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Abstract

An integrated, time-depending computational frame concerning the economic behaviour of wind energy applications in Greece is

developed. This frame is accordingly used to analyse the local wind energy market situation during the last 15 years. According to

the results obtained, one may-on pure economic basis-explain the evolution of wind energy applications in the three major Greek

sections presenting interest for wind power stations construction, i.e. the small medium sized Aegean Archipelago islands, the Crete

Island and the windy sites of mainland. Furthermore, the proposed model predicts no additional wind parks in the Aegean Sea

Islands and Crete. The only solution to this negative evolution is the development of additional energy storage systems, e.g. wind-

hydro stations. On the contrary, the Greek mainland opportunities in selected windy sites are more encouraging under the

precondition of strengthening the existing electricity transportation networks and properly handling the increasing public annoyance

towards new large wind turbines erection in relatively few closed areas.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Greece, and more precisely the Aegean Archipelago,
has an excellent wind potential, as in many regions, the
annual mean wind speed at 10m height exceeds the
10m/s. Additionally, the electricity production cost of
almost all the autonomous power stations (APS) used to
fulfil the electricity demand of the local societies in the
Aegean Archipelago regions is extremely high, while the
mean production cost of Greek APS approaches the
0.15 Euro/kWh, Fig. 1. Finally, Greece’s significant
dependency on imported fuel (i.e. the 65–73% of its
domestic energy consumption is imported) leads to a
considerable exchange loss, especially with countries
outside the EU (Kaldellis and Kodossakis, 1999).
Considering the above-presented reasons associated

with the encouragement of the EU (expressed via
important financing), the Greek State began its wind
energy development plan in early 1980s (Kodossakis
and Kaldellis, 1998). On top of that, the Greek
government voted for several ‘‘Development Laws’’

since 1982, see Table 1, defining a remarkable subsidiza-
tion (g ¼ 40–60%) for the wind power applications in
Greece. Finally, in October 1994, the Greek parliament
approved the new Renewables’ law (2244/94) allowing
the private investors to produce electricity by wind
parks, while Greek PPC is ‘‘obliged’’ to purchase this
electricity production at a fixed percentage (e.g. 90% for
the islands) of the corresponding market price.
Despite all these positive incentives the wind power

increase during the 1994–1999 period was discouraging,
while at the meantime total Europe wind power capacity
annual expansion rates exceed the 30%. Only recently
(2000) a remarkable acceleration of new wind park
installations is encountered, although the expected
electricity market liberalization is going to drastically
change the situation in the local market (Kaldellis and
Gavras, 2000).
Even so, this explosion of new installations is focused

in only two distinct regions, i.e. East Crete and S.
Euboea. Thus, the maximum wind penetration is
achieved, in order not to jeopardise the local grid
stability, while the NIMBY (Not In My Back Yard)
syndrome appears due to the remarkable number of
‘‘huge’’ wind turbines concentrated in relatively closed
areas (Kaldellis, 2001b).
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In order to obtain a realistic explanation of this
unexpected time evolution of the local wind energy
market and to forecast the near future changes of the
sector, an extensive feasibility analysis is carried out,
based on time-dependency of the corresponding para-
meters.

2. Status of wind energy market in Greece

According to the existing official data (end of 2000) in
Greece, there exist approximately 350 wind turbines, 156
of them belonging to PPC and the rest 190 to private
investors, Fig. 2. The nominal power of PPC wind parks
is 36.6MW, while the corresponding power of private
companies is 94.7MW.
More precisely, the Greek wind energy programme

(Kodossakis and Kaldellis, 1998) started in 1982, when
PPC installed the first wind turbines 5� 20 kW
(M.A.N.) on a research wind park on the island of
Kythnos. Since then, a number of wind projects were
undertaken by PPC, most of them realized during the
1990–1993 period, via the EU financing. During the
1993–1998 period, the amendment of Greek wind power
capacity was practically zero, Fig. 3. In October 1998,
the first private wind park officially started its operation

(17� 600 Bonus Mk-IV) in the East Crete, Fig. 2.
Finally, during the last 2 years (mainly on 2000) a
drastic increase of private investors’ wind power
installations is encountered (80MW increase), while
the PPC’s wind power remains almost unaffected. The
questions arising from this brief historical presentation
of the Greek wind power market in relation to the
corresponding situation in the rest of Europe (EU, 1999)
are:

(a) What is the time-evolution of the economical results
of wind parks created between 1985 and 2000?

(b) Are the basic reasons that delay the wind energy
expansion in Greece during 1990–1998 simply
economic?

(c) Is the official position of PPC satisfactory, claiming
that wind parks are not economically viable? If not
why the corresponding wind energy plan is practi-
cally cancelled?

(d) What is the expected modification of the local wind
power market up to 2005, in view of the total
electricity market liberalization?

Attempting to give some realistic answers to the
questions set, we proceed in presenting an integrated
time-depending feasibility study concerning the wind
energy investments in Greece, during the last 20 years.
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Nomenclature

BCRn benefit to cost ratio of the investment after an
n year period

c wind energy-electricity price (Euro/kWh)
CF wind turbine capacity factor
Cn total investment cost in current values over an

n year period (Euro)
e electricity price escalation rate
f first installation cost coefficient
f ðV Þ wind speed probability density function
FCn fixed maintenance and operation cost over an

n year period (Euro)
g local market inflation rate
gk annual change of the price for the kth major

component of the installation
Gn investment gains in current values over an n

year period (Euro)
i return on investment index
i0 capital cost index
IC0 initial investment cost (Euro)
m annual fixed M&O cost coefficient
N0 wind turbine nominal (rated) power (kW)
NðVÞ wind turbine power curve versus wind speed

(kW)
Pr specific ex-works price of a wind turbine

(Euro/kW)

rk replacement cost coefficient for the kth major
component of the installation

Rn investment savings in current values over an n

year period (Euro)
t time
V wind speed value (m/s)
Vc wind turbine cut-in speed (m/s)
VF wind turbine cut-out speed (m/s)
VCn variable maintenance and operation cost over

an n year period (Euro)
Yn residual value of the investment in current

values after a n year period (Euro)
z number of wind turbines
a own capital invested (%)
b loan capital invested (%)
g state subsidization (%)
D technical availability
Z�n economic efficiency of the investment after an

n year period
rk annual level of technological improvements

for the kth major component
Fn tax paid in current values over an n year

period (Euro)
FðjÞ tax paid during only the year j (Euro)
o wind turbine mean power coefficient
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3. Proposed computational frame

The proposed survey is based on an improved
economic viability model (see also Kaldellis and Gavras,
2000; Kaldellis, 2001c) concerning the wind turbine
installations in the local market, taking into account the
time evolution of the basic parameters of the problem.
According to this model, the exact value of the payback
period and the economic efficiency or the benefit to cost
ratio can be predicted for the 1985–2005 period. All
calculations are done using current values for all the
quantities involved. More precisely, the pay-back period
n� can be estimated as

Gn ¼ Rn � Cn � Fn ¼ 0 for n ¼ n� ð1Þ

where

Rn ¼ Rn�1ð1þ inÞ þ R0
CFn

CF0

Yj¼n

j¼1

ð1þ ejÞ ð2Þ

R0 ¼ 8760CF0ðz 	 N0Þc0 ð3Þ

Cn ¼ IC0 a
Yj¼n

j¼1

ð1þ ijÞ þ b
Yj¼n

j¼1

ð1þ i0jÞ

( )

þ FCn þ VCn; ð4Þ

FCn ¼ FCn�1ð1þ inÞ þ
mn

m0
ðm0 IC0Þ

Yj¼n

j¼1

ð1þ gm
j Þ ð5Þ

VCn ¼ IC0
Xk¼k0

k¼1

rk

Xl¼lk

l¼1

Yj¼lnk

j¼1

ð1þ gk
j Þ ð1� rk

j Þ

" #(

�
Yj¼n

j¼lnk

ð1þ ijÞ

" #)
; ð6Þ

Fn ¼
Xj¼n

j¼1

FðjÞð1þ iÞn�j ð7Þ

Before explicitly analysing the terms appearing in
Eqs. (1)–(7), it is important to mention that in the
proposed study the time evolution of a parameter is
generally decomposed into two parts. The first part is
taking into account the exact time point t0 at which the
wind power investment is realized, while the second part
is characterized by the operational period t of the
project undertaken. Thus, one may assume that

t ¼ t0 þ t ð8Þ

and any function of time f ðtÞ can be analysed as

f ðtÞ ¼ f ðt0; tÞ ð9Þ

The initial investment cost IC0 appearing in Eqs. (4)–(6)
includes (Kaldellis, 1999; Vlachou et al., 1999) the
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ELECTRICITY PRODUCTION COST IN GREECE
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Fig. 1. Electricity production cost in remote islands (APS).

Table 1

Development laws subsidization opportunities for selected areas of

Greece

Development law Validation

period

Aegean Sea

islands

Crete & selected

mainland areas

a (%) g (%) a (%) g (%)

1262/82 1982–90 X15 55 X25 45

1892/90 1990–94 X25 45 X35 40

2234/94 1994–98 X30 45 X40 40

2601/98 1998 up today X30 40 X30 40
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market price (ex-works) PrzN0 and the corresponding
installation cost f ðPrzN0Þ of a wind plant consisting of z

wind turbines of rated power N0: Thus, the turn-on key
cost IC0 can be expressed as

IC0 ¼ PrzN0ð1þ f Þ: ð10Þ

It is important to mention that, in the course of times,
there is a remarkable change of the commercial size of
wind turbines, varying from 15–20 kW in 1980 to
1.5MW in 2000. The present analysis is based on a
typical (EU, 1999) wind park size of 10 (z ¼ 10) wind

turbines of nominal power N0 ¼ N�
0 ðt0Þ; where N�

0 ðt0Þ is
the optimum wind turbine size for each year; see also
Appendix A.
Additionally, an important specific price Prðt0Þ (Ecu/

kW or Euro/kW) diminution of the corresponding
optimum wind turbine size is encountered, mainly
during the 1980s, which was weaker during the past
decade, Appendix A. Of course for the Greek market
analysis, the relation between Ecu (or Euro) and
drachmas should also be taken into consideration.
Finally, the installation cost coefficient f ðt0Þ depends
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Fig. 2. Existing wind parks in Greece (end 2000).
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Fig. 3. Annual change of wind power in Greece.
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mostly (Kaldellis and Gavras, 2000) on the peculiarities of
the exact location of wind park erection, taking values
between 0.15 and 0.6 (typical value f ¼ 0:35) for the
optimum commercial model of each year (Kaldellis, 2001c).
Subsequently, the term a IC0 describes the invested

capital (iðtÞ the return on investment index), while the
b IC0 term expresses the loan capital (i0ðtÞ the capital cost
index). According to various development laws, valid since
1982 for the renewable energy applications in Greece, the
Greek State subsidizes by 100g% the corresponding
investments; see Table 1. Thus one may write

aðt0Þ þ bðt0Þ þ gðt0Þ ¼ 1:0: ð11Þ

Therefore, the maintenance and operation (M&O) cost can
be split into the fixed maintenance cost FCn and the
variable one VCn: The annual fixed M&O cost may be
estimated as a fraction m0ðt0Þ of the initial capital invested,
considering an annual increase of the cost equal to gm (i.e.
the M&O annual inflation rate). An additional increase of
the M&O cost, related to the aging (Lemming et al., 1999)
of wind converters, is expressed by the term mnðtÞ=m0:
In Appendix A, the m0ðt0Þ and the mnðtÞ=m0 functions

are estimated according to data taken from the local and
the European wind power installations (Kaldellis, 1999).
Finally, the variable maintenance and operation cost

depends on the replacement of k0 major parts of the
installation, which have a shorter lifetime nk than the
complete installation (Molly, 1990). The symbol rk

describes the replacement cost coefficient of each one of
the k0 major parts (rotor blades, gear boxes etc.) of the
installation and lk is the integer part of the following
equation:

lk ¼
n � 1

nk

� �
: ð12Þ

Note also that gkðtÞ and rkðtÞ describe the annual change
of the price and the corresponding level of technological
improvements for the kth major component of a wind
converter (Kaldellis, 2000).
On the other hand, the total (tax-free) savings Rn of

the installation during a n-year period, due to the energy
production by the wind power station depend on R0ðt0Þ;
on the capacity factor CFðtÞ time evolution, on the
return on investment index iðtÞ and on the electricity
price escalation rate eðtÞ: Bear in mind that the capacity
factor is the product of the technical availability DðtÞ
with the mean power coefficient oðtÞ of the installation,
i.e:

CF ¼ Do ð13Þ

More precisely, o can be computed (Kaldellis and
Vlachou, 1992) as

o ¼
Z

N

0

NðV Þ
N0

f ðV Þ dV ¼
Z VF

Vc

NðV Þ
N0

f ðV Þ dV ð14Þ

with Vc and VF the corresponding cut-in and cut-out
wind speeds of the wind turbine analysed, while NðV Þ is
the corresponding power curve versus wind speed V and
f ðV Þ is the wind speed probability density function at
hub height describing the local wind potential. In cases
that no detailed wind speed data exists for the area
under investigation, the well-known Weibull distribu-
tion f ðV Þ is used (Eggleston and Stoddard, 1987).
However, this is not the case in the proposed analysis,
since the calculations are based on available experi-
mental data of the wind potential for various regions of
Greece (e.g. PPC, 1985).
Similarly, the technical availability factor DðtÞ can be

expressed as

DðtÞ ¼ D0ðt0Þ
Dn

D0
ðtÞ DwðtÞDGðtÞ ð15Þ

Generally speaking, the D0ðt0Þ mainly depends on the
technological status during the period of time that the
investment is realized. In early 1980s, the technical
availability of the first wind parks was approximately
60% maximum value, while at the beginning of past
decade this value exceeded 90%. Nowadays, the
contemporary wind turbines achieve a high quality
level; obtaining a technical availability of the order of
99%; see Appendix A. However, it is also essential
mentioning the accessibility difficulties-due to bad
weather conditions-of almost all Greek islands, espe-
cially during the winter. For this purpose, a modified
form of the analysis (by Van Bussel, 1999) concerning
offshore installations may be used to estimate the Dw

function, Appendix A.
On top of that, an actual upper limit of wind power

penetration is defined in the existing autonomous
electrical grids, in an attempt to maintain the grid
stability (Kaldellis, 2001d). More specifically, this limit
results from the selected operation point and the
maximum permitted output of the local diesel engines,
so as to undertake the total grid load in the minor case
that the wind park unexpectedly zeroes its production.
In cases that the local system includes gas, steam or
hydro turbines, this limit should be reconsidered
towards higher values. From the existing law-defined
restrictions (8295/95), the maximum grid connected
total wind power installed in an autonomous electrical
system is defined as 30% of the peak load demand of the
grid under investigation during the previous year.
Therefore, the wind energy absorption by the local grid
DG is strongly decreased (Kaldellis et al., 1993) as the
wind power penetration in the local grid is increased,
Appendix A.
Usually, wind turbines are constructed to operate for

a period of 20 years at least. However, during their
service-period these machines obtain a variable technical
availability, depending on the technological status, the
age and the location of the machine. Based on real data
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evaluations (Gipe, 2002; Hahn, 1999; Hansen and
Andersen, 1999; Kaldellis, 1999), it can be asserted that
the reliability of most wind turbines is characterized by
early failures until the third operational year. This phase
is generally followed by a longer period of ‘‘random
failures’’ before the failure rate through wear and
damage accumulation ‘‘wear-out failures’’ increases
with operational age, function DnðtÞ=D0 of Appendix A.
Accordingly, the electricity price escalation rate eðtÞ is

defined as

ej ¼
cj

cj�1
� 1 ð16Þ

where cj is the effective cost coefficient (drch/kWh or
Euro/kWh) of the replaced conventional energy by the
wind energy during the year j:
Finally, FðjÞ describes the tax paid during only the j

year, mainly due to the revenues of the previous year.
According to the Greek tax-law, the FðjÞ depends on the
law-defined tax-coefficient, the net cash flow of the j � 1
year, the investment’s deprecations, as well as the
financial obligations of the enterprise.
In order to obtain a clear-cut picture of the economic

behaviour of a wind power installation, the economic
efficiency Z� and the corresponding benefit–cost ratio
BCR of the wind plant are also computed, further to the
pay-back period of the investment. Using the definitions
by the authors (Kaldellis, 1999; Kaldellis and Gavras,
2000), one gets

Z�n ¼
*Gn

IC0ð1� gÞ � *YðnÞ
ð17Þ

and

BCR ¼
*Gn

IC0ð1� gÞ
ð18Þ

where the symbolB is used to express constant prices at
the moment that the investment was accomplished, i.e.:

*xj ¼
xjQk¼j

k¼1ð1þ gkÞ
ð19Þ

which is equivalent to the current value of a quantity,
normally divided by the total inflation g (during an
n-year period) of the economy. Finally, YðnÞ represents
the residual value of the investment, mainly due to
amounts recoverable at the n year of the project life
(e.g. value of land or buildings, scrap or second hand
value of equipment, etc.), along with the experience
gained and the corresponding technological know-how,
Appendix A.
In order to accomplish the analysis of all the

parameters involved on the feasibility study of a wind
power installation in Greece, the time-evolution of the
main economic variables (Neonakis et al., 2000;
Kaldellis, 2001c) are to be analysed. More precisely
the inflation rate g expresses the tendency of everyday-
life cost to increase and it is quantitatively approximated
by the average rise in price levels. According to the data
given in Fig. 4 the inflation rate of the local economy is
gradually decreasing during the last 10 years, while in
the 1980s, its value was quite high achieving values of
the order of 20%. Similarly, the wind turbine M&O
inflation rate gm describes the annual change (increase)
of the M&O cost, taking into account the annual
changes of labour cost and the corresponding spare
parts, Fig. 4.
In general, the capital cost index i0ðtÞ mainly depends

on local market economic wealth and more precisely on
the existing investment opportunities, the repayment
timing, the investment risk and any State or European
subsidies. Additionally, the value of the capital cost
index varies with the inflation rate of the economy, so as
to obtain positive inflation-free capital return, Fig. 5.
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Fig. 4. Market values for inflation rate in Greece.
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Furthermore, any capital investment process is based on
the idea of spending money at a time period, expecting a
prompt reimbursement. The annual amount of money,
that investors require in order to invest their own
capital, is defined as ‘‘return on investment’’. This
economic parameter iðtÞ depends on the same factors as
the above mentioned capital cost parameter, but it
additionally reflects the expectancies of the single
investor along with his own abilities and chances to
invest money. For these reasons, it is hereby presumed
that the variation of return on investment follows the
capital cost index, plus the risk premium defined
(Kaldellis, 2000) according to the risk value assumed
by the single investor, Fig. 6.
Finally, the term ‘‘electricity price escalation rate’’,

replacing here the more widely used term of ‘‘fuel
escalation rate’’, describes (Fig. 7) the annual rate of
change of the electric energy market price cðtÞ; since the

wind energy produced is finally sold to the local
PPC grid at a price directly related to the corresponding
retail price, according to the 2244/94 existing law. In
general, the exact value of this parameter eðtÞ
depends on various factors (e.g. dollar exchange rate,
nature of the conventional energy to be replaced, the
policy of the electrical utilities towards wind energy).
According to Fig. 7 data, based on the market price
of electricity during the 1980–2000 period, one
may consider that eðtÞ values cannot be easily estimated
by a single parameter function, since they present an
intense wavering undulation during a small time
period. Summarizing, it is important to mention
that in the proposed computational frame the time-
dependency of the governing economic parameters is
based on 20-years real data from the local market
records, while after 2001 expected values are used
(Neonakis et al., 2000).
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4. Wind park feasibility analysis as a function of

investment realization time

Based on wind power installations history (Kaldellis
and Kodossakis, 1999) of the last 15 years, the local
wind market is divided in the following regions:

(A) The small and medium sized Aegean Archipelago
Islands.

(B) The island of Crete.
(C) The windy sites of mainland (e.g. Euboea, S.

Peloponnessos, etc.).
The developed computational frame is going to be
applied for each case separately, taking into account the
advantages and disadvantages of each region, in order
to attain rigid and validated conclusions.

4.1. Wind energy applications status in Aegean

Archipelago islands

As already mentioned, this region includes all the
Aegean Sea islands, except Crete. In almost all of these
islands there exists a local APS and the electricity
production is based on aged internal combustion
engines, while the local electrical grid is usually small
and weak, Table 2. Furthermore, the electricity produc-
tion cost is extremely high, mainly due to imported fuel
cost. Finally, the infrastructure of these areas is poor,
significantly increasing the corresponding first installa-
tion cost (f0X0:45) of any commercial sized wind
turbine.
On the other hand, vast majority of these islands

present an excellent wind potential (several sites with
annual mean wind speed greater than 9m/s, i.e. oE0:5),
enabling them to produce wind energy at a very
competitive cost (Kaldellis et al., 1989). On top of that,
the entire Aegean Sea region has been identified as a first
priority one for financial support by European Union

and Greek State. Therefore, a remarkable subsidization
percentage (g ¼ 55% initially, g ¼ 40% now) is defined
for any investment in the wind energy application
sector, according to the various existing development
laws since 1982, Table 1.
On top of that, according to the current Renewables

law (2244/94), the electricity produced by wind parks is
‘‘obligatory’’ engaged by the local electricity utilities
(Greek PPC) at 90% of the corresponding low voltage
retail price. This situation will not drastically change
before 2005, despite the electricity market liberalization
process that is taking place all over Europe (Kaldellis,
2001a). However, the basic problem for significant wind
power installation in these islands is the grid capacity
limitation (Kaldellis, 2001d), since the grid stability
should be maintained (Kaldellis et al., 1993). According
to available information, the annual peak load demand
development of a typical Aegean Sea island is almost
linear (Fig. 8), while the commercial wind turbines
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Table 2

Peak electricity demand and maximum power of typical APS (1999)

Island Maximum power of

local APS (kW)

Peak load

demand (kW)

Agathonisi 240 95

Amorgos 2650 2190

Astipalaia 1600 1350

Ikaria 6900 5400

Lesvos 49500 45700

Limnos 8900 11700

Mikonos 21200 17500

Patmos 4380 3580

Serifos 2000 1900

Siros 20000 18700

Andros-Tinos 9400 9300

Karpathos 9000 6500

Milos 7600 5970

Samos 46080 24400
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rated-power-increase with time is practically exponential
(Appendix A). Thus, remarkable wind power supple-
ment can be accomplished only in cases that supple-
mentary storage systems (e.g. wind-hydro stations) are
going to be constructed (Kaldellis et al., 2001).
As it is obvious from Fig. 2, a remarkable number of

small wind converters is spread over the Aegean Sea,
most of them installed up to 1993 by Greek PPC.
However, during the last years PPC installed only one
500 kW wind turbine, for the demonstration of Kithnos
hybrid station, while private investors installed another
six machines in the islands of Samos, Milos and Siros.
In an attempt to explain this disappointing situation,

the proposed time-depending calculation model is
applied, for a typical small-medium-sized windy island
of central Aegean Sea (Kaldellis et al., 1992), i.e. the
island of Andros (10.3m/s annual mean wind speed
observed at 10m height, o ¼ 0:55). The investigation
carried out analyses the economic behaviour of typical
wind parks containing ten (z ¼ 10) wind turbines of
nominal power N�

0 : Keep in mind that N�
0 is the

optimum (best-value) wind-turbine size of each year;
see also Appendix A. According to the present method,
each wind power investment is accomplished at a
variable time point (t or t0), taking values between
1985 and 2000.
Thus, despite the strong incentives by EU and Greek

State, every wind power investment realized in these
islands up to 1988 was not viable, Fig. 9, either due to
the low technical availability (rather immature technol-
ogy/accessibility difficulties because of bad weather,
etc.) of machines used or due to the high inflation rate of
local economy.
For the period 1988 to 1991, there is a remarkable

diminution of the payback period (almost sub-tripled)
mainly due to the technical availability of commercial
wind converters amelioration and the corresponding
specific price decrease.
Between 1991–1998 the payback period remains

approximately constant, achieving steadily low values.
This payback period stabilization can be attributed to
the low electricity price offered by PPC up to 1995. This
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is not the case for the after 1995 period, where the 2244/
94 law is valid. The main problem arising during these
last 5 years has its origin on the gradually decreasing
wind energy absorption, since the local weak electricity
grids cannot properly handle the remarkable wind
power penetration scheduled (Kaldellis et al., 1993).
For example, the operation of wind parks created in
1992 (rated power 2.25MW or 10� 225 kW) does not
significantly affect the local electrical grid, while the
energy production from a 10MW (10� 1MW) wind
power station-erected in 1998-cannot easily absorbed by
any Aegean Sea island electrical network without
supplementary energy storage devices.
Subsequently, the ten-year benefit to cost ratio BCR10

of the investment examined present similar behaviour,
see Fig. 10. Therefore, BCR10 stays negative for any
wind power investment realized up to 1988. Accord-
ingly, BCR10 increases very fast for investments realized
up to 1991. Then, for the 1991–1996 period it remains
rather invariable, despite the small scattering of the
computed values encountered. The increasing time
distribution of BCR10 is decelerated after 1998,
because-as already mentioned-the size of the proposed
wind parks is not in accordance with the capacities of
local grids (Fig. 8), without constructing extra energy
storage systems (Kaldellis et al., 2001). The main
problem to be solved is the inability of the local network
to absorb the entire wind energy production at low
electricity consumption periods, in order to maintain
grid stability. If this problem is not solved, the future
wind power penetration will be gradually zeroed.
At this point, it is important to assert that the wind

parks erected between 1989 and 1993 present definitely
positive economic behaviour, a fact that comes in
contradiction with the official opinion of Greek PPC
relating to island wind parks viability. The only severe
explanation for this statement (opinion) is due to the

extremely low technical availability of these wind parks,
Table 3, which up to 1997 achieved the poor value of
30% (Kaldellis et al., 2002). The direct consequence of
this unusual technical availability value (international
mean value E90%) is the low energy production that
drastically reduces the PPC wind parks annual revenues.

4.2. Case study of Crete island

Crete is the largest island of Greece and the fourth
largest in the Mediterranean Sea. The wind energy
prospects in Crete are very positive for several reasons,
including:

(a) The island is very windy, as average annual wind
speed exceeds 8m/s in numerous locations.

(b) The annual electricity demand rises 7% per year,
while the peak power load—appearing exclusively
during the summer season—follows a parabolic
increasing function, Fig. 8.

(c) The infrastructure of the island is acceptable (fair f0
values), remarkably improved during the last 20
years (f0p0:45).

(d) The wind electricity production is purchased by
PPC, at a price bordering on small islands tariff, i.e.
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Table 3

Mean annual capacity factor (technical availability included) of PPC

wind parks

Wind turbine group (kW) 1993 1994 1995 1996 1997 1998

24� 55 0.114 0.229 0.127 0.169 0.246 0.315

26� 100 0.086 0.232 0.168 0.150 0.224 0.234

34� 300 0.240 0. 0. 0. 0. 0.2180

45� 225 0.290 0.334 0.313 0.311 0.291 0.280

3� 500 — 0.319 0.267 0.311 0.303 0.253

26473 (total) 0.208 0.154 0.137 0.136 0.142 0.183
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at 90% of the consumers’ sale price versus 70% on
the Greek mainland.

(e) The subsidization opportunities are very good,
being comparable to the ones valid for the Aegean
Archipelago islands, especially after the 2234/94-
development law was voted.

For all these reasons, a remarkable wind power increase
was encountered (Kodossakis and Kaldellis, 1998)
between 1993 and 1998, representing almost the only
new wind energy installations in the whole country,
during that period. After the first private wind park
officially began its operation (October 1998), a signifi-
cant increase (from 18 to 60MW) of installed wind
power capacity took place during the next 2 years. On
the other hand, one should take into consideration that
the local electricity network is not very rigid; therefore,
either major transportation problems or grid stability
boundaries gradually deteriorate the wind energy
absorption percentage, especially in low demand periods
(EC, 1990).
Above remarks are evidently supported by continuous

diminution of the estimated payback period (Fig. 11) of
several wind parks operating after 1990. Before 1990,
any investment realized in wind energy sector has been
characterized as non-viable; while after 1998, the
expected pay-back period tends to stabilize at approxi-
mately 3–4 years, with possible future increase, as a
result of limited wind energy absorption capabilities.
Accordingly, the mid-term economic efficiency BCR10

of wind parks under investigation is characterized as
increasingly positive (Fig. 12). Of course, during 1991–
1995, the low prices offered and the important legislative
frame changes decelerate the benefit to cost ratio rise.
Since 1995, the BCR10 increase has been amazing;
however, after 1998 a remarkable slope change of

BCR10 distribution is encountered, mainly due to the
energy absorption barriers already mentioned.

4.3. Wind energy opportunities of Greek mainland

According to existing long-term wind speed measure-
ments, it is obvious that even the windiest mainland sites
demonstrate poor wind potential compared to the
majority of Aegean Sea islands. Additionally, the wind
energy price offered and the corresponding subsidiza-
tion percentages are quite lower than the ones valid for
the Aegean Sea region.
However, the selected mainland sites for wind power

stations erection have better infrastructure (f0-0:3),
while the wind energy absorption capabilities are much
higher (DG-1:0), as only the existing transportation
network barriers should be respected (Fig. 8). On top of
that, the recent development law (2601/98) equals the
wind energy applications subsidization percentages for
the whole country, i.e. g ¼ 0:4:
Consequently, although wind energy projects were

out of the question (not feasible) up to 1994 (strongly
negative BCR10 values), after the modification of the
corresponding legislative frame, the payback period has
been remarkably reduced, especially between 1995 and
1998, Fig. 13. After 1998, the payback period diminu-
tion is milder but still cannot be characterized as
constant. Finally, the BCR10 time distribution (Fig. 14)
is continuously increasing, especially after 1994, being
however positive only for investments realized after
1995. Given that the mainland electricity grid limits are
much higher than Crete’s, the BCR10 is expected to
increase after 2000, too.
Recapitulating, one may conclude that-according to

the proposed model calculation results-a remarkable
wind power investment pay-back diminution is observed
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Fig. 11. Payback period for wind parks installed in Crete.
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between 1988–1991 for all the Aegean Sea region,
Fig. 15. At the same period wind energy investments
were not economically attractive in any other Greek
area. During 1991–1995, the amortization time was
stabilized at approximately 4 years for the Aegean
Archipelago islands and at nearly 8 years for Crete.
According to this analysis, the totality of PPC wind
parks built during this period in the Aegean Sea region
should have presented very positive financial outcome.
However, this never happened, obviously due to their
extremely insufficient technical availability.
Since 1995, the economic attractiveness of island wind

parks remains practically constant, as the technological
improvements along with the amelioration of the local
market financial situation were overwhelmed by the
incorporation problems of the relatively huge contem-
porary wind turbines into the local weak electricity
networks. On the contrary, the remarkable size of Crete

electricity grid and the better infrastructure of the area
encourage the installation of numerous medium-sized
converters (500–750 kW), since the payback period of
similar investments keeps on dropping.
At the same time, the long-term economic efficiency

Z20 of Cretan wind parks (Fig. 16) approaches the
corresponding Aegean Sea ones, despite their lower
wind speed values observed. However, after 2000, the
existing wind power penetration barriers—effective for
the Aegean Sea islands since 1995—have also started
decelerating the expected revenues of the new Cretan
wind power installations.
Finally, as it is obvious from Figs. 15 and 16,

mainland wind power stations present no financial
interest before 1994. On the other hand, the new
financial and legislative frame strongly encourages wind
energy applications in windy sites of mainland, making
them fully competitive to the corresponding installations
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of the isles of Greece. Subsequently, the significant grid
size permits new installations’ development up to the
maximum grid transportation capabilities. Another
quite recent and important obstacle, that should be
properly handled, is the increasing contradiction of the
high-wind-speed areas habitants (Kaldellis, 2001b), due
to the unjustifiable concentration of several large-scale
wind turbines in relatively few closed areas.

5. Conclusions proposals

An improved, time-depending computational frame
concerning the economic behaviour of wind energy
applications in Greece is developed. This model is
accordingly used to analyse the local wind energy
market situation during the last 15 years. On top of
that, the developed model is applied to predict (forecast)
the expected changes of the sector, in view of the
European electricity market liberalization. Bear in mind
that as indicated by the new legislative frame (law 2773/
99) the most cost-effective electricity production solu-
tions should be gradually adopted in every Greek
territory.
According to the results obtained, one may explain on

pure economic basis the evolution of wind energy
applications in Greece, taking also into account the
remarkable modification of the corresponding legislative
frame. Subsequently, the low economic efficiency of
PPC wind parks erected in the Aegean Sea Islands,
between 1989 and 1993, cannot be attributed on the
market situation. The most pronounced explanation is
related to the extremely inadequate technical availability
of these wind parks.
Finally, one should not expect a noteworthy number

of new wind parks in the Aegean Sea Islands in the near
future. This situation may be remarkably ameliorated in
cases that the proposed wind-hydro solution is adopted.
The inconsistency between wind energy production and
electricity demand is also going to zero the additional
wind power stations in Crete in the next 2-years, since
every new wind power unit installed will decrease the
wind energy absorption of the existing installations. Of
course, the development of extra energy storage systems
may reduce the wind power penetration problem.
On the contrary, Greek mainland opportunities may

possibly be more encouraging, if two conditions are
provided; the first related to the strengthening of the
existing electricity transportation networks, while the
second based on the public acceptance of the increasing
wind turbine number and size. Our investigation results
state that, at present, these two problems have not been
properly solved. However, if the Greek State and the
wind energy private investors seriously handle these
obstacles, a significant wind power increase is expected

in the near future, in several windy areas of Greek
mainland.

Appendix A

x ¼ t0 � 1990; ðA:1Þ

N�
0 ðt0Þ ¼ 226:12 � e0:1786x ðkWÞ; ðA:2Þ

Prdr ¼ 0:0051x4 � 0:0357x3 � 0:9026x2

þ 11:508x þ 248:5 ðdrch=WÞ; ðA:3Þ

m0ðt0Þ ¼ 3:5045 � e�0:0456x þ d ð%Þ; ðA:4Þ

d ðinsurance annual costÞ

D0ðt0Þ ¼ 10�5x3 � 0:0009x2 þ 0:0191x þ 0:8768; ðA:5Þ

*Yn

IC0
¼ 0:0012t2 � 0:0512tþ 0:8581; ðA:6Þ

mn

m0
ðtÞ ¼ 1þ

dmðtÞ
m0

; ðA:7Þ

where

dmðtÞ ¼ 0:005t2 � 0:025tþ 0:0219 ð%Þ; ðA:8Þ

Dn

D0
ðtÞ ¼ 0:0022t3 � 0:1053t2

þ 0:6711tþ 98:875 ð%Þ; ðA:9Þ

DGX 10�4y3 � 0:0229y2 � 0:4669y

þ 100:37; 3%pyp30%; ðA:10Þ

where

y ¼
Nwp

Npeak load
ðA:11Þ

with Nwp and Npeak load the existing wind power and the
peak load of the local grid

Dw ¼ 0:0002 %V3 � 0:0071 %V2 þ 0:0338 %V þ 0:9768; ðA:12Þ

where %V is the mean annual wind speed of the area.

References

Commission of the European Communities (EC), 1990. Regional

energy plan for Crete. Contract No-XVII/7060/ETD/89-13.

Eggleston, D., Stoddard, F., 1987. Wind Turbine Engineering Design.

Van Nostrand, Princeton, NJ, Reinhold, New York.

European Commission (EU), 1999. Wind Energy. The Facts. A Plan

for Action in Europe (printed in Belgium).

Gipe, P., 2002. Soaring to new heights. The world wind energy market.

Renewable Energy Journal 5/4, 33–47.

Hahn, B., 1999. Reliability assessment of wind turbines in Germany.

Results of the national 250MW wind programme. Presented at

1999 European Wind Energy Conference and Exhibition, Con-

ference Proceedings, Nice, France, pp. 459.

ARTICLE IN PRESS
J.K. Kaldellis / Energy Policy 32 (2004) 865–879878



Hansen, L.H., Andersen, P.D., 1999. Wind turbines—facts from 20

years of technological progress. Presented at 1999 European Wind

Energy Conference and Exhibition, Conference Proceedings, Nice,

France, pp. 455.

Kaldellis, J.K., 1999. Wind Energy Management. Stamoulis, Athens.

Kaldellis, J.K., 2000. Economic viability of wind power investments in

Greece, including risk analysis. International Conference ‘‘Wind

Power for the 21st Century’’, Conference Proceedings, Kassel,

Germany, pp. 53.

Kaldellis, J.K., 2001a. The future of renewable energy applications

under the current Greek electricity production market circum-

stances. NTUA-RENES Unet, Second National Conference on the

Application of Soft Energy Sources, Conference Proceedings.

Athens, pp. 282–289.

Kaldellis, J.K., 2001b. The NIMBY syndrome in wind energy

application sector. Presented on the ‘‘Ecological Protection of the

Planet Earth I’’ Conference, Conference Proceedings, Vol. II,

Xanthi, Greece, June 2001, pp. 719–727.

Kaldellis, J.K., 2001c. An integrated time-depending feasibility

analysis model of wind energy applications in Greece. Energy

Policy Journal 30/4, 267–280.

Kaldellis, J.K., 2001d. Evaluating the maximum wind energy penetra-

tion limit for weak electrical grids. Presented at European Wind

Energy Conference and Exhibition 2001. Bella Centre, Copenha-

gen.

Kaldellis, J.K., Gavras, T.J., 2000. The economic viability of

commercial wind plants in Greece. A complete sensitivity analysis.

Energy Policy Journal 28, 509–517.

Kaldellis, J., Kodossakis, D., 1999. The present and the future of the

Greek wind energy market. Presented at 1999 European Wind

Energy Conference and Exhibition, Conference Proceedings, Nice,

France, pp. 687–691.

Kaldellis, J., Vlachou, D., 1992. Economic viability of small size wind

turbine installations. The interaction between the local wind

potential and the operational characteristics of the wind turbine.

ASME International Conference on Efficiency, Costs, Optimiza-

tion and Simulation of Energy Systems, Zaragoza, Spain.

Kaldellis, J., Ktenidis, P., Kodossakis, D., 1989. Small size wind

energy systems-feasibility study for the Greek socio-economic

environment. Second European Symposium on Soft Energy

Sources and Systems at the Local Level, Vol. 1, Crete, Greece,

pp. 714–730.

Kaldellis, J.K., Siatras, K., Koronakis, P., 1992. Small and medium

sized wind turbines. A viable solution of the energy demand

problem of Aegean Sea Islands. Fourth National Conference on

the Soft Energy Resources, Vol. A, Xanthi, Greece, pp. 493–500.

Kaldellis, J.K., Skulatos, D., Kladuchos, A., 1993. Wind energy

penetration in electrical grids of small and medium size islands.

Third International Conference on Environmental Science and

Technology, Vol. A, Lesvos, Greece, pp. 511.

Kaldellis, J.K., Kavadias, K., Christinakis, E., 2001. Evaluation of the

wind-hydro energy solution for remote islands. Journal of Energy

Conversion and Management 42/9, 1105–1120.

Kaldellis, J.K., Kavadias, K.A., Vlachou, D.S., 2002. Long-term

evaluation of PPC wind parks operation in the Aegean Archipelago

Remote Islands. EuroSun 2002 International Conference, June

2002, Bologna, Italy.

Kodossakis, D., Kaldellis, J., 1998. 1983–1998. The Greek wind energy

application program. NTUA-RENES Unet, First National Con-

ference on the Application of Soft Energy Sources, Conference

Proceedings, Athens, pp. 315–322.

Lemming, J., Morthorst, P.E., Hansen, L.H., Andersen, P.D., Jensen,

P.H., 1999. O&M costs and economical life-time of wind turbines.

Presented at 1999 European Wind Energy Conference and

Exhibition, Conference Proceedings. Nice, France, pp. 387.

Molly, J.P., 1990. Windenergie. Verlag C.F., Karlsruhe, Germany.

Neonakis, J.K., Kavadias, K., Kaldellis, J.K., 2000. Estimating the

starting point for substantial wind energy penetration in the Greek

market. World Renewable Energy Congress VI, Conference

Proceedings, Brighton, UK, pp. 2324–2327.

Public Power Corporation, 1985. Wind Speed Measurements for

Greece, 1980–85. PPC, Athens.

Van Bussel, G.J.W., 1999. The development of an expert system for the

determination of availability and O&M costs for offshore wind

farms. Presented at 1999 European Wind Energy Conference and

Exhibition, Conference Proceedings, Nice, France, pp. 402.

Vlachou, D., Messaritakis, G., Kaldellis, J., 1999. Presentation and

energy production analysis of commercial wind turbines. Presented

at 1999 European Wind Energy Conference and Exhibition,

Conference Proceedings, Nice, France, pp. 476–480.

ARTICLE IN PRESS
J.K. Kaldellis / Energy Policy 32 (2004) 865–879 879


	Investigation of Greek wind energy market time-evolution
	Introduction
	Status of wind energy market in Greece
	Proposed computational frame
	Wind park feasibility analysis as a function of investment realization time
	Wind energy applications status in Aegean Archipelago islands
	Case study of Crete island
	Wind energy opportunities of Greek mainland

	Conclusions proposals
	References


