at 50 MW) will be carried out soon (end 
2005) and should allow to improve the quality of the electricity provided to the user:
• the interconnected network will be then of about 2000 MW, allowing a best response to 

the perturbations;
• an improvement of the quality with a more stable frequency and voltage;
• a reduction of power cuts;
• the power produced by wind turbines or hydro-power plants (without dam) greatly fluc-

tuates according to weather variations and is not always available. The potential of wind 
turbines on the electric grid could be increased.
The power of this connection should be increased and by this means, the electrical 

problem of Corsica should be partially solved but Corsica will become dependent on 
Italy and this choice would have negative consequences on the economic activities and 
on employment.

The wind turbine development in Corsica is linked to a technical limit of the electric grid. 
The wind electricity is unforeseeable and in small electric systems particularly reactive to 
perturbations and with a low inertia, such as the Corsican one, it is necessary to limit the 
wind farm integration at 30% of the electric power (Monlobou, 2002) keeping in mind that 
the load curve in Corsica is very variable. In these conditions, only 50 MW of wind turbine 
power is possible because the maximum power on the electrical grid is only 150 MW during 
autumn-spring. (see fig. 12). This limit could rapidly be increased to 100 MW after the set-
ting up of the alternative cable with Sardinia.

Today, three projects are well advanced (see fig. 1): 24 MW with 16 WT in Ventiseri and 
Serra di Fiumorbu, 1.7 MW in Soveria with 2 WT and 12 MW with 8 WT in Murato. Thus, 
55.7 MW could be installed at the end of 2005. The total of the other studied projects is higher 
than the 50 other possible MW after the interconnection with Sardinia. We see that these wind 
farms (installed and in project) are well spread over the territory with two advantages: an 
electric one because these farms will be submitted to different wind patterns leading to a better 
regularity of the production and an environmental one with a low visual impact.

All these previous considerations lead to predict for 2010 a repartition of the production in 
installed power and energy presented on fig. 14 (INESTENE, 1996 ; ADEC, 2004a, 2004b).
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Figure 14 - Perspectives for 2010.

 REPARTITION OF THE MEANS OF  REPARTITION OF THE PRODUCED  
 ELECTRICITY PRODUCTION IN  2010 ELECTRICITY ENERGY IN 2010  
 Total Installed Power (estimated)  714 MW Total produced Energy (estimated): 2130 GWh 

The renewable energies in the energy balance would reach 40% of the electric production 
in 2010. But today no decision has really been taken, particularly concerning the future of 
the thermal plants. If new problems occur on the electrical grid before, which it is highly 
probable, the decisions would be taken very rapidly and we wish this fact had no negative 
impact on the development of renewable energies in Corsica.

Conclusion
The energy situation of the electrical production is very specific in Corsica. If the part of renew-

able energies in the electricity production is already high, the planning expects 40% for 2010.
The energy question is linked to other problems: sustainable development, water and 

transports, dependence of economy on tourism, sustainable tourism, environment, security 
and lesser dependence of the energy supplying.

Today, the energy policies are at the centre of all the talks and conflicts between the dif-
ferent actors: Corsican Territorial Community, EDF, ecologists (not always favourable to 
renewable energies). In the following months, numerous decisions will have to be taken and 
it is difficult to predict the future but the development of renewable energies in the island 
only seems to be established if a real dialogue with the population is developed (Oberti, 
2004). The concern about the environment is very important in Corsica but the debate about 
energy began in a certain confusion. The actors of energy development will have to inform 
and convince the population and the population often affected by the NIMBY syndrome “not 
in my backyard” will have to understand the links between the stakes in the lesser energy 
dependence and the economic development of the island.

This problem is not limited to Corsica, it concerns all insular territories around the world 
and must be apprehended specifically. Only in Europe, there are 300 islands that represent 13 
millions inhabitants, i.e. a population higher than the population of some European countries.
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25 BIOCLIMATIC DWELLINGS 
FOR THE ISLAND OF TENERIFE

MARI PAZ FRIEND

ITER - Institute of Technology and Renewable Energies, Canary Islands.

The project consists on the development of 25 bioclimatic dwellings using recycled and 
recyclable materials, with individual solutions for the energy supply and common strategies 
for the water supply regarding RE. The bioclimatic nature of dwellings provide a consider-
able energy saving so that renewable resources incorporated are able to meet the require-
ments (ie high efficiency integrated PV structures, 2 kWp per dwelling, and solar thermal 
devices in all of them and wind turbines with power ranging 0.6-5 kW in four dwellings). 
The 25 houses are being built forming a development with no emission of pollutants and is 
complemented with a Visitors and Information Centre where common resources  are placed. 
Monitoring  of performances will be carried out for dwellings in order to check the behav-
iour indoor of dwellings and the self-sufficiency characteristic of the development.
The project started with a call for the international, public tender, which was open to archi-
tects whose qualifications had been accepted by any of the National Departments of the 
International Union of Architects, and were able to participate either individually or as direc-
tors of multidisciplinary teams.

The Selection Committee pro-
ceeded to the public reading of the 
results on October 1.995. Committee 
took into account the integral value of 
the proposals and their financial fea-
sibility and yield, their adaptation to 
the environment, their response to the 
surrounding conditioning factors, the 
use which is made of the bioclimatic 
conditions of the location and research 
into the use of recyclable materials. All 
the works met the required common 
constructive characteristics:
• Standard 500 m2 plots with a maxi-

mum built-up surface of 120 m2.
• 3-4 rooms and standing no more 

than two store high.
From the point of view of energy 

resources, the selected dwellings are 
supplied with the electricity of PV 
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panels and/or wind turbines. The electrical grid will support these installations to guarantee 
a continuous supply.

A desalination plant will produce fresh water and the sewage will be used in a purifying 
plant for irrigation purposes. The hot domestic water will be obtained from individual solar 
collectors, fulfilling the needs of each house. The use of renewable energy and techniques 
for desalination will cause a noticeable drop in pollutants and an important saving of the 
scarce traditional resources and as a result self-sufficiency. The incorporation of renewable 
energy, such as solar or wind, to domestic life, shall constitute an important step to dissemi-
nate technical knowledge within this field.

The authors of the 25 winning proposals were commissioned for the corresponding exe-
cution project. The tenderer who obtained the first prize was also commissioned for the 
making of the Visitors Centre.

The total number of teams that attended was 397 from all over the world and the 25 
selected works were the following:

Nº Author Nationality 

1 César Ruiz-Larrea Spain 
2 Natasha Pulitzer Italy 
3 Sergi Serra Spain 
4 Luc Eeckhout Belgium 
5 Neil Swift UK   
6 Madelaine Fava France 
7 Javier Rueda Spain 
8 Mark Richard France 
9 Eduardo Vadillo Spain 
10 Mathilde Petri Denmark 
11 Jaime Navascues Spain 
12 Fernando de Retes Spain 
13 Cedric Morel France 
14 Kaarina Löftröm Finland  
15 Pablo Mosquera Spain 
16 Edward Wysocki Poland 
17 Kriti Siderakis France 
18 Benito Sánchez-Montañez Spain 
19 Pablo la Roche Venezuela 
20 Alfonso Fernández Spain 
21 Nahim Dagdug Mexico 
22 Ángel Díaz Spain 
23 Harry Bent Finland  
24 Ángel Luis García Spain 
25 David Dobereiner USA 
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The main objectives of the project are:
• The construction of a development 

of 25 bioclimatic dwelling based 
on different designing approaches 
and using recycled and recyclable 
materials with individual solutions 
to the energy problem by mean of 
renewable energy, and common 
solutions for water supply. The 
whole structure is to be understood 
as a non-polluting development, 
self-sufficient regarding energy and 
water and achieve important saving through the bioclimatic nature of design.

• To provide innovative solutions for PV integration in buildings. To optimise perform-
ances of PV implementations and reducing cost of installations by using direct current at 
high voltage and high efficiency PV cells.

• To give a local solution to many problems regarding energy production and consumption, 
as well as the use of renewable energy at a small scale. The dwellings will be integrated 
in a urban development that would allow a technical and scientific tourism to come and 
stay in this place using the common areas and evaluating results. The experience could 
be applied later in other areas with similar characteristic, allowing the dissemination of 
experience and knowledge developed in this kind of buildings.

 
The 25 bioclimatic dwelling.

The houses have been designed under the frame of bioclimatic design strategies. On this 
approach, is expected a considerable saving in energy since the building will take advan-
tage of environmental conditions to meet the energy requirements indoor. This results are 
reached through a carefully selection of materials which are finally responsible for thermal 
behaviour. Aspects like global heat gain or losses have been analysed to work properly the 
sun daily cycle. Natural ventilation schemes have been implemented in designs to avoid 
expensive energy consuming and non-healthy, air conditioned equipment.

Maximum advantage will be taken of sunny climate in the chosen location from several 
points of view. First of all, an optimum working for PV installations foreseen. On the other 
hand the energy saved by a smart utilisation of daylight contributes noticeably to maintain 
the energy consumption rates very down respect conventional dwellings.

As is mentioned above, the solution contributed by each of 25 dwelling project is slightly 
different respect the way RE are implemented. All of them introduce PV resources, at an 
amount of 2 kW which will be integrated in the very structure of roofs. Four of them intro-
duce an extra small wind turbine with powers ranging 600 – 5000 W based on different 
technologies. The whole amount of energy produced by the 25 dwellings will be injected to 
electric grid and double register systems (consumption/contribution to grid) will be installed 
to check the expected zero average net consumption.
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In order to check the performances and working conditions in each dwelling, several sen-
sors and probes that will measure indoor parameters for a later analysis and monitoring, and 
other specific ones depending on the main characteristics of each dwelling (anemometers 
and wind vanes in air tubes, temperature and humidity in special places, etc.). The device 
for each of the dwellings include:
• Vertical temperature profile probes.
• Inside / Outside wall temperature probes.
• Humidity probes.
• Air flow measuring device.
• People presence sensors.

These sensors will be complemented with weather stations, which will measure param-
eters such as sun radiation, outside temperature, pressure, humidity and energy consumption 
and generation registers that discriminate the source of origin (PV panels, wind generator 
and grid). All the data will be collected in a concentrator that will process all the information 
and send it, with an specific protocol, to a central computer in the Visitors’ Centre and, even-
tually, a local computer for the data acquisition of each of the house.  The central computer 
will perform a global data compilation of the whole development, allowing access to the 
results either individual or globally in real time analysis. It will also serve as a storage unit 
and will allow, with the use of several devices, a real-time monitoring of the performance of 
the dwelling and a data processing of the desired time space.

LOCATION OF THE PROJECT.
The 25 bioclimatic dwellings development shall be located on the coastline of the south 

of the Island of Tenerife (Spain), along a dry ravine. The main reason for choosing this loca-
tion lies in the enormous potential found in relation to the renewable energy sources: large 
number of sun hours, constant winds of a considerable force (7-8 m/s), scarce rainfall and 
arid land. Nevertheless, its situation near the coast enables experiences on water desalina-
tion using RE. Tenerife is one of the islands of the Canarian archipelago, which is situated in 
the Atlantic, near the African 
continent.

The development will be 
placed near the headquarter 
of ITER, and it is conceived 
as an outdoor laboratory. 
Once the dwellings are 
built, ITER will monitor 
the efficiency of each one 
of them, with an expected 
output that will be really 
useful for later applications 
in a national and interna-
tional scope.
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ENERGY STRATEGIES.
Passive solar cooling and heating.

The basic concern is the thermal behaviour of dwelling taking maximum advantage of 
useful solar gain. The houses will be isolated in order to avoid non desired gain/losses, not 
to mention the added value of reducing noises from outside. For this purpose double glasses 
in the windows will be used ( the reduction in heat losses is about 50%) and a system to keep 
windows and door perfectly shut as it supposes 40% of change in gain/losses.

The calculations performed during the research phase yield that bioclimatic dwellings 
designed can save about 70% of heating/cooling costs, producing an additional cost which 
not exceed 20% in extreme cases. Natural lighting may be provided directly to inner spaces 
or adjacent to the house exterior. Advanced windows, light shelves, skylights, roof monitors 
and side lighting will also reduce lighting costs considerably.

Materials and appliances.
The materials used for the making of the houses are recycled in the maximum way pos-

sible and, depending on the weather, with thermal inertia. The appliances of the house have 
been perfectly fitted to the needs of the residents (capacity, power,..) and have the “Ecologi-
cal label” of the European Community.

Instead of using the traditional bulb lights, low consume ones (20% of the normal con-
sumption) or halogen lamps will be used. It saves 0.5 ton of CO2 to be emitted to the atmos-
phere to change a 100 w. traditional light for a low consume. Photo-electric and people 
presence sensors switch off unnecessary lights when not required, producing a saving 
between 10 and 80%.

Electric generation. 
Even though a great percentage of energy is saved with the design and equipment of the 

house, autonomous installations are needed (wind and solar energy) to meet the electricity 
needs of each house, besides water treatments plants.

PV panels and wind tur-
bines will not be common 
resources, but individual 
solutions for the consump-
tion of each of the dwellings. 
Each house is equipped with 
2 kW of PV panels based on 
high efficiency solar cells 
(BP Saturno). These cells 
introduce new simplified fab-
rication processes which will 
lead to reduction of costs and 
to major penetration of PV in 
small domestic applications.
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The PV installation will be integrated in the very structure of each dwelling (unframed 
panels) looking for a  minimum visual impact and it will work at direct current regime  at 
high voltage.  Doing so, the costs of equipment are reduced considerably and performances 
are higher.

Water supply.
A desalination plant based on reverse osmosis and a purifying system, both placed in the 

visitors centre, will be suppliers of the water needed for the village. There will be three dis-
tribution networks. The water obtained from the sea will be treated in the desalination plant 
to produce fresh water; it will supply the houses with the first pipe network. The sewage 
originated in the building will be sent to the Visitors Centre by second network, where it will 
be treated in a sewage farm. The third network will supply purified water for irrigation.

Active solar energy systems of low temperature use an energy collector, specially suitable 
for heating water for human use and heating. The main components are the solar collector, 
a storage system and the distribution or con-
sumption system. The basic element, the col-
lector, contains an absorber which converts 
the incident solar radiation into collected 
energy; later on, the energy is transferred to 
the water for transport  directly to the load or 
to isolated tanks for later use.
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NEW WINDS FOR ISLAND SUSTAINABLE TOURISM
CIPRIANO MARÍN

INSULA - International Scientific Council for Island Development

 

In the last decades, islands have gradually adopted tourist activity as one of their devel-
opment mainstays. Nowadays, if we take into account the total number of tourists, islands 
represent the second largest ensemble of tourist destinations in the world, after the block 
made up by big cities and historical towns. In the case of Europe, tourist activity powerfully 
influences land transformation, due to the tourist flow that has already gone beyond 50 mil-
lion visitors per year. This activity directly or indirectly affects more than 300 islands and 
12 million European citizens.

To get an idea of the importance of island tourism, if we can compare usual island tourist 
densities. We find densities that easily go beyond 50 rooms per square kilometre, higher in 
many cases than densities in many populated areas of the mainland. This is the case of St. 
Marteen, Bermuda, Malta and Canary Islands. But in terms of tourist flows, the results are 
a lot more striking: Greek islands receive more international tourism than Brazil, the Bal-
earic Islands host as many tourist as Portugal and the Canary Islands double the 6 million 
international tourists received by South Africa, the great emerging destination of the African 
continent. If we use the tourists/local population indicator, we also find many several unusual 
disproportionate situations, like the Cayman Islands, Aruba, British Virgin Islands, and the 
most spectacular case, the Balearic Islands, where there are 418 tourists per 1000 inhabitants.

Particular land features, environmental fragility, scarcity of resources, product seasonality, 
and economical specialisation, make island tourist destinations a very special case within the 
world tourist industry framework. Under these circumstances sustainable tourism development 
is not one more option within an available range of development solutions, but it simply is the 
obliged path to maintain or improve quality and competitivity of present and future offer.

100% RES for tourism
Although we can state that, generally speaking, islands, and European islands in particu-

lar, are being turned into the best laboratories of energy sustainability, the same trend is not 
evident if we talk of the tourist sector. Within the framework of the “Towards 100% RES” 
strategy, launched with the Chania declaration (2001), this gap was a factor to be overcome 
through the initiatives of RES deployment in island areas. 

Large-scale inclusion of renewable energy sources in the tourist sector, and in the hotel 
sector in particular, clearly is an already demonstrated, competitive and efficient option. It 
is not hazardous to say that the greatest industry of our planet is one of the strategic sectors 
candidates for a large-scale implementation of RES-based energy solutions.
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Every day more renewable solutions are found. With regard to solar applications, the possibili-
ties are more and more evident. Nowadays we own a wide experience, accumulated for almost 
two decades, on hot water production, and on applications such as swimming pool heating.

 New projects aiming to solar cooling are now appearing, meeting an essential demand of 
warm destinations, and, more recently we are seeing how the generalisation of photovoltaic 
applications allow power production directly in the same building, with the possibility to reach 
the total supply and even transfer the surplus to the electric grid. Furthermore, tourist establish-
ments or resorts can be designed and built to take advantage to the maximum of the environ-
ment energy, saving in power production through the use of bioclimatic architecture criteria.

Nevertheless we must admit that penetration of RET solutions within the European 
islands’ tourist sector is surprisingly low. Works developed, for instance, in the Mediter-
ranean area (CRES, ICAEN; SOFTECH, ADEME), show a very low present contribution of 
renewable energies in the hotel sector (Figure 1), although the diagram of its energy needs 
makes this option easier (Figure 2) and the estimated potential is certainly high (Figure 3).

Figure 1 - Energy forms used on average in the Mediterranean hotel sector (CRES)

Figure 2 - Energy consumption per use in the Mediterranean Hotel Sector (CRES)

Figure 3 - Estimated potential energy sav-
ings from the implementation of efficient 
energy technologies and R.E.S. (CRES)
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It is necessary to analyse in detail the reason why the most innovating industry of the planet 
hasn’t been able to generalise the methods of exploitation of Renewable Energy Technologies. 
It is not only an economical question, although often this is the reason given, as it was empha-
sised in the ICAEN works, since the energy costs fluctuate between 3% and 10% of the costs 
of an hotel and, at the same time, they are the highest budget head after staff and food costs. 
Also in studies carried out by Insula for European tourist islands it was made clear that the first 
necessary investments for energetically sustainable hotels, being they new or on the occasion 
of renovation works, range between 5 and 8% of the total inversion, while the surplus cost of 
embellishment materials used in the hall and common areas is sometimes higher than it.

These data indicate that beside purely financial features, we are facing a problem of gen-
eralised ignorance about RET possibilities, together with an absence of co-operation on this 
subject of the main actors: architects, engineers, consultants, promoters and hotel managers. 
All this in spite of the fact that, according to several works on tourist expectations on islands, 
tourists start to ask for more environmentally-friendly behaviours in island destinations.

The actual lack of alliances in favour of RES in such an important market favoured the 
consolidation of the Tech-Island Tourism Forum, in the framework of the Island 2010 initia-
tive started from the Maspalomas Conference (Sustainable Hotels for Sustainable Destina-
tions). Its aim is to break the information barriers and promote sustainable tourist initiatives 
within the 100% RES strategy.

The trinomial “Energy-Water-Tourism”and other limits of insularity
In the last years, the trinomial energy-water-tourism has been representing a great challenge 

for tourist islands. This new specialisation, added to population growth, places islands in an 
extremely vulnerable position. Energy and water, because of their territorial, environmental and 
economic implications, have always represented a central element of the insular dilemma. 

The problem of freshwater supply affects small islands more than big ones, as they have a 
large part of the water-related problems. According to the estimates works developed within 
the UNESCO’s International Hydrological Programme, these difficulties are specially 
expressed by islands smaller than 1000 km2 and narrower than 20 km. Local hydrological 
values are also very different from one island to another. In the Mediterranean area, for 
instance, the most frequent values are between 400 and 600 mm. But the worst thing is that 
the largest differences can appear in successive years or on two different sides of the island 
or even at different altitudes.

To overcome these difficulties the small islands have developed a very complex culture of 
water to take maximum advantage from their scarce resources: tanks, rainwater reservoirs, 
impluvia, etc.. Furthermore, we know the need to use solutions as the water transportation in 
tank ships employed from long time to bring water to small Italian and Greek islands, or sub-
marine water conduits bringing water from the continent to the islands of Elba, Tabarca or to 
some Dalmatian islands for example. Recent tourist developments, like those of Djerba, lead 
to mobilisation of water resources from the mainland to guarantee the needed supply.

Malta, for example, has an area of 246 km2 and a population density higher than 1,200 
people/km2 outside the tourist area. The island is in reality a great calcareous slab, fissured 
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and therefore with little capacity to retain water. Or Lanzarote, an Atlantic island with an 
area of 900 km2 where water supply for its more than 45,000 tourist accommodations and 
90,000 inhabitants comes almost exclusively from desalination. These are extreme cases 
but they clearly show the current trend of a large part of the Mediterranean and European 
islands, and exemplify possible risks and dependences of the future.

Nevertheless, water deficit due to growing tourism on islands, generates new risks. It 
is evident that new demands in island economies introduce a factor of competition with 
the traditional agricultural activities. It is also serious that vital water supplies are diverted 
from fragile ecosystems and high-value wetlands, and we know well the risks derived from 
water extractions in the coast. To these new needs of the tourist demand, problems caused 
by seasonality must be added. In Majorca water consumption is estimated in 90,000 cubic 
metres in winter and it rises to 130.000 in the tourist season. But the influence of tourism 
is not only limited to a greater number of consumers: it also affects the type of consump-
tion. Normal islanders’ standards (100-125 litres per capita per day) are multiplied after the 
arrival of tourism, and often exceed 250 litres (Year missing in citation data). Furthermore, 
we must take into account the fact that tourism demands an endless supply and, because 
of leisure facilities such as swimming pools, golf courses and greens, even when there is 
enough water, there are high losses in main supply.

These subjects have been a basic concern of the twenty-second United Nations General 
Assembly (1999), within the special session exclusively dedicated to islands, whose objec-
tive was the re-examination of the Barbados Action Plan. A great portion of the world’s 
islands declared that aspects related to tourism, water and energy management would clearly 
determine island future sustainable development in the islands.

The report of the Global Conference on the Sustainable Development of Small Island 
Developing States, revised during that special session, establishes two pressing objectives:
• Encourage the development and acquisition of appropriate technology and training for 

cost-effective desalination and rainwater collection to provide sufficiently high quality 
potable freshwater, including opportunities for technology interchange among islands.

• Improve access to environmentally sound and energy efficient technologies for the pro-
duction and delivery of freshwater.
Within this context, the mentioned insularity features are in favour of an advisable alliance 

between renewable energies and water production through desalination. An alliance that is still 
more necessary in the increasing tourist specialisation framework of many islands.

There are many economic and technological reasons supporting this idea. Typical data 
per cubic meter of fresh water are 8-15 kWh for commercial distillation (heat consuming 
processes) and 4-7 kWh for commercial membrane systems (electricity consuming proc-
esses). These numbers show the large amount of supplementary energy needed by certain 
islands in order to secure themselves a sufficient water supply.

Risks of island mobility 
Inland transport is probably one of the major environmental risk factors for island tour-

ist destinations. Importing of unadapted mobility systems and oversizing of infrastructures 
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induced by tourist activity always has devastating effects in such fragile and limited ter-
ritories. We can take, as an example, the case of Spanish islands. According to the Spanish 
Traffic Directorate-General Yearbook, Balearic islands head the national ranking with a rate 
of 916 vehicles per 1000 inhabitants, followed by the two Canary Islands provinces with 
650 in Las Palmas and 688 in Tenerife (Spanish Directorate General for Traffic, 2000). But 
when we analyse the density of vehicles, we find that the Canary Islands also go to extreme 
figures, reaching 205.4 vehicles per km2, which is twice the Spanish average (128).

Road density follows the same trend. Canary Islands’ road network, for instance, consists 
of 4,362 km of roads, with an average of 0.58 km/km2, a very high ratio if we think that 42% 
of the territory is protected, and therefore road density in these areas is obviously lower. 

Nevertheless, we must clarify that this is common feature of tourist islands, where road 
densities are always extremely high, like on Martinique (1.4 km/km2), and Madeira (1.7 
km/km2). Effects induced by tourist activity are particularly clear in the case of Lanzarote. 
Within the “Lanzarote in the Biosphere” plan, it is possible to notice the “over-motorisa-
tion” of the island and the lack of island mobility planning criteria. There are 800 vehicles 
per 1000 inhabitants, going beyond the average of most European countries; global traf-
fic reaches 685 million vehicles/km per year, a disproportionate number for a territory so 
vulnerable to mobility-induced impacts; tourists cover an average of 49 km daily doubling 
the available figures relative to other Mediterranean tourist destinations; the number of cars 
increased by 65% between 1988 and 1996; public transport can only manage 26% of dis-
placements (Lanzarote in the Biosphere, 2000). 

This reference can be given in full. Estimations show that tourist rented cars alone account 
for 40% of the total motor vehicle traffic on the island, although they are just 20% of the 
total number of cars. One of the most effective ways of tackling this problem is to take an 
integrated approach of introducing more environmentally friendly vehicles and simultane-
ously encouraging a modal shift from private to public transport. Renewable energy for 
public transport can contribute on both fronts providing a sustainable, clean and attractive 
alternative. The renewable options considered fall into the two broad categories of biofuels 
and electric vehicles powered by renewable energy sources.

Nowadays it is technologically possible to change towards sustainable mobility in tourist 
destinations. Ultra-low or zero emission transport (CNG, Hybrid, Electric, etc.) can clearly 
benefit the environment in urban and tourist areas, as they contribute to lessen the effects 
produced by pollution to the environmental quality of tourist destinations, particularly in 
sensitive areas and historic centres. Vehicles using natural gas give spectacular results, in 
terms of emissions, at a reasonable cost. Other alternatives, such as hybrid and electric 
vehicles show us also operability and benefits of these non-polluting transports. Nowadays, 
new transport technologies allow to take care of environmental aspects in tourist destina-
tions without decreasing mobility, being supported by complementary measures such as the 
creation of pedestrian areas, the limitation of use of private vehicles, promotion of public 
transports, telematic assistance and intermodality. For island tourist destinations this is an 
excellent possibility to qualify their offer, taking advantage of the experiences accumulated 
by several EC projects. 
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Conclusions
Consolidation of Sustainable Island Tourist Destinations is facing new and important 

challenges, where energy, water management, and mobility systems directly or indirectly 
condition tourist product viability. Seven years after the first the publication of the World 
Charter of Sustainable Tourism in Lanzarote, islands know that, beyond the introduction of 
environment protection systems or eco-management solutions in the services and tourism 
sectors, putting into practice sustainability also involves the capacity to implement new and 
adapted renewable and eco-efficient technologies in key areas such as renewable energy 
sources, clean water production and management and promotion of low-impact transport 
and mobility systems. 

In spite of that, island tourist reality is at present filled of lights and shades, where 
advanced projects and solutions in these fields coexist with a worrying general ignorance of 
the existing potential and of its incidence on the improvement of tourist destinations. 

Among the most relevant features defining the present scene, we find that:
• Tourist sector on islands records a low exploitation of RES, in marked contrast with 

islands’ potential and with the innovator capacity of the tourist activity. 
• There are great information deficiencies on the present potential of RES, energy effi-

ciency measures, possibilities to produce water from RET and new transports viability. 
Lack of information broadens to financing systems and technological reliability sys-
tems.

• Important connection difficulties are detected between main technological actors and 
providers and tourist decision-makers. Also to be emphasised the widespread unaware-
ness of the actual potential of this market as a whole.

• Regulatory measures o accompanying actions to promote or improve tourist destinations 
are often very far to contemplate these dimensions of tourist development.

To overcome these difficulties would involve agreeing with the following measures, 
among others:
• The need to rely on reference projects aiming at large-scale RET implementation in the 

tourist sector, including new technologies related with sustainable mobility in this strat-
egy, being them an important unsettled matter of our tourist destinations.

• The urgency to activate Forums of technology transfer and information exchange that are 
increasingly consolidated in island areas.

• To explore possibilities and benefits generated from the development of a marketing 
including the concept of renewable tourist destination.

Without any doubt, islands are at present exceptional laboratories of tourism sustainabil-
ity. But the consolidation of this option includes strengthening inter-island cooperation in 
these fields and at the different decisional levels related with this activity, under the slogan: 
“Common problems, shared solutions”. New winds of innovation on islands are once more 
the best islands’ allies to consolidate a future that includes the development of a more com-
petitive and updated idea of tourist quality.
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Since the 1992 UN Conference in Rio de Janeiro, Brazil, the strategy of sustainable 
development has evolved as a real option that is increasingly impregnating world’s politi-
cal, technical and economic decisions in today’s world. The concept that it is possible 
to conserve our natural and cultural resources without compromising the future and that 
this ambition is compatible with development in the present, is being implemented in the 
main economic activity areas. It is actually understood that, for a society to be physically 
sustainable, its global material and energy inputs must be balanced in three aspects: (i) the 
rate at which renewable resources are used must not exceed the rate of their regeneration; 
(ii) the rate at which non renewable resources are used must nor exceed the rate at which 
renewable substitutes are developed; and (iii) the rate of pollutant emissions must be in 
accordance with the environment’s capacity to assimilate them. Tourism is presently the 
largest industry in the world and, thus, it is maybe one of the economic activities where 
this new sensitivity has had the greatest effect, due to the convergence of tourism and the 
environment. 

Islands are an essential part of the sustainable development strategy. Agenda 21 points out 
that islands are a special case, both in terms of the environment and development, having 
very specific problems in planning sustainable development. Islands tend to be ecologically 
fragile and vulnerable. Their small size, limited resources, geographical dispersion and their 
isolation all put them at a disadvantage. Islands also shelter a large proportion of the planet’s 
biodiversity and are the cradle of an extremely wide variety of almost unspoiled cultures. 

This is the context that was discussed in the UN Conference of Islands and Small Island 
States held in Barbados in 1994, where tourism was recognized as a strategic sector and one 
of the most important economic activities in Islands. However, tourism is an activity of high 
energy and water demands and producing important amounts of waste, which results in big 
problems in close ecosystems such islands. Thus, including Sustainable Tourism as a key 
point in the Barbados Plan of Action was no mere coincidence. 

In the domains of planning, regulations covering tourism, the environment, and the gen-
eration of environmentally friendly projects, islands have shown an extraordinary capacity 
for action. Within a strategy of environmental quality as a means of conserving destinations 
and satisfying customer needs, top priority has been given to promoting the participation of 
everyone involved in the tourist industry and opting for cultural, technological and profes-
sional innovation. Special priority will be given to covering environmental costs and to the 
role of transport, energy and waste management policies. 
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The EC funded project “Green Hotel” presented in this article was designed to create the 
conditions for the development of sustainable tourism in Madeira Island. The project main 
objectives are: (i) to develop and apply a new concept of sustainable community in a hotel 
resort; (ii) to install an innovative energy system, including integration of new and renewa-
ble energy sources and use of energy efficiency in buildings; (iii) to integrate efficient water 
desalination and wastewater treatment, solid waste management and landscape study; (iv) to 
elaborate a mobility plan; (v) to create a site of permanent exhibition of innovative technolo-
gies for sustainable communities; (vi) to elaborate a plan for replication of the sustainable 
communities concept; (vii) to demonstrate the economic and social benefits of an energy 
mix and appropriate technologies for water supply, solid waste management and transport 
system; to reduce the impact of tourism on energy and water demand; to enable socio-eco-
nomic development of insular communities. The project will be implemented in a new 165-
room hotel resort to be built in Caniçal, in the northeast coast of the island. The new resort 
includes also a new marina and related services as well a 25-room refurbished hotel. 

Methodology and approach to implement identified technological solutions 
With respect to energy and environment, priorities and objectives to develop sustainable 

tourism, includes: 
• Minimisation of waste – minimisation of the consumption of resources, maximisation of 

product quality and minimisation of waste outputs. 
• Energy conservation and control – energy saving and reduction of potentially hazardous 

emissions, and introduction of renewable energy sources. 
• Management of drinking water resources – protection of water resource quality and effi-

cient and fair use of existing resources. 
• Management of wastewaters – minimisation of wastewater emissions in order to project 

the aquatic environment, safeguard flora and fauna and conserve and protect the quality 
of fresh water resources. 

• Hazardous substances – replace products containing potentially dangerous substances 
with environmentally-friendly products. 

• Transport – reduce and control dangerous emissions into the air and other effects of 
transport that are harmful to the environment. 

• Land use planning – address the multiple demand for land, ensuring that the development 
of tourism does not have a high visual impact, but rather that it helps to conserve the 
environment and culture, at the same time as it generates income. 

In these lines of action, the Green Hotel project will develop a new concept of sustainable 
community self-supplied in energy and water, also including an integrated wastewater man-
agement system, a landscape planning and a mobility plan. Besides, this action will: 
a. Ensure cost effectiveness of the system and to limit the total surplus of renewable energy 

cost to a level not more than 35 % higher than current local energy cost; 
b. Overcome the technical problem related to the integration of different renewable energy 

sources and between these sources and conventional systems with an appropriate design 
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in order to take the maximum advantage of each source and to reduce the use of conven-
tional system; 

c. Disseminate the benefits of integrated renewable energy solutions for islands and others 
regions with good potential for renewable energy sources and tourist related problems; 

d. Increase public awareness and acceptability of renewable energy sources by integrating 
the equipment in the local environment and by demonstrating socio-economic and envi-
ronmental benefits; 

e. Contribute to the local socio-economic development by increasing the use of a local 
resource encouraging local small enterprises and creating new job opportunities. 

The project technological solutions 
The energy system 

Figure 1 shows the new and renewable energy technologies to be used and their end uses. 
Advance-efficient building technologies will be integrated with innovative energy genera-
tion systems, such that most or all of the hotel and marina energy needs for heating, cooling, 
ventilating and lighting are met on-site, maximizing the use of renewable energies, and 
involving the following steps: 
a. A detailed analysis of the architecture and engineering projects to assess needs and 

opportunities, based on current state-of-the-art in buildingintegrated energy systems; 
b. Determination of demand profiles for the resort buildings, for conventional as well as 

high-performance alternatives in enclosure, HVAC and lighting systems, done with the 
help of computer simulation and collected data at the site; 

c. Definition of performance criteria for a healthy and energy efficient hotel. The aim of 
this exercise would be to minimise energy use while maintaining a good indoor envi-
ronmental quality through 
suitable design and tech-
nologies; 

d. Conceptual studies for 
energy generation sys-
tems to meet energy 
demand profiles gener-
ated in step b. This will 
include an analysis of the 
performance characteris-
tics of these systems, the 
engineering issues for 
building systems integra-
tion, operation and main-
tenance requirements, and 
their economic viability. 
The systems to be ana-
lysed will include a wind 

Figure 1 - Integrated Energy System
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generator, a fuel cell, photovoltaic panels, solar collectors and storage (ice, hot water). 
The analysis will also take into account different fuel inputs for the energy generation 
systems, with a particular emphasis on the use of renewable energy sources – solar, wind, 
and alternative low-emission fuels, such as liquefied propane gas for fuel cell. 
 

The project will look at several renewable energy integration constraints, such as storage 
and shaving load diagram (fuel cells, water desalination, etc.) in an isolated network. 

The water system 
A low-energy seawater desalination system will be installed in the new hotel resort. The 

system will be powered mostly by renewable energy (electricity generated by the wind gen-
erator), enhancing the chance of storing wind energy surplus. Water needs of the compound 
will be reduced to the minimum by using efficient water equipment devices at the end use. 

Figure 2 - Integrated Water System 

Hotel and Marina facilities and services are designed in an efficient manner allowing the 
selective separation of wastewater in the sewage system, eliminating soap water from the 
water going to the wastewater treatment plant. A wastewater system will be designed for 
sewage primary treatment, for the separation of solid material and re-use of the water for 
gardening and irrigation water needs. 

The water system includes also the possibility for rainwater collection from the roofs as 
well as runoff water on impermeable surfaces. All the water collected will be devoted to 
irrigation and boat washing. 
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Landscape design and treatment:
Having the possibility of using rainwater and treated wastewater, the landscape will be 

designed in the manner to include the maximum of trees and green surfaces to provide shade 
and air conditions complementing building design and construction for excellent interior 
comfort, while minimizing energy and water consumption. Local microclimate adapted 
plant species will be used, giving particular attention to endogenous and protected species. 
Ground surface will also be managed following topographic isolines and local watershed 
contours to increase infiltration close to trees and lawns or to drain runoff water to small 
dikes to be designed in constructed on the watershed lowest points. An integration study of 
the different equipment into the landscape will be performed 

Integrated transportation system 
An example of the mobility system foreseen for the new resort complex is shower in 

Figure 3.

Figure 3 - Integrated Mobility Plan 

The integrated transportation system will have two major parts: an integrated mobility 
plan for the transport from/into the airport, the village nearby (Machico) and the capital of 
the Island (Funchal) and the choice of clean transport technologies to be used by the tourist 
(e.g. fuel cell scooters, electrical bikes, solar trolleys, among other). 

Measures of the technical and economic performance 
Some rough calculations were done to measure technical and economic performance of 

the equipment to be installed within the project. 
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HVAC system for the hotels 
No climatic information is available for the resort area. Thus calculations were made 

using the climatic data from Funchal Weather Station, a more humid area than the one where 
the hotel resort is located. 

The air-handling units (AHU) will have sensible and latent heat recovery. This is 
extremely important because using fresh air implies heating and humidifying in winter and 
an important dehumidifying in summer. If the sensible and latent heat exchanger is used 
the result is that, in winter, this air can be directly used as inlet air if cooling is needed, or 
slightly heated if ambient heating is necessary. Ambient heating is seldom necessary due the 
internal heat loads and passive solar heating (during the day). The total number of rainy days 
is approximately 50% of the total number of days in winter in Funchal, and the area where 
the project will be implemented is much drier, with very few rainy days throughout the year. 
So cloudy skies seldom are observed. Humidifying is not necessary and internal latent heat 
gains provide the necessary vapour to provide correct indoor conditions. 

In summer, sensible and latent cooling of the fresh air is necessary most of the time, 
if humidity is controlled. Using free cooling directly would result in high indoor relative 
humidity. If considering the unit working only under sensible heat recovery, and humidify-
ing of the exhaust air prior to the heat exchanger passage, the fresh air after flowing through 
the heat exchanger will result that passive cooling can be used during part of the day. The 
limiting conditions are controlled by the maximum relative humidity accepted for indoor 
conditions. For mid-season conditions, the outside air temperature and humidity allows for 
passive cooling using this type of units. 

These AHU have to be designed and constructed specifically for the present project. With 
this conception energy requirement for ambient cooling can be reduced from 20% up to 
100% (pump and fans electricity consumption not considered). In terms of the total energy 
needed for the HVAC system an overall yearly saving can be reduced to approximately 70% 
of the usual energy consumption needed in a conventional system. Since speed control fans 
and pumps are to be used, an additional energy saving of 5% can be achieved. 

One of each compression chillers in the cold-water production for each hotel has a recov-
ery system. This solution does not bring a reduction in the energy use for ambient heating 
and cooling but provides a reduction in the energy use for the DHW system, since the heat 
recovered is used to pre-heat the feed water of this system. The amount of energy produced is 
a function of the running hours and cooling load of the chillers with heat recovery. Although 
priority goes for these chillers for cold production, as indicated previously, the first target 
is to reduce the need for cold production. As a result the number of hours will be mainly in 
summer and partly during the mid-season period. The expected savings correspond to most 
of the heat that would otherwise be lost by the condensing unit. The result is that the savings 
in water heating represents for the combined hotel service 724MWh·year-1. 

The potential savings are not only due to the conception of the HVAC system (AHU and 
cold production) and the DHW system. It is also a result of the architecture of the buildings 
envelope. The solutions to be adopted in this area are targeted to provide, at least, a 30% 
reduction to the nominal thermal requirements imposed by the National regulation. As a 
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result for the total energy use in the hotel, a decrease of almost 5% of the energy require-
ments can be expected. 

DHW for the hotels:
For the heating of domestic hot water (sanitary hot water), the concentrator may provide 

direct heating if there is no need for ambient cooling (refrigerated water production). Hence for 
most of winter and midseason the concentrators will be providing heat for the DHW system. 

Laundry is only considered to exist in the larger hotel. All clothes, blankets, towels that 
are used in the smaller hotel will be washed /cleaned in that laundry. This is the most eco-
nomical conception since the hotels are quite near, and run by the same owner. Meals are 
prepared separately in each hotel. 

The specific consumption of the HVAC for the Hotels is target to 200 kWh·m-2·year-1 

indicating a good energy performance for a hotel in Madeira. This compares with the value 
of 340 kWh·m-2·year-1

 
considered the value that, if higher, the Energy Efficiency Index (EEI) 

for the Hotels in the island should be considered as poor (in the continent this value is 315 
kWh.m-2·year-1). 

Part of the electricity use is obtained by means of PV panels. Hence for calculating the 
cost saving this electricity use is considered at zero cost. The electricity savings amount to 
351 MWh. And 84% of this electricity is used during day tariff. The electricity and combus-
tible savings as well as the associated cost savings are given in Tables 1 and 2. 

Table 1 - Electricity savings for the hotels 
 Consumption (kWh)  Total Cost (€)
  Day Tariff  Day Tariff
 Hotel 1 Hotel 2 Hotel 3 Hotel 4

Electricity consumption 9,877 1,751 2,558 453 196,000
Electricity saving 1,308 232 36 6 22,000
PV elec. production 1,696 0 0 0 3,000
Total electricity savings 1,477 232 36 6 25,000 

Table 2 - Combustible savings for the hotels 
 Consumption (kWh)  Cost (€)
All day  Hotel 1 Hotel 2 Hotel 3 Hotel 4

Heat consumption  1,346,155 238,680 76,000 14,000
HVAC heat recovery  615,888 109,200 35,000 6,000
Solar concentrator  54,400 0 3,000 0
Total combustible savings  670,288 109,200 38,000 6,000

The Marina:
One of the chillers for the marina is an absorption chiller. Heat for running the absorption 

system is provided by heat recovery from the fuel cell unit. As a result, for calculating the cost 
savings, this combustible (propane) use is considered at zero cost. In this case, the HVAC system 
has a similar conception as described for the hotels as far as heat recovery is concerned. 
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The compression chiller does not have heat recovery in this case. A high efficient com-
pression unit will be chosen without a chloride refrigerant. For the HVAC system re-circu-
lating pumps and fans will be of the variable speed type. 

In this case it is estimated that the savings in terms of electricity due to the substitution of 
a compression refrigeration system by an absorption system and the use of a fuel cell, and 
in terms of propane due to the heat recovery of then fuel cell are given in Table 3, where the 
resulting cost savings are also presented. Electricity is used for the entire marina, not just 
for the areas with air conditioning. The specific consumption of the facilities is targeted to 
achieve in the air-conditioned areas an IEE below 100 kWh·m-2·year-1. Energy Efficiency 
Indexes for this type of services have not been put forward in Portugal. However services, 
such as shops and offices (with air conditioning in mild weather regions of Portugal) having 
good EEI present specific energy consumption in the range of 100 to 140 kWh·m-2·year-1. 

Table 3 - Energy savings for the marina 

          Consumption (kWh) Cost (€)
Marina Electricity Heat All types

Fuell cell heat recovery  344,000 19,000
Fuell cell el production  430,000  35,000
Electricity saving 16,500  1,000

Payback period:
The excess cost due to the solutions presented and the total energy saving cost as well as 

the payback time are given in Table 4. Separated calculations were made for the Marina and 
the two hotels combined since the technical solutions that will be implemented are different, 
either in terms of the new and renewable energies used, either in terms of the HVAC and 
DHW system conceptions. 

Table 4 - Total energy savings and payback period 

 Hotels Marina

Savings (€) 69,030 56,190
Investment (€) 415,000 210,000
Payback (years) 6,0 3,7

The investment considered for the hotels is the sum of PV panel, solar concentrator and 
the additional cost of the HVAC system. The investment considered for the Marina is the 
sum of the fuel cell and the excess cost due to the use of an absorption system instead of a 
vapour compression system. It is considered that no increase in the maintenance will take 
place, and that the hotel technical staff will be running the equipment. 

Investment, Gains and Wind Generator Payback:
A 660 kW wind generator will to be installed in the complex to supply electricity for the 

water desalination plant and other electrical uses. The total investment for the wind generator 
is 800,000 €. Calculations were made to come out with the payback of the investment and 
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the tonnes of CO2 saved. The results are explained bellow. The cost for electricity in Madeira 
(data from Electricity of Madeira Company) are 8.2 € cents per kW (peak hours) and 6.6 € 
cents per kW (off-peak hours). The price for selling green electricity is shown in Table 5. 

Table 5 - Green electricity price 
Amount of Time (hours)  Cost (€cents per kW)

< 2,200 8.0
2,200 - 2,400 7.5
2,400 - 2,800 7.0
> 2,800 4.0

Taking data from eight years of observations in a wind park closeby the hotel and marina 
locations, we can estimated a rentability coefficient for wind in Caniçal of 0.37. Considering 
the total absorption of the electricity by the complex, we have the following production: 

Table 6 - Price of total production 
Total production (kWh.year-1) 2,139,192
Peak hours cost (€) 116,874,75
Off-peak hours cost (€) 47,126.91
Total 164,001.66
Pay-back time (years) 4.87

If generated electricity is planned to be totally sold to the grid, we have: 

Table 7 - Price of total production 
Production  Cost (€)

660 kW x 2,200 hrs x 0.008 116,160.00
660 kW x 200 hrs x 0.075 9,900.00
660 kW x 400 hrs x 0.070 18,480.00
660 kW x 441.2 hrs x 0.04 11,647.68
Total 156,187.68
Pay-back time (years) 5.12

Cost Benefit Analysis of the solar thermal concentrators:
The new collector/absorber system to be used in the project shows a number of advan-

tages resulting in technological, operational and energetic effects. Consequently, reductions 
of investment and O&M costs will most probably lead to significant lower thermal energy 
generation costs compared to all other existing solar techniques. Furthermore, for selected 
locations in Southern Europe the proposed system comes close to competitiveness compared 
to conventional techniques. This statement is based on the following rough conservative 
estimation of the costs for the specific case of solar process heat generation to drive a hybrid 
absorption chiller system used in a dairy in Greece. In Table 8, only the solar heat production 
cost of the collector is compared with the alternative of using fossil fuel to heat the absorp-
tion chiller system. 
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Table 8 - Costs for heat production using solar power and fossil fuel 
 Conventional Plant Solar Plant (series) Solar plant (Demonstration)

Cold energy demand (kWcold) 70 70 70
Thermal heat equivalent (kWth’ COP = 0.7) 100 100 100
Installed collector cost (€) 0 60,000 160,000
Aperture Area = 200 m2

Annual heat production (MW h/a) 170 170 170
Oil equivalent (m2) 21.7
Annual operational costs (€/a) 7,590 2,000 2,000
maintenance, mirror replacement (fuel costs only)
Annuity  0.096 0.096
Annual production costs (€/a) 7,590 7,760 17,360
Specific heat costs (€/kWhTh) 0.045 0.046 0.102

Assumptions: 
• Cumulated annual direct solar insolation at dairy location: 1,700 kWh/(m² x A) 
• Required Power: 70 kWcold 

• Average annual efficiency of the collector (solar to thermal): 50% 
• Direct normal irradiance on sunny days: 850 W·m-² 
• Maximal efficiency (solar to thermal) for insolation perpendicular to the aperture: 60% 
• Specific collector costs: 300 €·m-² (series production), 800 €·m-² (demonstration plant) 
• Interest rate: i = 5% 
• Depreciation time: a = 15 years 
• O&M costs of collector: 10 €·m-² 
• Oil price: 350 €·m-³ (Greece) 
• Oil calorific value: 42 kJ·g-1

 

• Efficiency of oil heating boiler: 80% 

Assuming a depreciation time of 15 years, the calculation leads to specific solar heating 
costs close to fossil heating costs. The payback time of investigations will be about 15 years, 
assuming a constant oil price. In this time 325 m³ oil could be saved, 735106g of CO2 emis-
sions could be avoided. 

Table 9 shows that cooling by generating solar heat with a trough collector in combina-
tion with a two stage absorption chiller presents economical advantages compared to three 
competing solar technologies for cooling table below compares these four technologies for 
two sites: Central Europe (Würzburg, Germany) and South Europe (Faro, Portugal) assum-
ing an air conditioning demand of 8 hours per day in the Period from May to September 
using commercially available chillers. 

Four options are considered: 
• Flat plate collectors with a one stage absorption chiller (AC 1, T=85°C, COP=0.7) 
• Flat plate collectors with desiccant cooling system (DES: T=50°C, COP=0.4), 
• A parabolic trough with a two stage absorption chiller (AC 2, T=130°C, COP=1.2) 
• PV driven compression chiller (CC, Electricity, COP=4.5). 
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Table 9 - Cost comparison for four technologies 
Collektor  CM  COP Demand Temp. Insolation  Collector  Collector Area Collector CM Total
type  Type  per kWC   (daily) Efficiency yield/day  Cost  Cost

    kW °C  KWh/m²  KWh/m² day m²/kWK €/m2 €/kWK €/kWK 
Calculation   Input 1/(3) Input Input Input (6)*(7) (4)*8 h/ (8) Input Input (9)*(10)+(11)
Method 

Würzburg

Flat DES 0.4  2.50 50 5.05 0.6  3.03 6.6 100 250 1750

Flat  AC 1  0.7 1.43 85  5.05 0.3 1.52 7.5 250  200 2086 

Trough AC 2 1.2 0.83 130 4.58 0.5 2.29 2.9 400 175  1339

PV CC 4.5  0.22 - 5.05 0.11 0.56 3.2 500 50   1650

Faro

Flat  DES    0.4  2.50  50  8.39  0.65 5.45 3.7  250 100  1017

Flat  AC 1 0.7  1.43 85  8.39 0.36  3.02 3.8  250  200 1146   

Trough  AC 2 1.2  0.83 130  8.03  0.57  4.58 1.5  400 175 758

PV  CC  4.5 0.22 - 8.39 0.11 0.92  1.9 500  50  1013  

It turns out that absorption cooling combined with trough systems generating tempera-
tures of 130°C requires the smallest collector area per kWh of cooling power and is the least 
expensive option: Only 1339 € (Würzburg) and 758 € (Faro) are to be paid for each installed 
kW of cold energy. Desicant cooling and Photovoltaics as an energy source for cooling are 
significantly more expensive (Würzburg: >20% , Faro >30%). 

Figure 4 - Cost comparison for the four options 

Table 10 - Savings of fuel and CO2 with renewable energy
Technology  Production (kW)

Wind  2,140,140
PV  40,000
Solar Thermal  80,000
Fuel Cell  144,000
Total Production  2,404,000
Fuel saved (tons) 545.7 
CO2 saved (tons) 1,637 
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Calculations of CO2 saved by the integration of green electricity per year:
The following table gives the amount of fuel saved per year with the use of green electric-

ity, and the consequent amount of CO2 saved every year. 

Cost analysis of the rainwater collection and runoff catchment:
The annual rainfall at the site were the Hotel and Marina will be built is 250 mm to 500 

mm (semi arid region). It is estimated to build small rock and cement small dikes. Calcula-
tions were made for the maximum and minimum values for the 7.8 ha watershed, giving an 
annual water saving of 9,800 € to 43,800 €.

 

Table 11 - Rainwater collected from surface runoff 
Water from runoff

Total [m2] RR [mm] total liters  Volume/yr-1 [m3] Coeff=0.5 PTE Euros

78,000 250 19,500,000 19,500 9,750 1,950,000 9,726,559
78,000 500 39,000,000 39,000 19,500 8,775,000 43,769,52

For the rainwater collection, it is foreseen to have a total of 4,500 m2
 
giving a water sav-

ings of 2,020 and 4,040 € per year. 

Cost analysis of the water desalination plant:
Needs for hotel and marina services are estimated to 265 m3·day-1

 
and the desalination 

plant will cost 325,000 €, giving a payback time of 1.6 years. 

Table 14 - Pay back time of the water desalination equipment 
Water for the roofs

Total [m2] RR [mm] total liters  Volume/yr [m3] Coeff=0.8 PTE Euros

4,500 250 1,125,000 1,125 900 405,000 2,020,131
4,500 500 2,250,000 2,250 1800 810,000 4,040,263

Conclusions
The project Green Hotel presented in this article was designed with the main purpose of 

contributing to social and economic development of island communities through the inte-
gration of innovative technologies and concepts. The project activities will contribute to 
increase use of new and renewable technologies, successfully demonstrating the possibil-
ity at reasonable cost to make renewable energy source decentralised generation the main 
energy source to satisfy the needs of a community. 

The chosen technological scenaria will provide solid technological solutions to increase 
the use of environmentally friendly technologies from a diverse mix of new and renewable 
energies, thus integrating self-supply into end use and increasing public awareness of cost 
effective and environmentally friendly technologies in a sustainable community. The project 
will further integrate advanced sustainable design and construction based on wind and solar 
energies, rational use of energy and water. The innovative energy generation system includes 
a wind-generator, solar photovoltaic and solar concentrator panels, and a fuel cell, as well as 
a water collecting, wastewater treatment, waste management and a mobility plan. 
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The project intends to boost the use of new and innovative technologies on insular regions 
through a permanent exhibition explaining the technologies used and their advantages. The 
exhibition is targeted to the general public, to increase public awareness on clean technolo-
gies and provide an opportunity to study social, economical, environmental and nontechnical 
barriers of RET integrations, contributing to the development of insular communities. The 
visitors, local residents and visiting tourists, will be the main disseminators of the action 
success along with the promotion of campaigns and well target publications creating new 
market opportunities. 
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Paradigms in water management
In small islands the limited groundwater is the basic option for covering the water demand 

for all uses. Groundwater is in most cases adequate to cover the household demand but this 
is only a small fraction of the peak summer demand.Tourism, which is a highly seasonal 
activity, creates significant pressures on existing natural water resources that lead to an 
increasing seasonal water deficit. 

In Greek islands, the dominant water management responses are restricted to a very 
limited set of water supply options. The first priority has been the increased exploitation of 
groundwater resources due to its low cost and flexibility. In many islands, the next choice is 
water transfers from the mainland although it represents by far the most expensive solution. 
Recent trends in water management for small islands recognise the long-term impacts 
of traditional responses. These impacts include increasing salinisation of underground 
water resources due to overexploitation, very high cost of water supply due to very high 
contribution of water transfers and increasing water deficit due to the low recharging of 
underground resources. Consequently, there is an increasing dependence on conventional or 
RES powered desalination. (NTUA 2002)

As water resources management shifts away from traditional unsustainable responses a 
new paradigm is formulated. The shifting paradigm (Figure 1) introduces the exploitation of 
surface water in combination with the underground resources to cover the basic requirements 
while exploitation of conventional or renewable energy powered desalination is also employed 
to meet a significant portion of the demand. Surface water storage is regarded as a potential 
solution for both permanent and seasonal water shortage problems but due to the morphologi-
cal conditions of Greek islands and the low precipitation levels it is difficult to meet the entire 
demand especially in the peak summer period. Water transfer is employed only as a last resort 
but contributes significantly in the high cost of water supply for these regions. Demand side 
management has also been extensively applied through appropriate water pricing structures 
that raise significantly the cost of water for the consumers. (Gleick 2000)

Cyclades is a complex of 39 islands in the south Aegean Sea in Greece. The population 
is 112.000 while tourists’ arrivals reach 400.000 annually. In the most developed islands the 
population during the summer (especially in July and August) increases as much as 5 times or 
more. As a result all islands present significant water deficit that reaches up to 72.000 m3/d. 

One of the islands where the most extensive shortages occur is Paros, which is a small 
island in the middle of the complex with a population near 13,000. The typical profile of the 
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water demand indicates that the demand during August is more the 8 times higher than the 
demand in winter. Groundwater resources that represent the only source of fresh water in the 
island are highly overexploited during the summer in an effort to follow the demand profile. 
Even so they could not meet the demand for water and a significant seasonal shortage occurs 
that may reach to 200,000 m3/month.

Figure 1 - Potential solutions in water supply development

Projections of population and tourism indicate that the situation is expected to be even more 
difficult in the future. With underground resources tapped, there is an urgent need for technical 
interventions to balance the demand to supply through a sustainable water resources manage-
ment. Financial goals should be set to minimise the cost of the applied solutions and avoid a 
large pressure on water prices, while clear environmental objectives should be set to protect 
the fragile water reserves and allow the rehabilitation of the aquifers.

Alternative water supply options
The identification of the appropriate technical interventions to match water supply and demand 
requires a consistent modelling and comparison of all available options that include:
• Conventional natural resources exploitation through groundwater or surface storage
• Alternative options based on conventional or RES powered desalination units and water 

transfer from the mainland
Groundwater drillings is the traditional and preferred water supply option but expansion 

of the existing capacity in most Greek islands would create significant long-term impacts 
to the quality of the supplied water and the future availability of groundwater resources. 
Consequently, the contribution of this option to the future water supply system should not 
increase substantially.
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Surface storage reservoirs represent an economic and efficient solution for exploitation of 
run-off potential. However, available water quantity is highly dependent on climatic condi-
tions. The available quantity in a storage reservoir is a function of the monthly inflows and 
the abstracted quantities. Inflows represent precipitation in the water basin that reaches the 
reservoir excluding water that is evaporated from the surface of the reservoir. Inflows could 
be modeled by the area of the water basin, the overall runoff coefficient and monthly precipi-
tation data. Abstracted quantity is estimated as a percentage of the unmet water demand and 
does not exceed the available stored quantity. The water production cost includes construc-
tion cost (estimated on the basis of data from existing storage reservoirs in the region) and 
operation and maintenance costs.

Desalination is a mature technology that is characterized by high flexibility in meeting 
demand variations but involves several environmental impacts related mainly to the use of 
conventional energy sources. For small-scale plants, reverse osmosis is the most appropriate 
solutions since it presents high modularity, low energy requirements and reduced need for 
extensive supervision. The most important components of the capital costs for conventional 
desalination plants include the membranes and electromechanical equipment costs. The 
main components of the operation and maintenance costs include the energy cost that may 
reach 60% of total costs. 

Environmental impacts could be substantially reduced if renewable energy technologies 
are used to provide the energy required by desalination. From the wide array of potential 
RES and desalination technology combinations, wind powered reverse osmosis is the most 
common option applied in small islands. It involves higher capital costs but the running 
costs are substantially reduced. Modeling of a wind powered desalination plant requires 
data on the characteristics of the selected wind turbines, the wind speed at the site and 
the desalination plant capacity. The capacity of the power unit depends on the desalination 
plant power requirements, the nominal capacity of the selected wind turbines and the power 
curve. The plant operation is modeled by assuming that the desalination plant is connected 
on both the wind unit and the grid. When wind speed is low the desalination unit operates on 
electricity from the grid. For higher wind speeds the wind unit provides the energy for the 
desalination plant and any excess energy is sold to the grid (NTUA 2000).

Figure 2 - Comparison of the water production costs for alternative water supply options
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Water transfer is one of the traditional options employed to meet the water requirements 
during the peak demand period. However, it is also the most expensive one due to the high 
transportation cost that range from 2.2 to 7 EUR/m3. 

Figure 2 presents the average water production cost for the potential solutions that have 
been discussed for Paros. The capacity of the reverse osmosis plants is 1000 m3/d and the 
energy consumption is 5 kWh/m3, the wind speed at the site is assumed at 8 m/s, the storage 
reservoir capacity is 250.000 m3.

Water supply capacity expansion
The identification of the most appropriate capacity expansion option for meeting the future 
water demand could not be based only on the comparison of the average annual costs. It 
represents an optimization problem that takes into account the water demand profile and 
the contribution of each alternative source. The objective function, the decision variables, 
the constraints and the assumptions are determined according to the specific conditions and 
available supply options found in different situations (Nishikawa 1998, Reca et al 2001, 
Watkins and Makiney). In the framework of the shifting paradigm for water management in 
small islands the optimum solution is defined so that the system costs are minimized. In this 
case the objective function represents the minimization of the net present value of the total 
annual costs for water supply in the analyzed period (Eq. 1)

Min [NPV (C2001, C2002,... C2030,)]    (1)

The annual costs for each of the solutions examined include both constant costs that in 
most cases depend only on the plant capacity and running costs that depend primarily on the 
produced water. Eq. 2 presents the estimation of the total annual system costs.

Ci=  ∑CCj + OMj · Qj

                  
j=1-4      

(2)

Ci=  Total water supply cost for year i
CCj= Annual depreciation for option j
OMj= Operational cost for option j
Qj =  Annual water production from j

The decision variables and the respective constraints in the specific problem include:
• Percentage of boreholes used (that should not exceed 100%)
• Storage reservoir capacity (maximum capacity is 250000 m3 that has been determined 

form a study for a storage reservoir in the specific location)
• Monthly coverage of the unmet demand by the reservoir (defined as fractions of the 

demand in the range 0 – 100%)
• Desalination plant capacity (in the range of 100 – 2500 m3/d)
• RES desalination capacity (in the range of 100 – 2500 m3/d)

The optimisation problem assumes that the water demand is met at all times. The monthly 
contribution of each option is determined for the entire period until 2030 on the basis of 
the assumption that plants are employed successively according to their average costs with 
cheaper options first. 
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Figure 3 presents the water supply options for 2010 according to the optimum solution 
identified. Groundwater is used at 100% of the existing capacity due to the very low cost 
compared to all other options. The storage reservoir capacity has been identified at 250000 
m3 which is the maximum capacity determined by the problem constraints. The contribution 
of the storage reservoir in May, June and July has been determined during the optimisation 
at 26%, 11% and 51% of the demand not covered by groundwater. In this way, the reservoir 
holds enough water for use in August when the peak demand occurs. Alternatively if the 
usage of the reservoir in this period is more extensive then in August most of the demand 
will be cover by water transfer and the total costs will be higher. 

The capacity of the conventional desalination plant has been determined at 1500 m3/d and 
the capacity of the wind powered plant at 2500 m3/d. This is justified by the fact that the opera-
tional costs of the wind powered plant are much lower that the costs of the conventional desali-
nation plant. Desalination plants are used to their maximum capacity from May to September. 
The capacity of the conventional desalination plant is not further increased because constant 
costs exceed the cost of water transfers that are employed for July and August.

Figure 3 - Contribution of alternative options in 2010

Discussion
The presented paradigm introduces a coherent approach in modelling alternative tech-

nical interventions and identifying the economically optimum water supply scheme to 
match demand and supply. This approach provides the tools and the methods to assist in 
the implementation of a balanced demand and supply towards the technical sustainability of 
water resources management. Moreover the identification of the least cost water schemes 
for small islands is of significant importance towards financial sustainability of the water 
supply scheme.

The management of the limited and fragile water resources in small islands requires the 
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adoption of innovative practices and solutions both on the supply and demand side of the 
water systems. Consequently, the successful implementation of the shifting paradigm is a 
good starting point in an effort for sustainable water management in small islands. In this 
framework, a new paradigm in water resources management should aim at the achievement 
of additional goals that may include (Hofwagen and Jaspers, 1999):
• Social sustainability through the stability of demand and willingness to pay 
• Economic sustainability through economic development & welfare of society
• Institutional sustainability through capacity to plan, manage & operate the system
• Environmental sustainability through no long-term negative or irreversible effects

References 
1.  Gleick H, The Changing Water Paradigm A Look at Twenty-first Century Water Resources Development, Water 

International, 25, 1, pp 127 – 138, 2000
2.  Hofwegen P. and Jaspers F., Analytical framework for integrated water resources management, Balkema, USA, 

1999
3.  NTUA, Implementation of an integrated system for water and sewage services for the Cyclades Islands, Final 

Project report, National Technical University of Athens, 2002 (in Greek)
4.  NTUA, Mediterranean Cooperation for Water Desalination Policies in the Perspective of a Sustainable Devel-

opment, MEDCODESAL, Final Report, EEC, DG XII, INCO, 2000
5.  Nishikawa T., Water resources optimization problem for Santa Barbara California, Journal of water resources 

planning and management, 124, 5, pp 252 – 263, 1998
6.  Reca J., Roldan J., Alcaide M., Lopez R., Camacho M., Optimisation model for water allocation in deficit irriga-

tion systems I. Description of the model, Agricultural water management, 48, pp.103 – 116, 2001 
7.  Watkins D., and Makiney D., Decomposition methods for water resources optimization models with fixed costs, 

Advances in Water Resources, 21, pp 283 – 295, 1998



189

DEMONSTRATION OF RENEWABLE ENERGY 
TECHNOLOGIES IN THE ILLYRIAN RESORT 

APARTMENT SETTLEMENT IN MILNA (BRAC)
FABRIS OREST

University in Split, Faculty for Electrotechnics, Mechanical Engineering and Shipbuilding (FESB)

HRASTNIK I. BRANIMIR

Energy Institute “Hrvoje Pozar” (EIHP) and County of Split and Dalmatia

VIDOVIC RODOLJUB AND VUJCIC RANKO

Republic of Croatia, County of Split and Dalmatia, Administrative department of economy, 

development and reconstruction

Do not sleep, oh islands of ours beautiful gardens swimming in the sea
Antun Mihanovic, Croatian poet 1835.

The Appeal for the Adriatic islands
Adriatic region has a coastal length of 1.777 km and 718 islands have their own coastal 

length of 4.058 km. Islands have a total area of 3.113 km2. There are 15 large (>30 km2) islands 
permanently settled, 28 middle-large islands (<30 km2), also permanently settled, and 33 are 
smaller (<15 km2), and they are only seasonaly settled. All other islands are much smaller(<1 
km2) and unsettled. Dalmatian islands are natural ecological resources of healthy agricultural 
production, of early vegetables (also in counter season), fruits, grapes and olives and of 
uncontaminated seafood and sea salt. Islands are suitable for bee farming due to abundant 
habitats of aromatic and medicinal herbs (lavender, rosemary, marjoram, sage, etc.). Also, islands 
with their meager and healing 
vegetation are favorable 
for sheep farming and goat 
breeding with a unique 
taste and quality of their 
meat. Among all traditional 
activities well known are 
both, wine- and olive oil 
productions.

Geographically, Croatia 
has four (NW-, East-, SW- 
and South) typical regions. 
Regional centers are in 
Zagreb, Osijek, Rijeka 
and Split, respectively. 
Administrative authorities 
in Croatia are in total 21 
Counties, which has been 
shown in Figure 1.

Figure 1 - Administrative constitution of Croatia
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• The Adriatic islands are unsuitable for any kind of large-scale industrial manufacturing, 
energy production, oil installations or waste disposal, which could result in adverse liquid 
and/or gas effluents or solid wastes1,2.

• The aim of this paper is twofold: (a) to show the available potential of indigenous energy 
sources like solar- and wind energy, which could successfully cover (at least) the expected 
growth of island’s energy consumption in the 21st century and (b) to pay attention to the 
fact that solar and wind energy sources are also economically competitive to all conven-
tional energy carriers like oil, gas and electricity and also that renewable energy sources 
are ecologically compatible to the traditional local economy and climatic conditions.

The islands in the County of Split and Dalmatia
In the County of Split and Dalmatia, there are five large islands Brac, Hvar, Vis, Solta 

and Ciovo, which are permanently settled. Their characteristics in comparison are shown in 
Table 1.

Table 1 - Islands in the County of Split and Dalmatian in comparison

Islands  Area [km2] Coastal length [km] No. of settlements Population Households 

Brac 394,6 175 22 13.824 4.684 
Hvar 299,7 254 27 11.469 3.862 
Vis 90,3 77 13 4.354 1.652 
Solta 59,0 73 6 1.448 585 
Ciovo 28,8 44 4 2.344 1.035 
Totals: 872,4 623 72 33.439 11.818 

The survey of the territory of Split and Dalmatian County including coastal region, rear 
land and islands can be inspected from Figure 2.

Figure 2 - The County of Split and Dalmatia including potential area for wind energy applications
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• Island of Hvar is connected by ferryboat and catamaran to Split five times a day outside the 
main season and much more in the summer. Additionally, there is also a direct connection 
from the mainland (Drvenik) to Hvar (Sucuraj) with sailing time of 30 minutes five times 
a day (in the winter). During the summer this connection is established, if necessary, 24 
hours a day. The ferryboat connection to island of Vis (sailing time 2,5 hours) and to island 
of Solta (sailing time 30 minutes) are established two and three times a day in winters, 
respectively, and there are more ferryboat and catamaran connections in the main season. 
Transport and other details concerning the island of Brac are the next section.

Characteristics of island’s final 
energy demand and supply in 
Dalmatia

Current final energy demand 
(52,5 GJ/a) in an average island’s 
household is covered by electric 
energy, wood, LPG and light heat-
ing oil3 as shown in Figure 3.

Most islands’ households are 
rural and use dominantly (76% of 
the heating demand) wood for heat-
ing. Electric energy is mostly used 
for preparing of DHW (89,5% of 
DHW demand), but also partici-
pate in heating (13,3%), and cook-
ing (7,2%). Most of final energy 
demand in households (83,4%) is 
used to cover final thermal demand 
in heating, preparing DHW, cool-
ing and cooking. The rest (16,6%) 
of demand is used for other non-
thermal purposes (lighting and 
electrical appliances).

The structure of thermal energy 
use in households by purpose 
is shown in Figure 4. The final 
thermal energy (71,2%) is mostly 
used for heating, and the rest 
(28,8%) is used for preparing of 
DHW (10%), for cooking (18,4%) 
and small part is used for cooling 
by individual split air-air heat 
pump systems (0,4%).

Figure 3 - Average final energy consumption [GJ/a] of the island’s 
household by energy carriers

Figure 4 - Average final thermal energy consumption in island’s 
household by purposes
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Energy consumption in tourism dominates during the summer season (about 90-120 days). 
Most of energy consumption is due to DHW, cooking and cooling (for air-conditioning and 
refrigerators). The average energy consumption per tourist-night on the islands of Split and 
Dalmatia County is of the order of 15 kWh, where about 70,8% is covered by electric energy, 
28,6% is covered by light heating oil and the rest of 0,6% covers LPG. The present use of 
the solar energy (e.g. for preparing of DHW) is <0,1% of the present demand, which is e.g. 
about 8 TJ/a for the Island of Brac. The use of wind energy potential is not present yet.

Solar and wind energy potential
The Dalmatian islands Brac, Hvar, Vis and Solta have very similar solar radiation potential. 

From 30-years meteorological measurements (in the time interval 1960-1990), the average 
number of sunshine hours for the Island of Hvar is 2.774 h/a. The mounthly-average of daily 
global solar radiation on the horizontal and South facing vertical and 45° tilted surfaces4 at 
the City of Hvar are shown in Figure 5.

Figure 5 - Global radiation at the City of Hvar

Using ARCON HT-SA 12,5 m2 solar collectors (model of the solar collector which is used 
for the “Marstal” Solar Thermal Plant in Denmark) we achieve the yearly useful thermal 
energy production (per 1 m2 of collector area) at Dalmatian islands of the order of 3,6 GJ/
m2a, which in energy equivalent of 60°C hot water volume means yearly 20 m3 of DHW. 
Solar energy application potential in Croatia was assessed by the research group of authors 
19985 and later finalized in year 20016.

Large solar projects at the economy of scale concerning solar block- and district heating 
plants have been evaluated and their economy, availability and reliability were compared 
to conventional heating plants based on fossil fuels6,7. As a result it has been shown that 
only 0,025% of the coastal and islands (littoral) territory, which is not useful for tourism or 
for any other (future) purposes, if covered by solar collectors, could cover about 60-80% 
the whole low-temperature energy demand in the region. The good example is the energy 
demand for DHW used in households and tourism in whole Adriatic region, which is pres-
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ently at the level of 1,1 TWh/a, which is mostly covered (>90%) by electricity. About 0,17 
TWh/a of final thermal energy is needed for DHW on the islands, which is at present by 
more than 97% covered by electric boilers.

Good prospects have hybrid solar systems, which do not need thermal storage for more 
days, when solar collectors are combined with heat pumps and LPG. Such solar systems 
keep investment costs at an acceptable level if comparing with conventional investment 
costs. However, higher initial investment costs in hybrid systems compensate very low 
operational costs, comparing with high operational costs, mostly due to higher (escalating) 
price of conventional fuels.

Croatia has also substantial wind resources along the Adriatic coast and on islands, where 
many macro locations have mean annual wind speeds in excess of 6 m/s. Forty of such 
locations are numerated and they can be seen from the Figure 28,9. There are several wind 
projects in advanced stages of project planning, in total about 30 MW of wind farms, while 
additional measurements at 20 other sites having a potential of 150 MW are in due course. 
County of Split-Dalmatian and particular islands belong to the most prosperous regions for 
wind energy use in Croatia, if considering wind potential or space availability. For example, 
measured average wind speed on the island of Vis at 20 m above ground is 6.8 m/s. Similar 
values are expected on the other islands, in particular on the islands of Hvar and Brac. Unfor-
tunately enough, islands’ grids are often not capable to accept all the power, which could be 
produced from their high wind potential without technical problems, but preliminary analy-
ses on the island of Vis show that no problems should be expected in satisfying at least local 
demand of the islands. Since many islands haven’t got satisfactory electricity supply, they 
could become a site for wind energy systems, where some could be autonomous.

Another aspect of using wind energy is seawater desalination. Seawater desalination 
could play an important role because majority of islands are poor with potable water, mostly 
during the summer peak demand. Capital-intensive and low-accumulative putting down 
undersea water pipelines is not economically viable for smaller islands characterized by low 
consumption density of water. Currently, on some islands the water costs are as high as 5 
€/m3, which could make renewable driven desalination competitive.

Concernig renewable energy applications, in particular of solar and wind energy, Croatian 
Adriatic region is a blank area, as yet, and all that inspite of the fact, that the region has 
no natural gas pipeline network. As a result, only presently available energy sources are 
electricity and heating oil. Substitution of thermal energy coverage by conventional energy 
carriers could substantionally reduce CO2 emissions and also could reduce imports of fossil 
fuels and enable the peak electricity exports from our hydropower plants covering up to 50% 
of the present national electricity demand.

The island of Brac – Current state and development prospects
The island of Brac (Figure 6) is the largest and most populated island in the County of 

Split and Dalmatian. Island of Brac is connected to the mainland with ferryboats to Split and 
Makarska. The Brac-Split sailing time is 45-60 minutes. There are daily six connections in 
the winter, and more than double of such connections in the summer.
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Table 2 - Structure of tourist capacities and number of tourist nights – Status in the year 2002.

City  Total number  No. of beds No. of beds No. of beds Tourist

Community of beds Hotels Apart./settl. Priv. accom. nights 2002

Supetar 7.437 540 1.635 5.262 325.002
Bol 5.897 802 1.920 3.175 400.300
Milna 1.749 82 1.220 447 40.112
Sutivan 1.444 0 77 1.367 73.905
Postira 1.127 46 55 1.026 33.334
Pucisca 445 55 0 390 6.305
Selca 1.334 122 182 1.030 29.995
Totals: 19.443 1.647 5.089 12.697 908.953

Brac also has an airport, which is used by tourists coming from European destinations, 
mostly during the season. Being close to the Split harbor and airport, Brac is nearly directly 
connected to Pescara in Italy, which use many Italian tourists in the season. Brac has hotels, 
apartments, tourist settlements and private accommodation of nearly 20.000 beds, with 
nearly 0,9 million tourist nights in year 2002 (see Table 2), with yearly grow of 10-15% and 
prospects to grow until some 2,5 million tourist nights per year.

The island of Brac and in particular the main city of Supetar all have modern well devel-
oped urban infrastructure (electricity grid, water supply, roads, airport, harbors, marinas, 
tourist capacities, medical care and ambulances, wine and olive oil production), which is 
offering good service to the local economy. In Supetar a small and functional industry zone 
was founded, tailored to the needs of local entrepreneurs, which are offering products, trade 
goods and diverse equipment and services.

Figure 6 - The Island of Brac
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Renewable energy solutions in Illyrian Resort (Milna)
The Illyrian Resort consists of 59 apartments, one restaurant and one 150 m2 open swim-

ming pool. Apartment settlement is open the whole year and need heating, cooling and 
DHW. The original architectual design of 3-stories buildings in Milna has been done in 
accordance with Croatian building regulations, which are effective since 1987. Neither 
walls, nor ceilings and floors are thermaly insulated. However, all windows and doors are 
of contemporary design, which reduce thermal losses to values which are lower then those 
prescribed by the 1987 low. Buildings fall now into the category of “design as usual”, which 
at the local climate on the island of Brac, still need about 70-80 kWh/m2a for the heating and 
about 100-110 kWh/m2a for the cooling.

The original architectual planning have forseen no particular solutions for heating, cool-
ing and DHW. The background planning was to use electricity (electrical boilers, individual 
air/air heat pump split-systems and electric hot plate cookers). The electric hook-up for set-
tlement in optimal case would be 440 kWe, or at minimal configuration 250 kWe. The unit 
hook-up investment cost is 220 €/kWe, that is 96.800 € for optimal, or 55.000 € for minimal 
configuration. In addition, the yearly costs of electricity would be of the order of 50.000 
€/a. The solution is economically not justified for the given level of comfort, and also it is 
ecologically unacceptable due to CO2 and other emissions. Technical comparisons and eco-
nomical evaluation of diverse conventional and renewable solutions has shown for hybrid 
block heating/cooling system based on flat plate solar collectors (100 m2), compression heat 
pump (27 kWe) and LPG boilers a distinguished best price/performance ratio, if comparing 
the lifetime investment and O&M costs of all solutions in competition.

The investment costs for the central hybrid system, which also includes the distribution 
network for heat/cold energy and gas, are between 114.000-125.000 € in dependence of the 
confort level. 

The hybrid system has three distinguished periods of operation:
• Summer operation, where heat pump (HP), by full tourist occupancy, covers the space 

cooling demand (HP combines day and night operation, charging the cold storage by 
night at half priced electricity costs) and also uses the condenser waste heat to preheat 
DHW up to 40-45°C. Solar collectors upgrade the DHW temperature above 65°C, thus 
avoiding any risk from legionelle. The cookers (in apartmants and restaurant) are forseen 
to use LPG. All DHW storage boilers in the boiler room can also temporarily use LPG to 
upgrade the water temperature, if solar output is not enough, due to cloudy weather.

• Winter operation, where HP, bei 25% tourist occupancy, covers space heating if outside air 
temperatures are above 5°C, flat plate solar collectors prepare DHW at 60°C (during two 
or more consecutive cloudy days, DHW is prepared by LPG boilers), and LPG boiler heats 
occupied apartments and restourant if outside air temperatures are dropping under 5°C.

• Half season operation, (spring and autumn) where solar collectors are preparing DHW 
and additionally heat the water in the swimming pool, which additionally helps in get-
ting higher tourist occupancies, also outside the summer season. HP is needed neither for 
heating, nor for cooling at that time, which means very low electricity consumption. LPG 
boiler is being used for after heating of DHW, if there are temporarily more than average 
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number of guests and at the same time more than two consecutive cloudy days. If weather 
is cloudy, swimming pool is not heated, because most of the guests on cloudy and windy 
days at outside tempetatures below 20°C use to avoid swimming.
The technical details can be inspected from Figure 7. The energy system offers large 

savings of electric energy during the 20-years lifetime. In spite of about 50% higher initial 
(investment) costs, if compared to conventional option using electricity and heating oil, 
large savings (>500.000 €) during the (20 years) system lifetime are expected. The level 
of savings depends on the portion of renewables in the energy balance. On the other side, 
the higher portion of renewables must be paid by higher investment costs. The general rule 
could be 1/3-2/3 of RES in the energy balance and in some particular cases this portion of 
RES could be even as high as 80-90%. However, the last but still important advice is to 
undertake every possible measure, which would reduce the energy demand. Substituting the 
lower energy demand by high portion of RES, will always cost you lesser.

Figure 7 - Block scheme of the hybrid Milna system

Legend
1.  Solar collectors
2.  Heat pump
3+4. LPG boilers
5.  Thermal storage tanks
6.  Fan coil installation
7.  Floor heating/
 cooling installation
8.  Swimming pool
9.  Users of DHW
10.  Distr./coll. waste heat users
11.  Distr./coll. HP heating users
12.  Distr./coll.heating/cooling users
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Conclusions
Tourism, organic agriculture, good water supply (also by renewable desalination), energy 

efficient building, modern transport, energy supply based to the large extend on RES, are 
prerequisites for sustainable development of islands and Adriatic region as a whole. There 
are still too many obstacles in developping countries like ours, and to overcome such bar-
riers, only strong international coperation of experts and organizations and demonstration 
projects at the economy of scale10 are helpful and effective. In this respect the present Con-
ference will hopefully bring closer not only expert minds, but also financial resources which 
are necessary in the implementation.
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ISLANDS IN THE SUN SCARCE RESOURCES:
SUSTAINABLE SOLUTIONS

WOLF MICHAEL IWAND

TUI AG - Corporate Environmental Management, Germany

Insularity – weakness and opportunity
Over the past few centuries small “southern” islands frequently were seen as “out of 

bounds”, peripheral, isolated areas with restricted access, no-go areas, sometimes taken 
advantage of only by soldiers or used for prisoners. This changed completely with the advent 
of modern mass-tourism. Today islands are seen mainly as “holiday paradises” and now rank 
at the top of the pyramid of demand for global tourism. More than 50% of all TUI customers 
now spend their holidays on islands.

Scarce island resources - a risk factor
Scarce island resources make it necessary to perform highly efficient “resource manage-

ment”. Water, energy (and land) are scarce and expensive. The lack or shortage of resources 
must even be seen as a “risk factor” if the supply is not secure. On the other hand, there are 
island resources which are abundant, such as sun, wind and sea. It might be the greatest 
challenge to turn “scarce resources” into “unlimited potentials” by using the power of the 
sun and wind and sea.

From islands to tourism products “made by TUI”
If “islands in the sun” are to be transformed into tourism products with strong brand images, 

then tour operators are key to the source markets and to foreign investments. Tour operators 
are the genuine interface between islands and markets � the interdependence is obvious. How-
ever, the modes of cooperation are not sufficiently established or even institutionalized to be 
economically competitive, ecologically sustainable and socially responsible.

Management Processes
Neither Renewable Energy Sources (RES) nor desalination directly benefit the holiday-

maker; but a sufficient, convenient energy supply and good quality, healthy fresh water do! 
RES must be integrated in regular, systematic hotel/destination management processes. How-
ever, the implementation of RES and desalination creates substantial conflicts (for instance 
regarding the architecture/design, landscape, offshore areas, species protection/nature conser-
vation and noise) and of course substantial costs. The barriers have been considerably high ... 
up to now; public and private investment has been relatively low ... up to now. Nevertheless 
with the decisive support of all policy-makers and all stakeholders, business included, we see 
an enormous leverage for the use of RES: cf. The ROBINSON case study.
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Sustainability policies
The paradigm “sustainable tourism development” and the Agenda 21 demand of all par-

ties involved policies which range from 
• adaptation to specific island conditions (respecting the limits)
• highly efficient performance in management processes
• continuous improvement process in energy and water management
to
• long-term innovations and structural change.

Considerable gains are possible at all levels, however, the “quantum leap” is possible only 
by innovation, which demands investment. The increasing scarcity of water and energy, the 
risk of climate change by greenhouse gases and the loss of biodiversity means we have to act. 

Progress by partnerships
As experience shows, “partnerships“ increase participation and progress. Partnerships are 

key to success. As the “Declaration of Chania” (June 2001) and numerous other examples 
(Island 2010 Campaign, Island Solar Summit 2000) demonstrate, such different actors as 
INSULA, ITER, ITR, UNESCO-MaB-Island Biosphere Reserves, OPET, EREC, RENES 
prove to be effective innovators. TUI is proud and willing to be involved in inter-island 
cooperation projects.

Vision and mission
The vision “Towards a 100 % Renewable Energy Sources Supply Strategy” fits well 

into the global claim for “The Solar Century” and a “solar revolution”. Such a large-scale 
vision is extremely inspiring. For TUI though the appropriate vision is for the 21st cen-
tury to be developed into “THE TOURISM CENTURY”: TOURISM being the leading 
economic sector in a globalized world with measurably less environmental impacts (for 
instance regarding energy, water, biodiversity and the climate) and greater economic and 
social benefits than all other sectors and with TOURISM taking the lead in the qualitative 
and quantitative use of Renewable Energy Sources.

Initiatives of municipalities
Although we share this global vision (Think global!) it is at the local level that change 

takes place (ICLEI: “If you move your community you can move the world”). Our stra-
tegic objective therefore is for local action (Act local!). We are realizing that this process 
depends primarily on the municipalities: the Mayor is the prime Change Agent! If we aim at 
renewable “power for paradise” we need the empowerment of and by the municipalities.TUI 
strongly encourages all activities by local authorities in bringing about renewable energy 
sources and clean water production and their inter-municipal networking.
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TECHNICAL AND ECONOMICAL EVALUATION OF 
WATER DESALINATION SYSTEMS POWERED BY 

FOSSIL AND RENEWABLE ENERGY SOURCES
NELSON MARTINS

IRRADIARE - Portugal

The shortage of drinking water is a problem that strongly affects many areas of the Globe. 
For some of these areas the only type of available water is saline (brackish water, seawater 
or contaminated groundwater) with concentrations of Total Dissolved Solids (TDS) vary-
ing between the 3,000 and 50,000 mg/l*. Water with saline concentrations of this greatness 
is inappropriate for human consumption; the World Organization of Health establishes an 
interval from 500 to 1000 mg/l for the drinking water and this range is even stricter for 
several industrial applications.

The contamination of surface and underground fresh water resources due to human activ-
ity has been contributing to the degradation of this resource, by itself limited; less than 
0.5% of the total water in the planet is available for Human consumption1. Examples of 
degradation of this resource are the saline intrusion in aquifers near the coastal border due 
to unsustainable water consumption, and the intensive use of pesticides and fertilizers in the 
agriculture that contributed, in equal way, for the degradation of fresh water resources. For 
this reason, the need of adequate desalination technologies is not limited to the dry areas 
of the Earth but also to many “wet” areas affected by the contamination of local aquifers. 
Examples of this are many rural areas in central Europe.

The production of drinking water from salty water is a common practice in several areas 
of the world. Of those areas they stand out the countries of the Medium East where the great 
majority (in some cases the totality) of the consumed water it is produced from saline water. 
Desalination processes are relatively simple from the conceptual point of view, involving low 
temperatures, however, strongly energy demanding. For some distillation-based technologies 
40-50% of the final cost of the produced water is due to direct energy consumption.

This aspect is particularly important if we recall that fresh water is a vital resource and 
fossil energy resources (currently the base of any energy matrix) are not only finite but also 
concentrated in limited areas of the Globe. Even if the fossil energy could be considered as 
a free, unlimited resource its negative effects on the Earth (local and global) environmen-
tal indicators would justify the evaluation of alternative energy resources particularly for 
desalination purposes.

The use of renewable sources of energy for desalination purposes appears as an interest-
ing alternative because all the advantages usually associated to these types of energies to 

* Typical TDS concentration for seawater is 35,000 mg/l, varying from 20,000 mg/l to 50,000 ml/l. For brackish water salt concen-
tration may range from 3,000 to 20,000 mg TDS/l, however 7,500 mg/l may be considered a typical value for brackish water TDS.
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which they can be added some advantages that are specific of the desalination application. 
In fact the intermittent character of most renewable energy sources is not a strong limita-
tion in desalination applications since it is possible and relatively simple to store water. 
On the other hand distillation-based desalination technologies require modest temperatures, 
i.e., between 70ºC and 110ºC, compatible values with the most modest solar thermal tech-
nologies. Finally renewable energy availability distribution is quite well correlated with the 
water shortage distribution.

These are the most important facts justifying the assessment of renewable energy driven 
desalination systems. The objective of this work is to evaluate the technical and economical 
viability of producing drinking water from salty water using conventional desalination sys-
tems driven by renewable energy sources. The considered area is the North Mediterranean 
Basin (Portugal, Spain, France, Italy and Greece). They were evaluated the Multiple Effect 
Distillation (MED) and Reverse Osmosis (RO), desalination technologies as they show the 
lowest specific energy consumption. Solar thermal (ST), Solar Photovoltaic (SP) and Wind 
(W) were the renewable energy sources chosen as they show the best fitting characteristics 
to the specific requirement of the selected desalination technologies together with interest-
ing averaged availability levels in the considered region.

Technical assessment
Methodology

The study is based on the results of a literature review on desalination technologies and renew-
able energy conversion technologies. Only commercially available technologies were considered 
in this evaluation. This aspect is particularly important for the present study, in fact renewable 
energy based desalination techniques are currently the subject of a relevant research effort and as 
a result of that, some innovative desalination methods, originally thought to be driven by renew-
able energies are reported in the literature. Some will be cited here, however, they are not the 
targets of the present work as it is impossible to estimate specific water production costs.

In order to estimate the cost of the water produced by the different methods the following 
strategy will be considered:
a) Selection of desalination processes.
b) Selection of renewable energy sources.
c) Estimation of water production cost (without considering energy costs).
d) Evaluation of energy requirements for the selected desalination processes.
e) Estimation of energy cost for selected renewable energy conversion technologies.
f) Estimation of water production cost.
g) Estimation of production capacities as a function of land requirements.

Desalination technologies
The prime objective of any desalination technology is to produce potable fresh water 

from saline water. For that purpose energy has to be supplied. Depending on the considered 
technology, the required energy may be heat (steam) or mechanical energy (turbine our 
electrical motor).
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There are two main technologies 
used in commercial desalination 
plants: thermal processes and mem-
brane processes. Thermal processes 
are based on the saline water distil-
lation, i.e., water is evaporated from 
a saline solution followed by its 
condensation as fresh water. Mem-
brane processes are based on the 
use of semi-permeable membranes 
to separate water from the saline 
solution. Thermal processes deliver 
fresh water with extremely low concentrations of salts (it can be as low as 10 mg/l). Membrane-
based technologies are able to deliver fresh water with salt concentrations in the order of 350 
– 500 mg/l. In the thermal processes family there are different technologies, multi stage flash 
distillation (MSF) Multi-Effect Distillation (MED), Vapour Compression distillation (VC). In 
membrane processes family there are also different technologies available, Reverse Osmoses 
(RO), Electrodialysis (ED). In addition to these there are some hybrid systems such as mem-
brane distillation. Table 1 provides a summary description of the most representative technolo-
gies. A complete description of the different processes and technologies can be found in2.

Table 1 - Description of major desalination processes

Each technology has its specific advantages and limitations. Some characteristics of the 
most relevant desalination processes are summarised in Table 2.

Figure 1 - Desalination process

Technology

MSF Multiple 
Stage Flash 

MED Multiple 
Effect Distillation 

VC Vapor 
Compression

ED Electro 
Dialysis 

RO Reverse 
Osmosis 

Description

Feeds heated water into low-pressure vessel 
causing it to “flash“ into vapor, which is con-
densed and collected as pure water. 

Heats water to boiling, and collects vapor as 
pure water. Captures heat from condensing 
vapor to supply heat for next stages (effects). 

Compresses water vapor to cause condensa-
tion as pure water. Uses heat from condensa-
tion to heat feed water and generate vapor. 

Uses electric current to force salt through 
membrane, separating it from the feed water. 

Uses electric current to force pure water 
through membrane, separating it from the 
feed water. 

Characteristics

Captures heat from condensing vapor to 
supply heat for feed water. Uses heat. Appro-
priate for medium to large-scale projects. 

Uses heat. Appropriate for medium to 
large-scale projects. 

Uses electricity. Appropriate for small to 
medium scale. Simplicity and reliability 
make it attractive for small installations. 

Uses electricity. Normally used only for 
Brackish. 

Uses electricity. Can be appropriate for 
any scale.
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Table 2 - Major desalination processes breakdown
Process  Technology  Row  Major  Fresh water  Typical/max plant
  water Energy source salt concentration capacities (m3/day)
    (mg/litre) 
 MSF Seawater Steam 10 5,000 – 60,000
Thermal MED Seawater Steam 10 5,000 – 20,000
 VC Seawater Electricity 10 2,400 
 SWRO Seawater Electricity 350-500  128,000 
Membrane BWRO Brackish Electricity 350-500  98,000 
 ED Brackish Electricity 350-500  45,000 

 
Renewable energy conversion technologies

There are many advantages associated with the use of Renewable Energy Sources (RES). 
Most of those arise from their inexhaustible nature. However the advantages of RES goes far 
beyond this aspect. In fact the use of indigenous energy resources promote both local control 
and economic growth, contributing to economic security by reducing the risks associated 
to fossil-fuel prices and availability. In addition several Renewable Energy Technologies 
(RET) do not produce any kind of residuals or emissions during power generation. The 
growing concern and even constrains regarding climate change and greenhouse gas emis-
sions are additional driving forces promoting the use of RES.

There are not only advantages in what concerns to RES, there are also some known limi-
tations. The most important is their intrinsic low energy intensity; average solar radiation on 
Earth surface is 1 kW/m2. Other important limitations are their intermittent character, stor-
age and high initial investment cost. Nevertheless, the use of RES for desalination purposes 
appears as an interesting alternative because some additional advantages specific of the 
desalination application. In fact the intermittent character of most renewable energy sources 
is not a strong limitation in desalination applications since it is possible and relatively simple 
to store water. On the other hand distillationbased desalination technologies require modest 
temperatures, i.e., between 70ºC and 110 ºC, compatible values with the most modest solar 
thermal technologies. Finally renewable energy availability distribution is quite well corre-
lated with the water shortage distribution. These are the most important facts justifying the 
assessment of renewable energy driven desalination systems.

There are several options in what concerns to RES. Solar thermal (ST), solar photo-
voltaic, (SP), wind energy (W), Biomass (B) and Geothermal (G). A deep review on RES 
and RET state-of-the-art and future perspectives can be found at3. For this study they were 
selected Solar Thermal, Solar Photovoltaic and Wind.

The selection was made taking in account the resource availability in the defined region 
(North Mediterranean Basin), technology maturity stage and the selected desalination tech-
nologies requirements regarding energy quality.

Let us analyse the selected energy options, solar thermal (ST), solar photovoltaic (SP) 
and wind (W). Solar thermal systems consist on the heating of a fluid that can be water, oil 
or other, depending on the temperature that is desired using solar radiation. The efficiency 



TECHNICAL AND ECONOMICAL EVALUATION OF WATER DESALINATION SYSTEMS POWERED BY FOSSIL AND RENEWABLE ENERGY SOURCES

207

level depends on the technological sophistication degree, being possible to obtain values in 
the order of the 70% to 80%. There are a different configurations and technologies for ST 
plants, however for industrial scale applications flat evacuated tube collectors and parabolic 
troughs are the most mature technologies3.

Flat evacuated collectors are flat panels with a selective coating enclosed in a sealed, 
evacuated glass tubular envelope. They are good at capturing the energy from the sun; their 
thermal losses to the environment are extremely low. Systems presently on the market use a 
sealed heat-pipe on each tube to extract heat from the absorber (a liquid is vaporised while 
in contact with the heated absorber, heat is recovered at the top of the tube while the vapour 
condenses, and condensate returns by gravity to the absorber). Evacuated collectors are 
good for applications requiring energy delivery at moderate to high temperatures. 

Parabolic trough systems use parabolic trough-shaped mirrors to focus sunlight on ther-
mally efficient receiver tubes that contain a heat transfer fluid. This fluid can be heated up to 
390 ºC and pumped through a series of heat exchangers to produce superheated steam that 
will be used as input for the MED system. A similar but more complex system is the solar 
dish generator. The major difference is the number of sun tracking axis, one for the parabolic 
trough and two for the solar dish concentrator, see figure 2. Evacuated collectors have a selec-
tive coating enclosed in a sealed, evacuated glass tubular envelope. They are good at capturing 
the energy from the sun; their thermal losses to the environment are extremely low. Systems 
presently on the market use a sealed heat-pipe on each tube to extract heat from the absorber. 
Evacuated collectors are good for applications requiring energy delivery at moderate to high 
temperatures (domestic hot water, space heating and process heating applications.

Figure 2 - Solar dish concentrator and parabolic trough diagrams

The second (SP) consists on the direct conversion of solar radiation in electricity. Once 
again, several types of panels exist, depending on the configuration of these the gotten 
income. The solar radiation is converted in DC current (usually 12 Volts) being necessary 
additional equipment for its conversion on AC current as well as batteries for energy storage. 
Available technology efficiency can reach 14% for commercially available panels. Figure 3 
shows a schematic representation of a SP power plant.

Finally, and in what it respects to the wind energy (W), the force of the wind is used to 
turn great turbines that are directly coupled to electricity generators. The rotation of the 
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shovels of the turbines promotes the rotation of the generator and the consequent generation 
of electricity. For W and SP technologies the direct output is electricity so they can be con-
nected directly to grid or to an electricity-consuming unity such as a RO desalination plant.

 Figure 3 - Schematic representation of a SP power plant

Figure 4 - Schematic representation of a wind generator and a wind power plant

The energy availability in terms of solar energy and in terms of wind energy is strongly 
dependent of the place. Parameters as the latitude, number of covered days (clouds, thick 
fog, fogs), the topography, existence of micro-climates, climatic variability, altitude, etc, 
will influence the annually available solar energy as well as the average wind intensity 
regime and consequently the potential of that specific location in terms of water produc-
tion. Therefore, a detailed study using specific data of the location under evaluation will be 
always necessary to firmly establish its potential in terms of RES.

For this reason, the present assessment will provide only indicative figures, since it will be 
made based on also indicative and average values regarding energy availability It should be 
stressed here that the usually reported difficulties with energy storage in RE conversion sys-
tems are not so important here since it is much simpler to storage fresh water. So, if the system 
is designed having into account annual average energy availability and peak power as well as 
water requirements theoretically there will be no need for energy storage appliances.
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For the North Mediterranean Basin the considered average value for solar irradiation 
was fixed on 1780 kWh/m2 year 4. Relatively to the wind potential, due to the lack of better 
information the analysis was accomplished for three wind regimens defined by the average 
wind velocity of 4, 6 and 8 m/s.4.

Selected type of plants
For the present analysis two desalination processes were selected, MED and RO (SWRO 

and BWRO).
This selection was dictated by two major reasons. First both basic technology groups 

(thermal and membrane) should be analysed. Second, in the technologies selection specific 
energy requirements should be minimised. Under these constrains MED and RO are the 
obvious technologies to be considered. The RET selected were ST, SP and W. The selection 
was made taking in account the resource availability in the defined region (North Mediter-
ranean Basin), technology maturity stage and the selected desalination technologies require-
ments regarding energy quality.

Three associations were considered between desalination technologies and RES as 
presented in the Table 3. The association were made taking in account the type of energy 
requirements (electricity or heat) of the specific desalination technologies.

The coupling scheme between RET and the desalination plants is relatively easy. For 
the ST-MED couple, steam is produced in the ST plant and provided to the MED unity in 
the conditions required by the desalination unity. In fact a regular ST steam generator can 
produce steam at the required characteristics (saturated steam at 100ºC or saturated steam 
at 70ºC for low temperature MED2). For the other couples the energy type required is elec-
tricity, which is directly produced by the RET considered, therefore there are not special 
considerations regarding coupling.

Table 3 - Associations between desalination technologies and considered energy sources

 Technology of Dessalinização Source of energy
 MED ST (distillation) + SP (pumping)
 RO SP
 RO W

Figure 6 - Typical MED process diagrams
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Figure 7 - Basic RO process diagram

Economical assessment
A number of studies have been recently published regarding either desalination costs 

assessment2 and renewable energy costs evaluation1,3,4. In what concerns to RE-based desal-
ination most of the gathered publications are reporting specific technologies, most of them 
in a pre-commercialisation stage5,6,7,8. A limited number of studies on commercially avail-
able technologies were found in the literature9,10.

In the present work data from the different sources were used in order to estimate the 
desalination cost of desalination using RES using commercially available technologies.

The base documents used here were [2] for the desalination cost, [1] and [3] for the RET 
costs and [4] for the RES availability estimation. The followed strategy was:
a) Estimation of water production cost (without considering energy costs)
b) Evaluation of energy requirements for the selected desalination processes
c) Estimation of energy cost for selected renewable energy conversion technologies.
d) Estimation of water production cost
e) Estimation of production capacities as a function of land requirements.

Desalination cost
The total desalination cost can be separated in a number of parts: amortization costs, con-

sumables, labour, maintenance (globally defined as Operation & Maintenance) and energy. 
A detailed evaluation of desalination costs can be found in [2] were the following major 
assumptions were considered:
• Plant capacity 10,000 – 20,000 m3/day,
• Plant availability 95% (347 days of operation per year)
• Amortization time 20 years,
• Interest rate 5%. (for 8% and 10% interest rates see annex 1)

Table 4 summarize the main data regarding to desalination specific costs excluding 
energy.
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Table 4: Specific costs of different desalination technologies

Process  Amortization (2) (€ / m3)  O&M (€ / m3)  Total (€ / m3)
 min  max  min  max min max 
MED  0.21  0.42  0.07  0.41  0.28  0.83
SWRO  0.18  0.37  0.14  0.50  0.32  0.87
BWRO  0.05  0.12  0.08  0.35  0.13  0.47 

Specific energy consumption
The types of energy required by desalination process are heat (steam) and/or electric-

ity. Thermal based processes, e.g., MED, basically require mostly heat to the desalination 
process (85%-90% of total energy consumption) but electricity is also required for auxiliary 
functions and pumping. Membrane based processes just require electricity.

Estimated energy requirements for the considered technologies are presented in table 4 as 
presented by references [1], [2] and [11]

Table 5 - Specific energy consumption

Process  Heat (kWh/m3)     Electricity (kWhe/m3) 
 min  max  min  max 
MED  36  54  2  4 
SWRO  - - 4  8 
BWRO  - - 0.5  2.5 

Specific energy cost
In what respects the energy cost, in opposition to the case of the fossil and nuclear ener-

gies, the cost of the RE is basically limited to the cost of the initial investment since the sun 
and the wind are free and O&M costs are modest.

Estimates of energy cost produced by each one of the three RET selected are presented at 
Table 4. The base information sources were references [1], [3] and [4], major assumptions 
are summarised at Table 7.

Table 6 - Energy production costs
 Energy source  Energy cost (€ / kWh)

 ST 0.038 - 0.057
 SP 0.388 - 0.465
 4 m/ss 0.123 - 0.270
Wind 6 m/ss 0.051 - 0.066 
 8 m/ss 0.031 - 0.036
 Fossil based  0.04 - 0.08 (1)

(1) Electricity cost. For thermal energy a value corresponding to 70% of the electric-
ity cost should be considered. This is valid for a dual-purpose plant 2.
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Table 7 - Major assumption considered for energy production costs estimation

Water production cost
Conjugating the information of the Tables 4, 5 and 6 an estimate of the production cost 

of water based on the use of standard, market available RET and desalination technologies 
can be established. For wind energy based systems the energy cost considered is that cor-
responding to an average wind velocity of 6 m/s. The obtained values are presented in Table 
8.

Table 8 - Cost of the m3 of water produced

System  Amort. + M&O (€/m3)  Energy (€/m3)  Total (€/m3)
 Min  max  min  max min  max 
MED + ST + SP  0.28  0.83  2.15  4.92  2.43  5.75
SWRO + SP  0.32  0.87  1.55  3.72  1.87  4.59
SWRO + W  0.32  0.87  0.20  0.53  0.52  1.40
BWRO + SP  0.13  0.47  0.19  1.16  0.32  1.63
BWRO + W  0.13  0.47  0.03  0.17  0.16  0.64
MED + Fossil2 0.28  0.83  0.19  0.55  0.61  1.93 
SWRO + Fossil2 0.32  0.87  0.18  0.54  0.48  1.68 
BWRO + Fossil2 0.13  0.47  0.05  0.17  0.15  0.72

Solar 
thermal 
(ST) 

Solar 
Photovoltaic 
(SP) 

Wind 
Energy
(W) 

Average incident solar irradiation in the North Mediter-
ranean Basin 1780 kWh/m2ano, solar panel efficiency 
75%, Solar panel cost 500 - 750 €/ m2 , Amortization 
in 20 years, Interest rate 5%, (for 8% and 10% interest 
rates, see annex 1) O&M costs equivalent to 3% of the 
investment per year.

Average incident solar irradiation in the North Mediter-
ranean Basin 1780 kWh/m2ano, solar panel efficiency 
12%, Solar panel cost 6135–7500 €/kWp, Amortization 
period of 20 years, Interest rate 5%, (for 8% and 10% 
interest rates, see annex 1) O&M costs equivalent to 3% 
of the investment per year. 

Three different average wind speeds, Two different wind 
regimes for each wind velocity Turbine and infrastruc-
ture cost of 970 €/kW, Amortization period of 20 years, 
Interest rate 5%, (for 8% and 10% interest rates, see 
annex 1) O&M equivalent to 4% of the initial investment 
per year. 
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Figure 8 - Cost of the m3 of water produced

Water production rates and land requirements
As a result of the low specific energy intensity of RES, one of their major limitations is 

the land requirement. Typically large implementation regions are necessary for solarbased 
and even wind-based energy farms. For distributed production this is not a major limitation 
since there are usually available unused areas such as roofs, which are sufficient for distrib-
uted production approaches. For large-scale production, it is important to estimate the land 
requirements as a function of the desalination plant production capacity.

The major assumptions made in order to determine de specific water production (per 
square meter) and the plant land requirements are summarized in the table 8. The estimated 
values for a 10,000 m3/day plant are presented in table 9.

The impact of land cost on energy costs and indirectly on produced water costs may be 
more or less significant depending on the land availability, concurrent land usage projects, 
land occupation planning and local development policies. Considering that desalination 
plants should be located on the shoreline, this is a particularly complex issue since these 
are locations usually submitted to very strong occupation pressures by alternative projects, 
namely those related with leisure and recreation activities (tourism).

It is often necessary to negotiate the use of the land where the project is being imple-
mented. In some cases an agreement may be established that a renewable energy project 
is a desirable use of the land and that no land use expenses will be charged to the project 
developer. As an example, this may be the case on government owned land.

However, in most cases the landowner requires compensation for use of the land over 
a fixed period of time. Farmers, who can still use the land in and around the project site, 
as in wind farms, are a common example. For these particular case, as a rule-of-thumb, 
the annual cost of leasing the land for a wind energy project typically ranges between 1 
and 5% of project capacity and energy revenues13. For solar based RET it is not possible 
to share the land with other activities, therefore the impact of land availability on water 
production cost will be higher and strongly dependent of specific negotiations and local 
market constrains. Regarding land cost (if available) just as a reference value, the cost 
of agriculture land in Portugal for properties large than 100 ha starts on 5,000 €/ha, i.e., 
0.5€/m2. Comparing this value with the cost of the solar panels (see table 7), it may be 
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concluded that the cost of the land is not a determinant factor. However it should not be 
forget that the referred cost is for regular agriculture properties to be used on agriculture 
activities. The availability of free territory with these characteristics nearby costal areas 
should not be considered as granted, so the actual cost of land might be one or two orders 
of magnitude higher.

Table 9 - Major assumptions for production capacity and land occupation

Table 10 - Production capacity and land occupation.
Process  Specific Capacity Specific Capacity  Required land 
 (per year) (m3/m2) (per day) (L/m2)  (10,000 m3/day) (hectare)

MED + ST + SP  20.8  57.1  17.5 
SWRO + SP  77.8  213  4.9
BWRO + SP  592.8  1624.1  0.62 
SWRO + W  12.8  35.0  28.5
BWRO + W  102.4  280  0.35 

MED + ST + SP 

(SWRO and 
BWRO) 
+ SP 

(SWRO 
and BWRO) 
+ W 

• Energy consumption (52 kWh/m3thermal plus 2 kWh/m3 elec-
tric)1

• Fixed evacuated tube flat solar panels,
• Average solar irradiation availability of 1781 kWh/m2 year,4

•  ST panel efficiency of 75%, 4

•  SP panel efficiency 12%. 4

• Average incident solar irradiation in the North Mediterranean 
Basin 1780 kWh/m2year,4 Availability 100% 3 

• Average incident solar irradiation in the North Mediterranean 
Basin 1780 kWh/m2year, solar panel efficiency 12%, 4

• Energy consumption 4 kWhe/m3(SWRO) and 0.5 kWhe/
m3(BWRO),

• One-axis panel, 
• Average solar irradiation availability of 2740 kWh/m2 year 

(one axis effect), 4

• SP panel efficiency 12%,12

• Availability 90%,12

• Energy consumption 4 kWh/m3electric (SWRO),1

• Average wind speed 6 m/s and a 400 kW turbine resulting in 
an energy production of 715 MWhe/year, 4

• Turbine hub diameter of 35 m, 
•  Spacing among turbines 3 times their diameter 4 
• Overall farm availability of 80 % 4

• Energy production of 64.8 kWh/m2year 4
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Conclusions
The reference cost of seawater desalination based on conventional, dual-purpose fossil 

energy systems and RO and MED desalination technologies is in the 0.47 to 1.51 €/m3 range 2. 
A first analysis of the Table 8 (and figure 8) shows that with the exception of the combination 
RO + Wind, all the other systems analysed present higher production costs. The competitive-
ness of RES based desalination systems is even lower if land occupation criteria are considered, 
since land availability and respective cost were not included in the energy production costs.

Therefore based on the present state of the technology, the use of solar energy or wind as 
energy sources for large-scale desalination does not constitute an economically viable alter-
native when compared with the fossil or nuclear energy sources based systems.

However, the expected evolution of the kWh price produced based on conventional tech-
nologies is a sustained growth. This will be a natural result of market laws induced by fossil 
energy reserves depletion, population growth and introduction of greenhouse gas emission 
taxes. Simultaneously the growing penetration of RET is expected to substantially reduce 
their market price. With this background the cost differential above referred will show a 
sustainable tendency to be reduce or even disappear.

In the current state of technology and energy market development, RE based desalination 
systems are a justified option (under an economical evaluation) if remote areas, islands and 
small population agglomerates are considered. In these conditions, the conventional energy 
options led to water production costs equal or even higher than those presented by the solar 
and wind based options.

As conclusion, in the current state of the art and oil price the use of renewable energies 
for desalination can be justified only in decentralized applications as water supply to small 
population agglomerates in coastal areas, islands or remote areas. Therefore desalination 
systems based on RES are not market competitors to large, centralised fossil or nuclear-
based systems. The power scales differences between large fossil and nuclear plants and 
RES plants make unviable the development of hybrid systems. Those would only be inter-
esting if considered at the scale of RES plant as backup systems and peak support. Small 
reverse osmoses systems (10- 2,500 m3/day) powered by wind energy turbines are already 
competitive face to the conventional systems if located in places with a good wind regime 
and if supported by appropriated water storage infrastructures.
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Annex 1
Effect of different interest rates on the water production cost using RET’s

In the present annex, the effect of different interest rates on the water production cost is presented. For that 
purpose Table 4, Table 6 and Table 8 were recalculated using 8% and 10% as interest rate. The remaining 

assumptions were considered as for the 5% interest rate calculations.

Table A.1 - Specific costs of different desalination technologies
Process  5% interest rate (€/m3)  8% interest rate (€/m3)  10% interest rate (€/m3) 
 min max  min  max  min  max
MED  0.28  0.83  0.33  0.94  0.37  1.02 
SWRO  0.32  0.87  0.37  0.97  0.41  1.04 
BWRO  0.13  0.47  0.14  0.50  0.15  0.52 

Table A.2 - Energy production costs
Energy source   5% interest rate (€/kWh)  8% interest rate (€/kWh)  10% interest rate (€/kWh) 
ST   0.038 - 0.057  0.048 – 0.072  0.056 – 0.084 
SP   0.388 - 0.465  0.492 – 0.590  0.567 – 0.681 

Wind  4 m/s  0.123 - 0.270  0.156 – 0.343  0.180 – 0.395 
 6 m/s  0.051 - 0.066  0.065 – 0.084  0.075 – 0.097 
8 m/s   0.031 - 0.036  0.039 – 0.046  0.045 – 0.053 

Table A.3 - Cost of the m3 of water produced
System  5% interest rate (€/m3)  8% interest rate (€/m3)  10% interest rate (€/m3) 
 min max min  max  min  max 
MED + ST + SP  2.43  5.75  3.06  7.21  3.52  8.26 
SWRO + SP  1.87  4.59  2.34  5.69  2.68  6.49 
SWRO + W(*)  0.52  1.40  0.63  1.64  0.71  1.81 
BWRO + SP  0.32  1.63  0.38  1.97  0.43  2.22 
BWRO + W(*)  0.16  0.64  0.17  0.71  0.19  0.76 

(*) Average wind velocity of 6 m/s and two wind regimes
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OPTIMISING THE INTEGRATION OF HYDROGEN 
USAGE WITH INTERMITTENT ENERGY SOURCES

NEVEN DUIC, LUIS MANUEL ALVES AND MARIA DA GRAÇA CARVALHO

Instituto Superior Técnico, Lisbon, Portugal

The European Union includes more than 500 inhabited islands occupying 6% of the 
Union territory with about 14 million European citizens. Insularity, in general, means isola-
tion and/or dispersion, small local markets, resulting in significantly higher costs of trans-
ports, communications and energy, when compared to the closest continental regions. On 
the other hand, the higher energy costs make renewable energy sources more economically 
viable in small island energy systems, since their viability is less depending on size and fuel 
handling infrastructure than fossil fuel technologies.

With respect to energy production, most of the islands depend on importation, mainly from oil 
and its related products. In some cases, there is no way to link the islands to continental European 
energy networks, making difficult the implementation of the solutions to reduce environmental 
costs, such as air pollution and CO2 emissions. The need to provide the islands with a framework 
for future development in renewable energies was already highlighted in the European Com-
mission’s White Paper on Renewable Energy Sources 1, United Nations Conference on Islands 
and Small Island States (Barbados 942) and the 1st European Conference on Island Sustainable 
Development. The European Island Agenda3 highlights “the non-renewable energy sources as 
provisional solutions, inadequate to solve in the long term the energy problems of the islands.

Tourism is one of the most important economic activities in the Islands. Energy and water 
demand for tourism is high, mainly during the peak season (summer), when cooling and water 
needs are very important. Energy production and air conditioning systems present low effi-
ciency, fresh water availability and storage is deficient. Tourism is also an activity that produces 
important amounts of waste, which is a big problem in a closed ecosystem such an island 4.

The higher penetration of renewable energy sources in islands is limited with its intermittent 
nature, which can only be increased if some kind of energy accumulation is used. A promising 
accumulation technology is based on storing the energy in its chemical form, in hydrogen, from 
where it can be retrieved by a fuel cell, or that can be used for other uses, including the transport. 

Dimensioning the components of such a system, including renewable energy intermittent 
source, electrolyser, hydrogen storage and a fuel cell, that can be successfully integrated in the 
island power system, and help securing the supply, is not an easy task. Since the intermittence 
of a renewable source has a different pattern from the intermittence of the load, and when both 
are of the same order of magnitude, it is very hard to use the statistic approach with load dura-
tion and Weibull curves. It is necessary to model the system on hour per hour basis, during a 
representative year. For energy planning it would be necessary to build a model over the plan-
ning horizon, usually 20-30 years. 
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The H2RES model was developed to simulate the integration of renewable sources and 
hydrogen into island energy systems. The use of the model will demonstrate the problems 
of increasing the penetration of renewable energy source in islands. The H2RES model was 
tested on the power system of Porto Santo island, Madeira, Portugal. 

H2RES Model
The H2RES model, developed in Excel, is based on following the hourly values of elec-

tricity consumption, of wind velocity and solar radiation. The wind module uses the wind 
velocity data from the meteorological station in Porto Santo, measured at 10m, and adjust 
them to the wind turbines hub level, and, for a given choice of wind turbines, converts the 
velocities to the output. The solar module converts the total radiation on the horizontal sur-
face, obtained from the meteorological station, to the inclined surface, and then to output. 
Load module, based on a given criteria for the maximum acceptable renewable electricity 
in the power system, puts a part or all of wind and solar output into the system and discards 
the rest of the renewable output. The excess renewable electricity is then either used by an 
electrolyser for the production of hydrogen, or for desalination. The hydrogen is stored, and 
can be retrieved later, and used in a fuel cell. The electricity from a fuel cell is delivered to 
the system, and the rest is covered from Diesel blocks. 

Wind module
The wind velocity data is typically obtained from the closest meteorological station, or the 

data can be constructed by a model. Such data is usually not at the proper location and hub 
height, so it has to be adjusted. In cases, like Porto Santo, where wind turbines already exist, 
and the actual output from wind turbines is known, the velocities can be adjusted by a linear 
factor, so that the total wind output obtained from the wind velocity data is equal to the actual 
one. The wind data adjustment can also be done using the equation:

             (1)    

Figure 1 - Porto Santo installed Vestas wind turbine characteristics



OPTIMISING THE INTEGRATION OF HYDROGEN USAGE WITH INTERMITTENT ENERGY SOURCES

219

The conversion from wind velocities to electrical output is done using wind turbine char-
acteristics obtained from the producer, as for example shown in Fig. 1. 

Solar module
The hourly solar radiation can be either obtained from the nearest meteorological sta-

tion, or can be calculated by any of the available models, for given latitude. Data obtained 
from meteorological station is usually total radiation on horizontal surface, which is hard to 
adjust for inclination angle, for the lack of information on diffused and direct solar radiation. 
RETSCREEN model 5 was used to estimate adjustment factors for a particular geographic 
position, in order to estimate total solar radiation on the tilted surface from the known total 
radiation on the horizontal surface. With efficiency data obtained from the PV panel pro-
ducer, it is straightforward to calculate the hourly PV electrical output. 

Load module
The hourly load of the power system has to be obtained from the local utility. This data 

is usually represented as so-called load duration curves (LDC), in which load is sorted by 
magnitude instead of time. That approach, so well suited for conventional energy planning, 
cannot be used well with intermittent sources when they represent significant part of the 
system, what is the case of small island with higher RES penetration. Since the renewable 
sources, combined wind and PV, will give in any hour output that is between 0 and maxi-
mum installed, that can be higher than the total load, the amount of renewable taken by the 
power system can only be calculated comparing those values on hourly bases. The actual 
system if installed will have to make decisions on even shorter timescale, but for the mod-
elling purposes hourly periods will represent reasonably well the real situation, since, the 
solar radiation, load, and wind usually do not have abrupt changes on the smaller scale. If 
the wind is strongly changing, it might be necessary to adjust the model for 10 min periods. 
That is straightforward from this model. 

Small power systems usually have their power frequency controlled by a single block. 
Small amount of power coming from other sources will easily adjust to synchronous oper-
ation. It is safe to say that at any single hour, the maximum power that can come from 
sources without frequency control is around 30%. That allows for even higher values 
during smaller periods of time. Such a limit placed on renewable energy sources, will 
typically for wind, allow only 10-15% of the total yearly electricity produced. According 
to6 for a 5 MW system, as Porto Santo, one could possibly expect, at the current level of 
technology, less than 20% of wind electricity on yearly basis. That would mean either 
accepting more than 30% of wind electricity in some intervals, with unacceptably low 
quality of electricity, or would condition installation of System Control and Data Acquisi-
tion (SCADA) for all wind turbines and other renewable sources, and some kind of energy 
storage 7-12. 

The load module of H2RES model, based on a given hourly wind limit, accounts for the 
renewable electricity taken by the grid, and the excess is available for storage, desalination 
or some other kind of dump load. Such a calculation is shown for one day in Fig. 2. 
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Figure 2 - Porto Santo, January 1, the excess renewable 
electricity in case of 30% hourly limit to renewable penetration

Storage module
The storage module is based on an electrolysing unit, hydrogen storage unit, and a fuel 

cell, but it can easily be adjusted for hydro pumping storage, reversible fuel cell or batteries. 
The input into the storage system is limited with the chosen power of electrolyser, so the 
renewable excess power that is even superfluous to the electrolyser, or cannot be taken to the 
storage system because storage is full, has to be dumped or rejected. In islands there is often 
also need for desalination of seawater, which might be a good destination of dumped load. 

The electrolyser is working with certain efficiency, which is around 40-50%, and is 
expected to produce hydrogen already on pressure suitable for storage, avoiding the need for 
compression, but making the storage vessel bulkier. The storage vessel and the electrolyser 
output pressure limit the storage capacity. 

The stored hydrogen can be retrieved at any moment, either for use in stationary fuel cell, 
or for mobile uses, so it can possibly serve as a stepping-stone in converting even transport 
to hydrogen. The fuel cell, with its given efficiency, around 50%, can use the hydrogen from 
storage, and produce electricity, that will be supplied to the grid. A small fuel cell unit can 
be controlled by the grid, but a bigger one will have to be controlled by SCADA. It can only 
spend as much hydrogen there is in storage, and its output cannot surpass the load of the 
power system, at any single moment. 

The model envisages that the fuel cell can be used in the peak time, for peak shaving, or 
whenever the renewable is not reaching the limit set. In this way it is possible to use more 
of the renewable electricity. 

Figure 3 - Porto Santo, January 1, the hydrogen produced from excess renewable electricity and retrieved from 
storage in peak hours. For this particular day more hydrogen is retrieved than stored
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The Fig. 3 shows for a particular day how excess renewable electricity is used by elec-
trolyser, stored as hydrogen, and how in the peak hours hydrogen is used by a fuel cell to 
produce electricity for the grid. For this particular day more hydrogen is retrieved than 
stored. In the end of the day, the storage is empty. For this case of peak shaving, the storage 
is designed for only of 6 hours of fuel cell operation, which should well cover peak times, 
and therefore well distribute the daily fluctuations of intermittent energy sources, but which 
will not suffice for longer period smoothing. 

In order to fairly assess the hydrogen economy, the hydrogen stock difference between the 
beginning and the end of the yearly period should be negligible. In order to satisfy this condi-
tion, the stock at the beginning of the year is set to be equal to the stock at the end of the year. 

Fig. 4 shows the sources of electricity taken by the power system, and Fig. 5 shows the 
hydrogen stock in the storage vessel. 

Figure 4 - Porto Santo, January 1, the source of electricity taken by the power system

Figure 5 - Porto Santo, January 1, the hydrogen stock in the storage vessel

Model applied to Porto Santo
Porto Santo

The island of Porto Santo was discovered in 1418 by João Gonçalves Zarco and Tristão 
Vaz Teixeira, in the reign of King John I of Portugal. Its first governer was Bartolomeu 
Perestrelo, appointed by Prince Henry the Navigator, who started the first settlement. The 
culture of cereals, the raising of cattle and the plantation of vines were undertaken success-
fully, however sugar cane plantation did not find favourable conditions.
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Figure 6 - The Island of Porto Santo, Madeira, Portugal

Situated in the northern hemisphere at latitude of 32º, in the Atlantic Ocean, its territory 
of about 42 km2 is almost all covered with calcareous matter, especially on the northern side. 
It is secured on limestone that is visible in several places. The island is adorned with peaks, 
almost all to the North, the highest of which is Pico do Facho, 516 m.

Being one of the islands constituting the archipelago of Madeira, an ultra-peripheral 
insular region, Porto Santo is amazingly different from the island of Madeira. While lush 
green predominates on Madeira, Porto Santo is almost stripped of vegetation and the 
southern coast is bordered by 9 km long beach of soft sand that makes it an esteemed 
resort area.

Porto Santo is inhabited by 5000 yearlong residents, most of them living in the capital, 
Vila Baleira, but the number increases significantly during summer months. The number of 
tourists and part time second house residents fluctuates between 500 in the wintertime and 
reaches up to 15000 in the summertime. Nowadays many tourists seek out Porto Santo to 
enjoy relaxing holidays as the island still maintains an air of tranquillity, and its isolation 
permits it to keep some of the traditions of the first settlers. The temperate climate, which is 
felt all year round, is also a major attraction. 

Tourism has given Porto Santo an economic dynamism that has been growing year by 
year. The construction of its airport in 1960, further expanded in 1973, was an important 
factor that contributed decisively to the island’s economic and tourist expansion.

Porto Santo energy system
A fluctuating population, varying from 5500 to 20000, has put enormous strains to the 

island utilities, especially to the water and electricity production, that had to be designed for 
the summer peak needs. As an ultra-peripheral insular region, situated in the middle of the 
Atlantic Ocean, Madeira archipelago, of which Porto Santo makes part, will most probably 
never be connected to the mainland electricity grid. Therefore, there is need for developing 
costly local production system. Furthermore, since the local wells cannot satisfy the demand 
for water, a desalination plant has been installed in 1990. 
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Figure 7 - The map of Porto Santo with wind park, thermal power plant and desalination plant, 
electricity production per source in 2000 13

The power system consists of a thermal power plant with two Diesel fired 3.5 MW Diesel 
engine blocks and two fuel oil fired 3.4 MW Diesel blocks, and a wind park with two 225 
kW Vestas wind turbines and one 660 kW wind turbine, that was added only in December 
200013. It was expected to add one more fuel oil fired 4.1 MW Diesel block by the end of 
2001. Currently operating 13.8 MW of thermal power and 1.1 MW of wind power were 
satisfying a demand of 25.2 GWh in year 2000, of which 24.1 GWh came from thermal 
source and 1.1 GWh from wind source (basically from two smaller wind turbines) 13. The 
annual peak has reached 5.6 MW in year 2000, growing by annual rate of 20%. The low 
load, during out of season nights, is around 2 MW13. 

Figure 8 - The peak and electricity production, 1996-2000 13

Since this low load is only double then the wind potential installed, in the situation when 
the wind is good, and wind turbines may operate at the full power, there is more wind 
electricity entering the system (up to 1.1 MW) than the level that is generally considered 
acceptable, around 30% of the total, the excess wind electricity either cannot be taken up 
by the system, or can be stored in some way. Currently, it is used by desalination plant, 
which converts the energy into potable water. The problem for the energy system is that, 
even though such storage is good form the point of view of sustainability, it does not help 
the energy system, because, once converted into water, the energy cannot be retrieved any 
more, though by the avoidance of the future use of energy, in a way this also functions as 
energy storage. 
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Porto Santo Renewable Island
The plans to convert Porto Santo into the first Portuguese Renewable Island and to be one 

of 100 sustainable communities (100% Renewable) in Europe as indicated in the campaign 
of take-off of the E.U. white paper on Renewable Energies are underway. The island was 
given such a role in the energy plans. In order to increase the penetration of renewable ener-
gies further, the time has come to tackle the problem of energy storage. Since there is no 
potential for storing potential energy into a water reservoir for later hydropower production, 
like in El Hierro island (Spain), or to store the surplus electricity produced from wind elec-
tricity to the mainland grid, like in Samsoe island (Denmark), other ways have to be found14. 
Currently used system of storing the excess wind energy into potable water, does indeed 
enable the increase of renewable penetration, by reducing energy demand during peak times, 
but by no means may enable reaching even 30% of electricity produced. Even with better 
frequency control equipment, that would enable 100% of wind electricity being delivered to 
the system, due to the wind quality in Porto Santo, and to its intermittent nature, only up to 
45% of electricity demand could be satisfied by 6 MW of wind turbines. The rest would still 
have to come from thermal power plant firing fuel oil. 

The potential solution to the problem is storage of hydrogen. The excess of wind elec-
tricity can be stored into hydrogen, by the process of electrolysis. This energy can then be 
retrieved, when necessary, by supplying the stored hydrogen to a fuel cell. Due to wind 
characteristics in Porto Santo, in order to cover 100% of current electricity demand, either 
directly, or through fuel cell, by wind power, a two week storage would be necessary, with 
fuel cell plant big enough to cover the demand when there is no wind, and electrolyser big 
enough to supply enough hydrogen to the storage facility. The stored hydrogen could also be 
used for the transport, enabling a switch to really a 100% renewable island. In the process 
there is possibility to use waste heat, as part of cogeneration fuel cell. 

Results
In order to test the model four hydrogen storage test cases were run for Porto Santo, peak 

shaving with wind, peak shaving with wind and solar PV, and 100% renewable wind only, 
and wind and solar. 

Peak shaving
In order to compare peak shaving with hydrogen storage, between wind only and wind 

and solar renewable energy sources, the goal was set to have approximately similar ratios of 
electricity coming directly from renewables, 16.5%, from fuel cell, 1.8%, and the rest from 
Diesel. In both cases the renewable hourly output to grid was limited to 30% of the system 
load. 

Table 1 shows comparison between a wind only and a wind-solar mix, as a renewable 
part of the system. The systems were both optimised to achieve a similar yearly output from 
a 500 kW fuel cell, satisfying 1.8% of the total electricity demand, or 0.45 GWh. Wind 
only scenarium was much more effective from the point of power installed, with 2.5 MW 
of wind, than wind-solar scenarium with 1.1 MW wind and 2.9MWp of PV, due to higher 
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load of wind turbines. Both scenarios produced similar total amount of renewable electric-
ity, slightly more than 6 GWh, and similar amount of renewable electricity was taken by the 
grid, slightly more than 4 GWh. With similar excess electricity, it was necessary to envisage 
50% bigger electrolyser unit for the wind only scenarium, because of the stronger intermit-
tency of wind, 1.5 MW against 1 MW, and 4 times bigger storage unit, 24 MWh against 6 
MWh, covering 24 hours of fuel cell consumption against 6 hours. 

In the wind only scenarium fuel cell managed only to serve 53% of the peak time, while 
the wind-solar reached 62%, as defined by a threshold of 80% of moving weekly peak. It 
is logical that wind needs more storage, since its behaviour is significantly less periodical 
than solar, but more storage will mean less power installed. This model can help a designer 
to find out a proper mix, for the particular set of conditions, of different renewable sources 
coupled with hydrogen storage. 

Table 1 - System parameters comparison for peak shaving hydrogen storage 
based on excess wind and wind-solar scenaria, H2RES model

 wind solar renewable electrolyser storage vessel H2 storage fuel cell
 kW kW kW kW kWh days kW

wind 2500 0 2500 1500 24000 1.00 500
solar & wind 1100 2860 3960 1000 6000 0.25 500

 wind output solar output ren. output ren. taken excess electrolyser desal.
 GWh GWh GWh GWh GWh GWh GWh

wind 6.1 0 6.1 4.1 2.0 1.8 0.2
solar & wind 2.7 3.6 6.3 4.2 2.1 1.8 0.3

 
 H2 stored H2 retrieved fuel cell electrolyser fuel cell peak serving time
 GWh GWh GWh h h %

wind 0.9 0.9 0.45 1195 906 53%
solar & wind 0.9 0.9 0.45 1794 900 62%

100% renewable
In order to satisfy all the demand from renewable source, though keeping Diesel as reserve, 

the results were quite different. There is no more significant difference between wind and 
wind-solar scenaria, since over longer period the intermittency of wind is much less influ-
ential. The longer period is slightly more than a week, or 8.5 days of storage, meaning that 
the capacity of storage must provide for 8.5 days of fuel cell working on full load, 5.5 MW. 
That will actually mean a capacity of around two weeks of full covering of the actual load 
from a fuel cell. Table 2 shows comparison of those two scenaria. Wind scenarium envisages 
25 MW of wind turbines, five times the annual peak, while wind-solar scenarium envisages 
11 MW of wind turbines and nearly 20 MWp of solar PV installed. Both scenaria needs an 
electrolyser unit of 11 MW, double the peak, and a fuel cell that can cover the peak of 5.5 
MW. The calculation was made for one year and does not account for the growth of demand 
that will certainly be significant, due to tourism. Fuel cell will serve the power system 37-
41% of time, while the rest of time the full load will come from renewable sources. 
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Table 2 - System parameters comparison for 100% renewable power system 
with hydrogen storage based on excess wind and wind-solar scenaria

 wind solar renewable electrolyser storage vessel H2 storage fuel cell
 MW MW MW MW GWh days MW

wind 25 0 25 11 2.25 8.5 5.5
solar & wind 11 19.8 29.8 11 2.25 8.5 5.5
 wind output solar output ren. output ren. taken excess electrolyser desal.
 GWh GWh GWh GWh GWh GWh GWh

wind 61.4 0 61.4 18.5 42.9 28.3 14.6
solar & wind 24.6 25.5 50.1 18.2 31.9 28.0 3.9
 H2 stored H2 retrieved fuel cell electrolyser fuel cell fuel cell serving time
 GWh GWh GWh h h %

wind 14.2 13.3 6.6 2576 1206 37%
solar & wind 14.0 13.9 7.0 2547 1267 41%

Conclusions
A model for optimisation and energy planning of integration of hydrogen storage and 

renewable energy sources has been devised for small and medium power systems (1-100 
MW). The model includes a wind and solar PV modules, while others can be straightfor-
wardly added. 

The model was tested on the data for Porto Santo island, for two different cases, peak 
shaving and 100% renewable power system. For each of the test cases two scenaria were 
optimised, one with only wind as a renewable source, and the other with a wind-solar mix. 
The results have shown that in case of peak shaving wind-solar mix might be more effective, 
but that for the case of 100% renewable wind system be certainly more cost effective. 
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The aim of this paper is to identify pathways for optimal integration of techno-economic 

parameters for a given energy system. The primary objective is to encourage greater penetra-
tion of clean and renewable energy technologies by identifying critical political, economic, 
technical and environmental constraints. 

The available technologies and policy mechanisms to overcome these constraints need 
to be assessed. The basis of the comparative assessment and focal point of this paper is to 
ensure supply of the energy services required by economic sector in a sustainable manner. 
In consequence the question raised is how to provide sustainable energy services employing 
clean and renewable technologies. 

The term sustainable energy services is defined as fulfilling a stated or observed energy 
requirement, e.g. cooking, taking consideration of the constraints of economic, environ-
mental and social nature. These constraints should be identified both in the supply and the 
demand side of an energy system. 

Clean and renewable technologies (CRTs) refers to technologies that utilise renewable 
resources or fuels to provide energy services (e.g. biomass and wind), or technologies and 
apparatuses that increase efficiency and/or reduce environmental impacts (e.g. emissions) 
existing energy systems (e.g. co-generation), or have a vital role in increasing performance 
of any combination of the above (regenerative fuel cell to efficient light bulbs). 

In order not to be overwhelmed by the enormity of a task to study the great area the 
above two definitions have sketched and for the purposes of producing conclusive research, 
an appropriate energy system has to be chosen. Small islands present great interest in that 
respect for two reasons: 

Great impact. Island communities are faced with increasing pressures to approach energy 
generation and consumption in a manner that will both secure modernity but will not limit 
the capacities of their natural environment on which their survival is so closely dependent. 

Ideal systems. Islands can be viewed as ideal micro-grids on which it is easier to fulfil 
and observe an energy intervention. Conclusions can then be drawn out to larger continental 
networks. Islands are a manageable energy system to work around ideas currently in the 
embedded generation debate. 

The paper focuses on the island complexes of the Aegean Sea in the Mediterranean. A 
critical review of available data on the energy structure, supply and demand, in these islands 
is undertaken. Patterns and behaviours of energy use are pinpointed and relevance is drawn 
to the objectives of this paper. A assessment of energy use by economic sector based on case-
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studies follows. During the sectoral analysis the definition of an energy service is attempted 
based on quality, quantity and significance of the service required. Synergies among sectors 
are identified in those cases where a by-product of fulfilling one service of a sector can 
accommodate a service of another. The goal is increased system efficiency. 

Before proceeding to the analysis of the energy structure and the sectoral breakdown of 
energy use, the following section introduces the key issues related to energy in islands.
 
The islands perspective 

It has long been recognised that small islands, whether states or not, are facing a quite 
homogeneous range of problems mainly due their ecological fragility and the vulnerability 
of their small economies. Their small territorial and population size, limited natural resources 
and isolation from main markets, high transportation and infrastructure costs, vulnerability to 
natural disasters and to the impulses of the international economy have been recognised by the 
international community as significant bottlenecks in the development of their people 1,2. 

Energy generation and conservation options are of outmost importance to the islands as 
it is a scarce resource and an expensive import 4. Energy provision can also have a great 
impact on the ecological performance of the islands which is frequently a major and direct 
economic asset 3,4. For example, transportation of fossil fuels increases risks of oil spills. 
Even in the case of renewable energy technologies, in particular solar PV, proper disposal of 
batteries and their chemicals is required. Energy policy on islands needs to address environ-
mental issues either as impacts of its choices or through its ability to tackle existing prob-
lems simultaneously. Water desalination utilising wind power is an example where proper 
energy planning can have a synergistic affect on other environmental strains of an island.

The Aegean Sea islands 
The Greek islands of the Aegean Sea provide a credible set of case studies that can be 

compared on a basis of similar parameters. Below is a summary of the main reasons that 
allow the required homogeneity: 

The geopolitical and social aspect. There are hundreds of islands, isolated by definition, but 
close enough and under uniform culture, language, administration, currency and legislation. 

The political situation. The general policy directions are pretty much decided by central 
administration at EU level. There is thus enough information on the likely policies to affect 
the energy environment in the islands in the future by examining EU legislation and regula-
tory advances. 

The current business environment. The liberalisation of the Greek power market has been 
met with great interest for renewable energy projects by the private sector (more than 50% of 
submitted applications). There is thus adequate information on technical and economic per-
formance of renewable technologies under the climatic and regulatory conditions of Greece 
and islands in particular. 

Demand increase. According to a recent report on the Greek electricity market, Greece 
has been characterised as ‘one of the fastest growing electricity markets in Europe’ expected 
to continue at 4% per annum well into the new decade providing a rare platform for revenue-



SYNERGISTIC PATHWAYS TOWARDS GREATER PENETRATION OF CLEAN AND RENEWABLE ENERGY TECHNOLOGIES

231

growth in the utilities sector (SSSB, 2000). 
The islands can be broadly grouped in those of the South and North Aegean. In turn, the 

South Aegean consists of two main complexes: 
• Cyclades is a group of twenty nine islands whose major islands are Andros, Mykonos, 

Naxos, Paros, Santorini, Syros and Tinos . 
• Dodecanese consists of twenty nine islands and is located in the south-eastern Aegean 

between Crete and Turkey. Major islands are Kos, Rhodes, Kalimnos, Kassos, Leros, 
Patmos, Karpathos and Astipalea. 

The North Aegean islands are the those of the north-east Ikaria, Samos, Chios, Lesbos, 
Lemnos, Samothraki and Thassos. In the west there is the complex of the Sporades with 
Skiros, Skopelos, Skiathos and Alonissos. 

Figure 1 - A map of the area of the Aegean Sea
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Methodology 
It is crucial to have a clear understanding of the energy needs in order to provide the 

services required. This paper suggests a sectoral bottom-up approach. A procedure by which 
sector-services are identified, characterised and quantified, then, aggregated in order to 
achieve favourable synergies of demand and supply options. The gaps and inefficiencies 
between the resource base, the services potentially available and those already in place must 
first be assessed in order to pinpoint specific cases for intervention. 

If such a procedure is successful and replicable, innovative approaches to energy in 
islands could hopefully provide a useful insight in current debate of future energy direc-
tions worldwide (decentralised power, micro-grids, storage, DSM etc). The methodology 
developed herein aims to address the question from the aspect of energy services not as 
size of energy supply, but as of a system that needs to be optimised in its entirety. Reducing 
any inefficiencies, taking advantage of any synergies and considering all significant non-
technical parameter 4. Figure 2 offers a conceptual representation of the steps necessary 
towards a structured bottom-up understanding of an island energy system. Below each 
step questions arising and expected outcomes to feed into the next stage are presented. 

 CURRENT
 ENERGY

 SITUATION

       SECTORAL 
   ANALYSIS

 OF ENERGY
 USE

    IDENTIFY 
  SYSTEM

 CONSTRAINTS & 
INNEFICIENCIES

Questions  
• What are the patterns of demand 

and supply? 
• What are the main drivers? 
• How are constraints and innefi-

ciencies addressed?
• What bootleneckss are there to 

increased efficiency gains?
• How did the energy system evolve?
• What dictates the fuels and tech-

nologies used?
• What is the relative weighting 

among economic sectors in energy 
consumption?

 

 
•  What are the services required in 

each sector? 
• What is the nature of the services 

provided?
• To whet extent is the system aggre-

gating demand of services among 
sectors?

• What data is necessary to pinpoint 
inneficiently provided services?

• How to decide on which sector to 
intervene and  what are its drivers 
regarding energy use? 

• What are the critical system 
parameters that  would affect CRTs  
intervention?

• What are the underlying policies 
and stakeholder behaviours that 
drive the  current system 
dynamics?

• How to identify services where 
technical and policy interevention 
can have greater impact without 
upsetting perceived lifestyles and 
the local economy?

Figure 2 - Schematic of bottom-up approach to island energy systems 

Outcomes
• Description and understanding of 

the system mechanisms.
• Identification of major issues that 

affect CRTs.
• Initial assessment of sectors to 

focus on..

• An index of potential services to 
optimise. 

• An assessment of possible syner-
gistic pathways.

• By sector identification of inter-
vention.

• Pathways to implemention where 
resistance is limited and gradual 
transition achieved for the system 
as a whole.

• An index of critical island energy 
system parameters.  
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However, there are significant differences among small islands around the world. These 
particularities although not directly related to energy as such, do play an intricate role in 
approaches to energy policy. Physical parameters include climate, geographical position, 
proximity to other land area, population density, area size etc. Parameters of political econ-
omy, non-physical parameters, may be as diverse as sovereignty, type of administration, 
market structure, property customs and legislation and so on. There is an apparent benefit 
selecting a particular set of islands, such the Aegean islands, as it homogenises as many of 
the conditions affecting the energy system as possible. 

For the remainder of this paper there is an attempt to go through the steps suggested above 
and explore its performance in the particular context of the island complexes selected. 

Energy structure 
Fuel oil, diesel and petrol are the predominant fuels in islands as in the mainland for 

electricity generation, transportation and the agricultural sector. Figure 3 below shows the 
relative distribution of fuels in energy supply typically found across the Aegean. 

Gasoline is consumed entirely in transportation. Diesel is mostly consumed for heating 
and electricity generation by the Public Power Corporation (PPC). Most of the heavy fuel 
oil is used for power generation too. 

Figure 3 - Distribution of energy supply per fuel in the Dodecanese

It is important to note here that the majority of the islands can be reached by ferry 
throughout the year. The infrastructure to transport liquid fuels to islands is well estab-
lished and it provides a significant income activity for the island refuelling visitors’ cars 
and boats. Thus, liquid fuels are readily available which explains their extensive use for 
services that could be more efficiently and cleanly provided as it shall be seen in the fol-
lowing. 
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Electricity supply 
Net electricity production and peak power demand for the years 1995 and 1998 (Table 1) 

show an average increase of 25% in the South Aegean. Similarly, consumption rose by 40% 
between 1992 and 1996 for the Cyclades and 25% for the Dodecanese. Peak power demand 
has been observed to occur in August which is the most touristic month of the year and there is 
increased air-conditioning demand. However, final energy consumption is highest for the period 
between December and January due to increased heating needs and the Christmas break 5,6. 

Table 1 - Annual electricity production and peak power for selected South Aegean islands (1995 and 1998)5

 
Island Net electricity production Net electricity production Peak power Peak power  
 for 1995 (GWh) for 1998 (GWh) for 1995 (kW) for 1998 (kW) 
Kos  96.607  160.709  27,500  46,500  
Karpathos  18.994  21.906  4,850  5,740  
Astipalea  2.580  3.446  880  1,350  
Symi  5.963  7.056  1,530  1,940  
Amorgos  4.025  5.108  1,720  2,060  
Santorini  46.583  59.524  15,800  20,500  
Milos  15.896  19.280  4,060  5,300  
Paros  86.230  105.247  26,200  34,100  
Seriphos  3.145  4.012  1,500  1,750  
Sifnos  6.845  8.744  2,880  3,030  
Syros  58.186  84.503  13,800  19,200  

The estimated total electricity demand and peak power in the islands of the North Aegean 
for 2003 is projected 60% higher than the 1994 figures6. Total energy consumption in the 
Aegean region has increased 41.3% between 1990 and 1994. Domestic absorbed 43.1% of 
these increase, tertiary sector 40.8%, 36% for agriculture and 17.4% in industry7. 

Figure 4 plots the percentage change of the net electricity demand and peak power 
between the years for which available data exists for selected islands of the Aegean. Then, 
each graph presents a relevant ranking order of the two characteristics. There are a number 
of observations to be made. 

Figure 4 - Percentage change of demand and peak for a set of Aegean islands 
Net electricity consumption and peak power demand change (1965-1998) - sorted by ascending production
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Net electricity consumption and peak power demand change (1965-1998) - sorted by ascending peak

• Increase of the demand and peak do not depend on size of island or population. This is exemplified by the rel-
evant positioning of Astipalea (pop. 1,246; 2001) with respect to Paros (pop. 12,783; 2001) in both graphs. 

•  Summer peak power demand is the dominant driver for increase in capacity rather than rising consumption. 
Balaras et al. have more specifically found out that power demand for most of the year runs on average 20% 
below the peak demand of the summer months. The spare capacity needs then to be consumed to keep the system 
balanced which is likely to encourage the operator to exercise weak control over inefficient electric space and 
water heating. Thus, there is a vicious circle every few summer seasons requiring more capacity to meet peaks 
which are then saturated and so on. The electricity demand and sectoral analysis section provide evidence of this 
vicious circle occurring. 

• Islands that are instead led by change in consumption are likely to have a less developed tourism sector with 
respect to other economic activities. Syros for example is an administrative centre for a group of islands in the 
region and maintains a number of offices. Thus, the increased demand signifies rising livings of standards rather 
than dominant tourism development that would have created abrupt peaks. 

Electricity demand 
The islands of the North Aegean region have in 1994 consumed 5,216 tonnes of diesel 

and 79,260 tonnes of crude oil for power generation in PPC owned power stations. Energy 
conservation has been a policy choice not particularly considered and it is probably an insti-
tutional bottleneck as it lies within the action area of many local and national governmental 
organisations. Recent simulations5,6 have revealed insulation of roof and walls and double 
glazing can reduce space heating demand which is mainly provided by electricity by 3565%. 
Domestic energy consumption accounts for 70% of the final energy consumption in islands 
of the North Aegean (836GWh; 1994). 

Industrial energy uses mainly involve processing of agricultural products with an annual 
energy consumption of 80GWh (1994). Potential energy savings from interventions on 
equipment could reach 10% with a typical payback between 2-4 years7. The commercial 
sector represents 22% of final energy consumption, that in 1994 amounted to 257,300MWh. 
About 40% of the consumption within the sector is required for space heating and similar 
measures to the domestic sector could achieve savings of 30-65%7. Finally, 2%, roughly 
25,000MWh in 1994, is consumed in the agricultural sector primarily for the use of fossil-
fuel by machinery and greenhouse heating. A smaller share is electricity for dryers, irriga-
tions pumps and similar agricultural equipment. 
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Low energy lighting has the potential to reduce energy demand for the service in the 
domestic and commercial sectors between 20-50%. This single measure could have signifi-
cant impact on demand growth and is likely to have made many capacity additions of the 
past decade obsolete.

Sectoral analysis of demand 
The transportation sector in the Aegean is the biggest consumer of energy. The pie chart 

below (Figure 5) is based on data from the Dodecanese and is a pattern met across the Aegean 
islands. The residential sector and hotels together account for 26% of the consumption. 

Electricity consumption by sector reveals particular increase for the domestic and commer-
cial sectors. There could be many reasons behind these increases and there have been no con-
clusive studies on the issue to date. Domestic electricity consumption between 1992 and 1996 
increased by 25% in the Cyclades. Increase in the tertiary sector was 60% while both industrial 
and agricultural electricity use in the Cyclades increased by 30% for the same period 5. 

Figure 5 - Useful energy consumption per economy sector for the Dodecanese

Santamouris et al. have repeatedly demonstrated the significant contribution in energy 
saving in the building sector of passive solar systems for space heating and cooling and passive 
cooling techniques in combination with conventional systems for heating, cooling, ventilation 
and lighting in various locations in Greece1. Transient system simulation studies carried out in 
the islands of the South Aegean have exhibited energy savings of 55-65% in energy consump-
tion for heating. Similarly, savings achieved in cooling by introducing insulation and similar 
measures (e.g. a light external wall colour) realised 45-55% energy savings in the model. 

Domestic sector 
To perform the analysis and identify characteristics of domestic energy use, predomi-

nantly electricity, the case study of the touristic town of Mytilene on the island of Lesbos is 
chosen drawing from a study by the University of the Aegean7. Mytilene has a population of 
approximately 23,000 inhabitants situated on the coast and exposed to northern winds that 
bring most of air pollution from the thermal plant over the town. 
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The transport and residential sectors together account for over three quarters of total 
energy consumed (40% and 37% respectively). Tertiary, including hotels, and industry 
account for 10% each. Between 1991 and 1997 electricity demand in Mytilene grew by as 
much as 40% which reflects increased standards of living as population remained stable 
during the same period.

Electricity use:
Particular characteristic of the Aegean islands is the high penetration level of electrical appli-

ances in households. Some have reached saturation levels such as refrigerators, televisions, 
ovens and irons. A selection is presented for Mytilene in Table 2. The table shows the great 
dependence on modern energy services which in turn indicates a rigid energy consumer behav-
iour. As long as the real costs of electricity production are not reflected by any means in the 
islands it is difficult to prove the conservation benefits to consumers given that the study showed 
the majority seemed indifferent to energy conservation practices, did not keep sufficient records 
of energy bills and consumption and was not informed on energy efficiency of appliances 7. 

Table 2 - Electric appliance penetration in 571 households of Mytilene7 

Type of appliance Households by no. of appliances Total Penetration 
 0  1  2  3   4      appliances (%)

Oven  20  544  7  - - 558  97.7  
Refrigerator  3  529  35  3  1  583  102.1  
Electric water heater  203  365  3  - - 371  65.0  
Kitchen el wtr heater  396  173  2  - - 173  30.3  
Washing machine  63  502  6  - - 514  90.0  
Dish washer  415  152  1  - - 154  27.0  
Iron  36  525  5  4  1  551  96.5  
Television  12  406  128  22  3  740  129.6  
Freezer  489  22  - - - 22  3.9  
Microwave oven  549  15  - - - 15  2.6  
Toaster  560  11   - - 11  1.9 

Sector service approach 
Table 2 indicates water heating is an evident area to intervene. Electric water heating is 

quite inefficient taking under account the subsidised tariffs. There is also a cost associated 
with getting the equipment. On the other hand, the system operator would be the major ben-
eficiary of more efficiency in consumption of electricity as it would defer further investment 
in new equipment, further fuel imports and storage. Having identified a service inefficiency 
in the sector we could assume two solutions: 

1. Promoting the installation of solar water heating panels. 
2. Provide the service as a central utility. 

According to the information available for Mytilene, the first would require an approach 
to individual households that would not likely succeed. As mentioned households are not as 
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efficiency minded and in addition there would be a cost associated with getting the panel. 
Such an approach might be more appropriate for the hotel sector that is more aware of 
energy costs and has the capacity to achieve significant savings and have access to proper 
financial support. The second solution attempts to view hot water as an aggregated service to 
be provided in the form of a utility. Water is centrally heated and then distributed to house-
holds according to need. Where will this water be heated? 

Studies suggest that the estimated thermal energy that could be recovered for the PPC 
power stations for the entire North Aegean region was 560GWh for 1994 and projected up 
to 895GWh for 20037. Cogeneration in the autonomous PPC power stations in the vari-
ous islands could result 80% power efficiency compared to the 30% usually in currently 
utilised thermal stations. Increased plant efficiency could be another benefit accruing to 
the operator. 

Mytilene would provide the necessary conditions to distant heating as the plant is located 
few yards from the northern end of Mytilene.. The driver is mounting pressure to install new 
power generator sets in Mytilene due to the 40% incresase mentioned earlier. It currently has 
an installed capacity of 58.5MW, consisting of eight internal combustion engines on crude 
and one gas turbine on diesel oil. 

There is room for creative pricing and financing of this service as well. If for example it 
makes capacity additions redundant for the operator then the operator can offer the service 
at a very competitive price to assist transition. For new built houses the avoided cost of 
hardware purchase (electric boilers) could make it attractive for households with no further 
incentives. 

Given enough heating capacity the utility could expand to space heating for the winter. 
Deploying appropriate heat exchangers cogeneration could then for example provide air-
conditioning in the summer months deflecting the winter heat load above, ensuring utilisa-
tion of the co-generation installation all year round. For Mytilene, total for space heating, 
water heating and air-conditioning is 70% of the domestic energy consumption (52%, 11% 
and 7% respectively). 

Detailed financial appraisal of the above suggestions and possibilities would need to 
be carried out and is ongoing work at Imperial College Centre for Energy Policy and 
Technology. 

Tertiary sector
This sector consists mainly of hotels, public sector (schools, hospitals etc.) and commer-

cial (e.g. restaurants, shops etc.). The hotel sector spends most of the energy available for the 
sector. In the case of the Dodecanese the relative share is 50%, 16% and 34% respectively. 
Taking under account the hotel sector is operational for half of the year, its consumption 
has a great impact on the energy supply of an island. At the same time though the hotel 
sub-sector is the most likely sector to adopt technologies that can prove to save money. This 
should depend on size and facilities of the hotels present on an island. A two star hotel is 
likely to require less quantity and quality than a holiday resort which will run a number of 
services on a greater scale. For the islands of the Aegean, the hotel sector seems a candidate 
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sector to introduce CRTs by economising on specific energy requirements these have. It has 
been demonstrated how synergies can be aggregated in the previous section on the domestic 
sector. 

Hotels account for 9% of total energy consumption in the Dodecanese. The energy is 
mainly used in water heating, air conditioning and lighting8. These follow similar demand 
behaviour through the year, peaking in August. Water heating is the major consumer of 
energy and is met by electricity and partially by solar thermal collectors. 

The hotel sub-sector and tourism:
The main driver behind the increasing energy demand of hotels is tourism arrivals and 

there is scope to elaborate on it. 
Tourism has a great impact on seasonal population which in consequence stresses capac-

ity levels to meet base and peak loads that are physically impossible to meet unless there is 
generation increase on the island as there are rare and limited interconnections. Tourism also 
increases demand on electric appliances and there has been no restriction on the efficiency 
range of these so far by the government.

Drivers of domestic tourism:
A recent newspaper article (Kathimerini, 2/5/2002) has revealed that 95.5% of the Greek 

population on vacations prefers to stay within the country. In comparison to other European 
countries Spain comes second (89.7%) with Portugal following (82%). Another, signifi-
cant characteristic in our analysis is the concentration of holiday makers in the two hottest 
months of the year, June and August, which create the peaks. A considerably higher than any 
other European country 62.2% of the work force prefers to take its vacation in that period. In 
comparison only 1.4% decides to rest during October-November period. With a GDP growth 
rate of 3.8% for 2000 and forecast to maintain well into the decade, the aforementioned fig-
ures add up to a rising standard of living part of which translates to demand for more energy 
services in summer destinations.

Drivers of foreign tourism:
Foreign tourism has been on the increase particularly since the extensive liberalisation of 

air transport in Europe which endorsed a number low-cost airlines and charter flights allow-
ing even more arrivals. State policy in the past two decades secured a landing strip of some 
sort or the other even on tiny islands in an effort to withhold migration of island population 
to the urban centres of mainland Greece by reinforcing local economies. Thus, in addition 
to the multitude of sea connections offered among the Aegean islands, air travel has signifi-
cantly increased access to island destinations. It is characteristic that three companies are 
now competing domestically for these destinations. 

A significant driver in the short to medium term are also the Olympic Games of 2004 in 
Athens. Tourism during that period is expected to exert stress on both continental and island 
energy supply and hotel capacity. 
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Identifying pathways 
This section summarises the main points of the analysis undertaken. Each section of the 

original buildings blocks of the methodology has lead to narrowing down in the next. Even-
tually, water heating was identified as a point of intervention for Mytilene following the 
steps below. 

• Conventional liquid fuels are predominant in the islands and are 
regularly shipped to the islands. 

• Transport sector inelastic due to mainland fleet intrusion. 
• Diesel and HFO generators dominant technology. 
• System driven by summer peaks. 
• Difference in energy consumption among touristic and white 

collar islands. Size and population size not as critical. 
• Diesel is primarily fuel of preference for space heating, mainly 

because it is available and subsidised. 
• Fuel for transport excluded, electricity is the major energy 

energy vector in islands. All sectors large grew in past decade. 
• Dominant sectors are domestic and the hotel sub-sector of the 

tertiary sector. Drivers are domestic and foreign tourism and 
rising standards of living for whole country. 

• Consumers have extensive access to modern electric appliances 
but are not aware of their consumption patterns. 

• Great inefficiencies in choice of technologies for water and 
space heating. Minimal conservation measures. 

• Lack of integrated approaches to energy services required by 
electricity system operator. 

• Minimum CRTs penetration even in the commercial sector. 
• Energy subsidies and social mandate of utility major constraint 

to clean and renewable technologies. 

Conclusions 
Particular points picked up during the analysis are presented below and were possible are 

discusses in the broader framework of energy in islands. 
Energy structure. Looking at an energy system such as an island or an island complex it 

is crucial to understand how has the energy system evolved. This should include technical 
and non-technical analysis alike. In the case of the Aegean islands this has been relatively 
straightforward as there is good available historical data, dictated policy and homogeneous 
economic and cultural indicators. Regarding the technical side of the assessment it has been 
assumed that the same strategies are and were followed with respect to energy provision 
in islands as the operation has been traditionally undertaken by a single organisation with 
minimal private involvement. 

Sector analysis. Share of use of energy among the sectors of the economy and the trend 
these follow has been assessed before proceeding to more in-depth analysis of the crucial 
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sectors identified. In the case of the Aegean islands these sectors have been proved to be 
transport, domestic and hotels as a sub-division of the tertiary sector. Transport has been 
ignored as there is limited scope of intervention due to significant influx of mainland fleet. 
The domestic sector has been found to be increasing due to raising standard of living and 
domestic tourism -commonly expressed through privately owned property on the islands. A 
combination of domestic and foreign tourism is responsible for the growth of the hotel and 
commercial sectors which in turn can be linked to the advent of liberalised air travel market, 
the relative economic attractiveness of the Greek islands and raising standards of living in 
Greece. Although operating for half the year the tourism induced sectors consume dispro-
portionately large quantities of energy. 

Natural environment. Protection of the natural environment in terms of fauna and flora 
is not high on the agenda of the Aegean islands. Architectural, archaeological, climatic and 
aesthetic value is of vital importance though. Aesthetic degradation is thus an issue as well 
as coastline pollution and air borne pollution damage to archaeological heritage. There have 
only been isolated cases of such issues arising usually linked to a fuelling accident or have 
not been addressed at all. Aesthetic value is sensitive to wind turbines too. Eco-tourism on 
the Greek islands is not as commercially developed so it cannot be considered an economic 
alternative to mainstream tourism. The situation would be much different to the Azores 
islands of the Pacific that address an eco-minded tourism of less mass. 

System transition. The residential sector is dominant for the duration of the year but is quite 
transient as domestic tourism with privately owned accommodation is significant. Changing 
energy use behaviours can therefore prove a very inelastic strategy and beyond a localised 
approach as it would have to capture all those who normally reside and are used to mainland 
services. The situation could be very similar to tourist laden islands of the Caribbean. 

Economic drivers. Bottom-up economic arguments such as proved energy savings for 
both the domestic and hotel sectors or the possibility to provide services that can be charged 
more, for the hotel sector, are the most promising approaches to introduce CRTs in the 
Aegean islands. A top-down approach for increased CRT share, as has been the norm so far, 
could work as an alternative as long as it does basically keep the service people are used 
to above a level of familiarity. This is particular for islands that are saturated with modern 
energy use and are used to a particular standard of living as are the Aegean islands. This 
would have been much different in the case of small and poorer Pacific Ocean islands whose 
energy needs are much different in quality and quantity. 

Service focus. In all cases though it is very substantial to know where you can economise 
on behalf of your sector customers (assuming you are an energy services consultant or energy 
systems retailer) or what your customers are used to getting and the degree they can adapt (if 
you are the utility). It should be reminded here that optimised and gradual transition to CRTs is 
the goal of this study. Then, the policymakers should in the former case above provide proper 
incentives to the technology or know how importer. In the latter case energy conservation 
arguments should be clear for the system operator who should be encouraged to operate more 
efficiently, e.g. not be subsidised. Role playing however is still work in progress for this paper 
as is standardisation of the procedure that led to these conclusions for the Aegean islands. 
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Discussion 
There are clearly areas for improvements in energy generation and consumption in the 

Aegean Sea islands. The technologies in place at the moment and the decision-making are 
currently based on a traditional engineering supply side approach. Gradually, in the past 
decade this approach has become severely constrained mainly due to the growing stand-
ard of living and the increase of a service hungry transient population on the islands. On 
the other hand, numerous studies have been completed stressing the need and benefits for 
extensive utilisation of clean and renewable technologies for generation and conservation 
of energy. Nevertheless, it remains an issue how to match the needs of the stakeholders 
involved, accommodate for services required for the local economy with minimal disrup-
tion to the perceived lifestyles and still ensure economic viability. This paper suggests to 
build a sound process of identifying the needs by sector (sector-services) that need to be 
fulfilled and address these specifically to the costs and benefits of the immediate stakehold-
ers involved. Synergies among sectors should then be assessed to achieve better economies 
in order to incorporate a greater degree of CRTs as possible. One needs to realise the chal-
lenges of transition and has to make it as smooth as possible for the people who after all are 
going to benefit or suffer from any change. For our context, in order to do this we should 
first be able to answer a number of question about current needs, how these are fulfilled and 
how should one challenge the mechanisms to service those needs. 
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Wave energy can be considered a concentrated form of solar energy. Winds are generated 
by the differential heating of the earth, and, as a result of their blowing over large areas of 
water, part of their energy is converted into waves. The amount of energy transferred and 
hence the size of the resulting waves depend on the wind speed, the length of time for which 
the wind blows and the distance over it blows (the ‘fetch’). Energy is concentrated at each 
stage in the conversion process so that the original solar power levels of order of 100 W/m2 
can be converted into waves with power levels of typically 10 to 50 kW per metre of wave 
crest length1. In deep water, waves loose energy only slowly and they can travel along great 
distances (thousands of kilometres) with very little dissipation. 

As waves approach the shore travelling in waters of decreasing depth, they are modified 
through a number of phenomena when the water depth, h, becomes smaller than about one 
half of the wavelength, λ/2 (which for most areas occurs where h <100m). Refraction, dif-
fraction and reflection of ocean waves are conservative phenomena (i.e. the total energy 
remains constant) as the corresponding modifications in optical waves are. They promote 
the redistribution in the space and frequency domains of wave energy density. Refraction 
promotes the turning of crests, which tend to become parallel to depth contours and shore-
line. As a consequence energy is concentrated in convex bathymetries as in headlands and 
submarine ridge areas, and is dispersed in concave seabed areas as bays. Even in the absence 
of focussing or defocusing, the change in direction that produced by refraction can be of 
great importance in wave energy extraction at the shoreline and nearshore because the cap-
ture efficiency of devices located here is in general orientation-dependent. In the vicinity of 
indented coastlines, diffraction can promote an increase in wave energy concentration. Wave 
breaking and bottom friction are dissipative phenomena. Wave breaking dissipates most of 
the wave energy. However this can also have a positive effect in the nearshore/shoreline 
wave energy extraction because the largest storm waves break before reaching the plant thus 
avoiding the extreme loads of waves breaking upon its structure. Bottom friction is particu-
larly important when a wide continental shelf exists (in contrast with such situations as the 
Azores volcanic islands) and increases with seabed roughness.

The power present in ocean waves has been recognised for millennia although mostly in 
terms of its destructive potential. However, the possibility of obtaining useful energy from 
ocean waves has been considered only in the last couple of centuries. The first patent of a 
wave energy device was registered in France by the Girards father and son at the end of 18th 
century. Since then more than one thousand patents have been filed in various countries.
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It can be said that research in wave energy conversion based on adequate scientific back-
ground started in the 1970s when the oil crises provoked the exploitation of a range of 
renewable energy sources, including waves. Based on various energy-extracting methods, 
a wide variety of systems has been proposed but only a few full-sized prototypes have been 
built and deployed in open coastal waters. Most of these are or were located on the shoreline 
or near shore, and are sometimes named first generation devices. In general these devices 
stand on the sea bottom or are fixed to a rocky cliff. Shoreline devices have the advantage 
of easier maintenance and installation and do not require deep-water moorings and long 
underwater electrical cables. The less energetic wave climate at the shoreline can be partly 
compensated by natural wave energy concentration due to refraction and/or diffraction (if 
the device is suitably located for that purpose). The typical first generation device is the 
oscillating water column (OWC). Another example is TAPCHAN (Tapered Channel Wave 
Power Device) a prototype of which was built on the Norwegian coast in 1985 and operated 
for several years.

Offshore devices (sometimes classified as third generation devices) are basically oscillat-
ing bodies, either floating or (more rarely) fully submerged. They exploit the more powerful 
wave regimes available in deep water (typically more than 40 m water depth). Offshore 
wave energy converters are in general more complex compared with first generation sys-
tems. This, together with additional problems associated with mooring and the need of long 
underwater electrical cables, has hindered their development, and only recently some sys-
tems have reached, or come close to, the demonstration stage.

The present paper is devoted essentially to first generation devices (especially OWCs), 
on whose design, construction and operation some experience already exists. An addi-
tional reason for this choice is the role played by the author in the development of the 
OWC plant in the island of Pico, Azores, and, to a much less extent, of the Islay LIMPET 
plant in Scotland.

Tapchan
The TAPCHAN, a device developed in Norway in the 1980s, comprises a collector, a 

converter, a water reservoir and a low-head water-turbine 2 (Fig. 1). The horn-shaped collec-
tor serves the purpose of concentrating the incoming waves before they enter the converter. 
In the prototype built in Norway, the collector was carved into a rocky cliff and was about 
60-metre-wide at its entrance. The converter is a gradually narrowing channel with wall 
heights equal to the filling level of the reservoir (about 3 m in the Norwegian prototype built 
at Toftestallen in 1985). The waves enter the wide end of the channel, and, as they propagate 
down the narrowing channel, the wave height is amplified until the wave crests spill over 
the walls and fill the water reservoir. As a result, the wave energy is gradually transformed 
into potential energy in the reservoir. The main function of the reservoir is to provide a stable 
water supply to the turbine. It must be large enough to smooth out the fluctuations in the 
flow of water overtopping from the converter (about 8500 m2 surface area in the prototype). 
A conventional low-head Kaplan-type axial flow turbine is fed in this way, its main specifi-
city being the use of corrosion resistant material.
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Figure 1 - Schematic view of the tapered channel wave energy device (TAPCHAN).

The TAPCHAN is based on conventional technology to an extent (perhaps) greater than 
any other type of wave energy converter. From the technical point of view, the most critical 
aspects are the optimal design of the collector (which is a non-trivial diffraction problem) 
and the rock breaking technique. The siting requirements for a TAPCHAN severely limit the 
applicability of the device. Ideally it should be located at a cliff in deep water, behind which 
appropriate conditions exist to create a sufficiently large reservoir. The water head achiev-
able in the reservoir depends on the wave climate, but could exceed 4 metres in a moderately 
energetic climate.

Although it was repeatedly announced in the late 1980s and in the 1990s that contracts 
were underway for the construction of TAPCHANs in several countries, this has not been 
confirmed, and the technology seems to have come to a standstill.

The oscillating water column
The Oscillating water column (OWC) device comprises a partly submerged concrete or 

steel structure, open below the water surface, inside which air is trapped above the water 
free surface. The oscillat-
ing motion of the internal 
free surface produced by 
the incident waves makes 
the air to flow through 
a turbine that drives an 
electric generator (Fig. 2) 
The axial-flow Wells tur-
bine, invented in the late 
1970s, has the advantage 
of not requiring rectify-
ing valves. It has been 
used in almost all proto-
types. 

Figure 2 - Longitudinal section of an OWC (Pico plant).
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Full sized OWC prototypes were built in Norway (in Toftestallen, near Bergen, 1985), 
Japan (Sakata, 1990), India (Vizhinjam, near Trivandrum, Kerala state, 1990), Portugal 
(Pico, Azores, 1999), UK (the LIMPET plant in Islay island, Scotland, 2000). The largest of 
all, a nearshore bottom-standing plant (named OSPREY) was destroyed by the sea (in 1997) 
shortly after having been towed and sunk into place near the Scottish coast. In all these 
cases, the structure is fixed (bottom-standing or built on rocky sloping wall) and the main 
piece of equipment is the Wells air turbine driving an electrical generator. Except for the 
OSPREY, the structure was made of concrete. The cross-sectional area of these OWCs (at 
mid water-free-surface level) lies in the range 80-250m2. Their installed power capacity is 
(or was) in the range 60-500 kW (2 MW for OSPREY). Smaller shoreline OWC prototypes 
(also equipped with Wells turbine) were built in Islay, UK (about 1990), and very recently 
in China. The so-called Mighty Whale, built in Japan a few years ago, is in fact a floating 
version of the OWC, also using the Wells turbine.

In an OWC plant, the energy conversion chain consists of the following elements: wave 
to air (in which the structure containing the oscillating water column plays a major role); air 
turbine; electrical generator (and complementary electrical equipment).

The wave-to-air conversion
The wave-to-pneumatic energy conversion may be studied theoretically/numerically, or 

by testing a physical model in a wave basin or wave flume. The techniques to be applied are 
not very different from those used in the study of the hydrodynamics of ships in wavy seas.

Numerical modelling is to be applied in the first stages of the plant design. The computer 
codes that have been developed for this purpose are based on the boundary element method. 
The main limitations lie in their being unable to account for losses in water due to real (vis-
cous) fluid effects (large eddy turbulence) and not being capable to model accurately large 
amplitude water oscillations (nonlinear waves).

For these reasons, model tests should be carried out in wave basin when the final geom-
etry of the plant is already well established. The model testing is performed at scales rang-
ing from 1:50 to 1:25. It is essential to simulate the absorption of pneumatic energy by the 
turbine, namely the damping effect the turbine introduces in the hydrodynamics of the wave 
absorbing process. At these small scales, it is practically impossible to use a model of the 
air turbine. The procedure consists in introducing, in the duct connecting the air chamber 
model to the atmosphere, a device simulating the turbine: either a simple calibrated orifice 
or (preferably if a Wells turbine is to be simulated) a set of filters producing a pressure drop 
approximately proportional to the air flow rate. The tests are to be performed for a set of 
wave conditions reproducing the local wave climate. They should provide information for 
the specification and design of the air turbine.

It has been found theoretically and experimentally since the early 1980s that the wave 
energy absorption process can be enhanced by extending the chamber structure by pro-
truding (natural or man-made) walls in the direction of the waves, forming a harbour or 
a collector. This concept has been put into practice in most OWC prototypes. An Austral-
ian company proposes a technology using a large parabolic-shaped collector (shaped like a 
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TAPCHAN collector) for this purpose. In the design (size and geometry) of such devices 
(especially if they require large additional structures), a balance should be kept between, on 
the one side, the benefit in terms of additional produced energy and, on the other side, costs 
and survival problems in extreme sea conditions.

Structure design and construction
The design and construction of the structure (apart from the air turbine) are the most 

critical issues in OWC technology, and the most influential on the economics of energy 
produced from the waves. In the present situation, the civil construction dominates the cost 
of the OWC plant.

Although the hydrodynamics of wave energy conversion are already well understood, 
there is no established approach to structure conception, design and constructional method. 
There are several causes for this.
• The large loads produced by waves breaking against a structure (in this case the front 

wall) result from a very complex physical phenomenon. The imperfect knowledge to 
predict such loads usually leads to the structural designer adopting large safety factors 
(resulting in an over cost of the structure), or alternately may be cause of insufficient 
structural strength (this could have been the cause of the early structural failure and 
destruction of the OSPREY device).

• The design and the constructional method of the structure are strongly dependent on the 
site where it is to be implanted: bottom standing, fixed to a vertical or sloping rocky wall, 
incorporated into a breakwater, etc. They also depend on the access (by land or sea) for 
construction, and on the availability of constructional facilities. For example, the option 
of prefabrication of the structure for the Pico plant (Azores) had to be discarded for lack 
of appropriate facilities in the Archipelago (absence of a floating dock and of a shipyard 
with a sufficiently sized slip way) and the excessive distance (1700 km) for towing a 
large concrete (or steel) structure from the mainland.
In situ construction (namely concreting) requires the work to be performed behind a pro-

tecting cofferdam. This could be done for the first (smaller) Islay plant (Scotland) and the 
Pico plant (Azores)3 (Fig. 3) because the location of the plant in a natural gully made it 
possible for a man-made cofferdam to be built at no huge cost. However this option was 
later regarded by the respective teams themselves as a solution to avoid, due to excessive 
cost of the plant’s structure and to difficult (and sometimes dangerous) working conditions 
during construction (namely underwater work). An alternative in-situ construction method 
was adopted for the second (larger) Islay plant4 (Fig. 4): the structure was built in a hole 
made in a rocky cliff edge. In the excavation of the hole a temporary protecting rocky wall 
was left, behind which the work could be performed in dry conditions. It all cases, in spite 
of the protections, the construction could not be performed except in relatively calmer sea 
conditions. In Islay II and (especially) Pico, the removal of the debris from the temporary 
cofferdams turned out to be major jobs.
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Figure 3 - Back view of the OWC plant on the Island of Pico, Azores.

Figure 4 - Back view of LIMPET II OWC plant, on the island of Islay, Scotland.

The integration of the plant structure into a breakwater has several advantages: the con-
structional costs are shared, and the access for construction, operation and maintenance of 
the wave energy plant become much easier. This has been done successfully for the first time 
in the harbour of Sakata, Japan (in 1990) (Fig. 5), where one of the caissons making up the 
breakwater had a special shape to accommodate the OWC and the mechanical and electrical 
equipment. An alternative (less convenient) approach was followed (about the same time) in 
Trivandrum, India (Fig. 6). In this case, the prefabricated concrete caisson forming the plant 
structure was towed and sunk into position on the bottom in front of (rather integrated into) the 
existing breakwater, the access for people being provided by a metallic bridge. The option of 
the ‘breakwater OWC’ is presently being considered for several situations in Portugal.
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Figure 5 - OWC structure integrated into a breakwater, in Sakata , Japan.

Figure 6 - Caisson-type OWC, in Trivandum, India.

The air turbine
The air turbine is the most critical element of the energy conversion chain and where 

a major fraction of the energy losses occur. A large part of the R&D on OWC plants has 
been devoted to turbine aerodynamics. The air turbine of an OWC is subject to much more 
demanding conditions than the turbines in any other application, including wind turbines. 
Indeed the flow through the turbine is reciprocating (except if a rectifying system is pro-
vided), and is random and highly variable over several time scales, ranging from a few 
seconds to seasonal variations. It is not surprising that the time-average efficiency of an air 
turbine in an OWC is substantially lower than that of a (water, steam, gas, wind) turbine 
working in nearly steady conditions. Several types of air turbines have been proposed (and 
in some cases used) in wave energy conversion. 
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The Wells turbine
The Wells turbine was invented, about 25 year ago, by Dr. Allan Wells (at that time Pro-

fessor at Queen’s University of Belfast). It is an axial-flow turbine that is self-rectifying, i.e. 
its torque is not sensitive to the direction of the air flow. Several versions have been studied 
since then: a single rotor without (the initial version, Fig. 7) or with guide vanes (used in 
Pico, Fig. 8); twin rotors in series (bi-plane, used in Islay I); two counter-rotating rotors 
(used in Islay II). The variable-pitch-rotor-blade turbine is a much more sophisticated ver-
sion and allows phase control. All these versions have been object of considerable theoreti-
cal and/or experimental R&D, especially in Europe (UK, Portugal, Ireland), Japan, India and 
China. This gave rise to a substantial number of published papers.

Figure 7 - Wells turbine without guide vanes.

Figure 8 - 400 kW Wells turbine with guide vanes (on the right hand side), and electrical generator (Pico plant).
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The Wells turbine is clearly the most frequently proposed and/or used air turbine to equip 
OWC plants (indeed it equipped all, or nearly all, prototypes deployed in the sea so far). Its 
favourable features are:
• High blade to air-flow ratio. This means that a relatively high rotational speed (about 

1000-2000 rpm) may be achieved for a low velocity of air flowing through the turbine. 
A high rotational speed allows a cheaper generator to be used and also enhances the pos-
sibility of storing energy by flywheel effect.

• A fairly good peak efficiency (0.7- 0.8 for a full-sized turbine).
• Relatively cheap to construct.
The weak points of the Wells turbine are:
• Low or even negative torque at (relatively) small flow rates.
• Drop (possibly sharp drop) in power output due to aerodynamic losses at flow rates 

exceeding the stall-free critical value. Recent research work indicates that this can be 
improved by a suitable geometry of the rotor blades (non-conventional, properly designed 
blade profiles). By using a variable-pitch turbine, blade stalling can be avoided or greatly 
reduced over a large range of flow rates, therefore allowing a substantially better time-
averaged aerodynamic performance (of course this is paid for in terms of a more com-
plex, more expensive and probably less reliable machine).

• Relatively large diameter for its power (2.3 m for the single rotor 400 kW turbine of Pico 
plant, 2.6 m for the counter-rotating 500 kW turbine of Islay II plant).

Figure 9 - Wells turbine performance: dimensionless plot of efficiency η versus available pressure head Ψ. 
Solid line: instantaneous performance η (Ψ). Dashed line (chain line): time-averaged efficiency η (σΨ)

in random waves, without (with) relief valve, where σΨ is the rms value of Ψ.

Ψ The solid line in Fig. 9 represents (in dimensionless form, and from model testing 
results) the instantaneous efficiency of a typical Wells turbine versus the available pressure 
head Ψ  
                             Ψ =       ∆p     

                                                                    ρa  N 2D 2                       

(1)
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Here ∆p is the pressure di fference available the turbine (coinciding approximately with 
the pressure difference between the plant’s air chamber and the atmosphere), ρa the air den-
sity, N the rotational speed (radians per unit time) and D the turbine rotor outer diameter. 
Figure 9 shows that the efficiency remains at about 0.7 for instantaneous pressures within 
the range 0.05-0.11, but drops sharply on both sides of this interval. Of course, in recipro-
cating air flow produced by real irregular waves, the pressure randomly oscillates, passing 
through zero from positive to negative values and vice-versa. In this case it is more useful 
to characterize the efficiency by its time-averaged value η and the pressure by its rms value 
(or variance) σΨ 5. This is shown by the dashed line in Fig. 9, which should be taken as 
representative of the turbine (average) performance in real random waves. We see that the 
average efficiency reaches a maximum of about 0.58 for σΨ =

~ 0.05. Obviously it would be 
desirable to keep σΨ close to 0.05. We recall that Ψ, and hence σΨ, are dimensionless values 
(see Eq. (1)); it follows that in rougher seas (higher waves and larger amplitudes of pressure 
oscillation) the turbine should be controlled to rotate faster.

An effective way of preventing the pressure across the turbine from becoming excessive 
(and produce sharp efficiency drop whenever |Ψ| > 0.11, see the solid line in Fig. 9) is to 
use a controlled relief valve on the top of the air chamber structure (as shown in Fig. 2). 
The resulting curve (chain line in Fig. 9) is clearly more favourable, especially in rougher 
seas (i.e. higher values of σΨ). A controlled relief valve is planned to be installed in Pico. 
Figure 9 shows that the time-averaged efficiency η of a ‘conventional’ Wells turbine should 
not be expected to exceed about 0.6 (and can be substantially less if the turbine does not 
adequately match the plant hydrodynamics and the wave climate or if its rotational speed is 
not adequately controlled).

If the setting angle of the rotor blades of a Wells turbine can be controlled during normal 
operation, then the efficiency curve becomes substantially wider. This idea was put into prac-
tice a long time ago in the well-known Kaplan water-turbines, and also aircraft and ship vari-
able-pitch screw-propellers. The concept of the variable-pitch Wells turbine was proposed in 
the 1980s and was object of theoretical and experimental studies. A full-sized 400 kW proto-
type was designed and constructed to be installed in the Azores OWC. If the rotor blade pitch 
angle is adequately controlled, a substantial improvement in time-averaged turbine efficiency 
can be achieved. Off course, the negative side is a more complex and more expensive machine 
as compared with the mechanically simple and robust conventional Wells turbine.

Other air turbines
The most popular alternative to the Wells turbine seems to be the impulse turbine. Its rotor 

is basically identical to the rotor of a conventional single-stage steam turbine of axial-flow 
impulse type (the classical de Laval steam turbine patented in 1889). Since the turbine is 
required to be self-rectifying, instead of a single row of guide vanes (as in the conventional 
de Laval turbine) there are two rows, placed symmetrically on both sides of the rotor. These 
two rows of guide vanes are like the mirror image of each other with respect to a plane 
through the rotor disc. In order to avoid large aerodynamic losses due to stalling at far-from 
design conditions, self-pitch adjusted guide vanes have been proposed.
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Most of the R & D on this type of turbine has been done in Japan (and to a less extent in 
India, China and UK) in the last ten years or so. The advantages and disadvantages of the 
self-rectifying impulse turbine as compared with the Wells turbine are not yet clear, and of 
course depend on which versions of each are being compared. However, in general, one can 
say that the Wells turbine is characterized by a considerably higher rotational speed than the 
impulse turbine, which enhances the storage of energy by fly-wheel effect (with the result-
ing smoothing effect upon power delivered to the grid) and is expected to allow a cheaper 
electrical generator to be used (smaller number of poles).

The use of more or less conventional turbines (including radial- and mixed-flow turbines) 
was proposed in the early days of OWC studies. Since these are one-directional flow tur-
bines, they require an auxiliary set of valves and ducts to rectify the flow, which has deterred 
their use.

Other mechanical equipment
As other plants involving fluid flow, an OWC is equipped with one or more valves, for 

the protection of the turbine and possibly also for air flow control. For safety reasons, both 
Pico and Islay II have two protection valves in series: one fast-acting multi-vane valve, and 
a slower valve (a vertical sluice-gate in Pico and butterfly valve in Islay II). As the equip-
ment becomes more reliable, it is expected that no more than one stop valve will be required 
in future plants. A relief valve (whose purpose is the improve the turbine performance) is 
planned to be fitted to the Pico plant (see above).

Electrical equipment and control
On what concerns the generator and electrical equipment, the most critical issue is about 

constant versus variable rotational speed. Constant speed allows a cheaper generator to be 
used and does not require sophisticated power electronics. However it has important short-
comings. (i) The rotational speed of the turbine cannot be adjusted to match the sea state. 
(ii) The impossibility of storing and releasing energy storage by flywheel effect implies 
that the large power fluctuations resulting from the wavy nature of the energy resource are 
transmitted to the electrical grid without attenuation (this is likely to be unacceptable to 
small grids). Variable rotational speed requires more sophisticated electrical and control 
equipment, namely power electronics. However, such equipment is now becoming easily 
available in the market at reasonable prices.

Especially because of the randomness of the resource, wave energy plants in general raise 
difficult control problems, probably to a greater extent than almost any other power plant of 
similar power capacity. One should also take into consideration that the access to the plant 
can be difficult or impossible part or most of the time, and so wave power plants have to be 
fully automated, including for start up, shut down and emergency procedures. The turbo-
generator control (namely its power-versus-rotational speed control) is possibly the single 
major problem for an OWC plant.
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Conclusions
The experience accumulated in the design and construction of first generation plants of 

OWC type indicates that the total cost of the plant is dominated by the cost of the structure. 
Overall plant conception and construction methods are strongly site dependent. If OWC 

shoreline and nearshore plants are to become economically competitive, the greatest con-
tribution to the reduction in energy unit cost should come from these areas. Series produc-
tion and imaginative design and constructional methods may help to reach those goals. The 
integration of wave plants in harbour protection works (breakwaters), as a way sharing costs, 
is an example.

The air turbine is the other major issue in OWC technology requiring additional research 
and development effort.

In spite of these problems, OWCs were the first wave power converters to come close 
to commercial exploitation. This is because they rely on relatively conventional technol-
ogy (civil, mechanical and electrical engineering). Offshore devices are probably more suit-
able for the extensive production of energy from the waves, because they exploit the more 
energetic resource in deep water, and are less constrained by shoreline geomorphological 
conditions. Their development has been delayed so far by their greater complexity, their 
difficult access for maintenance, and the problems posed by deep-water moorings and long 
underwater electrical cables.
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Production of MSW is an inevitable consequence of human activities. The generated 
amount is continuously increasing following trends in development of economies and popu-
lation. Sustainable waste management requires a good integrated waste management system 
and government policies that encourage waste prevention, reuse and both materials and 
thermal recycling. Eventually, landfills will only be used for stabilised materials. MSW 
incineration represents a considerable potential for reduction in reactivity of any residual 
landfilled material on one side and potential energy source on another. Power generated 
from waste could be a significant contribution to the reduction in overall emissions and an 
alternative to displace energy produced from fossil fuels. 

In the present paper the authors focus on the potential of MSW incineration and its imple-
mentation to energy system for isolated communities such as islands. Island communities 
have several particular characteristics that considerably influence their energy and sustain-
able waste management options. 

Integrated management of MSW
The direction of the industrial development is towards integration of available waste 

treatment technologies aiming to obtain a waste management environmentally and economi-
cally sustainable.

However, looking at the situation in European Union (EU), waste strategy goals have not 
been reached: waste prevention measures have not stabilised waste production, and land-
filling is still the most common treatment method for more than 70% of the total collected 
waste, despite significant progress in recovery and recycling 1,2. 

An Integrated System of MSW Management should comprise: 
• Prevention (to avoid, eliminate or reduce a waste at its source)
• Reuse
• Recycling 
• Thermal treatment (with or without energy recovery)
• Disposal to landfill

However, this hierarchy, organised according to the importance given by EU, is too simple 
to be generally applicable to more varied and complicated cases, as it does not always cor-
respond to a more adequate option of the waste treatment. Therefore, other decision support-
ive tools are demanded. From the environmental point of view, considering the long-term 
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generation of the emissions, it might be a wrong decision to adopt a cheaper model, as for 
example the waste landfill. The negative impacts of the emitted methane and leachate can 
proceed several years to be fully visible. 

Problems of isolated communities
The situation of waste treatment in isolated communities is even more visible since they 

have some particular features that influence significantly their choices of the acceptable 
management options3, such as:
• Islands are by nature isolated and in the most cases without sufficient energy resources 

and primary energy transportation prices may be prohibitive; 
• The availability of land is very limited (in terms of amount and price), which in practice, 

reduces landfill disposal of waste in large extent;
• Recycling and recovery of materials is usually problematic especially due to absence of 

a market for recycled materials; 
• High price of small scale fossil fuel based technologies (usually diesel);
• High dependence on fossil fuels (diesel) in power and water production;
• Tourism represents seasonal fluctuation in the population number, and thus it influences 

waste generation as well as energy planning.
To address the mentioned problems the MSW incineration process combined with energy 

recovery brings reasonable solutions for islands or other outmost regions 4.

Thermal treatment of msw with energy recovery
In the past incineration systems were often seen as a disposal route only. However, modern 

incinerators designed and engineered today have energy recovery as an essential component 
of the system, to derive economic benefits from the disposal of the waste. The incineration 
utilises the energy content of the waste to produce heat, electricity or both. 

The most developed and widely deployed form of energy recovery from MSW is mass 
burn incineration. Mass burning represents a large scale incineration of unsorted mixed 
MSW in a single-stage chamber unit with a moving grate to support, mix and transport the 
burning waste during the combustion process5.

During the last decades the industry and science have been acting adequately to respond to 
the challenge either in forms of improvements of the incinerators design or in terms of invest-
ments in the process of control and modifications allowing the emission prevention6. As result 
overall emission levels from modern municipal waste incinerators, employing sufficient flue 
gas cleaning system, are well comparable with power plants running on natural gas, which are 
considered one of the cleanest technologies for energy production from fossil fuels. 

Waste incineration is a significant option in the waste treatment and disposal in many 
countries. It has a number of advantages over landfill when applied to MSW while combined 
with energy recovery:
• Incineration plants can be situated near the point of collection;
• It reduces the waste to a biologically sterile ash product to about 10% of its original 

volume and to 30% of its original weight;
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• It destroys the organic component of biodegradable waste which, when deposited to 
landfill, would produce a landfill gas (methane), which is a greenhouse gas (GHG) and 
therefore, a significant contributor to global warming;

• It generates lower CO2 emissions than coal, oil or gas when used for the production of 
electricity;

• It is the best practicable environmental option for many hazardous wastes such as highly 
flammable, volatile, toxic and infectious waste, or makes them more suitable for disposal 
in normal landfills;

• It recovers useful energy from waste at comparably low costs to produce steam for elec-
tric power production, industrial process heating, or hot water for district heating, thus 
reducing the need to import non-renewable fossil fuels and cutting down emissions to the 
environment;

• The bottom ash can be used for materials recovery or as aggregates in construction industry;
• Furthermore, it may have beneficial effects on local economic development and employ-

ment, with conservation of large areas (otherwise used as landfill sites) which can be 
exploited for other purposes such as tourism or agriculture.
There is a wide range of other thermal processes used to treat a wide variety of wastes, i.e. flu-

idised bed, rotary kilns, cement kilns7. They are more appropriate for smaller scale waste through-
puts from 1 to 2 tonnes per hour for treatment of sewage sludge, clinical and hazardous waste. 
However, some of them have not been yet fully commercially proven for MSW treatment.

Study case - Cape Verde islands
The MSW management means a great challenge for Cape Verde with the direct impact on 

the level of the environment and health of the population.
The prime objective of the present study is the project of an incineration plant treating 

MSW that can be integrated in the national strategy of the Integrated Waste Management as 
the part of the concept of sustainable development for the country. 

Cape Verde is a small state consisting of 10 islands located in the Atlantic Ocean, off the 
west coast of Africa, in front of Senegal. The population of less than a half million is spread 
over 9 islands. The largest and the most populated island is Santiago, where the capital Praia 
is also situated.

From the economic point of view it is a developing country constantly growing. It has 
not its own fuel resources and there is a shortage of drinking water. Tourism as a new sector 
shows increasing importance.

Projections and calculations covering the period of the years till 2020 based on the data 
from the National Institute of Statistics of Cape Verde (INE) have been performed herein. 

Presently about 55% of the total population of Cape Verde lives on the island of Santiago, 
and almost 25% of all inhabitants lives in the capital Praia. It is expected that in 2020 the 
population of Santiago will rise to 58% and to 30% in Praia. The growth is related to larger 
work opportunities after independence of the country in 1975. 

With regard to the anticipated energy consumption there will be a significant increase in 
comparison with the consumption in 2000 reaching 800 GWh/year in 2020 (Figure 1).
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Figure 1 - Projections of population growth and energy consumption

The average physical composition of produced MSW in Cape Verde is given in Figure 2. 
The part with higher calorific value, such as paper, plastics and organic materials, represents 
about 75% of MSW, which demonstrates its good quality and suitability for incineration 8.

Figure 2 - Physical composition of MSW

To cover a part of the demand on the production of electricity and drinking water using 
energy recovery from MSW, it is proposed to build an integrated power plant. The plant in 
consideration should be located close to the urban sites as well as the coastal area to facilitate 
transport of MSW, to allow use of sea water to supply the plant and for eventual discharges. 
The plant system will comprise of different kinds of technologies including:
• Incineration unit
• Steam turbogenerator
• Thermal water desalination unit 
• Reverse Osmosis water desalination unit 
• Turbogenerators with Pelton hydraulic turbines 
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Taking into account the whole arrangement of the presented system the overall efficiency 
can increase significantly in comparison to a single unit (Figure 3). 

The incineration plant consists of a furnace with moving grates for mass burning of 
MSW, a steam boiler to supply a turbogenerator and a sophisticated filtering system pro-
viding treatment of flue gases. The turbogenerator will generate power for the plant inter-
nal consumption and the excess of electricity can be supplied directly to the grid. The 
generated steam expanded at the exit of the turbine can be further exploited in the thermal 
unit for sea water desalination9. A part of the energy produced will supply the Reverse 
Osmosis unit, where the pre-treated sea water from the thermal desalination unit will 
be finally processed. This combination of the desalination units will allow a significant 
increase of lifetime of the membranes, as well as less frequent maintenance. The Reverse 
Osmosis is a process working with very high water pressure. Therefore, such a high pres-
sure of the discharged water at the Reverse Osmosis unit exit encourages the combina-
tion of it with hydraulic Pelton turbines, coupled with generators of small dimensions 
to exploit the water energy potential, and thus to increase the overall efficiency of the 
complex system.

Figure 3 - The proposed scheme of the integrated plant

Alternative scenarios
To make the investments in the integrated plant as much profitable as possible, some 

alternative strategies of the waste management in the form of two applicable scenarios are 
presented in this section.

The first scenario considers only the collection and the processing of MSW from the 
island of Santiago. The projections of the plant throughput and power generation for this 
scenario are displayed in Figure 4.
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Figure 4 - Projections of the plant capacity and potential energy production – Scenario 1

The second proposed alternative is to collect MSW also from the remaining eight inhabited 
islands of Cape Verde and to transfer it to the plant on the island of Santiago. The projections 
of the plant capacity and potential produced energy for this case are shown in Figure 5.

 

Figure 5 - Projections of the plant capacity and potential energy production – Scenario 2

Besides the two previous scenarios, the possibility of processing simultaneously used oils 
and worn out tyres with the aim to eliminate the soil contamination and its disposal or burn-
ing in the open fire has also been analysed. In terms of resources they represent an enormous 
energetic potential since they are derivates of fossil fuels.
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Discussion of results
In the present section the obtained results for the proposed scenarios will be summarised 

and discussed.

Scenario 1
Analysing the projection of the MSW production at Santiago up to 2020 see (Table 1), it 

can be concluded that the available waste amount 424 t/d in 2020, considering the efficiency 
of the collection, will be enough to feed an incineration plant of 9 t/h of capacity with an 
electricity output 5 MW. 

In 2015 the quantity of the collected waste can supply the plant of the capacity 12 t/h, 
and in 2020 14 t/h generating 6 and 7 MW, respectively. This gradual increase may facilitate 
both the division of the investments demand and the extension of the incineration plant 
capacity to a few delayed phases, which allows the erection of it more smoothly. 

Table 1 - Results of the projections for the different scenarios

 Unit 2010 2015 2020

Scenario 1
Total MSW Production t/d 424 491 570
Plant Capacity t/h 9 12 14
Potential Power MW 5 6 7
Scenario 2
Total MSW Production t/d 743 856 988
Plant Capacity t/h 16 20 25
Potential Power MW 8 10 12

Scenario 2
Considering the collection of the waste according to the Scenario 2 we have obtained the 

following results (Table 1): in 2010 the incineration plant can process around 16 tonnes of 
waste per day with 8 MW of power output. In 2015 the capacity of the plant can rise to 20 
t/d and to 10 MW of electricity. The data for 2020 show that it will be possible to extend the 
daily throughput of the plant to 25 t/h generating 12 MW of electricity. It will correspond to 
22% of the total energy consumption anticipated to Santiago. Furthermore, it will increase 
the availability of the required investments and at the same time it will decrease costs of 
energy and water production.

Additionally, an outstanding advantage of this scenario is non-necessity to build landfills in 
the other islands. The municipalities can carry out the collection, preparation and transfer of 
MSW to Santiago. Thus the possible investments in landfill can be transferred to improve the 
conditions of waste collection, to subside the transfer costs and to increase of the plant capacity.

The power production on Cape Verde is presently based on the diesel technology. Even 
taking into account the future use of wind energy, which shows promising potential for 
some of the islands, it is not possible to fully replace fossil diesel production. In 2020 it is 
projected that wind can cover 30% of the energy consumption10. Comparing the present pro-



G. TAVARES, V. SEMIÃO, M. G. CARVALHO AND Z. ZSIGRAIOVÁ

262

jections of the waste-to-energy from Scenario 1 and Scenario 2, it is expected that in 2020 
MSW incineration may substitute up to 13% (Figure 6) and 22% (Figure 7), respectively, of 
the energy otherwise generated from diesel.

Figure 6 - Potential energy generation by resources in 2020 – Scenario 1

Figure 7 - Potential energy generation by resources in 2020 – Scenario 2

Nowadays Cape Verde imports more than 600 tonnes of tyres per year, which represents 
more than 1,6 t/d, and this trend appears to increase yearly. 

Additionally, the quantity of imported lubricants is about 1200 tonnes per year, i.e. more 
than 3 t/d.

Compared to other resources, these materials have a significant energy potential equivalent 
to approximately 7% of the total waste amount, in terms of thermal input to the incinerator.

However, this part requires more deep investigation and further quantifications.

Conclusions
The establishment of a properly working, sustainable integrated waste management 

system is necessary for any economy. It requires government policies that encourage waste 
prevention, reuse and both materials and thermal recycling. Suitable legislation is neces-
sary with incentives and raise of public awareness, to maximise the valorisation of waste 
materials.

The whole structure of the waste management can vary with the conditions of the com-
munity, in order to fully satisfy all its requirements. Such particularities have to be taken into 
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account. This is especially true for isolated regions, which have some specific features and 
usually face problems of energy and water supply. The presented study of two scenarios for 
Cape Verde islands, one considering only waste collection from the island of Santiago and 
the other considering collection from the 9 inhabited islands, shows that a waste-to-energy 
recovery up to 22% of the total predicted energy consumption is possible to obtain for San-
tiago in 2020. An outstanding benefit of such scenario is the non-necessity of landfilling in 
the other islands. 

Furthermore, it represents advantages of environmental character by decreasing demand 
for fossil fuels, as well as social and economical, since it reduces the national dependence 
on significant fuel import. It will open new job opportunities and save land reservations that 
would certainly be used for landfill disposals of waste. 

The MSW incineration has a considerable potential for reduction in reactivity of any 
residual landfilled material. This, associated with heat recovery, efficient flue gas cleaning 
systems and significant greenhouse gas abatement capacity makes the MSW incineration an 
attractive environmentally sound option.

Another benefit is the transfer of high technologies and a possibility to gain financial sup-
port from developed countries, according to the framework of the Kyoto Protocol under its 
flexible mechanisms, to reduce emissions of greenhouse gases. 
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Biomass is considered as one of the major potential source of renewable electricity supply 
in Europe, offering substantial alternative fuel sources for reducing (CO2-emissions. Com-
pared to other organic wastes, clean biomass has the advantage of avoiding secondary unfa-
vourable environmental impacts in terms of heavy metals or halogenated organic compounds 
without requiring expensive gas cleaning systems that small power plants cannot afford.

Gasification has been carefully studied by Laborelec, research centre of the utility ELEC-
TRABEL, while UCL/GEB has developed a unique technology for small-scale gasification. 
It aims at efficient conversion of biomass into electricity and heat in rural regions.

Small scale gasification is carried out in a down-draft gasifier that converts continuous 
solid bio-fuels feeding into syngas that is in turn used as main fuel in a natural gas or diesel 
engine. Syngas composition is mainly carbon monoxide and hydrogen. The facility is fully 
automated and can be started up to 100 by remote control in less than 15 minutes.

From wood to electricity
Potential biomass sources

This technology is pretty well adapted to limited wood streams (between 500 and 25 000 
tons wood per year) originating from saw mills, wood factories, gardens and forests.

Wood is a renewable fuel. Unlike other energy sources such as natural gas and fuel oil, 
wood exists in various forms (timber, sawmill residues, whole tree chips, barks, sawdust, ...). 
It makes it more difficult to manage. That is the reason why wood is less used as fuel despite 
its large availability (Figure 1).

Figure 1 - Wood renewable fuel types. 
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Biomass characterisation
Wood originating from all sorts of tree is acceptable, as far as wood is conditioned in 

chips with typical size of 10 to 100 mm. A certain fraction of saw dust, bark or shavings is 
allowed according to main used fuel.

Better yield is obtained with dry wood whose moisture is below en 20 (dry basis). For 
wet wood, integrated drying is foreseen within the storage silo. Required heat is recuperated 
from flue gases of the engine.

Natural wood has a low mineral content (< 1). In order to limit ash quantity, it is recom-
mended to avoid contact of bio-fuel with sand or earth.

The wood gasification chp plant
Wood handling

The wood is stocked in a silo thereby ensuring the autonomy of the plant. This storage 
system can integrate a drying process if the wood moisture is higher than 20. The gasifier 
is fed with wood and converts it into a fuel gas. This gas is then cooled and processed in a 
cleaning system, before being burnt in the engine of the CHP genset. The electricity can be 
either locally consumed or fed in the grid. The heat can supply an industrial process or a 
(district-seating network.

The CHP plant (figure 2) is fully automated and remote-controlled. It does not need any 
specific operation from the final user.

Figure 2 - XYLOWATT CHP gasification plant. 

Gasification process
The heart of the wood gasification CHP plant is the downdraft fixed bed gasifier (figure 

3). The process by which biomass is converted into gas uses various thermo-chemical reac-
tions: pyrolysis, oxidation, reduction.
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Figure 3 - Downdraft fixed bed gasifier.

The wood is reduced to ashes that represent 1 to 3 of the initial wood mass. The main 
output (Table 1) is a gas mainly composed of hydrogen (H2) and carbon monoxide (CO). 
This gas presents a low calorific value (LCV) between 4.5 and 5.8 MJ/Nm3, which suit 
standard engines perfectly well. The conversion efficiency of the downdraft fixed bed gasi-
fier reaches 70 % to 80%.

Table 1 - Gasifier output

Flow  600 Nm3/h 
Syngas LHV  5,2 MJ/Nm3 
Syngas temperature  300 to 600°C
CO  25% CO 
H2  14% H2

CH4  10% CO2

N2  49% N2 
Ashes   2-5% mass

 
Tar removal

Key equipment of the system is a cost effective gas cleaning system avoiding tar conden-
sation. This major difficulty has recently been solved in the frame of a project carried out at 
Université Catholique de Louvain-la-Neuve (GEB) and sponsored by ELECTRABEL and 
the Walloon Region of Belgium (SRC-Gazel project).
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Tars removal efficiency is expressed as follows:
- 0.5 to 2 g/Nm3 outlet gasifier,
- < 10 mg/Nm3 outlet gas cleaning.

Gas engine
Critical question: is the syngas well suited for combustion in a conventional gas engine. 

Properties of the syngas listed in Table 2 show that properties of mix air gas is quite compa-
rable. Only inconvenient are power de-rating of the engine of about 30 resulting in limitation 
in the effective mean power. Therefore turbo-engine is advisable. Apart from this require-
ment, excellent results have been obtained in the sense that the engine can operate firing 
100 syngas.

Table 2. Use of syngas in a gas engine

 Natural Gas  Syngas
 (88,5% CH4, 5% C2H6)  (23% CO, 17% H2, 10% CO2, 2% CH4)

Energetic content

LHV (kJ/Nm3) 36504 5000
Air ratio (Nm3 air/m3gas) 9.7 1.05
LHV mix air/gas at λ=1 3400 2440
LHV mix air/gas at λ=1.6 2040 1460
Knocking

Methane index 80 60 ..75
Flame propagation velocity 42 cm/s 48 cm/s
Adiabatic Combustion Temperature (λ=1) 2290 1940

On-site power production performances
CHP gasification plants are particularly attractive and well suited for:

-  industries producing large quantities of wood residues,
-  communities or collectivities with sufficient heat consumptions.

CHP gasification power plant allows on-site power production with the highest efficiency 
ever obtained for wood electricity production on this small power scale. Envisaged installed 
electrical capacity is between 50 kWe and 5 MWe with an electrical efficiency of about 25, 
while the heat generated can be used by a local industrial process or in a district heating 
system and leads to increased overall efficiencies up to 75 (Table 3).

Table 3. Performances of the gasifier.

Electric power  150 to l500 kWe
Thermal power  300 to 3000 kWth
Wood consumption  500 to 25000 tons/year
Net electric efficiency  25%
Thermal efficiency  50%
Global efficiency  75%
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Figure 4 - Energetic balance of the distributed gasification plant. 

Environmentally friendly technology
Wood is a renewable energy source and an alternative to fossil energy sources such as 

petroleum or natural gas. In substitution to fossil fuel, the wood fuel reduces fossil green-
house gas emissions which trigger global warming.

The gasification produces a gas that is easily and homogeneously burned in the engine 
resulting in lower NOx and CO emissions than when firing natural gas (Table 4). Contrary to 
wood boilers downdraft gasification does not produce any dust or chimney ash emissions. 

Table 4 - Emissions

 Syngas  Natural gas 

CO 80 ppm/Nm3 after catalytic oxidation < 150ppm/Nm3 
NOx 200 ppm/Nm3 600 ppm/Nm3 
Water 30 1/h water with easy-to-handle phenols - 

Using wood reduces highly CO2 emissions: wood gas CHP cuts CO2 emissions by 89 
while natural gas CHP reduces only by 16 (Figure 5).

Figure 5 - CO2 emissions obtained by cogeneration with natural gas and syngas. 

Carbon Reduction : 1 -100/120 = 16 %

(with an emission factor of 255 gC02/kWh primary en. nat. gas)
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Carbon Reduction : 1 -100 / 805 = 88 %
(with an emission factor of 32 gC02/kWh primary en. wood chips)

Market development
Pilot plants in Belgium
Gazel pilot plant: (1998) has the following characteristics:
- 150 kWe, equipped with diesel oil engine (25 diesel),
- in a farm located in Ophain, 30 km South of Brussels, Belgium,
- decentralised peak power without heat recovery, operating less than 1000 hours a year,
- SRC willow cultivated by the farmer,
- sponsored by the Walloon government and ELECTRABEL.

Regal power plant: (2002) has the following characteristics:
- 300 kWe + 600 kWth started in May 2002 in Louvain-la-Neuve,
- Belgium (UCL University), 
- gas engine, 
- using wood chips,
- Sponsored by ELECTRABEL. 

Market niche
Potential customers for these technologies are: rural or urban municipalities as well as 

waste managers, having the following properties:
1. important production of wood by-products: 

- wood residues in forests, 
- wood waste from pruning of green spaces & roadsides, 
- wood waste from agriculture cultivation, 
- urban wood waste;

2. need of local power & heat for: 
- swimming pools, collective buildings, small heating networks, etc. 

Customised solution
XYLOWATT and ELECTRABEL provide a customised solution to the potential user of 

a wood gasification CHP plant. This global solution combines the XYLOWATT technology 
and the ELECTRABEL financial support. This partnership allows the client to benefit from 
the advantages of the CHP plant without being in charge of the running of the plant and of 
the project funding. XYLOWATT and ELECTRABEL take care of everything.

In case the client decides to finance the project and to run the CHP plant by himself, 
XYLOWATT suggests an “all inclusive” delivery and sale contract. XYLOWATT takes care 
of the conception, the design, and the whole setting-up of the CHP plant from the wood stor-
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age to the connection to the electricity grid and to the heat distribution. Moreover XYLO-
WATT offers an on-site maintenance service.

Industrial project
ELECTRABEL is building the first industrial plant next year, to be commissioned by March 

2003, with a total installed electrical power of 634 kWe. This plant shall deliver 3 million kWh 
of electrical power and 3 million kWh of heat to a palette manufacturer in Belgium while the 
residual heat will be used for drying the available wood residues under 20 moisture.

XYLOWATT shall deliver the plant as turn-key sub-contractor and insure maintenance 
contracting.

Once commissioned, the plant shall be a world premiere as being the first fully automated 
industrial application of this technology. 

Overall common objectives
Generally speaking, ELECTRABEL is privileged partner of XYLOWATT for financ-

ing & exploitation of small scale gasification plants delivered by XYLOWATT in Europe. 
ELECTRABEL
- supplies power & heat to local industrial customer,
-  gets green certificates in order to meet green obligations, generates local power to rein-

force local grid.
XYLOWATT designs the optimal solutions, as sub-contractor of ELECTRABEL, and 

assembles turn-keys systems for the final user with full maintenance and tele-monitoring. 
During the next 8 years, XYLOWATT shall install in Europe gasification plants for as much 
as 25 MWe in co-operation with ELECTRABEL in order to: 
-  reduce the fossil fuel consumption by the equivalent of 50 millions litres fuel oil per year
-  cut each year by 100,000 tons the CO2 emissions = discharge of the Kyoto objective for 

125,000 inhabitants
- indirectly contribute to the creation of 125 new jobs for the fuel production. 

Business plan of a typical gasification unit
For this theoretical exercise available wood residues are supposed to be dry and free of 

charge while generated heat is delivered at half the price of heat generated with natural gas 
(i.e. 3,89 €/GJ).

This leads to a net electricity cost of about 8,5 €cent/kWhe, quite comparable with a wind 
farm, but with key advantage of CHP and steady electricity generation as well as wood waste 
treatment (Table 5).

Revenues consider grey power value commonly used in the literature i.e. 4 €cent/kWhe. 
Green revenues are based upon the planned green certificate system in the Walloon Region, 
that delivers certificates for green electricity as well as green heat according to avoided 
fossil CO2 emissions (i.e. in total 1,86 certificates/MWhe).

Data used for the cost estimation are fictive and do not correspond to an existing project. 
They must be adapted to practical cases according to fuel availability, local legislation and 
market prices. 
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Table 5 - Theoretical business plan for a standard 200 kW XYLOWATT gasification plant.
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Due to their low environmental impact, rather high efficiency even at very small scales 
and ability to provide valuable heat for cogenerative applications, fuel cells are seen today as 
one of the most interesting incoming options for distributed power generation. 

Although extremely attractive technically, they are still hardly competitive economically: 
the investment cost for early installations could be estimated today in the range between 
three to five thousand dollars per kW (1), a level which would require that considerable 
credit were paid to their superior operating performances to be considered acceptable.

Apart from cost reductions in cell manufacturing and assembling and balance of plant 
optimisation, one further way to achieve better economics for fuel cell applications is the 
adoption of operating arrangements able to increase their efficiency and specific power 
output (kW per unit cell surface). 

For Solid Oxide Fuel Cells (SOFC’s) the integration with gas turbines in so-called “hybrid 
cycles” is one of the most interesting solutions to reach these two targets: by working as a 
“turbo charger”, a gas turbine is able not only to pressurise the SOFC module, which is 
beneficial on both sides, but also to produce additional power, with a further increase in 
efficiency for the whole plant. 

In order to appreciate the technical advantages of such a solution and the influence of the 
main operative parameters involved, mathematical simulation can be used advantageously. 
In the following paragraphs, the activity is outlined, which was focussed on the development 
of a simplified approach for the simulation of a SOFC based hybrid cycle, by means of a 
widely-known commercial process simulation software.
 
The simulation software 

PRO/II, a commercial process simulation software released by Simulation Sciences (2), 
was used. 

Similarly to other software of the same class, PRO/II enables the user to choose among a 
number of different operative units (mixers, splitters, heat exchangers, many different types 
of reactors, compressors, expanders, etc.) and to interconnect them with material streams to 
create complex configurations. A minimum amount of the parameters specific to the units or 
the streams involved (pressures and pressure drops, temperatures, degrees of conversion, com-
positions, etc.) has to be set by the user, the others being the result of the simulation itself. 

To allow the calculation of user-defined parameters, units called “calculators” are avail-
able, while in order to satisfy particular user-defined process constraints, other units called 
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“controllers” can be used to run iterative calculations. 
The final result of the calculations is a complete picture of the simulated system, includ-

ing energy and mass balances for each of the units involved. 

Simulation of the hybrid cycle 
The simulation activity followed a step-by-step approach: a stand-alone SOFC module 

was considered first, then a microturbine was simulated and the two were eventually com-
bined in a hybrid cycle. 

In all the simulations, steady state operation was assumed.

The SOFC module 
As a reference for the simulation of the SOFC module, Siemens-Whestinghouse tubular 

technology was considered (Figure 1).

Figure 1 - Siemens-Whestinghouse tubular fuel cell module (3) 

Pre-reforming and anode reactions are located inside five reactors in series (Figure 2). In 
the first one, a certain amount of fuel, here assumed to be pure methane, is fully converted 
into H2 and CO2 through steam reforming and shift reactions. All the resulting H2 is oxidised 
in the second reactor, thus producing H2O in addition to the amount entering the reactor 
chain via a recycle loop, which originates from the anode exhaust stream, i.e. the end of the 
chain itself. In this way, the H2O/CH4 molar ratio at the chain inlet, set by the user, can be 
chosen lower than 2, the value required for the complete conversion of all the fuel in only 
one step. Fuel conversion to H2 and CO2 is completed in the third stage, while in the fourth 
H2 is further oxidised. The last stage is used for the stream components to achieve equilib-
rium relative to the shift reaction. 

To allow oxidative reactions to take place, oxygen is separated from the input air stream, 
after preheating, through a selective splitter and fed to the reactor chain. The splitter simu-
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lates the oxygen transfer from the cathode of the cell, through the solid electrolyte and its 
performance, defined by the user, can be linked to the air utilisation factor Ua, i.e. the ratio 
between used and available O2. 

Inlet air mass-flow is given, while fuel mass-flow is calculated via a controller, so that 
hydrogen oxidation consumes all the oxygen with some hydrogen left, according to the 
desired fuel utilisation factor, Uf, i.e. the ratio between used and available H2. After-burning 
of anode exhaust gases with cathode exhaust gases and input air preheating by means of the 
resulting hot flue gases are simulated by a reactor and a heat exchanger, respectively. 

Figure 2 - SOFC module simulation flow-sheet 

The compositions of all the inlet streams are set by the user, as well as their pressures 
and temperatures (apart from that of inlet air, as explained later). At intermediate nodes, 
pressures are defined according to pressure drops chosen by the user, while reaction tem-
peratures correspond to the cell operating temperature. 

Thermodynamic conditions and composition of the output stream are calculated, with the 
only constraint of its temperature differential with preheated air, set by the user. 

Inlet air temperature is used as an optimisation variable in the iterative calculations that 
a controller runs for the fulfilment of the fuel cell energy balance. This balance states that 
the algebraic sum of all the heat duties of the units involved in the simulation must equal the 
electric power produced plus the fuel cell heat losses, defined as a percentage of the chemi-
cal energy input. 

SOFC module electric power output is calculated as the product of cell voltage V and 
current I.

To evaluate V, Nernst equation is considered first: 

Erev = E0 + (RTcell/2F)*ln(pH2*pO2
1/2/pH2O) 
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Partial pressures of H2, O2 and H2O are calculated as arithmetic means between cell anode 
and cathode inlet and outlet partial pressures of the same components (on the fuel side, the 
outlet conditions of the first conversion reactor are considered, to take into account fuel 
reactivity). The voltage value resulting from Nernst equation is eventually corrected for 
polarisation effects, simply by applying a voltage drop, linear function of current density. 

The calculation of cell current I, on the other hand, is much easier, based on the mole-flow 
of oxygen ions migrating through the electrolyte, i.e. the mole-flow of the oxygen separated 
from inlet air. 

Figure 3 - Microturbine simulation flow-sheet 

The microturbine 
As in larger machines, also the thermodynamic transformations taking place inside 

microturbines follow in principle the Joule-Brayton cycle. However, tight constraints on 
the turbine inlet temperature (TIT) of these machines, not exceeding 800-1000 °C, would 
cause their efficiency to be rather low: to improve it, recuperation is usually applied, which 
is made possible also by the low pressure ratios β typically adopted. 

Figure 3 shows the few units used for the microturbine simulation and their interconnec-
tions. Each unit can be easily identified with its actual counterpart: air and fuel compressors, 
burner, turbine and recuperator. 

The hybrid cycle 
The most straightforward way to obtain an hybrid cycle is simply to replace the microtur-

bine burner with a SOFC module (Figure 4). 
The units used for the simulation are essentially the sum of those described above for 

the stand alone configurations, with the only addition of fuel pre-heating in the recuperator 
(Figure 5). As to simulation procedures, there are two main differences with what illustrated 
previously: 
• the temperature of the flue gases exiting the cell, corresponding to TIT, can be set by the 

user and is not the result of a calculation any more; 
• the calculation of the electric power generated by the plant takes into account DC to AC 

conversion for the SOFC output, not considered in the stand-alone configuration. 
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 Figure 4 - Simplified layout of a hybrid cycle 

Figure 5 - Hybrid cycle simulation flowsheet 

Some preliminary results 
The simulation flow-sheets just shown can be calibrated to reproduce specific cases. 
As an example, some preliminary results are reported in the following, which are based 

on typical assumptions derived from the open literature.
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The SOFC module 
For the SOFC module, the starting point was a simulation described in (3). Similar 

assumptions were adopted for the parameters involved (Table 1) and a substantial agree-
ment with the literature example could be achieved.

Table 1 - SOFC module main parameters

Fuel inlet temperature 400 °C 
Reaction temperature 1000 °C
Anodic and cathodic exhaust temperature 990 °C 
Air utilisation factor (Ua)  25 % 
H2O/CH4 ratio at pre-reforming inlet  1.8 
Residual combustion efficiency  98.5 % 

Note: as compression work is not included in the simulation, pressure drops are not 
considered; for P, Uf and i see text

Pressure P, fuel utilisation factor Uf and current density i were varied in the range 1-7 bar, 
70-90% and 150-350 mA/cm2 respectively (all are assumed free to vary as if no technologi-
cal constraint were present). 

Table 2 - SOFC module main results

Operating conditions  base  variation of P  Variation of Uf  variation of i  
P (bar)  4  1 7  4 4  4 4  
Uf (%)  80  80 80  70 90  80 80  
i (mA/cm2)  250  250 250  250 250  150 350  
Efficiency (%)  58.8  55.5 60.1  55.9 61.4  65.0 52.6  
Specific work (kJ/kga)  477  451 487  485 469  527 426  

The results, in terms of efficiency and specific work, are shown in Table 2. The positive 
influence of pressure is a direct consequence of its role (through H2, O2 and H2O partial 
pressures) in the Nernst equation: other aspects, such as its beneficial effect on polarisation 
voltage drop, are neglected. On the other hand, variations of Uf have opposite consequences 
on specific work and efficiency: an increase of Uf brings about a decrease in specific work 
(which is consistent with the parallel decrease of V), while at the same time efficiency rises, 
due to the predominant effect of a lower and lower fuel consumption. Higher current densi-
ties, finally, negatively affects both efficiency and specific work: the effect on either of them 
is linear, as a linear relationship is assumed as the link between polarisation voltage drop 
and current density itself. 

The microturbine 
In Table 3 the main assumption adopted for the simulations are listed. As in the SOFC module 
case, they were derived from the open literature (3, 4). 
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Table 3 - Microturbine main parameters 

TIT   800-1000 °C 
Compressor pressure ratio (β)  2-7  
∆P suction / discharge   1 % / 1 % 
∆P recuperator hot / cold side  6 % / 3 % 
∆P combustor air / gas side  6 % / 33 % 
Recuperator minimum ∆T  45 °C 
Combustion efficiency   99.5 % 
Expander/air compressor polytropic efficiency  83.3 % 
Fuel compressor polytropic efficiency  74.2 % 
Turbogenerator mechanical efficiency  99 % 
Turbogenerator electrical efficiency  92 % 
Fuel compressor mechanical+electrical efficiency  90 % 

Figure 6 - Microturbine efficiency vs specific work 
As to results, 

Figure 6 shows the 
influence of turbine 
inlet temperature and 
compressor pressure 
ratio on microturbine 
efficiency and spe-
cific work. The dia-
gram profiles follow 
typical trends of recu-
perative Joule-Bray-
ton cycles (see for 
example (5)).

The hybrid cycle 
Table 4 shows the main parameters used for the simulations (in addition to those already 

mentioned in Tables 1 and 3, if applicable), inspired again by the literature (3, 4). 

Table 4 - Hybrid cycle main parameters (see also Tables 1 and 3) 

∆P recuperator flue gas / air / fuel gas side  4 % / 3 % / 2 %
∆P ejector + anode  66 % 
∆P air preheater + cathode  5 % 
∆P post-combustor + piping  6 % 
Fuel utilisation factor (Uf)  80 % 
Current density                      250 mA/cm2 
SOFC inverter electrical efficiency    94 % 
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The same sensitivity parameters as in the microturbine calculations were considered, i.e. 
TIT and β, ranging this time from 700 to 1000 °C and from 3 to 5, respectively. 

For the simulation results to be considered acceptable, the operating conditions found for 
the heat exchangers involved have to be checked. As to the SOFC module air preheater, a 
conservative approach would suggest that flue gas temperature should be higher than that 
of preheated air, as it is unclear if the system geometry would allow exchanging heat as in 
typical counter-current exchangers: such constraint causes the results with lower TIT values 
to be considered questionable. On the other hand, the conditions inside the hybrid cycle 
recuperator, assumed to be a conventional countercurrent heat exchanger, would contradict 
the second principle of thermodynamics in case of simultaneous high levels of β and TIT. 

Table 5 shows all the results, with different shadowing of the cells, depending on the 
constraint not satisfied. 

Table 5 - Hybrid cycle results 

β  TIT (°C)   700  800  900  1000

3 Efficiency (%)  60.3  62.6  64.9  67.2  
 Specific work (kJ/kg)  488  506  525  543
4 Efficiency (%)  62.0  65.0  68.0  71.0 
 Specific work (kJ/kg)  502  526  550  574
5 Efficiency (%)  62.8  66.2  69.7  73.2  
 Specific work (kJ/kg)  508  536  564  592

location of unacceptable heat transfer conditions
SOFC air preheater hybrid cycle recuperator both exchangers

    
As a general comment (bearing always in mind the simplified approach adopted here), 

these results show that: 
• high operating pressures and turbine inlet temperatures have a positive effect on system 

performance (note that higher turbine inlet temperatures shift air preheating duty from 
the after-burning zone of the fuel cell to the recuperator); 

• even with comparatively low pressure ratios, quite high efficiencies seem to be achiev-
able, as reported also in the literature (4). 

Conclusions 
The activity outlined in this paper has demonstrated the possibility of simulating SOFC 

based hybrid systems, by means of a commercial process simulation software. It has been 
possible to take into account the specific operative constraints of both a SOFC module and 
a microturbine, translate their main operating parameters into variables easily accessible by 
the user and produce results comparable with those reported in the literature. 

While for detailed modelling of a SOFC much more complex tools are to be used, once its 
main operating characteristics are known (from the modelling activity itself or from experi-
mental results) simulation flow-sheets similar to the one described here seem to be able to 
provide a useful tool for system study and optimisation. 
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Nomenclature
E  electric potential 
F  Faraday constant (96439 Coulomb/mole of electrons) 
i  current density 
I  current 
P  pressure 
p  partial pressure 
R  universal gas constant (8.314 J/mole/K) 
T  temperature 
U  utilisation factor 
V  voltage 

Greek symbols
β  compression ratio
∆  difference

Subscripts
a  air
cell  fuel cell
f  fuel
rev  reversible

Superscripts
0  standard conditions

Acronyms
AC  alternate current
DC  direct current
SOFC  solid oxide fuel cell
TIT  turbine inlet temperature
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Pyrolysis and gasification belong to a group of termo-chemical processes that favours 
gas formation, commonly referred to as gasification6. These processes are used to split car-
bonaceous materials at temperatures around 400 – 800°C, and may happen in inert systems 
in the absence of oxygen (pyrolysis), or when allowing partial oxidation sufficient to sustain 
heat while restricting the oxygen supply so much that flame-combustion is omitted (gasifi-
cation). 

In gasification the majority of carbon and hydrocarbons contained by the solid waste is 
converted into gaseous products, leaving an inert residue similar to that of incineration. In 
contrast to incineration, however, that reduces hydrocarbons to basically CO2 and water, 
gasification leaves a low calorific gas usually referred to as pyrolysis gas (or synthesis gas 
or producer gas). Although the calorific value of the pyrolysis gas is rather low, the gas is 
still combustible and can be used to fuel an air-breathing engine.

New concepts 
There is a growing interest in gasification. One reason may be that gasification is pro-

moted or conceived as a better alternative to incineration. Usually gasification processes 
facilitate recovery of materials and energy at reasonable efficiency - even on smaller scale. 

Markets and opportunities 
To some regions waste has become a critical problem for industrialised societies, and may 

represent a future threat also to some industries as the tanning sector6,8, and also to some 
advanced touristic islands7. According to Juniper1,2 some countries like Canada, France, 
Japan, USA and China have directed national support to the development of gasification 
processes. Particularly in Japan there seems to be a demand for hybrid solutions that include 
stabilisation of residues (vitrification).

Market players 
In contrast to public decision criteria in the past, decisions are gradually becoming cost-

driven as waste management shifts from the public sector to private enterprises. 
It is assumed that the successful players will be those having the best and most appropri-

ate technology proven on larger scale. In some markets two years of trouble-free operation at 
full scale in the hands of a customer would be required as a measure of critical reliability. 
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Market drivers 
Owing to the environmental concern that imposes new standards on waste handling, there 

is apparently a window for introducing new concepts to the market 6. Some other factors 
may be seen as important contributors such as: 
1 Deregulation of the energy markets 
 • enabling new business opportunities 
2 Implementation of the landfill directive of the EU affecting policies on 
 • environmental impacts 
 • landfill allowances 
 • need of volume reduction 
3 Acceptance of complementing energy recovery to the reuse and recycling 
4 Need of new solutions as waste compositions gradually change 

New technology approach 
In principle, literally any solid material - 

except for nuclear waste - can be safely han-
dled by the PyroArc process. Typical of the 
process is the huge temperature span com-
bined with multiple processing in almost the 
same enclosure. In general terms simultane-
ous multiprocessing ensures high thermal 
efficiency. Thus, it is likely to believe that 
PyroArc will be among the most efficient 
technologies – not only in comparison to 
those that employ residue stabilisation (vit-
rification). 

Concept 
An image of the concept is shown on 

Figure 2. The process comprises a feed 
system, a shaft-furnace-gasification reac-
tor, a plasma-augmented-high-temperature-
mixing-decomposition chamber, and a dust 
collection-gas-cleaning system for the capturing of volatile metals and alkaline salts. Fur-
ther, a downstream energy recovery train is included. 
The process involves three consecutive conversions: 
1. gasification sustained by a counter-current partial oxidation combined with vitrification 
and melting 
2. dissociation of the produced pyrolysis gas combined with prevention of recombination of 
the gas controlled by partial intrusion of secondary air 
3. energy recovery with combined heat and power (CHP) involving a gas engine operated 
by the fuel gas. 

Figure 1 - Typical mass fractions of waste (left 
column) compared to residues from conventional 
incineration technology with a 70-75% reduction 
(mid column), and a 100% reduction offered by 

PyroArc (right column).
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Figure 2 - Concept image showing the feed system, the shaft-furnace-gasification reactor, the plasma-aug-
mented-high-temperature-mixing-destruction reactor and a gas cooling and cleaning unit.

Core technology 
The plasma-augmented-decomposition reactor that is quite essential for achieving a com-

plete dissociation of the gas, constitutes the core technology. The pyrolysis gas enters the 
plasma zone and expands subsequently into an equalising zone and will be fully cracked 
during a total residence time of only 0.3 - 0.6 s. The short residence time is motivated by 
very high reaction rates in the plasma zone. 

The foremost important features are the complete mixing and the instant initiation of the 
decomposition reactions. Due to the extreme temperatures of the plasma jet, combined with 
the reduction conditions in the reactor, no halogens, Cl2 and Br2 will be formed that may 
recombine into halogenated hydrocarbons. 

This implies, as confirmed by testing: 
• complete dissociation of hydrocarbons with no indication of recombination 
• practically no toxic nor carcinogenic organic compounds present because no such com-

pounds can survive at reactor temperature 
• dioxin content of the fuel gas kept well below 1/10 of a nanogram per cubic meter of fuel 

gas 
• NOx content within 10 – 30 ppm (even for nitrates) 
The cracking of the pyrolysis gas to fuel gas is controlled by the intrusion of secondary air 
as the gas diverts into the expansion zone followed by an equalising zone. 

Shaft gasifier 
In order to sustain the high reaction rates in the decomposition reactor a well-premixed 

gas is required. This explains the importance of gasification when dealing with solid waste 
materials. An up-draft blast furnace shaft gasifier has been chosen (known from the metal-
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lurgical industry). The gasifier combines easy and rugged design with low thermal losses 
and long lining life. The solid waste material is charged to the gasifier through a lock hopper 
system, and the gasifier is fully sealed so that no components can leave the unit in any state 
but gas or molten form. 
As shown on Figure 3 the gasifier can be 
characterised by three distinct zones: 
a) drying and evaporation 
b) pyrolysis, carbonisation and gasifica-

tion 
c) partial oxidation and vitrification 

The internal heat dissipation is con-
trolled by preheated blast air introduced 
to the oxidation-vitrification zone c). The 
charcoal descending from the carbonis-
ing zone is mainly oxidised by preheated 
blast air. Preferably the carbon-fix content 
should be kept at 15% or more. In spite of 
the low grade char the energy is sufficient 
to reach temperatures of 1450 – 1550°C. 
At this level all inorganic materials are 
prone to melt, and vitrified slag can be 
tapped off from the shaft jointly with the molten metals. Some volatile metals like zinc, lead 
and mercury will evaporise and leave the gasifier together with the gas. 

In the middle zone (b) (pyrolysis-carbonisation) the solid material is being carbonised at 
a temperature of around 1000°C by under-stoichiometric oxidation. 

In the upper zone (a) all materials with a substantial vapour pressure, such as water and 
hydrocarbons evaporate (drying-evaporation). The vapours leave the gasifier jointly with 
the pyrolysis gas and divert to the decomposition reactor. Obviously, the humidity of the 
waste feed may directly affect the power demand of the plasma generator. 

Plasma generator 
Owing to the high-energetic plasma jet that reaches temperatures of 3000-5000°C, the 

toxic pyrolysis gas on generalised form CnHm[Cl,S,N] is cracked to a harmless fuel gas 
consisting of only basic molecules such as CO, CO2, H2, H2O and HCl, H2S, N2. This implies 
that no tar problem can persist the cracking conditions. So, instead of removing the tar, as 
will usually be the case if the pyrolysis gas is cleaned in an oil based or water based scrub-
ber, the heating value of the complex HC molecules from the PyroArc process will be left 
behind in the fuel gas.

An electric arc-plasma generator shown on Figure 4 provides the plasma. The plasma 
generator is water cooled and purged with compressed air. The enthalpy of the plasma is typ-
ically 10-15 MJ/mN3. Depending on the waste and its humidity the electric power required 

Figure 3 - Illustration of the shaft gasifier con-
ceptwith indication of characteristic zones
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by the plasma generator corre-
sponds to 3-8% of the energy 
of the charged waste. 

The main purpose of the 
plasma is to: 
• Provide a zone of high 

energy density 
• Excite strong dynamic forces 

in order to ensure instantane-
ous mixing combined with a 
uniform temperature profile 
of the gas volume 

• Supply heat for the temperature control of the endothermic decomposition reactions (thermal 
cracking). 
The thermal cracking is characterised by the oxidation rate and controlled by air intrusion 

as shown on Figure 5. The oxidation rate is based on a continuous recording at reactor outlet 
of the content of CO and CO2, and is defined as the fraction of carbon dioxides to the total 
carbon-oxides as follows from equation (1): 

R = CO2/[CO2+CO] (1) 
The process is controlled according to a simple rule based on keeping the oxidation rate 

within the range (α and β):
α < R < β (2) 
Experience shows that HCN may be formed when the oxidation ratio goes below α, and 

NOx may be formed when R exceeds β. 

Figure 5 - The principle of the plasma generator and how it is connected to the decomposition chamber, 
and also the introduction of secondary air to provide the cracking. The heat consumption amounts 

to 92-97% by partial oxidation and 3-8% electric power 5. 

Figure 4 - Image of the arc plasma showing inprinciple 
how the high temperatureplasma is being generated
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Heat recovery and gas cleaning 
Subsequent to the decomposition reactor, the hot fuel gas is first being quenched by in-

line-mixing with re-circulated cleaned fuel gas from 1200°C to 700-800°C before entering 
a boiler or heat exchanger as required. 

It should be noticed that the volumetric flow of the fuel gas from this process amounts to 
only 25-35% of the corresponding flue gas volume of an incinerator at similar input. This 
means a comparatively smaller gas-cleaning unit than would be required for incineration. 
Experience also shows that the emission of mercury tends to depend more on gas volume 
than on the mercury content. Hence, a process offering one third of the gas volume means 
substantially less mercury emission 4,5. 

It should be further noticed that the absence of tar in the fuel gas makes the down-stream 
gas cleaning easier, and eventually somewhat more efficient. 

Products:
The outcome of the process is 

1.  low calorific fuel gas (made harmless) 
2.  leach resistant slag 
3.  molten metals 
4.  filter cake containing trapped volatile metals 
5.  sensible heat 

Whereas some 70% of the heating capacity of the waste is retrieved as fuel gas, some 
20% may be recovered as sensible heat. 

Fuel gas 
Usually the low calorific gas (LCV) has a heating value of 3.6 - 4 MJ/mN3. It consists 

essentially of molecules such as hydrogen (12 – 15%), CO (17 – 22%), CO2, N2 and water 
vapour 7,8. Recordings of the dioxin level of the fuel gas are extensively used in order to 
interpret the extent of the decomposition of the pyrolysis gas. All prior tests based on mate-
rials ranging from household waste to concentrated PCB oils, carried out in a 500 kg/h 
pilot plant show dioxin levels well below 0.1 nanograms per cubic meter of fuel gas 4,5,6,7,8. 
Eventually, all emissions were kept below the strictest EU regulations. Since fuel-borne 
NOx is low, the NOx emission of the plant depends mainly on the gas engine (or the back-up 
combustor if any and whenever used). 

The fuel gas is associated with some quite important aspects: 
• Practically no dioxins nor chlorinated or halogenated hydrocarbons present 
• No complex HC chains that may form tar at lower temperatures 
• Less than 30 ppm NOx (even for the treatment of nitrates) 
• Sulphur appears mainly as metal sulphides (it is desirable, though, to turn the sulphur into 

sulphates that can be discharged to the sea) 
• Volatile metals (i.e. small amounts of mercury, zinc and lead) captured either as second-

ary dust or venturi sludge 
• And for the tannery process: No hexavalent chromium present in the fuel gas (all chromium 

converted to ferrochrome and recovered in molten phase at the bottom of the shaft) 
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Slag 
Generally the slag properties depend on the waste and the mode of operation. In some cases 

the silica fraction of the waste (i.e. glass) may be insufficient for ensuring a glassy structure 
with low leaching values – as is the case for tannery waste. In such cases some suitable slag 
formers (e.g silica sand) may be charged to the gasifier in order to adjust the slag properties. 
The effect of silica is that it affects the acidity 
of the slag and may, thus, ensure a glassy and 
non-leaching slag. Experience shows that if 
the slag turns alkaline, the leaching resistance 
will suffer, and vice-versa. A Dutch laboratory 
was used to validate the leaching properties in 
accordance with the Dutch U1 standard. Table 
1 lists the leaching-resistance values of some 
important elements typical of MSW. Test 
samples refer to slag formed in the PyroArc 
process and bottom ash from a conventional 
incinerator. The values clearly show that the 
leaching resistance of the PyroArc slag is well 
below the limits given by the U1 standard. 
This implies that this slag can safely be used 
for house building purposes.

Metals 
Generally, metals with affinity to oxygen lower than iron can be recovered as molten metal, 
whereas metals with a higher affinity (like Al, Ti, Mg) are prone to oxidise and dissolve in 
the slag 6,7,8. To the extent that some volatile metals (e.g. Zn, Pb, Hg) are present in the feed 
these metals may be reclaimed as secondary dust. 

Most interesting is the ability of the PyroArc process of transforming chromium into 
ferrochrome. Owing to this important property a severe toxicity problem associated with 
hexavalent chromium that is threatening the tannery industry sector of the western world, 
can be resolved 8. 

Experiences with tannery waste 
Modern chrome-based tanneries are hampered with a serious problem that affects 90% 

of the global leather production. When chromium is exposed to a reducing atmosphere at 
high temperatures (combustion), toxic hexavalent chromium will be formed. (The toxicity 
has an effect almost similar to lead). As landfill disposal of tannery sludge is prohibited, the 
majority of the European tanning sector is in jeopardy. Therefore there is a pronounced call 
for new and appropriate solutions to the tannery waste problem. 

In 2001 the Norwegian based company, Borge Garveri AS, took delivery of the first bona 
fide PyroArc waste treatment plant. (Figure 6). The plant, linked to a tanyard on a Norwegian 
island, went in operation by mid 2001. As confirmed by full-scale testing the formation of hex-

Table 1 - Leaching resistance (mg/kg) of slag

 PyroArc  Bottom ash,  Dutch U1
 MSW  conventional   limits
  technology MSW 
Elements mg/kg mg/kg  mg/kg 
As <0.01  0.14  0.3
Ba 0.017  190  4 
Cd <0.0007  2.4  0.1 
Co 0.0014  1.9  0.2 
Cr 0.75  1.4  1 
Cu 0.071  375  0.35 
Hg N/A  N/A  0.005
Ni 0.19  12  0.35 
Pb 0.01  49  0.8 
V <0.1  0.75  0.7 
Zn 0.08  1120  1.4 

According to Dutch U1-standard (CEN TC 292)
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avalent chromium can be fully omitted. Instead of hexavalent chromium the chromium may 
be transformed into a harmless ferrochrome. Furthermore the process has successfully demon-
strated its technical and environmental capabilities 8. It has been confirmed that emissions are 
well below regulations and the volume reduction almost complete as indicated on Figure 1. 

Operation 
The tannery plant runs stable five days per week. According to regulations the plant has 

to be attended by two-shift operators.
 

Energy and performance characteristics 
From a tannery waste flow of 560 kg/h (reckoned at 15% humidity) having a heating 

value of 3.93 kWh/kg, 1320 mN3/h of fuel gas is formed with a calorific value correspond-
ing to 1 kWh/mN3 and a sensible heat of around 800 kW. This gas is further used to form 415 
kW electric power and some 1000 kW of steam (at 8 bar pressure) for sludge drying. 

Figure 6 - Concept image of thePyroArc applied to tannery waste comprising a feed system complete with a steam 
dryer and briquetting machine, a shaft-furnace-gasifer, a plasma-augmented-high-temperature-mixing-destruc-

tion reactor followed by a steam generator and a gas cleaning unit attached to a gas engine-generator and exhaust 
boiler. The combined heat and power system (CHP) is based on a Jenbacher 320 gas engine rated at 600 kW.

Wear and tear 
Normal lining life of the refractory walls is usually 4–5 years at continuous operation8. 

So far there is no indication of wear and tear in the gasifier. However, some wear can be 
observed in the decomposition chamber. This is mainly explained by low cycle fatigue 
owing to the rather larger number of hot and cold cycles as the plant is closed during the 
weekends. In order to reduce the number of starts and stops, an extension from five days to a 
continuous seven days a week operation would be desirable. Since this would require larger 
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amounts of waste than the tannery itself can provide, the reception of industrial solid waste 
(and some MSW) would be necessary. 

Plasma 
The plasma generator requires a power input that corresponds to 300–400 A at 1100 V. 

The plasma generator has caused no problem whatsoever.

Carbon monoxide (CO) 
In contrast to incineration, gasification is used to generate the fuel gas that consists of 

hydrogen and CO as the main constituents. Since carbon monoxide represents a substantial 
heating value (some 10200 kJ/kg), CO is a desired product. Therefore, it makes no sense to 
compare the CO level of the fuel gas and the flue gas. 

It is well known that gas engines are prone to emit CO when operated on LCV gases. Due 
to deficient energy the LCV gas cannot provide the high temperature needed for a complete 
reduction of CO to CO2 within the short time frame available for the combustion in a recip-
rocating engine8. 

Planned hazardous waste plant 
A new plant is planned for the treatment of 10,500 tons per annum of mixed industrial 

and MSW. This concept was proposed and accepted by the European Commission for fund-
ing support under the 5th FWP on RTD and will be pursued as a combined research and 
demonstration project. 

The layout of the plant is shown on Figure 7. 

Figure 7 - Concept image of the PyroArc applied to industrial waste treatment comprising 
a feed system, a shaft-furnace-gasifer, a plasma-augmented-high-temperature-mixing-
destruction reactor followed by a gas quenching loop with heat exchanger for district 
heating, and a gas cleaning unit attached to a gas engine-generator and exhaust boiler.
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Overall energy balance 
According to Figure 8 the following energy balances can be summarised: 

• Total energy input: 4.18 MW 
• Gross power generation: 1.02 MW 
• Gross electric efficiency: 22.6% 
• Net power output: Generated power less plasma generator, fans, pumps and lights: 1.02 

- 0.34 - 0.2 = 0.48 MW 
• Net power efficiency: 11.5% 
• Thermal energy out at 120oC with 80oC water return temperature: 1.33 + 1.65 = 2.98 

MW 
• Net energy output (CHP): 0.48 + 2.98 = 3.46 MW 
• Overall thermal efficiency: 83% 

In order to compare with other processes it should be kept in mind that the PyroArc 
process leaves a stabilised leach resistant slag. Alternative processes that employ vitrifica-
tion as an add-on plasma unit would require typically 700 – 1000 kWh per ton of residues9. 
A combustion plant of similar size with typically 30% residues would yield 390 kg ashes 
per hour, and would consume another 0.28 – 0.40 MW just for the vitrification process.

Figure 8 - Typically energy balance of the plant with district heating water conditions 120/80oC. 
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Conclusions 
Owing to current European policies landfill allowances will be restricted in order to miti-

gate the climatic and environmental impacts. The implication is that waste flows will take 
new directions, and innovative treatment processes will enter the market. There is also a 
strong guidance for enhanced utilisation of renewable energy sources - including waste to 
energy. And steps are taken at EU level towards polygeneration (power, heat, cooling, gas, 
materials) by combining technologies and integrating them into local energy solutions. In 
respect of these policy issues waste is and becomes a source for increased valorisation. 

The message is that this technology may offer highly appropriate solutions in response to 
the needs of local European societies for their waste handling. This may particularly apply 
to advanced touristic islands with limited space, high energy demand, and a pronounce need 
for maintaining an environmental image. 
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CHANIA DECLARATION 
ISLANDS - TOWARDS 100% RENEWABLE ENERGY 

SOURCES SUPPLY 

We, the participants of the Conference on “Renewable Energies for Islands – Towards 
100% RES Supply”, meeting in Chania (Crete) on the 14th to 16th June 2001, 

Considering that the energy dimension is a fundamental aspect of the future development 
of islands, given their extreme dependence on external conventional energy sources, high 
costs and the unacceptable risks of supply security, 

Mindful that the environmental impact of conventional sources and technologies is greater 
than on the mainland because of the fragile and vulnerable nature of island territories, thus 
endangering a European capital of the first magnitude, 

Taking into account that island energy options progressively determine other essential 
aspects for sustainable island development like water management and production and 
inland transport policies, 

Considering that island economies have changed significantly in the direction of new 
specialisation like tourism, creating new scenarios in which the demand for energy is char-
acterised by enormous variability, dispersion and even by large seasonal differences, 

Aware that, although if they are considered individually, islands do not account for a very 
high proportion of the European energy market, when taken as a whole we face a problem 
that affects 4% of the landmass and over 16 million European citizens. And, furthermore, 
while islands are thus recognized as most vulnerable to climate change, they have made the 
smallest contribution to its causes, 

Taking into account that most islands have abundant, though little used renewable energy 
sources whose distribution and potential for hybrid use is far more closely in line with island 
needs, and that new renewable energy technologies allow for better integration than conven-
tional systems, for reasons of scale, 

Mindful that in this context, the 1st European Conference on Sustainable Island Develop-
ment (1997), in its final declaration, established that “Non-renewable energy sources must 
be considered as provisional solutions, unsuitable as a long-term solution to the energy prob-
lem in islands”, 

Considering that articles 154 and 158 of the Amsterdam Treaty, and declaration number 
30 enclosed, establish basis enough for considering the island factor as a substantial differ-
ence in favour of renewable energies, 
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Recalling the dispositions and recommendations in favour of implementing renewable 
energy sources on a large scale in European islands, which form part of the Palma de Majorca 
Declaration of 20th March 1999, the Kos Resolution of 11th May 2000, the Madeira Decla-
ration of 2001 and in the Cagliari Declaration of the 24

th 
of February, 2001, 

Recognising that the idea of attaining 100% Renewable Energy Sources Supply has 
become a powerful metaphor for many islands, supported by the appearance of real projects 
that demonstrate the real possibility of this final objective and by the wide-spread will of 
islands to establish differentiated energy strategies based on a maximum use of renewable 
energy sources.

Confirm our definite commitment to foster the development of the renewable energies on 
our islands, which is aimed to reach the 100% of energy supply. 

We agree to share the experiences that derive from the 100% RES different initiatives 
with other communities and island regions of the world and to foster the exchange of infor-
mation and solutions adopted with the aim to permit its replication in new initiatives. 

We recognise the urgent necessity to generalize the measures that guarantee the efficient 
and rational use of energy as an indispensable condition for the big scale implementation 
of RES. 

We understand that, being the islands the main actors of change, we should consolidate 
the inter-island network cooperation for the development of demonstration projects and 
guarantee the mutual assistance as it is expressed for example in the rising model for the 
OPET European Islands. 

We agree to promote the consolidation of the 100% RES Island Network in the context 
of the 100 Communities 100% RES European Initiative as a structural reference for the 
improvement and replication of 100% RES solutions to other islands. 

We believe in the necessity of the development of different mechanisms that will allow 
us to participate and involve the island communities in the process of the decision-making 
in favour of the energy sustainability. 

We think that the commitment for building the 100% RES Island Communities should 
include all sectors related to transport, water supply and management as well as the estab-
lishment of effective partnership within the new economy actors on the islands in particu-
larly the related to the tourist industry. 
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THE DECLARATION OF CANARIAS
 CANARY ISLANDS, 16-18 JANUARY 1998

The Members of the European Parliament and of the Parliaments of the Member States of 
the EU, and the representatives of Energy Authorities, Institutions and actors from the EU, 
attending the Inter-Parliamentary Meeting “RENEWABLE ENERGY SOURCES IN THE 
EUROPEAN UNION”, and its organisers, EUFORES, the Government of Canarias, ITC, 
ITER and IDEA

Having met in response to the expectations of the Citizens of the EU to achieve a clean, 
sustainable, indigenous, and job intensive energy supply, state that:

• renewable energy sources are a vital and abundant indigenous source that bring many 
benefits

• the renewable energy industry of the European Union is the world-wide leader in the 
manufacture of renewable technologies equipment

• this leadership has to be maintained through the development of a strong internal 
market

• that allows for a solid international competitive position
• the citizens of the EU request a high quality and environmentally friendly energy supply, 

and that society’s awareness can be raised through increased efforts in information, edu-
cation and training

• it is necessary to restrain the rate of increase in external energy supply dependency of the 
EU by using indigenous and environmentally friendly resources

• renewables constitute a new sector with high employment creation potential which 
should be fostered to meet the challenges of regional development and economic and 
social cohesion

Therefore, the participants of the inter-parliamentary meeting, following the principles 
expressed duing the discussions, want to convey the following Declaration to the elected 
representatives of the peoples of Europe, encouraging them to act as a matter of urgency in 
support of renewables, for the benefit of the citizens of their communities, by developing the 
required legislation and administrative measures to achieve a wide penetration in the energy 
market, and by exerting their influence on their governments and administrations to support 
and implement the actions and proposals contained in the White Paper of the European 
Commission, “Energy for the Future: Renewable Sources of Energy”.
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The following guidelines should be taken into account:

• Efforts should be made in all three sub-sectors of activity, electricity, heat and transport 
fuels.

• Fair access to distribution networks should be guaranteed, and the utilities and distribu-
tors should avoid restrictions, while allowing for schemes which encourage competitive-
ness, such as a harmonised European feed-in legal framework.

• The revision of the Common Agricultural Policy should promote the increased use of 
agricultural crops and residues for energy purposes.

• Administrative proceedings should allow for simple and quick public authorisation pro-
cedures. In this respect, the different administrative levels in the EU should not become 
in effect a hidden obstacle.

• Special finance schemes and tools should be established urgently and further developed, 
especially for the take off period.

• The market penetration of renewable energy technologies must be facilitated by the 
establishment of a level playing field, recognising the full costs of every energy source.

• Subsidies may be used to accelerate the market penetration of renewable energy tech-
nologies, but should be gradually eliminated as these technologies reach the commercial 
phase.

• Efforts to support the introduction and development of renewable energy technologies in 
EU and world-wide markets should be reinforced in line with the White Paper, and fol-
lowing the agreed Kyoto targets.

• Much of the expected growth of energy demand in developing countries may be best 
met by renewable energies, especially in remote and rural areas. Increased political and 
economic support from the EU will serve to accelerate this process and foster closer 
technological and commercial co-operation.

Finally, the participants call upon all the relevant European Union, national, regional 
and local elected bodies, institutions and actors throughout the EU, to promote and develop 
jointly the measures contained in this DECLARATION, andurge the organisers to distrib-
ute this document throughout the EU, reaching the highest number of decision-makers and 
achieving the greatest possible impact, and to review at a further high-level inter-parliamen-
tary meeting the progress made, proposing new initiatives where needed.
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PALMA DE MALLORCA DECLARATION
THE CONFERENCE ON THE NEW ENERGY 

CHALLENGE IN THE ISLAND REGIONS

The participants to the Conference in Palma de Mallorca (Balearics) on the 19 th and
20 th of March 1999 adopted the following declaration:

1. Policy of energy supply and demand management
Wish to underline that the Islands have hitherto not sufficiently benefited from the Trans 
European Networks, TEN, for energy Call for the implementation of measures which would 
result in:
• greater security of energy supply in the islands
• diversification of their energy resources
• capacity for exporting their own energy experiences and technologies to the global 

market, should they have the potential to do so.
Consequently, they call on the Commission, the Council and the European Parliament:
• To promote TEN programmes for the Islands so as to develop fixed-link energy infra-

structure to the mainland and within islands or infrastructure for energy reception and 
distribution

• To improve the existing fixed links which are outdated or whose capacity is insufficient. 
To build the necessary capacity for an autonomous energy production and distribution 
with special emphasis on renewable energy sources adapted according to geographical 
and physical conditions and to the development of technical progress.

• Urge the European Institutions to present, adopt and implement a Community Directive 
on renewable energies. This would put a strong emphasis on the situation of Islands and 
on the use of their potential, with the aim to increase progressively the percentage of 
renewable energies within the European Union.

• Urge them to provide adequate financial means to implement such a policy. Express concern 
about the potential effect of the forthcoming reform of Structural Funds if such a reform 
would result in a general reduction of the available financial resources, and in the exclusion 
of some Island Regions from the list of eligible Objective 1 or Objective 2 areas.

• Request the Commission to give priority to energy projects which might not get priority 
in the new programme plans being prepared for Objective 1 or 2 areas, and request close 
scrutiny of all draft proposals by competent services.

• Recognise that in Island regions, energy demand management is fundamental and there-
fore actions in this domain must be considered as a policy priority, in order to manage the 
continuous increase in energy demand.
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• Note that the Island Authorities are committed to strengthen energy demand management 
through the Energy Management Agencies created or relevant energy structures. But it 
is still necessary to urge regional and local authorities, to implement energy policies to 
improve energy efficiency and to sensitise citizens and visitors of islands on rational use 
of energy measures.

• Call for the presentation by DG XVII of a Communication on energy demand manage-
ment in which the special needs of islands are especially recognized.

• Call for Research and Development funds applicable to energy projects to contain special 
island criteria to ensure flexibility and priority for projects from islands.

2. Tariff policy and competitiveness
• Stress that the policy of tariff perequation or similar systems which now prevails across 

the European Union is a fundamental factor in ensuring that island consumers are treated 
equally with mainland consumers, and as such, plays a role in the social and economic 
cohesion of the Community and constitutes an example which should be followed in 
many other fields.

• Point out that a liberalisation policy in the field of energy markets which would not 
include adequate safeguard to preserve the principle of tariff perequation would cause 
a major threat to the islands and would run in direct contradiction with the principles 
expressed in Article 158a of the Treaty on Social and Economic Cohesion and in the Joint 
Declaration n° 30 on islands adopted in Amsterdam.

• Recognise that, while tariff perequation between the islands and the mainland must remain 
a fundamental principle, it should be accompanied by adequate policies to implement the 
rational use of energy and the development of alternative energy resources in those areas, 
so as to a lower as much as possible the additional costs resulting from insularity.

• Island Regional authorities are engaged as key actors in the implementation of the neces-
sary policies to promote the rational use of energy, so as to ensure that such policies do 
not prove harmful to the social and economic development of these regions. Recognise 
that energy policy is also a transversal policy and has to be considered and implemented 
in the context of other policies : regional, urban and rural development, construction, 
transport, tourism, employment and environment.

3. Environment and fiscal policies
• The Islands Authorities are committed to support the EU policy seeking a reduction of 

harmful emissions such as CO2 and a reduction of the greenhouse effect, as expressed in 
Kyoto.

• They should consider how best to exploit the energy content of waste in order to exploit 
this indigenous energy source, and to have a responsible treatment of waste and solve 
associated environmental problems.

• Nevertheless, stress that the implementation by the European Community and Member 
States of fiscal measures affecting the cost of sea or air transport to the islands would 
result in economically and socially damaging consequences for these regions.
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• Remark that such measures would be obviously inappropriate since the island have 
historically had limited responsibility in the present environmental situation, precisely 
because of the lack of development in some of them.

4. Inter-Islands Co-operation in the field of energy
• Agree to set up and Island Energy Forum to be managed on a regular basis by ISLENET, 

where experts from the islands and representatives from the European Union would meet 
in the Palma de Mallorca Conference spirit, in view to explore island issues, to outline 
potentially beneficial policies and to seek to alleviate the problems of insularity.

• The Island Authorities agree that ISLENET should review the Islands Energy Charter and 
put forward proposals for updating it.

• Request that similar worthwhile event such as the Palma de Mallorca Conference be held 
at regular intervals with the support of DG XVII to discuss new opportunities concerning 
islands and to foster increased collaboration between regional, national and Community 
authorities, and between the public and private sectors.
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AÇORES DECLARATION
CONFERENCE “ ENERGY IN THE ISLAND 

COMMUNITIES”

The participants of the Third Conference on Energy in Islands in Ponta Delgada (Azores) 
on the 15th and 16th June, 2000 adopted the following declaration:

1. Considering article 154 and 158 of Amsterdam Treaty
2. Considering the clear interpretation in all community languages of article 158 of declara-

tion no 30 on insular regions of the Amsterdam Treaty.
3. Considering the Palma de Mallorca Declaration of 20th March 1999
4. Considering the Kos Resolution of 11th May 2000

• Invite the Commission to analyse the specific situation of islands in connection with the 
continued liberalisation of the energy market requested by the European Council of Lisbon.

• Recall that island regions are not yet included in TEN Programmes, in spite of article 154 
of Amsterdam Treaty. Reiterates the necessity to develop energy and transport infrastruc-
ture connections between islands and the mainland and to develop specific measures for 
the future TEN programmes.

• Call on the European Commission to promote policies and legislation in favour of renew-
able energy sources in islands which are not eligible for TEN or objective 1 funding : 
in particular to select as pilot case studies for the implementation of these policies with 
adequate financial support.

• Invite Member States, the Commission, Regulators and Transmission Systems Operators 
to consider in the “Florence process” compensation mechanisms to allow unconnected 
island regions to benefit from the internal electricity market, with the objective that the 
Stockholm Council adopts concrete proposals.

• Call for a specific Community programme to develop and implement, in a pilot island, 
renewable and sustainable energy production and distribution systems.

• Ask the European Parliament to monitor activities in objective 1 regions for the devel-
opment of renewable and sustainable energy policies in the context of the Community 
Initiative INTERREG III. Asks that pilot actions supported by FEDER are dedicated to 
the same objective.

• Request the Commission to issue a communication covering the development and 
implementation of measures for energy efficiency and renewable energy development: 
to ensure that such measures are fully included in the Support Framework Programme 
2000-2006. Ask that the special features of islands are taken into account in New Struc-
tural Funds according to Amsterdam Treaty.
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• Stress that energy policy has not taken sufficient account of the economic, social, structural 
and geographical problems in island regions and therefore notes the necessity to apply as 
soon as possible specific measures through which these regions can participate in the inter-
nal market of European Union under the same conditions as those of mainland regions. 

• In that respect regret the notion outlined in the proposed EU Directive “on the promotion 
of electricity from RES”, that connection costs to the grid should be supported by the 
RES producers and should reflect their distance from the existing network. It consid-
ers that the imposition of such connection charges would worsen the condition of EU 
islands,and be contradictory to articles 154 and 158 of the Treaty.

• Request the local authorities of island regions to improve energy demand management 
and undertake policies including energy efficiency and public awareness campaigns 
(inhabitants and visitors) designed to ensure a more rational use of energy resources.

• Urge island authorities to become key players in technology modernisation and use of 
local resources with the development of policies in energy efficiency and renewable 
energy sources, including promotion and production of combined heat and power sys-
tems (CHP). Wind energy in particular could be promoted by partnerships between the 
utilities and potential private investors. The Energy Management Agencies are requested 
to collaborate with the national and European Network (ISLENET). Invites the utilities 
of islands to create a working group for the study of best solutions to their problems.

Moreover:
• Request the European Commission to draft a Green Paper proposing the implementation 

of an integrated policy in favour of all insular regions of European Union in order to 
apply the Viola Report adopted by the European Parliament in May 1998 

• Confirm their satisfaction with the Report of the Economic and Social Committee on 
the “guidelines for integrated actions in favour of island regions of the European Union 
according to the Amsterdam Treaty”

• Note the necessity to create an “insularity” Inter-service group within the Secretariat 
General of the European Commission.

• Invite the Committee of Regions to develop an action plan on the insularity issues accord-
ing to the Amsterdam Treaty.

• Invite the Committee of Constitutional Affairs of the European Parliament to analyse the 
interpretation problems related to the article 158.1 of the Nice summit 

Approved by unanimity. 

Ponta Delgada, June 16th, 2000
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EUROPEAN ISLAND AGENDA
MINORCA - 1997

The role of renewables
In 1997 a group of representatives from some 200 European islands met on the island of 

Minorca to discuss and reach a consensus on islands’ specific sustainable development strat-
egy. The European Island Agenda, which was product of this 1st Conference on Sustainable 
Island Development, recognised energy as the central factor of future development policies. 
Within the Agenda’s chapter dealing with energy, the following points are included:

A. Basis for action
•  A conditioning factor of European islands is an almost total dependence on imported 

energy, especially for transport and electricity production. Energy often accounts for 
more than 15% of all island imports.

•  The over-specialisation of most island economies forces them to install an over-sized 
energy capacity to cover factors such as prominent seasonal demand, abrupt market 
changes or far greater territorial dispersion than in other areas.

•  Environmental impact and constraints of the energy sector are always greater in the 
islands, basically because all generating and storage facilities have to be duplicated, 
increasing external costs enormously.

•  Flexibility between the energy vectors used for end use is generally very low on the 
islands because energy, planning criteria are almost always imported from the mainland 
and the energy technology that is usually used is highly inflexible.

•  Energy efficiency in almost all technological fields and activities is one of the major chal-
lenges islands face. Forecasts drawn up for islands with rapid growth indicate a potential 
saving of up to 20%.

•  Specialised island economies distort the accepted view of quality and safety aspects of 
energy supply, making striking a balance between a commitment to minimum costs and 
environmental conservation extremely difficult.

•  Most islands have excellent renewable energy resources, especially the general potential 
for wind energy and the potential for solar energy in Southern Europe. These resources 
are under-used in comparison with their real potential.

•  The scale of islands allows for highly modular energy planning, with renewables account-
ing for a large share, in contrast to the low level of consolidation achieved by technical 
supply and provision of services, despite the social acceptance they enjoy.

•  Non-renewable energy sources must be considered as provisional solutions, unsuitable as 
a longterm solution to the energy problem in islands
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•  In order to achieve a favourable economic and technical climate for implementing renew-
able energy technology, financial and bureaucratic obstacles must be overcome.

•  Islands are excellent test beds for researching and developing suitable, low impact energy 
models, their scale means new solutions can be tested in a reasonable period of time.

B. Priorities
• Formulating guide lines for island energy policies.
•  Prices and markets.
•  Promoting island energy agencies.
•  Integration in European energy policy.
•  Incentive mechanisms and instruments for rational energy use and saving.
•  Establish maximum market penetration by renewable energy sources, within a context of 

rational energy use, as the major objective of island energy policy.
•  Promotion and use of renewable energy sources.
•  Transfer of energy technology.
•  Energy decentralisation to support endogenous development.
• Foster research and development of energy technology.
•  Promotion of good practise guides.






