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a b s t r a c t

Wind and solar driven stand-alone systems can under certain conditions comprise attractive

electrification solutions for numerous isolated consumers worldwide. However, due to their require-

ment for considerable energy storage capacity, diesel generator sets are normally used instead. To

minimize oil consumption, the idea of creating a combined wind — photovoltaic (PV) based hybrid

system with the use of an appropriate energy storage device is currently investigated. In this context,

the main target of the specific work is to estimate the appropriate size of a similar system, so as to meet

the energy demand of typical remote consumers under the criterion of minimum first installation cost.

Representative case studies of the Greek territory with different quality of wind and solar potential are

currently investigated, with the results obtained designating the advantages of the proposed solution,

especially for locations of low wind potential. Furthermore, according to the results, the critical role of

the local wind potential on the optimum size of such configurations is reflected, while variation of the

local solar potential in the Greek territory seems to only slightly influence the minimum first

installation cost solutions.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There are several research works (Fragaki and Markvart, 2008;
Kaldellis, 2001; Kaldellis et al., 2003; Weisser, 2004) investigating
the performance of stand-alone systems, destined to meet the
electrification requirements of isolated consumers worldwide on
the basis of either wind power or solar energy. According to the
conclusions of these studies, to satisfy electricity demand at all
times, i.e., during calm spells and night-time as well, considerable
energy storage capacity is required so as to store any energy
surplus during high wind speed and high solar radiation periods.
However, the direct result of this strategy is excessive energy
storage capacity that also leads to increased first installation and
operation costs. At the same time, in several areas of our planet
wind speed and solar radiation present supplementary (Kaldellis
et al., 1999) availability, hence the combined exploitation of the
available wind and solar potential may reduce considerably the
energy storage capacity requirements of stand-alone systems,
taking into account that although the solar energy distribution
is basically periodic, wind speed may present stochastic patterns.

To this end, there are several studies examining performance
of similar systems. More precisely, Notton et al. (2011) studied
ll rights reserved.

x: þ30 210 5381348.
the performance of hybrid wind-photovoltaic (PV) systems for the
area of Corsica, considering different wind potential areas and
designating the important factor of complementarity between
wind and solar potential. Next, Ekren and Ekren (2009), investi-
gated the performance of a similar configuration under two
distinct load demand profiles, using detailed wind and solar
measurements from a meteorological station installed in Izmir.
Accordingly, Diaf et al. (2008) also studied the techno-economic
performance of a wind-PV system for the area of Corsica,
examining three different sites of distinct characteristics on the
basis of loss of power supply probability. Moreover, Khatib et al.
(2012) studied the possibility of applying hybrid wind-PV config-
urations in the area of Kuala Terengganu, Malaysia, while finally,
Nandi and Ghosh (2010) investigated the prospects of such
systems for remote areas of Bangladesh, in comparison to the
alternative of electricity grid extension.

At the same time, investigation of the hybrid wind-PV solution
is not yet undertaken for the remote communities of the Greek
territory. In this regard, an effort is undertaken in the present
work so as to examine the prospects of applying such configura-
tions in Greece, complementing previous works of the authors
concerning applicability of wind only- and PV only-based stand
alone systems (Kaldellis, 2001; Kaldellis et al., 2003).

In this context, at the east side of the Greek mainland, where
the area of the Aegean Archipelago is located, there are several
hundreds of scattered islands. In the specific region there is a
considerable number of isolated consumers (Kaldellis, 2001;

www.elsevier.com/locate/jweia
www.elsevier.com/locate/jweia
dx.doi.org/10.1016/j.jweia.2012.04.013
dx.doi.org/10.1016/j.jweia.2012.04.013
dx.doi.org/10.1016/j.jweia.2012.04.013
mailto:jkald@teipir.gr
dx.doi.org/10.1016/j.jweia.2012.04.013


J.K. Kaldellis, D. Zafirakis / J. Wind Eng. Ind. Aerodyn. 107–108 (2012) 169–178170
Kaldellis et al., 2003) that have no access to a constant and reliable
electricity source. As a result, the respective consumers are forced
to meet their needs using small diesel-electrical generators that
consume considerable amounts of expensive oil imports. At the
same time, these islands are favoured with an abundant solar
energy potential (Flocas, 1980) for the entire year, while their
majority also possesses high-quality wind potential (Fyrippis et al.,
2010; Kaldellis, 2008; Kanellopoulos, 1992), e.g., Fig. 1. On top of
Fig. 1. Variation of the wind and solar potential in Greece.
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Fig. 2. (a) Comparison of the mean diurnal variation of wind and solar potential

between two representative Aegean Sea areas suggesting a strong and a weak

supplementary availability case. (b) Monthly variation of the wind and the solar

potential in a typical Aegean Sea area.
this, for many of the Aegean Archipelago areas, wind and solar
potential present supplementary availability, see for example
Fig. 2(a) and (b). In an attempt to minimize oil consumption and
improve the life-quality of isolated consumers, the idea of creating
a combined wind-PV hybrid system (Arribas et al., 2010; Dehghan
et al., 2009; Diaf et al., 2008; Nema et al., 2009; Notton et al., 2011;
Zhou et al., 2010) with the use of an appropriate energy storage
device (Ibrahim et al., 2008; Kaldellis et al., 2009) is currently
investigated for representative case studies.

Among the main targets of the specific work is the estimation of
the optimum size of a typical stand-alone wind-PV power system,
under the restriction of minimum first installation cost. For this
purpose, a simulation algorithm is developed so as to incorporate all
problem inputs and provide the appropriate system size for several
energy autonomous hybrid configurations. The resulting energy
autonomous configurations are accordingly evaluated using the
criterion of minimum first installation cost, while emphasis is
currently given on the impact of the local wind and solar potential.
2. Position of the problem

In order to determine the dimensions of a wind-PV stand-alone
system that is able to meet the electricity demand of a typical
remote consumer the following problem inputs are necessary:
i.
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The electricity demand of the consumer: Three representative
weekly electricity consumption profiles are selected (Kaldellis,
2001; Kaldellis et al., 2003), on an hourly basis, being also
dependent on the year period analyzed (winter, summer,
other). The data used (Fig. 3) are based on information provided
by the Greek National Statistical Agency, while any other
electricity consumption profile (Lazou and Papatsoris, 2000)
may equally well be used for the present analysis. In particular,
the annual peak load ‘‘Npeak’’ of the remote consumer does not
exceed 3.5 kW on the basis of an appropriate demand side
management strategy, while the respective annual energy
consumption ‘‘Ey’’ reaches approximately 4.75 MW h.
ii.
 The wind potential of the area: In the specific case detailed
wind speed measurements of at least one year should be used
(Public Power Corporation (PPC), 1986), although the pro-
posed analysis may handle time periods of much greater time
length; any case given, a three-year period is assumed to be
sufficient for a location to be evaluated.
iii.
 The solar potential of the area: For the estimation of solar
radiation values in the area under investigation, one may use
either theoretical models properly adapted (Kaldellis and
Kavadias, 2000) in accordance to the available global measure-
ments or detailed measurements (Public Power Corporation
(PPC), 1986) pertaining to the global solar potential on an
hourly basis, at least.
Typical Weekly Electricity Demand Profile
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Typical Non-Dimensional Power Curve of a Smal Wind Turbine
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Fig. 5. Power curve of a typical small wind turbine of 5 kW under standard day

conditions.

I-V Curves of the Kyocera LA361 K51S Panel (51Wp) 
The existing ambient conditions: Taking into consideration that
the temperature of the installation area affects the PV panels’
(Skoplaki and Palyvos, 2009) and the wind turbine’s efficiency
(Kaldellis et al., 2004), it is obvious that the corresponding
temperature values are also necessary to increase the relia-
bility of the results obtained. Similarly, the ambient pressure
and the corresponding air humidity influence the wind power
production (Kaldellis et al., 2004).

By using the above mentioned data one may determine the
optimum dimensions of a wind turbine and a PV generator
combination along with the corresponding energy storage capa-
city, employed to ‘‘guarantee’’ the system energy autonomy for a
selected time period, under specific cost restrictions. More pre-
cisely, in the present study the minimum initial cost criterion is
used, although it should be stated that such a condition may
underestimate the PV contribution (relatively high initial cost but
very low maintenance and operation cost).
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3. Description of the proposed configuration

Considering the above mentioned problem inputs, description
of the proposed solution given in Fig. 4 along with the parameters
and set of equations determining the operation of each system
component, establish the basis for the analytical simulation of the
problem investigated. In this context, the proposed solution
consists of the following main components (Fig. 4):
0.0
0 2 4 6 8 10 12 14 16 18 20 22 24
a.
 A micro wind converter of rated power ‘‘No’’
Voltage (Volts)
b.
 A PV array of ‘‘z’’ panels and power of ‘‘NPV’’, with ‘‘Nþ ’’ being
the peak power of each panel
Fig. 6. Power curve of a typical PV panel of 51 Wp under standard panel surface
c.

temperature of 25 1C.
A lead-acid battery storage system with total capacity of
‘‘Qmax’’ and maximum depth of discharge ‘‘DODL’’
d.
 An AC/DC rectifier of ‘‘No’’ kW

e.
 A DC/DC charge controller of ‘‘Nc’’ kW

f.
 A UPS (uninterruptible power supply) of ‘‘Np’’ kW

g.
 A DC/AC inverter of maximum power ‘‘Np’’

3.1. Wind turbine

In similar applications a three bladed micro wind converter of
rated power ‘‘No’’ is utilized as one of the major energy production
sources. The output of the turbine depends (Kaldellis and Kavadias,
2000) on the wind speed value ‘‘V’’ at hub height, the manufac-
turer’s power curve ‘‘Nw¼Nw

* (V)’’ at standard day conditions (Fig. 5)
and the air density ‘‘r’’ at the installation area, thus:

NwðVÞ ¼
r

1:2215
UNn

wðVÞ ð1Þ
Fig. 4. Proposed stand-alone wind-PV hybrid system.
Bear in mind that the air density value depends on the
ambient temperature and pressure as well as on the correspond-
ing air humidity (Kaldellis et al., 2004).

3.2. PV generator

PV systems comprise an array of PV modules that produce
electricity, taking advantage of the existing solar radiation. Due to
the limited size of the installation and the need for increased
reliability due to the stand-alone character of the system, the
usage of a maximum power point tracker which may imply
increased maintenance needs is not suggested (Kaldellis, 2003).
As it is obvious from the operational curves (Fig. 6) of any PV
panel, the magnitude of the direct current output from a PV array
varies directly with the level of solar radiation. On the other hand,
the voltage of a PV cell mainly depends on the cell temperature.
Thus, the number ‘‘z’’ of PV panels (properly connected, i.e., ‘‘z1’’ in
parallel and ‘‘z2’’ in series) is bounded (Kaldellis et al., 2003) as
following:

Ey

8760UCF 0
rzUNþr

Ey

8760UCF 0UZ0
ð2Þ

where:

z¼ z1Uz2 ð3Þ

and

z2 ¼
Ucc

Upv
ð4Þ

Note that ‘‘CF0‘‘ is the PV installation capacity factor, ‘‘Upv’’ is
the PV cells’ operation voltage, ‘‘Ucc’’ is the charge controller



Efficiency Curve of a Typical 5kW Inverter
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Fig. 7. Efficiency curve of a typical 5 kW inverter device.
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voltage and ‘‘Z0‘‘ is the corresponding energy transformation
coefficient (including the entire charging and discharging
branches of the energy storage process), considering that the PV
production is not rectified (see also Fig. 4).

3.3. Battery bank

There are several different energy storage alternatives, like
flywheels, hydraulic storage, water pumping, batteries and hydro-
gen storage (Ibrahim et al., 2008; Kaldellis et al., 2009). In
applications of such size however, a lead-acid battery is normally
used for storing the available energy surplus that is to be used
during periods of inadequate wind or low solar radiation.

More precisely, the battery size is given in units of the time-
period that the storage can cover the average load without the
contribution of other power sources. Hence, the battery bank used
is defined apart from its energy efficiency ‘‘Zbat’’ (including
charging and discharging conversion losses as well as idling
losses) by the installation’s hours of energy autonomy ‘‘ho’’, the
corresponding operation voltage ‘‘Ub’’ and the maximum per-
mitted depth of discharge ‘‘DODL’’. In several cases instead of ‘‘ho’’
one may use the maximum battery capacity ‘‘Qmax’’, which results
by the hours of energy autonomy as:

Qmax ¼ hoU
Ey

8760

� �
U

1

ZdchUðDODLÞUUb
ð5Þ

with ‘‘Ey’’ being as already mentioned the annual energy con-
sumption of the installation and ‘‘Zdch’’ the efficiency of the entire
battery energy production branch, including battery discharge
losses, line losses, inverter losses etc. It is important to mention
that the ‘‘DODL’’ value is strongly related (Cherif et al., 2002) to
the life duration (operational cycles-‘‘nc’’) of the batteries, e.g.,

DODLUnc � 1200 to 1500 ð6Þ

During normal operation, the battery capacity varies between
‘‘Qmin’’ and ‘‘Qmax’’, i.e.,:

QminrQ rQmax ð7Þ

where:

Qmin ¼ ð1�DODLÞUQmax ð8Þ

Bear in mind that the battery voltage ‘‘Ub’’ is not constant, as it
depends on the charge condition of the battery, as well as on the
ambient or battery cell temperature ‘‘y‘‘, i.e.,:

Ub ¼UbðQ ; yÞ ¼UbðDOD; yÞ ð9Þ

where:

DOD¼ 1�
Q

Qmax
rDODL ð10Þ

Finally, the maximum charging and discharging power values are
determined either by the charge controller charge current ‘‘Ich’’, i.e.,:

Nch ¼UccUIch ð11Þ

or by the inverter maximum power value ‘‘Np’’. In addition, the
maximum charging power of the installation should be adequate
to transform the rectifier output of the wind converter branch and
the corresponding PV generator energy production. Finally, in
Eq. (11), ‘‘Ucc’’ is the charge controller output voltage, being
normally one to three volts higher than the corresponding battery
voltage value.

3.4. System electronic devices

For the smooth operation of the hybrid system under investi-
gation, an AC/DC rectifier of nominal power equal to the wind
turbine’s rated power ‘‘No’’ is necessary to convert the incoming
three-phase AC voltage ‘‘UAC’’ from the wind turbine excess power
to a nominal ‘‘UDC’’ DC current accepted by the system batteries.

The output of the AC/DC rectifier enters a DC/DC charge controller
of ‘‘Nc’’ rated power that charges the system batteries with a charging
voltage ‘‘Ucc’’, slightly higher than ‘‘Ub’’. The corresponding charge rate
‘‘Rch’’ depends on the charging voltage and the battery charge current,
while the discharge rate is defined by the battery voltage and the
corresponding discharge current (Ross et al., 2000). Finally, since no
other low priority loads exist, the excess energy is directly rejected
into a water-heating dump-load by the controller. Alternatively,
excess energy amounts may also be used to feed heat pumps for
both heating and cooling purposes (Mendes et al., 1998).

The battery energy production branch is integrated by an
appropriate DC/AC inverter (Durisch et al., 1998) converting the
DC output of the batteries into standard 50 Hz current of opera-
tional voltage 220/380 V. The maximum power ‘‘Np’’ of the inverter
should be capable of meeting the consumption peak load demand
‘‘Npeak’’, while its maximum efficiency equals ‘‘Z*

INV’’. Besides, in
case of partial loading ‘‘Nd’’, the efficiency of typical inverter varies
according to the respective curve, see also Fig. 7, i.e.,:

ZINV ¼ f
Nd

Np

� �
rZn

INV ð12Þ

Finally, a UPS device of rated power ‘‘NUPS’’ (again capable of
meeting a pre-described critical load demand ‘‘Ncritical’’) frequency
50 Hz and operational voltage 220/380 V, is also employed to
guarantee the wind turbine output reliability for the consumer
devices. Note also that the UPS autonomy time ‘‘dt’’ (e.g., dtE
1–2 min) should be adequate to facilitate the other power devices
(battery–inverter, PV generator) in meeting the consumption load
during periods of low wind energy production. Thus, introduction
of the UPS in the system could be used to stabilize the wind-
turbine’s output as well as to protect the sensitive devices from
undesired power-fluctuations and power shortages. Nevertheless,
use of the UPS is optional and can be avoided in case that a
variable speed wind turbine is used instead of stall control
machines normally encountered at that scale of rated power.

4. Simulation and optimization model

4.1. Analytical model of the hybrid system operation

During the long lasting operation of the wind-PV power hybrid
system under investigation one may meet the following situations:
1.
 The wind turbine production is higher than the load demand, i.e.,:

NwðtÞ4
NdðtÞ

ZUPS

ð13Þ
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thus the power surplus ‘‘dN(t)’’ expressed (taking into account the
efficiency of the UPS, ‘‘ZUPS’’) as:

dNðtÞ ¼ NwðtÞ�
NdðtÞ

ZUPS

� �
ð14Þ

is stored (along with the PV-generator energy yield) via the
AC/DC rectifier (efficiency ‘‘Zr’’) through the system charge
controller (efficiency ‘‘Zcc’’) at the battery bank (charging
efficiency ‘‘Zch–bat’’), i.e.,:

DEðDtÞ ¼

Z to þDt

to

½ðdNðtÞUZrþNpvðtÞÞUZccUZch�bat�Udt ð15Þ

The corresponding battery capacity increase is given as:

DQ ðDtÞ ¼
DEðtÞ

UbðQoÞ
ð16Þ

excluding the case that Qo¼Qmax, where this energy amount is
forwarded to low priority loads. Thus:

Q ðtoþDtÞ ¼ QoþDQ ðDtÞrQmax ð17Þ
2.
 The wind turbine output is less than the load demand, while the
sum of the PV generator and the wind converter power output is
greater than the corresponding load demand value, i.e.,:

NwðtÞr
NdðtÞ

ZUPS

ð18Þ

but

ZUPSUNwðtÞþZINVUNpvðtÞZNdðtÞ ð19Þ

In that case the remaining load demand is covered by the PV
station via the DC/AC inverter. Any power surplus ‘‘dN�(t)’’ from the
PV station (DC current) expressed as:

dN0ðtÞ ¼NpvðtÞ�
NdðtÞ�ZUPSUNwðtÞ

ZINV

ð20Þ

is stored via the charge controller (efficiency ‘‘Zcc’’) at the battery
bank (charging efficiency ‘‘Zch–bat’’), i.e.,:

DE0ðDtÞ ¼

Z toþDt

to

ðdN0ðtÞUZccUZch�batÞUdt ð21Þ

while the corresponding battery capacity increase is given by
Eqs. (16) and (17).
3.
 The power demand is greater than the power output of the
two renewable power generators ‘‘SNRES’’, i.e.,:

NdðtÞZZUPSUNwðtÞþZINVUNpvðtÞ ¼SNRESðtÞ ð22Þ

thus the power deficit ‘‘d‘‘N(t)’’ expressed as:

d00NðtÞ ¼NdðtÞ�SNRESðtÞ ð23Þ

is covered by the battery storage bank under the assumption that:

DODðtÞrDODL or QoZQmin ð24Þ

In that case the battery capacity decrease is given as:

D00Q ðDtÞ ¼
D00EðtÞ
UbðQoÞ

ð25Þ

where:

D00EðDtÞ ¼

Z toþDt

to

d00NðtÞ
Zdch�batUZinv

� �
Udt ð26Þ

with ‘‘Zinv’’ and ‘‘Zdch–bat’’ being the inverter and the battery
discharge efficiency, respectively. In that case one gets:

Q ðt þDtÞ ¼ Q �D00Q ðDtÞ ð27Þ
o o
4.
 In the extreme case that Eq. (24) is not validated, load rejection
takes place. Thus, given that the zero-load rejection operation is
currently desired, the rated power of the wind turbine or the PV
panel number or the battery bank capacity should be increased.

4.2. WT-PV-II numerical algorithm

In an attempt to estimate the exact hybrid system dimensions
that guarantee 100% energy autonomy for a typical remote
consumer during the entire year period, a new numerical algo-
rithm ‘‘WT-PV-II’’ is devised, using the experience obtained from
the already presented (Kaldellis, 2001; Kaldellis et al., 2003)
‘‘WINDREMOTE-II’’ and ‘‘PHOTOV-III’’ algorithms.

In this regard, the specific sizing algorithms were developed by
the authors in order to estimate the appropriate size of either
wind-battery or PV-battery systems, destined to satisfy the
electrification needs of remote consumers. By performing an
hourly energy balance analysis between energy production and
energy demand, the algorithms calculate the expected levels
of load demand satisfaction for a number of wind-battery or
PV-battery configurations examined. At the same time, depending
on the level of input data detail, the desired levels of accuracy and
the required time of algorithm execution, the algorithm may be
executed at a more detailed time step, using ten- or even one-
minute data. By determining the desired levels of energy auton-
omy, several combinations may result, based on the algorithms’
ability to select the minimum battery capacity satisfying the
required energy autonomy, under a given wind or PV power.

The proposed algorithm (Fig. 8) calculates the combination of
the required wind turbine size ‘‘No’’, the number of PV panels
needed ‘‘z’’ and the corresponding battery capacity ‘‘Qmax’’ that
ensure the system energy autonomy for a given time period (e.g.,
one year). The proposed algorithm (Fig. 8) consists of the follow-
ing steps:
i.
 For any given region analyzed select the wind turbine rated
power ‘‘No’’, taking values from a specific numerical range.
ii.
 Accordingly define the number of PV panels ‘‘z’’ of a given
peak power ‘‘Nþ ‘‘.
iii.
 Following, select a battery capacity, starting from a minimum
value. A maximum battery capacity limit also exists.
iv.
 For every time point of a given time period (with a specific
time step) estimate the wind energy produced ‘‘Nw’’ by the
wind turbine and the energy yield of the PV generator ‘‘Npv’’,
taking into account the existing wind speed, the available
solar radiation, the ambient temperature and pressure, the
selected wind turbine power curve as well as the power curve
of the PV panels.
v.
 Compare the wind energy production with the isolated
consumer energy demand ‘‘Nd’’. If any energy surplus occurs
(Eq. (14)), the energy surplus along with the energy produc-
tion of the PV generator is stored to the battery system
(Eq. (15)) and a new time point is analyzed (i.e., proceed to
step iv). Otherwise, proceed to step (vi).
vi.
 Since (NwrNd), the energy deficit is covered by the PV
generator production (if any). Any energy surplus (Eq. (20))
is stored to the batteries and a new time point is analyzed
(i.e., proceed to step iv). If this is not the case, proceed to
step (vii).
vii.
 The energy deficit (Nd�SNRES) is finally covered by the
energy storage branch, if the battery is not near the lower
capacity permitted limit (Q4Qmin). Accordingly proceed to
step (iv). In case that the battery is practically empty, the
battery size is increased by a given quantity, if the battery
maximum capacity limit is not exceeded. Then repeat the



Fig. 8. The WT-PV-II numerical algorithm.
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complete analysis from the beginning, step (iii). If the max-
imum battery size is reached the number of PV panels is
increased (go to step (ii)). In case that the maximum available
number of PV panels is reached a new wind turbine rated
power is selected, while the calculation restarts from step (i).
Bear in mind that during the algorithm execution the number
of PV panels varies between two extreme values given by Eq. (2),
while, similarly, the wind turbine rated power takes values
between:

NminrNor150 00 ðWattÞ ð28Þ

where:

Nmin ¼
Ey

8760UCFUZUPS

ð29Þ

with ‘‘CF’’ being the mean annual capacity factor of the installa-
tion (ZUPSE95%). The maximum nominal power value (15 kW) is
taken as the upper limit of the micro wind converters’ category,
considering also the corresponding purchase cost. In order to
include the wind-only and the PV-only solution, during the
present study the minimum PV-panels number and the minimum
wind turbine rated power are taken equal to zero, respectively,
thus a wider range of values is examined.
On the basis of the first installation cost the battery capacity
value is also bounded as:

0rQmaxr50 000 ðAhÞ ð30Þ

while one should not disregard the area and volume needed
for the installation of the batteries as well as the increased
maintenance needs implied (Kaldellis et al., 2009).

After the analysis is completed, a distribution Qmax¼

Qmax(No;z) is predicted, taking into account that every set of
‘‘Qmax’’, ‘‘No’’ and ‘‘z’’ guarantees the energy autonomy of the
remote consumer for the entire period analyzed. In this context,
the optimum configuration may be subsequently predicted on the
basis of the minimum initial cost criterion.
4.3. First installation cost estimation

As already addressed in previous works (Kaldellis, 2002;
Kaldellis, 2003), the initial investment cost ‘‘ICo’’ includes the
market (ex-works) price of the installation components (i.e., wind
turbine, ‘‘ICWT’’; PV panels, ‘‘ICPV’’; battery, ‘‘ICbat’’ and electronic
devices ‘‘ICelec’’, including inverter, UPS, rectifier and charge
controller cost) and the corresponding balance of the plant cost,
expressed as a fraction ‘‘f’’ of the wind turbine and the solar
panels market price. Thus one may write:

ICo ¼ ICWTþ ICPVþ ICbatþ ICelecþ f UðICWTþ ICPVÞ ð31Þ

Using the local market analysis data of previous work
(Kaldellis, 2002; Kaldellis, 2003) the following expressions may
be found valid for the terms of Eq. (31):

ICWT ¼
a

bþNx
o

þc

� �
UNo ð32Þ

ICPV ¼ zUzUPrUNþ ð33Þ

ICbat ¼ xUQ1�o
max ð34Þ

ICelec ¼ lUN1�t
p þBUNo ð35Þ

where ‘‘z‘‘ is a function of ‘‘z’’ (i.e., z¼z(z)), expressing the scale
economies for increased number of PV panels utilized, i.e.,:

z¼ 1�0:1 log10ðzÞ ð36Þ

Subsequently ‘‘Pr’’ is the specific buy-cost of a PV panel
(generally Pr¼Pr(Nþ)) expressed (Haas, 2002) in Euro/kWp.
Besides ‘‘a, b, x and c’’ are numerical constants used to simulate
(Kaldellis, 2002) the ex-works price of small wind converters (up
to 100 kW) in the local market. Their numerical values are equal
to 8.7�105 Euro/kW, 621, 2.05 and 700 Euro/kW, respectively.
Similarly, parameters ‘‘x and o’’ are selected (Tsesmelis and
Kaldellis, 2001) to describe the battery bank initial cost, thus
x¼5.04 Euro/Ah and o¼0.078. Finally, parameters ‘‘l, t and B’’,
used also to estimate (Tsesmelis and Kaldellis, 2001) the electro-
nic devices initial cost, are equal to 483 Euro/kW, 0.083 and 380
Euro/kW, respectively.
5. Application results

In the following, the above described methodology is applied
to three selected areas of the Greek territory that present very
high, high and medium-low wind potential, respectively, Fig. 9(a)
and (b). Note that all these areas are also situated in the central
Aegean Sea, thus possessing solar potential of type B/C according
to Fig. 1.
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5.1. Investigation of a very high wind potential case; island of

Andros

The first area where the proposed combined wind-solar solu-
tion is applied is the island of Andros. Andros is a small medium-
sized island (the second biggest one) of the Cyclades complex
(population 12,000 habitants, area of 384 km2), located in the
middle of the Aegean Sea (Fig. 1). The island appreciates a
remarkable wind potential (mean annual speed V E10 m/s), as
the minimum monthly average wind speed exceeds 6.5 m/s, see
also Fig. 9(a) and (b). At the same time, the number of days with a
daily average wind speed below 4.0 m/s (i.e., no wind production,
see also Fig. 5) is quite limited with the maximum calm spell
period not exceeding 37 h (Kaldellis and Tsesmelis, 2002).

The results of the ‘‘WT-PV II’’ algorithm application for Andros
are demonstrated in Fig. 10, where one may find the distribution
of (Qmax�No) for various cases of PV power. According to the
results obtained there is a remarkable battery capacity reduction
as the wind turbine rated power is increased, which is more
obvious up to the curve of NPV¼2550 W. Keep in mind that every
(NPV, Qmax, No) combination of Fig. 10 guarantees the system
energy autonomy for the time period examined. Subsequently, in
Fig. 11 the initial cost distribution of the above presented
solutions is presented. For this very high wind potential area
one may state that there are several minimum initial cost
combinations based on wind turbines of rated power between
2 kW and 4 kW and PV panels’ number varying between 50
(equivalent to 2550 W) and zero, respectively. More specifically,
a minimum initial cost solution may be for example based either
on zero PV panels and a 4 kW wind turbine or on 2550 W of PV
power and a 1.5 kW wind converter. Using also Fig. 10, it is
important to note that the first solution uses quite larger (three-
fold) batteries than the second one, hence its maintenance and
operation cost should be quite higher.

On top of that, to increase reliability of the results provided by
the algorithm, the analytical hourly energy balance of a typical
installation (i.e., NPV¼2550 W; No¼1500 W; Qmax¼3200 Ah) is
given in Fig. 12 for an entire week of the winter period, including
also the respective battery capacity levels. As one may see, during
daytime wind energy production being usually supplemented by
the respective PV production allows for load satisfaction with
only low levels of battery discharge. On the other hand, in case of
consecutive calm spells and/or low levels (or zero) of sunshine
(e.g., night-time), considerable battery discharge is required in
order to cover the load demand.
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5.2. Investigation of a high wind potential case; island of Naxos

The second case examined concerns a stand-alone system
situated in Naxos island. Naxos is also a small medium-sized
island (18,000 habitants, area of 428 km2) of the central Aegean
Sea (Fig. 1), belonging also to the complex of Cyclades (the biggest
one) and presenting similar topography with Andros island. The
island has an outstanding wind potential (Public Power
Corporation (PPC), 1986), since in several locations the annual
mean wind speed approaches 7.5 m/s, at 10 m height, Fig. 9(a)
and (b), although the corresponding maximum calm spell period
is approximately 100 h, quite longer than the one of Andros.

In Fig. 13 one may see the calculation results concerning this
relatively high wind potential area. According to the results of Fig. 13
the same remarks as in Andros case may derive. As it should be
expected, the wind turbine’s rated power required for the same PV
power and the same battery capacity is quite bigger for Naxos, due to
the remarkable wind potential quality difference. On top of this, the
lower wind potential of Naxos makes the contribution of the PV
panels on minimizing the initial installation cost more evident, see
Fig. 14. More specifically, by using 1020 W of PV power one may
obtain an energy autonomous installation presenting a minimum first
installation cost, i.e., slightly higher than 30,000 Euro. On the other
hand the wind-only solution (i.e., NPV¼0 W) is almost 15% more
expensive, while by increasing the PV panels’ number a significant
first installation cost increase is also encountered.

5.3. Investigation of a medium-low wind potential case; island of Kea

The last area where the proposed combined wind-solar solu-
tion is applied is the island of Kea. This is a small island (2300
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Fig. 14. First installation cost of energy autonomous configurations for a high

wind potential case (island of Naxos).
habitants, area 103 km2) close to Athens (Fig. 1), with relatively
low quality wind potential (Kaldellis, 2001), since the annual
mean wind speed is slightly above 5.5 m/s at 10 m height, being
marginally appropriate to feed contemporary wind turbines for
electricity production, see also Fig. 9(a) and (b). In addition the
maximum calm spell period of the area during an-entire year
period approaches (Kaldellis and Tsesmelis, 2002) 200 h (approxi-
mately 8 days). As a result of this low quality wind potential case,
a wind-only stand-alone system (i.e., NPV¼0 W) needs huge
battery banks, see also Fig. 15.

In this context, the combined exploitation of the area solar
potential significantly reduces the corresponding wind turbine
rated power as well as the system battery capacity. In fact, by
introducing 2550 W of PV power the corresponding battery size
drops from more than 25,000 Ah to only 6000 Ah, where a
rational 6 kW wind converter is utilized. Besides, a significant
wind turbine size reduction is also encountered, remarkably
decreasing the corresponding first installation cost, Fig. 16.
According to the calculation results, the minimum first installa-
tion cost of a combined PV-wind power stand alone system is less
than 50% of the corresponding cost of a wind-only system, while
this minimum value is realized by incorporating 3825 W of PV
power in a No¼1.5 kW and Qmax¼2300 Ah installation.
5.4. The impact of the local wind potential

In an attempt to investigate the impact of the installation area
wind potential on the minimum initial cost solution, in Fig. 17 the
minimum initial cost values of Figs. 11, 14 and 16 are all
concentrated as a function of the PV panels’ number, while by
Energy Autonomous Wind-PV Hybrid Configurations
 for the Island of Kea
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introducing a smaller step for the PV panels’ number investigation
the actual minimum cost configurations may be provided with a
greater accuracy. According to the results of Fig. 17, the following
may be noted:
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Fig. 21. Minimum first installation cost energy autonomous configurations for

different solar potential cases.
The PV panels’ number ‘‘zn’’ required to obtain the optimum
solution is remarkably increased as the available wind poten-
tial is lower, e.g., zn¼0 for Andros, znE25 for Naxos and
znE70 for Kea island.

5.5. The impact of the local solar potential

Finally, an effort is made to also examine the available solar
potential impact on the optimum configuration predicted. In this
context, the high wind potential island of Naxos is subsequently
combined with two different solar potential types, other than the
actual one being of type B/C, Fig. 18. In the first case, a high
quality solar potential is used, Fig. 19, corresponding to solar
potential of type ‘‘A’’. The predicted energy autonomous config-
urations are similar to the ones of Fig. 13, although the battery
bank capacity required is slightly smaller than the one corre-
sponding to solar potential type ‘‘B/C’’. An analogous remark is
also valid for the solar potential of type ‘‘E/F’’, see also Fig. 20,
where a notable battery bank capacity increase is encountered.
Overall, on the basis of Figs. 19 and 20 one may state that there is
a small battery capacity increase as the solar potential becomes
less considerable.

Recapitulating, in Fig. 21 the minimum initial cost variation
plotted against the number of PV panels used is presented for all
three solar potential types applied to Naxos island. At this point, it
is interesting to note that the minimum first installation cost
solution is slightly influenced by the available solar potential (this
comment is valid for Greek territories), although in case that a
relatively big number of PV panels is included, the higher solar
potential area presents a small cost advantage. Finally, the
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optimum PV number is not depending on the available solar
potential, being for all three types analyzed between 25 and 30
panels (i.e., 1.3�1.5 kWp).
6. Conclusions

Considering the extreme energy storage capacity requirements
and the considerable first installation cost normally induced by
the exclusive employment of either wind- or PV-based stand-
alone systems, combination of the two technologies is currently
investigated for various wind and solar potential areas of the
Greek territory so as to both eliminate oil dependence -deriving
from the use of diesel-electric generator sets- and obtain mini-
mum initial cost energy solutions. For the problem solution the
simulation algorithm developed produces numerous wind-PV
hybrid configurations able to ensure the energy autonomy (zero
load rejections) of a typical remote consumer for the entire year
period.

Based on the results obtained, incorporation of a certain
number of PV panels may allow for the reduction of the system
first installation cost, especially in areas of low wind potential. On
the other hand, where a wind potential of very high quality is
encountered, minimum installation cost results of the proposed
system and the wind-only solution are comparable, nevertheless,
by employing the wind-PV hybrid configuration one may also
avoid the extreme energy storage capacity requirements, usually
responsible for the occupation of considerable space and the need
for increased maintenance. Finally, what is also worth mentioning
is that minimum first installation cost solutions are only slightly
influenced by the variation of the available solar potential, which
besides its periodic profile is also determined by a quite high
quality across the entire Greek territory.
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