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ABSTRACT

Most remote small islands of the Mediterranean area suffer from insufficient and high-cost
electricity generation as well as significant water scarcity, considerably hindering the local
development activities. The problem is much more pressing during the summer period due
to the increased touristic activity. On the other hand, the entire Mediterranean region has sig-
nificant solar potential, which is almost unexploited. In this context, the current paper investi-
gates the opportunities of combined electricity and clean water production on the basis of the
available solar potential. To that effect the currently proposed energy system comprising of
photovoltaic (PV) generators and energy storage is combined with a small desalination unit.
Actually, the maximization of the properly defined solar energy “value” is attempted on the
basis of an appropriate allocation and planning of the PV generators either for covering
directly the electrical demand of the local society or by providing the energy required for the
seawater desalination process. According to the results obtained from the application of the
proposed solution to a representative small Aegean Sea island, the production cost of both
electricity and clean water through the desalination plant are favorably compared with the
respective cost of the already existing electricity and water supply solutions.
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1. Introduction

Most remote small islands of the Mediterranean
area suffer from insufficient and high-cost electricity
generation as well as significant water scarcity, con-
siderably hindering the local development activities
[1,2]. The problem is much more pressing during the
summer period due to the increased touristic activity.
Actually, in the numerous Aegean Archipelago

islands the electricity demand is hardly covered by
the existing thermal power stations, based mainly on
internal combustion engines that present extremely
high electricity generation costs [3] that even exceed
250e/MWhe, see also Fig. 1.

Additionally, all these small islands suffer from
significant water deficit [4], thus 50% up to 100% of
the required fresh water is transferred at a very high
cost, even approaching 10e/m3. More precisely,
the problem becomes intense for the Cyclades and*Corresponding author.
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Dodecanese complexes, where in 2008, more than
1.8Mm3 of fresh water were transported and more
than 10Me were spent for that purpose (at an

average cost of approximately 6 e/m3), see Fig. 2. On
the other hand, the entire Mediterranean region has
significant solar potential (Fig. 3), which still remains
largely unexploited. To this end, it must be noted that
solar irradiance is maximum during the summer
period, i.e. when maximum water and electricity
demand are also encountered.

In this context, the current paper investigates the
opportunities of combined electricity and clean water
production on the basis of the available solar poten-
tial. To that effect, the proposed power system, com-
prising of photovoltaic (PV) generators and energy
storage, is combined with a small desalination unit
[5]. Actually, maximization of the properly defined
solar energy “value” is attempted on the basis of an
appropriate methodology for the allocation and plan-
ning of the PV generators either by covering directly
the electrical demand of the local society or by provid-
ing the energy required for the seawater desalination
process.

The proposed methodology is accordingly applied
for a typical small-scale island in order to demonstrate
the advantages of such a solution without however
disregarding any drawbacks accompanying such an
innovative effort to satisfy––on the basis of PV genera-
tors––electricity and fresh water demand at the same
time.

2. Position of the problem

Water and energy (electricity) are two of the most
important elements of human life, strongly affecting

Fig. 1. Electricity production cost of very small Greek
islands.

Fig. 2. Water imports and average transportation cost
evolution for the Cyclades and Dodecanese island
complexes.

Fig. 3. Mediterranean region solar potential [6].
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the development of any society. The social and eco-
nomic status of the modern world depends on the
sustainable supply of both energy and water [7]. To
this end, most islands of the Mediterranean Sea face
water shortage and low quality-high production cost
of electricity provided. Note that the water shortage
problem being more acute during summer months,
i.e. when significant increase in water demand occurs,
is currently faced by high cost water transportation
[8].

The objective of this work is to identify the optimal
configuration, design and operation of an integrated
system based on the solar energy exploitation in order
to face the clean water and electricity demand of small
remote islands in the Mediterranean area. During this
simulation procedure, the daily and seasonal fluctua-
tions of electricity demand along with the periodical/
variable behavior of the solar irradiance seriously
bound the solar energy participation in the small
islands’ energy balance, while on top of these, addi-
tional operational limits are also set by the local grid
and the reverse osmosis (RO) desalination plant
operators in order to protect their equipment from
long-term operation, near or below the corresponding
technical minima.

In this context, the main idea of the present work
is to design (specify equipment, production and stor-
age systems and also decide on their sizing) a renew-
able energy plant and a RO desalination plant in
order to:

(1) Cover the electricity and water demand of a
remote area (given the electrical load and water
demand profile).

(2) Develop a tool/methodology for the optimal
operation of the integrated water-electricity
covering system. This means that this “tool”
will be able to determine for how many hours
per day will the power plant provide electric-
ity to the users, for how many hours will it
operate to charge the energy storage and for
how many hours will it also provide energy
(and how much energy) to the desalination
plant.

Certainly, the entire operation of the system is
expected to exhibit different optimal conditions under
different circumstances with each of the various
parameters of the system playing a very significant
role. In this context, the methodology is currently
applied to a specific case study, while at this point
one should keep in mind that the combined operation
of a renewable energy-based power station and a
desalination plant for fresh water production is still

scarce [9], comprising a very small portion (about
0.02%) of the total desalination capacity.

3. Proposed solution

In order to ameliorate the current situation in the
numerous remote, very small-scale islands of the
Mediterranean area and achieve energy and water
autonomy, the application of a combined PV-RO sys-
tem is examined. The proposed configuration com-
prises of a PV generator, an appropriate energy
storage facility and a desalination unit, which is able
to provide the necessary fresh potable water quantities
(see Fig. 4).

More precisely the proposed configuration
includes [10] the following:

• A PV generator, consisting of “z” PV panels, with a
total peak power “NPV-peak”.

• A DC/DC charge controller of “Ncc” rated power.
• An appropriate energy storage system (ESS),

namely lead-acid batteries, of total capacity “Qss”,
operation voltage “Ub” and maximum depth of dis-
charge “DoDL”.

• A DC/AC inverter of maximum power “NINV” able
to meet the consumption peak load demand.

• A properly sized seawater desalination plant of
daily capacity “Qo”.

• A water storage reservoir of storage capacity “Vres”,
able to store the required potable water quantities
for a given time period “dw”.

During the long-lasting operation of the proposed
system, the following situations may appear:

• The energy production “EPV” of the PV plant is
higher than the total energy demand “Edem” (both
consumption and desalination needs), i.e.

Fig. 4. Schematic presentation of the proposed solution.
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EPV>Edem. In that case the energy surplus is for-
warded either for producing clean water which is
accordingly stored in the existing water reservoir or
to the ESS. If both storage systems are full the
excess energy is forwarded to low priority loads.

• The energy production from the PV plant is lower
than the total energy demand (both consumption
and desalination needs) (EPV<Edem). In that case
energy from the ESS is used in order to cover the
energy deficit.

It should be noted that in the current analysis
emphasis is given in order to eliminate the contribu-
tion of the existing local thermal power station. There-
fore, the ESS must be able to meet the energy deficit
and to support the desalination unit to cover the
water demand during the entire year period.

As already noted, the main concept of the present
analysis is the exploitation of the available solar
potential using the appropriate number of PV panels
in order to cover the electricity and water demand in
a remote island network. Thus during the proposed
analysis the following main steps are followed:

(1) Selection of the PV panels and the battery bank
characteristics and accordingly estimation of
the annual energy yield of the PV plant: In
order to estimate the energy produced by the
PV plant, hourly solar radiation and ambient
temperature data are used [11,12].

(2) Determination of the operation planning of the
seawater RO desalination unit: Several different
scenarios of water production are examined (e.
g. rated capacity of 6, 9, 12, 15m3/h), fulfilling
the criterion of 100% water autonomy of the
remote island [13].

(3) Estimation of the total load demand: The total
load demand is estimated on an hourly basis,
comprising the sum of the electricity demand
of the local community and the electricity needs
of the RO desalination unit.

(4) Estimation of the energy balance and ESS state
of charge: With the use of the developed com-
putational algorithm, the energy balance is cal-
culated on a given time step (e.g. on an hourly
basis).

(5) Financial evaluation: A preliminary economic
evaluation of the proposed PV-RO configuration
is carried out focusing on the calculation of the
IRR values for a 25-year period [14,15]. Besides,
the electricity generation and the clean water
production costs are estimated. However, a more
detailed financial analysis is required, including
also an appropriate sensitivity analysis.

4. Application results

In order to obtain a first idea about the abilities of
the proposed methodology, a typical case study is cur-
rently investigated and the results can be summarized
below. Actually, the tiny island of Anafi, located at
the southeast edge of the Cyclades complex (Fig. 5),
has been selected. The island’s population is approxi-
mately 250–300 inhabitants and its area is about
40 km2.

The annual electricity generation during the last
decade is about 1GWh. During the same period, the
lowest electricity consumption occurred in April and
May (i.e. 60MWh), whereas the highest in August (i.e.
160MWh) due to the increase of tourism.

Furthermore, the peak load demand varies
between 400 and 500 kW (recorded usually on the 15
August) and the minimum load demand was 50 kW
(recorded during April). At the same time, the small
thermal power station of the island consists of five
(similar) internal combustion engines of total rated
capacity 670 kW, with a mean specific fuel consump-
tion of 240 g/kWh and an electricity production cost
of about 500e/MWh.

The island of Anafi faces also a complete lack of
fresh water and thus the water needs are currently
being covered exclusively by transported quantities.
Taking into consideration the daily needs of the per-
manent population for fresh water and assuming also
an increase of the population during summer, the
total annual water needs of the island are found to be
almost 20,000m3.

To this end, considering the high solar potential of
Anafi and the fact that the water is transported to the
island by ships, the application of a combined PV-RO

Fig. 5. A map of Greece and the island of Anafi.

698 D. Tiligadas et al. / Desalination and Water Treatment 51 (2013) 695–701



system, in order to achieve energy and water auton-
omy, is examined.

4.1. PV generator sizing on the basis of electricity demand

Applying the proposed algorithm in order to cover
the electrical load demand of the island one may find
the energy autonomy combinations of the PV-ESS sys-
tem in Fig. 6. For the simulation of the system’s opera-
tion, 250W monocrystalline PV panels with a nominal
efficiency of 13% at standard conditions have been
used.

According to the results obtained it is obvious that
as the PV generator peak power increases, the energy
storage capacity decreases. This phenomenon is more
intense for low PV generator rated power and finally
an asymptotic behavior is achieved, since after a spe-
cific point the increase of the PV peak power does not
cause any further decrease of the energy storage
capacity. The optimum combination may result after
taking into consideration the appropriate optimization
criteria.

4.2. Sea water RO desalination operation planning

After analyzing the water demand of the local
community and taking into account that:

• The water demand during winter months is 100 L/
cap/day.

• The water demand during spring and autumn
months is 120 L/cap/day.

• The water demand during summer months is
150 L/cap/day.

• The population during summer months is tripled
(800–900 people).

One may demonstrate in Fig. 7 the expected
monthly water demand profile for the small island

under investigation. According to the data of Fig. 7
June, July, and August have the higher water demand,
of about 3,800m3. The corresponding mean daily
water consumption is approximately 125m3.

Consequently the minimum RO desalination
capacity should be higher than 5m3/h. In the current
analysis the minimum desalination capacity is
assumed to be 6m3/h, taking into account a safety
factor in order to guarantee that the RO unit can meet
the local water demand.

Subsequently and taking into account that:

• Water production can be adjusted to the demand
and energy availability within a range of 12.5–100%
of the nominal output of the RO unit.

• Membranes used are sensitive to frequent start-stop
[16].

Four different scenarios of water production are
examined in the present work, with hourly capacity
production equal to 6, 9, 12, and 15m3/h (+50, +100,
+150% of the minimum desalination capacity) respec-
tively. Furthermore, the criterion of fulfilling 100%
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Fig. 7. Monthly water demand variation in Anafi.
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water autonomy is considered, while for each scenario
the water production–demand analysis is carried out
on an hourly basis. In Fig. 8 one may find the hourly
water demand-production balance for a typical sum-
mer day for the minimum RO desalination unit (i.e.
nominal capacity 6m3/h).

More precisely, for this specific RO configuration,
the desalination plant should operate at 1.2m3/h (20%
of the nominal capacity) during winter (December,
January, February). In spring and autumn (March to
May and September to November respectively) the
desalination plant operates at 20–25% of the nominal
hourly capacity (1.2 and 1.5m3/h respectively).
Finally, during summer it operates for four hours
(early morning) at 25% (1.5m3/h) and for the rest of
hours at 100%.

As it is rational the desalination plant should basi-
cally operate during the high solar radiation periods
in order to absorb electrical energy directly from the
PV generator and not through the system batteries.
Besides, no seasonal water storage strategy has been
adopted, while the water reservoir capacity is less
than 500m3, providing water autonomy for four
consecutive days.

4.3. Energy results related to the combined water and
electricity production

Recapitulating, for each of the four scenarios of
water production the operation of the seawater RO
desalination plant is simulated for one-year period,
using different combinations for PVs’ rated power
and energy storage capacity. As depicted in Fig. 9,
PVs’ rated power increases inversely to the energy
storage capacity till the point at which the increase of
the PVs’ rated power does not cause any further
decrease of the energy storage capacity.

The currently selected PV-RO configurations result
based on the condition of achieving 100% energy and
water autonomy with the minimum required PV pan-
els’ rated power and ESS capacity. Depending on the
water production scenario selected and for PVs’ rated
power ranging between 1,423 and 1,567 kW, four
different configurations arise (see Fig. 9).

As far as the preliminary financial evaluation of
the proposed solution is concerned, the electricity pro-
duction cost of the proposed system is found equal to
340e/MWh, while the water production cost is found
approximately 1.5e/m3. Further analysis including
optimum sizing of the proposed installation is
expected to reduce remarkably the above-mentioned
values. On the other hand, it should be mentioned
that the above costs are considerably lower than the
current ones, i.e. 500e/MWh and 7e/m3, respec-
tively. As far as the IRR of the investment is con-
cerned, after 25 years of the plant’s operation, it is
estimated slightly higher than 10% (depending on the
selected water production scenario), based on current
market selling prices for each kWh produced (Law
3734/2009). Nowadays, the corresponding capital cost
values fluctuate between 6 and 8% in the local market.
Note that water selling prices are considered to vary
between 2 and 4e/m3, while the price of 3e/m3 is
used for the above-mentioned IRR value.

5. Conclusions

In the present study the possibility of covering the
total electricity and water needs of a small non-inter-
connected island through the application of a com-
bined PV-RO system is investigated. Based on the
results of the parametric analysis carried out, the pro-
posed configuration comprises of a PV generator
(1.5MW), an appropriate energy storage facility
(around 140,000Ah) and a desalination unit able to
produce up to 15m3 of fresh water per hour (or
360m3 per day).

Preliminary cost estimates indicate the attractive-
ness of the proposed system in comparison to the cur-
rent situation, especially from the local community
point of view. However, a more detailed economic
analysis is required in order to obtain a more accurate
estimate of costs, including also the socio-economic
benefits of such systems as they contribute to regional
development and reduce harmful emissions related
with the fossil fuels combustion.

Recapitulating and according to the results
obtained from the application of the proposed solu-
tion to a representative small Aegean Sea island, the
production cost of both electricity and clean water
through the desalination plant are favorably compared

Proposed PV-ESS Configurations for Various
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with the respective and already existing electricity
and water supply solutions. Therefore, the idea could
be developed and implemented in the small islands or
other remote communities of the Mediterranean area
and offer them electricity and fresh water at a rela-
tively rational cost.
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