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Abstract

An integrated time-depending feasibility analysis is presented in order to improve the reliability of the computational methods to
simulate the economic behaviour of commercial wind parks in Greece, in view of the continuous technological improvements of the

sector and the important worldwide political and economic transformations. According to the proposed model, the time-
dependency of the governing parameters is taken into account, based on almost 20-years data from the local market records.
Additionally, information concerning the technology depended parameters from several European and local wind parks is also

incorporated. The application of the developed computational frame to several cases, concerning the economic behaviour of wind
parks erected during 1985–95 in Greece, significantly improved the accuracy of predictions in comparison with the results based on
time-mean values of the corresponding parameters. Finally, the proposed model satisfactorily explains the evolution of wind energy

applications in Greece during the last 15 years, on the basis of pure economic terms. r 2002 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The continuous technological improvements, the
important worldwide political and economic transfor-
mations along with the strong competitiveness among
the main European manufacturers, significantly change
the existing market opportunities in the area of wind
energy applications all over Europe. For example, in
Greece electricity market liberalization will start in
February 2001, while a complete EU free electricity
market is expected by 2005. At the same time, the Greek
State integrated the new Renewable legislative frame,
based on the 2244/94 law. According to this frame, the
electricity produced by renewable sources is sold to local
utilities at a fixed percentage (e.g. 90% for the islands
and 70% for the mainland) of the corresponding retail/
market price.
In view of these fundamental changes and in order to

improve the wind energy penetration by minimizing the
uncertainties of the future investors, an integrated new
feasibility analysis model is developed. According to this

model, the time-dependency of the governing parame-
tersFnormally neglected for simplicity reasonsFis
taken into account. The vast majority of the calculations
presented up to now are based on time-mean values,
although it is common sense that our socio-economic
environment is continuously changing.
The first attempt of the authors to face his

simplification (Kodossakis and Kaldellis, 1997) led to
remarkable differences between the pay-back period and
the economic efficiency values calculated using the time-
mean quantities in comparison with the values predicted
via a time-depending numerical distribution of them.
However, in this early publication the time evolution of
only two economic parameters (i.e. market inflation,
fuel escalation rate) was taken into account, while the
numerical values used were based on typical analytical
functions (linear distribution, power law, sinusoidal
profile, etc.) with the same average value. On the
contrary, the proposed model is based on real time
series of the governing parameters, while not only
economic but even technological variables are
included.
More precisely, in the following, a complete theore-

tical frame concerning the cost–benefit analysis of wind
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energy applications is presented, including time depen-
dency. Accordingly, the evolution with time of the
problem’s main parameters is investigated, taking into
account 20 year data from the local market as far as the
economic and wind potential variables are concerned.
Additionally, the distribution of the technology depen-
dent parameters data from the local and the European
wind parks are also included. Finally, selected calcula-
tion results based on the proposed model, concerning
the economic behaviour of wind energy applications, are
compared to more simple calculation results based on
time-mean values.

2. Theoretical model

The present study is based on an integrated cost–
benefit approach, using current values for all the
quantities involved. As mentioned in previous works
(Kaldellis and Gavras, 2000; Kodossakis and Kaldellis,
1997), the future value (after n years of operation) of the
investment cost ‘‘Cn’’ of a wind power installation
consists of the initial installation cost ‘‘IC0’’ (turn-on
key value), as well as the maintenance and operation
cost, ‘‘FCn þ VCn’’. Therefore, one may write

Cn ¼ IC0 a
Yj¼n

j¼1

1þ ij
� �

þ b
Yj¼n

j¼1

1þ i
0

j

� �( )
þ FCn þ VCn

ð1Þ

all quantities being functions of time.
More precisely, the initial cost ‘‘IC0’’ includes the

market price of the ‘‘z’’ machines used ‘‘PrNt’’ and the
corresponding installation cost ‘‘f ðPrNtÞ’’. While also
keeping in mind that ‘‘Nt’’ is the total nominal power of
the wind farm, the values of the specific ex-works price
‘‘Pr’’ and the installation cost factor ‘‘f ’’ are analytically
presented in Section 3 (see also Kaldellis, 1999; Vlachou
et al., 1999).
On top of that, the first term in the bracket of RHS of

Eq. (1) describes the invested capital ‘‘a IC0’’ future
value (where ‘‘i ¼ iðtÞ’’ is the return on investment
index), while the second term expresses the correspond-
ing cost (‘‘i0’’ capital cost) of the loan capital ‘‘b IC0’’.
Besides, the following relation is valid:

aþ b ¼ 1� g; ð2Þ

where ‘‘g’’ is the subsidy percentage by the Greek State
(Table 1), according to the existing development law for
the renewable energy applications.
Subsequently, 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 ‘‘m’’ of the initial
capital invested, also taking into account an annual
increase of the cost equal to ‘‘gS’’ (i.e. the M&O annual

inflation rate). An additional increase of the M&O cost,
related to the aging of wind converters, is expressed
by the term ‘‘mn=m0’’. Summarizing, the fixed main-
tenance cost of the wind farm under investigation is
given as

FCn ¼ FCn�1ð1þ inÞ þ ðm IC0Þ
Yj¼n

j¼1

1þ gSj

� �
: ð3Þ

Finally, the variable maintenance and operation cost
mainly depends on the replacement of ‘‘k0’’ major parts
of the installation, which have a shorter life-time ‘‘nk’’
than the complete installation. Using the symbol ‘‘rk’’
for the replacement cost coefficient of each one of the
‘‘k0’’ major parts (gear box, rotor blades, etc.), the
‘‘VCn’’ term can be expressed using the following
relation:

VCn ¼ IC0
Xk¼kp

k¼1

rk
Xl¼1k
l¼1

Yj¼1nk
j¼1

1þ gkj

� �
1� rkj

� �" #(

Yj¼n

j¼1�nk

1þ ij
� �" #)

; ð4Þ

where ‘‘lk’’ is the integer part of the following equation,
i.e.

lk ¼
n� 1
nk

� �
: ð5Þ

Note that ‘‘gk’’ and ‘‘rk’’ describe the annual change of
the price and the corresponding level of technological
improvements for the ‘‘kth’’ major component of a wind
converter.
On the other hand, the annual savings ‘‘R0’’ of a

wind plant (consisting of z wind turbines of rated
power ‘‘N0’’, i.e. Nt ¼ z N0) taking into account the
numerical values of the corresponding parameters at
the start of the power station operation can be expressed
as

R0 ¼ 8760D0o0ðzN0Þc0: ð6Þ

More precisely, ‘‘R0’’ depends on the effective cost
coefficient of the replaced conventional energy ‘‘c0’’ at
the beginning of the investment and on the correspond-
ing technical availability ‘‘D0’’, along with the mean
power coefficient ‘‘o0’’ of the installation.
Consequently, the total (tax free) savings over an n

year period ‘‘Rn’’, due to energy production by the wind

Table 1

Development laws in Greece

Development law Validation period a (%) g (%)

1262/82 1982–90 X15 55

1892/90 1990–94 X25 40

2234/94 1994–98 X30 40

2601/98 1998 up today X30 40
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power station, are given as

Rn ¼ Rn�1ð1þ inÞ þ R0
on

o0

Dn

D0

Yj¼n

j¼1

1þ ej
� �

; ð7Þ

where ‘‘e’’ is the electricity price escalation rate, defined
as

ej ¼
cj
cj�1

� 1: ð8Þ

Subsequently, the wind power enterprise after tax (net)
gains ‘‘Gn’’, can be predicted using the following
expression:

Gn ¼ Rn � Cn �
Xj¼n

j¼1

FðjÞð1þ iÞn�j ; ð9Þ

where ‘‘FðjÞ’’ describes the tax paid only during the ‘‘j’’
year, mainly due to the revenue of the previous year.
According to the Greek tax law, the ‘‘Fj’’ depends on

the law-defined tax coefficient (e.g. 33%), the net cash
flow of the ‘‘j � 1’’ year, the investment depreciations, as
well as the financial obligations of the enterprise
(Kavadias et al., 2000). For simplicity reasons, the
detailed impact of taxation will not be explicitly
presented here. However, in all calculation results, the
tax on profit is properly included.
Recapitulating, the exact value of the pay-back period

of any wind power investment can be predicted, solving
the break-even equation, thus

Gn ¼ 0 for n ¼ n* : ð10Þ

Additionally, the economic attractiveness of such an
investment is characterized by the economic efficiency
‘‘Z�’’ (or the benefit–cost ratio ‘‘BCR’’) of the wind
plant, defined as

Z*n ¼
*Gn

IC0ð1� gÞ � *YðnÞ
ð11Þ

or

BCR ¼
*Gn

IC0ð1� gÞ
; ð12Þ

where the symbol ‘‘B’’ is used to express constant
values at the time point that the investment was
accomplished, i.e.

*xj ¼
xjQk¼j

k¼1 ð1þ gkÞ
ð13Þ

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 the equipment, etc.), along with the experience
gained and the corresponding technological know-how.

3. Time evolution of the governing parameters

As previously mentioned, the governing parameters of
any investment are strongly dependent on its accom-
plishment time. In the proposed formulation, the time
evolution is decomposed into two parts. The first part
takes into account the time point ‘‘t0’’ at which the wind
power investment is taking place (t0 ¼ 0 for t ¼ 1990),
while the second part is characterized by the life period
‘‘t’’ of the project undertaken.
More precisely, one may assume that

t ¼ t0 þ tþ 1990: ð14Þ

Therefore, any function of time f ðtÞ can be decomposed
into two parts, i.e. ‘‘f0’’ and ‘‘fn=f0’’. According to this
approach ‘‘f0’’ depends exclusively on wind park
installation time, while ‘‘fn=f0’’ is expressed as a function
of the power station operational time, in an attempt to
develop more generalized expressions for some para-
meters of the problem. Thus, f ðtÞ is analysed here as

f ðtÞ ¼ f ðt0; tÞ ¼ f0ðt0Þ
fn
f0
ðtÞ: ð15Þ

Using this approach, the parameters ‘‘IC0’’ ‘‘a’’, ‘‘b’’,
‘‘m0’’, ‘‘rk’’, ‘‘c0’’, ‘‘o0’’ and ‘‘D0’’ are by definition
functions of the installation accomplishment time ‘‘t0’’
only.
Similarly, the parameters ‘‘mn=m0’’, ‘‘Dn=D0’’ can be

expressed as functions of ‘‘t’’, while the economic
parameters ‘‘i’’, ‘‘i0’’, ‘‘gS’’, ‘‘gk’’, ‘‘g’’, ‘‘rk’’, ‘‘e’’ are
generally functions of ‘‘t’’.

3.1. Market price of the wind turbines

Using the results of an extensive (with time) market
survey by the authors Kaldellis and Gavras (2000) and
Vlachou et al. (1999), the specific ex works price ‘‘Pr’’ of
a wind turbineFbelonging in a wind farm of ‘‘z’’
machinesFcan be approached as a function of the
machine rated power ‘‘N0’’ in comparison with the
optimum commercial value of that time period
‘‘N *

0 ðt0Þ’’, thus

Prðt0Þ ¼ aðN0 �N *
0 Þ þ bðN0 �N *

0 Þ
2

�
þcNð1þ e1e�e2½t�1990	Þ

�
spðzÞ ð16Þ

In the proposed analysis, the optimum size of the
availableFat every periodFcommercial wind conver-
ters is considered, i.e. N0 ¼ N�

0 and Eq. (16) reads

Prðt0Þ ¼ cNð1þ e1e�e2t0 Þ
� �

spðzÞ ð17Þ

with cN ¼ 700Euro=kW; e1 ¼ 0:7 and e2 ¼ 0:125:
While keeping in mind that N *

0 ¼ N *
0 ðt0Þ (see also

Fig. 1), ‘‘spðzÞ’’ takes into account the number of wind
turbines ‘‘z’’ that constitute the wind farm under
examination. In the present investigation, a typical
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wind park containing z ¼ 10 machines is selected, thus
sp ðz ¼ 10Þ ¼ 1:0:

3.2. Balance of plant cost

The balance of plant cost includes foundation cost,
electrical interconnection cost, land purchase, planning
cost, approvals, infrastructure, management of the
project and grid connection cost. Usually, the balance
of plant cost is expressed as a fraction ‘‘f ’’ of the wind
turbines exworks price. This additional cost depends on
the number and size of machines in the wind park, along
with the exact location of the wind power plant, i.e.
‘‘f ¼ f0sf ’’.
For example, a number of itemsFlike foundation

cost, electrical interconnection cost, access tracksFde-
crease with the size or the number of the machines.
Analytical studies (EC, 1999) have revealed that the
contribution of balance of plant cost to the overall
energy cost ‘‘f0’’ can be reduced by approximately 25%
by moving from 300 kW machines to 1MW machines
(Fig. 2). Above all, in cases of large wind farms (z > 10),
the site infrastructure cost ‘‘sf ’’ is spread over a bigger
number of machines, reducing the unit cost. However,
‘‘sf ’’ is taken equal to unity for z ¼ 10:
Using the above-presented analysis, the first installa-

tion cost expressed as

IC0 ¼ zPrN0 þ ðsf f0ÞðzPrN0Þ ð18Þ

is a function of ‘‘t0’’, ‘‘N0’’ and ‘‘z’’, also depending (see
value scattering of Fig. 2) on the selected wind park
location.

3.3. Technical availability factor

Usually, wind turbines are constructed to operate for
a period of at least 20 years. 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. The
exact technical availability factor ‘‘D’’ is necessary for
the calculation of the energy yield of the installation. In
the present analysis, the following expression is adopted:

DðtÞ ¼ D0ðt0Þ
Dn

D0
ðtÞDwDG: ð19Þ

Generally speaking, the ‘‘D0’’ value mainly depends on
the technological status at the time that the investment is
realized. In the early 1980s, the technical availability of
the first wind parks was approximately 60%, while at
the beginning of the next decade the value of ‘‘D’’
outnumbered 90%. Nowadays, the new wind energy
technology has achieved such a level of quality, that
wind turbines obtain a technical availability of 99%.
Taking the above information into consideration, ‘‘D0’’
in the present analysis is well described by (Fig. 3).
However, one should also mention the accessibility
difficulties of several Greek islands, especially during
winter, due to bad weather conditions (high winds and
huge waves suspend the ship department, thus prevent-
ing maintenance and repair of the existing wind
turbines). For this purpose, an adapted form of the
analysis by Van Bussel (1999) may be used in order to
simulate the ‘‘Dw’’ function of Eq. (19) (see Fig. 4).
Besides this, in small autonomous grids one should

take into account the actual upper limit for wind power

Fig. 1. Time evolution of commercial wind turbines size.
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penetration, in order to maintain the stability of these
weak electrical grids. In similar cases, the period of time
‘‘DG’’ that the wind energy is absorbed by the local grid

is strongly decreased (Kaldellis et al., 1993) as the
wind power penetration in the local grids is increased
(Fig. 5).

Fig. 2. Installation cost coefficient.

Fig. 3. Initial technical availability value.

Fig. 4. Reduction of technical availability values due to weather limits.
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For the calculation of technical availability changes
during a wind turbine’s operational life, the so-called
bathtub curve, of (Fig. 6), may be utilized. As in other
technical areas, ‘‘early failures’’ often mark the opera-
tion; see also Hahn (1999). Based on real data
evaluations, it can be assumed that most wind turbines
reliability is characterized by early failures until the third
operational year. This phase is generally followed by a
longer period (B10 years) of ‘‘random failures’’ before
the failure rate through wear and damage accumulation
‘‘wear-out failures’’ increases with operational age,
function ‘‘z ¼ zðtÞ’’. Of course, in cases of numerous
wind turbines it is more possible for permanent service

stuff as for spare parts stock to exist. For this reason, the
operational time-dependent technical availability di-
minution ‘‘zðt; zÞ’’ is less for large wind parks (zE100)
than for individual wind converters (Fig. 7) (see also
Lemming et al., 1999; Hahn, 1999; Kaldellis and
Kodossakis, 1999). Summarizing, one may write that

DðtÞ ¼ D0ðt0ÞDwDG½1� zðt; zÞ	: ð20Þ

3.4. Fixed maintenance and operation cost

The main part of the wind energy production cost is
due to the high initial invested capital for the wind farm

Fig. 5. Minimum wind energy absorption by autonomous electrical grids.

Fig. 6. Wind turbine failure rate versus operating time.
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erection. However, the cost related to maintenance,
repairs, insurance, leases, management, etc. also play an
important role. The application of modern design and
improved construction techniques along with the
experience gained during the last 20 years leads to more
efficient and reliable installations. The direct result of
this evolution is a remarkable decrease of M&O cost,
especially for medium- and large-scale machines.
Using the work presented by many authors (see for

example, Lemming et al., 1999; Hansen and Andersen,
1999; Kaldellis, 1999), the following expression is
assumed valid:

mðtÞ ¼ m0ðt0; zÞ
mn

m0
ðtÞ þ d; ð21Þ

where m0ðt0; zÞ depends on the technological status and
the number of the wind turbines used (z is taken to be
equal to 10 here), along with the accessibility of the wind
park (distance, weather conditions, infrastructure,
island/mainland, etc.) (Fig. 8). Accordingly, as indicated
by various research groups that gathered data, the time
variation of ‘‘m’’ seems to a certain extent determined by
the age of the turbines. More precisely, during the first
couple of years the warranty of the turbine manufac-
turer implies low-level expenses. After the 10th year,
larger repairs start to come out, and this actually
dominates the picture ‘‘xðtÞ’’ during the last 10 years of
turbine life (see also Fig. 9).
It is also necessary to keep in mind that ‘‘d’’

corresponds to the insurance cost of the installation,
being usually constant for a considerable part of the
total wind turbine lifetime. The term ‘‘insurance’’
includes the third part damage, machine damage and
operation stoppage insurance. Applying the above
analysis in Eq. (21), one obtains

mðtÞ ¼ m0ðt0; zÞ 1þ
xðtÞ
m0

� �
þ d: ð22Þ

Summarizing, M&O costs constitutes a sizeable share of
total annual costs of a wind power application. For a

new turbine, M&O costs contribute at 10–15% to the
total cost per kWh produced, increasing to at least
30–40% at the end of the turbines’ lifetime.

3.5. Variable maintenance and operation cost

Due to the fact, that the moving parts of a wind
turbine (gear boxes, blades, electrical generator, yaw
system, etc.) have usually shorter lifetime than the rest
of the turbine, it is quite possible to replace one of these
parts at least once during the service period of the
machine. Statistically, depending also on the wind
turbine type, some of the moving parts of a wind
turbine have to be changed after 7–15 years (Molly,
1990). The cost of replacement may considerably vary,
compared to other normal repair cost, imposing in some
exceptional cases the abandoning of the whole project.
This reinvestment is here attributed to the term variable
M&O cost of the installation.
On the other hand, the technological improvements

during the ‘‘nk’’ years between two successive replace-
ments of the ‘‘kth’’ major component of a wind turbine
(e.g. rotor blades) may significantly ameliorate (i.e.
rkE0:120:3) the operational behaviour of this compo-
nent. In some cases, also, there is a negative price
inflation concerning the market price of a wind turbine’s
spare part, either due to economies of scale or due to
technological improvements in the manufacturing pro-
cess (Kaldellis, 2000).
Generally speaking, all replacement cost components

tend to increase with the age of the turbine (time past
‘‘t’’); thus, the necessary reinvestments start to dominate
the total M&O cost during the last 10 years of the
turbine life.

4. Time dependency of the main economic parameters

According to the previous sensitivity analysis
(Kaldellis and Gavras, 2000), there are three main

Fig. 7. Technical availability reduction due to wind turbine ageing.
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parameters, which mostly influence the economic
viability of an investment in the wind power area, i.e.
the mean power coefficient, the capital cost and the
electricity (fuel) escalation rate.
However, the mean power coefficient depends

(Kaldellis and Vlachou, 1992) on the wind potential of
the installation site and on the wind power curve of the
machine (Vlachou et al., 1999), thus one may write

o ¼
Z

N

0

NðVÞ
N0

f ðVÞ dV ; ð23Þ

where ‘‘f ðVÞ’’ is the probability density function
describing the local wind potential and ‘‘NðVÞ’’ is the
power curve of the wind turbines used versus wind speed
‘‘V ’’. Taking into account the stochastic behaviour of
the wind speed, a random variation of the mean power
coefficient is expected, see for example Fig. 10. Above
all, a time-depending efficiency degradation of the wind
converter may also be included in a similar analysis.
On the contrary, the electricity price escalation rate

and the capital cost are pure economic parameters;

therefore, their time evolution can be investigated by
using historical data. More precisely, the capital cost
depends on the investment opportunities, the timing of
repayment, the risk of the investment and on any State
or European subsidies. According to the existing
analysis (Kaldellis, 2000), the capital cost is the sum of
the inflation premium ‘‘g’’, the pure time preference ‘‘ib’’
and the risk premium ‘‘di’’ depending on the risk ‘‘r’’ of
the investment undertaken (e.g. r ¼ r1), thus

i0 ¼ gþ ib þ diðrÞ: ð24Þ

In cases of soft loans, e.g. State guarantee, ri-0:
Additionally, the annual amount of money, which the
investor demands in order to invest his own capital ‘‘i’’
is defined as the ‘‘return on investment’’ and is also
given by Eq. (24). This economic parameter depends on
factors similar to the 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 assumed here that
the variation of return on investment follows the capital

Fig. 8. M&O cost coefficient time variation for wind parks in Greece.

Fig. 9. M&O cost coefficient increase versus operating time.
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cost, plus the risk premium ‘‘di’’, defined according to
the risk value ‘‘r’’ assumed by the single investor.
Accordingly, 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. Similarly, the M&O cost inflation rate ‘‘gS’’
describes the annual change (increase) of the M&O cost,
taking into account the annual changes of labor cost and
the corresponding spare parts.
Finally, the term ‘‘electricity price escalation rate’’,

replacing here the more widely used term of ‘‘fuel
escalation rate’’, describes the annual rate of change of
the electric energy market price, since the wind energy
produced by the wind power station under investigation
is finally sold to the local PPC grid at a price directly
related to the corresponding retail price. In general, the
exact value of this parameter depends on various factors
(e.g. dollar exchange rate, nature of the conventional
energy to be replaced and the policy of the electrical
utilities towards wind energy).
The evolution of all these parameters (i; i0; g; gS; e) is

given in Fig. 11, for the period 1985–2000, based on the
tracks of Greek economy. ExpectedFafter 2000Fva-
lues are presented, considering that Greece becomes a
full member of EU financial market.
Recapitulating, the time variation of all necessary

parameters of Eqs. (10)–(12) has been simulated. Thus,
it is possible to accurately estimate the pay-back period
and the economic efficiency or the benefit to cost ratio of
any wind power investment in Greece, using the analysis
of Sections 2–4.

5. Calculation results

In order to investigate the capabilities of the devel-
oped method, the calculation results concerning the
economic behaviour of a typical wind park (z ¼ 10;

N0 ¼ N�
0 ) in a windy area of Aegean Archipelago (island

of Andros, annual mean wind speed at 10m height equal
to 10.3m/s) are presented first. For this purpose the
starting point of the two cases analysed differs by 5
years, i.e. t ¼ 1985 (t0 ¼ �5) and t ¼ 1990 (t0 ¼ 0),
respectively.
More precisely, calculations for each wind park are

carried out using either the time-depending values of all
the necessary parameters or using their corresponding
time-mean values. During the first test case, the
investment under consideration includes 10 wind tur-
bines of nominal power of N0 ¼ N�

0 ð1985Þ ¼ 100 kW
(Fig. 1). The technical availability of the machines is
estimated (Fig. 3) to be equal of D0ð1985Þ ¼ 0:73; which
is subsequently decreased taking into account the bad
weather influence (Dw; Fig. 4) and the local grid stability
limits (DG; Fig. 5). Keeping in mind that in 1985 the
local grid peak load was 7400 kW, the proposed wind
power penetration (1000 kW) was approximately 13.5%.
In 1985, the exwork price of the wind converters was
1620Ecu (Euro)/kW, while the installation coefficient
was assumed to be equal to 0.4 (Fig. 2), due to the small
size and the insufficient infrastructure of the island of
Andros. Finally, the initial maintenance and operation
cost factor of the installation is taken (Fig. 8) to be equal
to m0 ¼ 4:3%:
Using the available information concerning the wind

potential of Andros (e.g. PPC, 1985) and selecting a
representative (for 1985) wind turbine of 100 kW, the
time-average value of the mean power coefficient
(Eq. (23)) is oaverE0:6; thus, the corresponding capacity
factor (CF ¼ Do) takes the value of 37.4%. Keeping in
mind that the excellent ‘‘o’’ value (see also Fig. 10) is
not only due to the high wind potential of the area
(mean wind speedE10.3m/s) but also due to the
absence of other wind power installations (no wake
effects), provides the investor with the ability to select
the best site for his power station. As already

Fig. 10. Mean power coefficient values during a 10-years operation period.
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mentioned, the computational analysis is based on the
real data distributions of the local economy (Fig. 11),
while for comparison purposes, the calculations are also
carried out using time-mean values of the necessary
parameters, for the same time period.
Thus, in Fig. 12, the calculated BCR evolution with

time is given for a wind park built in 1985 in Andros. As
it is obvious, the calculation results based on real time-
series data are quite different from the ones resulting
from the time-mean values. More precisely, the invest-
ment is characterized as non-viable on the basis of the
time-mean values, although the real data analysis
estimates a break-even point at 14 years of operation.
Additionally, the BCR value after 20 years of operation
of the wind park is 22%, while the maximum difference
between the calculation results of the methods compared
appears between the 9th and the 10th year of operation
of the power station. These discrepancies may be mainly
attributed (Kaldellis, 1991) to the distribution of
electricity price escalation rate, see also Fig. 11, in
comparison with the corresponding 20 year time-

average value ( %e ¼ 6:9%). Thus, taking into account
that ‘‘eðtÞ’’ values are much higher than ‘‘ %e’’, mainly
during the first 10 years of wind park operation, one
may explain the growing calculation results discrepancy
in the beginning and the declining one at the end of the
examined period.
The conclusions already drawn are in accordance with

the results of Fig. 13, where the economic efficiency
profiles are shown as a function of time of the wind park
operation. In this case, the current residual value of the
investment is taken into account (Eq. (11)). Therefore,
the positive values of ‘‘Z�’’ during the initial phase of
operation is the result of two negative numbers. More
precisely, the net gains (Eq. (10)) of the investment (up
to the break even point) are negative (Fig. 12). However,
the dominator of the efficiency takes also negative
values, since the invested capital (excluding the State
subsidization) is less than the residual value of the
investment. Between operational years 9 and 10, the
dominator of the investment zeros and then becomes
positive, explaining in this way the non-continuous

Fig. 11. Time evolution of the main economic parameters of local economy.

Fig. 12. Comparison of calculation results concerning the Island of Andros.
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distribution of the ‘‘Z�’’-profiles of (Fig. 13). At this
point, it is important to mention thatFaccording to the
existing development lawFthere is no legal way to
change the capital share of a State subsidized investment
before the 10th year of operation, therefore the ‘‘Z�’’
distribution becomes practically important after 10
years of the investment functioning. According to the
results of Fig. 13, there are remarkable differences
between the calculation results of the two methods
used, especially after the 14th year, where the opposite
sign of the investment economic efficiency is encountered.
Similar conclusions may be drawn from the applica-

tion of the two methods under consideration, for a wind
park consisting of 10
 225 kW wind turbines in Andros
too. This wind park started its operation in 1990,
therefore, a considerable diminution (by almost 40%) of
the pay-back period is predicted in comparison to 1985
(Fig. 14). This significant modification is mainly due to
the amelioration of the economical frame, the reduction
of wind turbine specific price and the technological

improvements realized by the corresponding industry.
For this specific case study, it is interesting to mention
that after 1990 the State owned Greek PPC almost
freezes the corresponding electricity market prices, in an
attempt to control the local inflation. For this reason,
the long term (1990–2010) mean electricity price
escalation rate ( %e ¼ 4:5%) is initially lower (up to
1998) and accordingly higher (after 1998) to the
corresponding ‘‘eðtÞ’’ time evolution, explaining the
‘‘BCR’’ profile differences between Figs. 12 and 14.
Both methods estimate the same break-even point,

however the mean-values approximation overestimates
by 60% the BCR value at the end of the 20-year
operational period of the investment in comparison with
the results of the time-depending data. The discrepancies
between the two methods are more obvious in Fig. 15,
where the time evolution of the investment economic
efficiency is shown. It is also interesting to underline that
the changes of the ‘‘Z�’’ values are more mild when the
real time depending data are used. On the contrary, if

Fig. 13. Time evolution of wind park economic efficiency, Island of Andros, 1985.

Fig. 14. Comparison of calculation results concerning the Island of Andros, 1990.

J.K. Kaldellis / Energy Policy 30 (2002) 267–280 277



the corresponding mean values are utilized, the effi-
ciency changes are much more abrupt.
Summarizing the calculation results for the island of

Andros, the time evolution of the BCR profiles for the
two already analysed wind parks (1985, 1990) along
with the corresponding results (based on real time-series
data) from a wind park (10
 500 kW) erected in 1995
are compared in Fig. 16. According to the results
obtained, the pay-back period is remarkably decreased
from 14 to 6.5 years between 1985 and 1995, while the
expected economical gains are doubled between 1990
and 1995. These results underline the amelioration of
the economic attractiveness of wind energy applications
in Greece during the last 10 years and are in accordance
with the significant interest of several investors for the
wind power sector during the last five years (Kaldellis
and Kodossakis, 1999).
Accordingly, the present method is used to analyse

the time-depending evolution of the economic behaviour
of wind power applications in the mainland of our

country. By comparing the available data, the wind
potential in the mainland is not so high as in Aegean
Archipelago, since only in the selected sites the annual
mean wind speed overpasses 8m/s. On the other
hand, technical availability of mainland installations
is more privileged than the island ones, not only due
to mainland sites’ better accessibility (Dw-100%),
but mainly due to full wind energy absorbency by
the central electrical grid (DG-1:0). Of course, the
wind-electricity price offered by Greek PPC is
almost 20% lower in the mainland than in the
autonomous electrical grids, thus giving an economic
advantage to island wind parks. Finally, according to
the previous development laws, the State subsidization
percentage ‘‘g’’ was higher for the islands (gE55%)
compared to the majority of mainland areas, where
gE30240%: However, according to the current devel-
opment law (2601/98, Table 1), the State subsidization
parameter is now the same (i.e. gE40%) for the whole
country.

Fig. 15. Time evolution of wind park economic efficiency, Island of Andros, 1990.

Fig. 16. Economic behaviour of several wind parks realized in different time points in Andros.
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Taking into account this information, we proceed
with the time-evolution investigation of the economic
behaviour of wind parks created in windy sites of south
Peloponnessos, and more precisely in the region of
Lakonia, during the period 1985–1995. These wind park
characteristics are assumed to be similar to Andros
Island corresponding ones, i.e. 10
 100, 10
 225 and
10
 500 kW, respectively, while the mean power coeffi-
cient is taken to be equal to 0.45. Keeping in mind the
increase with time of the initial technical availability
factor ‘‘D0’’ ameliorates the wind parks’ annual energy
production. This is not the case for the autonomous
weak electrical grids, since the grid’s stability limitFin
cases without additional energy storage systems (Kal-
dellis et al., 2001)Fdrastically bounds the wind energy
production absorbency.
The calculations results of the BCR distribution for

various wind parks in Lakonia, started their operation
in 1985, 1990 and 1995, respectively, are gathered in
Fig. 17. According to the results obtained, the wind park
created in 1985 is definitely not viable, while the wind
park erected in 1990 is marginally viable, but in no case
is it economically attractive (pay-back period is almost
20 years). On the contrary, the economic behaviour of
the wind power station that started its operation in 1995
is very positive, beign almost better than the corre-
sponding wind park in the windy site of Andros island.
This fact is mainly attributed to the total absorption of
the produced wind-electrical energy by the central grid
of PPC and to the lower first installation and M&O cost
of the mainland wind parks, in comparison to a similar
wind park in a small/medium sized island of Aegean
Sea.
All these computationally validated results are in full

accordance with the existing situation of wind energy
applications in Greece during the last 15 years. In fact,

up to 1995, the local investors demonstrated no interest
in wind parks construction even at the windiest areas of
S. Peloponnessos. However, during the last five years, a
significant interest in erecting wind parks in Pelopon-
nessos has emerged, therefore, several new wind power
stations of more than 100MW nominal power are under
development all over the region.

6. Conclusions

An integrated time-depending feasibility analysis
method is developed in order to improve the reliability
of the calculation results concerning the economic
behaviour of commercial wind parks in Greece.
According to the proposed model, the time dependency
of the problem parameters is taken into account. Until
now, the vast majority of the feasibility studies used
neglect the time variation for simplicity reasons.
On the contrary, in the present analysis, the evolution

with time of the economic variables of the problem is
included, taking into account the 20 year data from the
local market records. Additionally, information con-
cerning the technology dependent parameters from
several operated wind parks is also incorporated.
Applying the proposed model to several wind parks

erected during the period 1985–1995 in Greece, the
significant differences between the calculation results
based on time-series data of the main parameters and
the corresponding results from their time-mean values
are underlined. More precisely, in several cases, wind
energy investments are characterized as non-viable
according to the long-term average approach, although
the installation is found indeed viable using real data
distributions. In other cases, the benefit to cost ratio or
the investment economic efficiency profiles presents

Fig. 17. Economic behaviour of several wind parks realized in different time points in Lakonia.
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opposite signs (negative instead of positive) if the
simplified average approach is adopted. In view of such
discrepancies, it is vital to incorporate the time variation
in the existing feasibility analysis methods so as to
increase the prediction of reality.
Using the experience gained by the numerous case

studies analysed, the electricity price escalation rate and
the capital cost-local economy inflation rate indexes are
found to be the most influencing economic parameters
of the feasibility analysis that were carried out. For this
reason, their time-depending distribution is assumed
necessary in order to obtain more accurate and realistic
simulation results.
Subsequently, the above-described model can also be

used to explain satisfactorily the evolution of the wind
energy applications in Greece during the last 15 years,
on the basis of pure economic terms. Hence, the
calculation results concerning both remote island and
Greek mainland cases simulate realistically the local
wind power investments economic behaviour, also
providing some information for the future of wind
energy in Greece.
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