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Abstract

Greek islands cover their continuously increasing electricity demand on the basis of small autonomous thermal power stations. This
electrification solution is related with increased operational cost and power insufficiency, especially during summer. On the other hand,
the stochastic behaviour of the wind and the important fluctuations of daily and seasonal electricity load in almost all Greek islands pose
a substantial penetration limit for the exploitation of the high wind potential of the area. In this context, the present study is concentrated
on developing an integrated methodology which can estimate the maximum wind energy contribution to the existing autonomous elec-
trical grids, using the appropriate stochastic analysis. For this purpose one takes into account the electrical demand probability density
profile of every island under investigation as well as the operational characteristics of the corresponding thermal power stations. Special
attention is paid in order to protect the existing internal combustion engines from unsafe operation below their technical minima as well
as to preserve the local system active power reserve and the corresponding dynamic stability. In order to increase the reliability of the
results obtained, one may use extensive information for several years. Finally, the proposed study is integrated with an appropriate para-
metrical analysis, investigating the impact of the main parameters variation on the expected maximum wind energy contribution.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Most Greek islands cover their continuously increasing
electricity demand using small autonomous thermal power
stations, based on oil-consuming internal combustion
engines. This electrification solution is related with increased
operational cost [1], while in several cases the existing infra-
structure cannot fulfil the excessive power demand during
the summer period [2]. On the other hand, most islands pos-
sess high wind potential, thus wind energy may be an eco-
nomic attractive solution for the urgent electrification
problem of their habitants [3].

Unfortunately, the stochastic behaviour of the wind and
the remarkable fluctuation of daily and seasonal electricity
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load, in almost all island grids, leads to substantial wind
energy penetration limits [4,5], especially during the low
consumption periods of the year. In fact, the island electri-
cal networks manager (i.e. the Greek Public Power Corpo-
ration or PPC) defines an instantaneous upper wind energy
penetration limit in order to protect the local grid stability
in case that the wind energy production is suddenly zeroed.
This, up to now empirically chosen value, permits the oper-
ating thermal power units to replace the wind power contri-
bution without overloading problems or electrical system
voltage and frequency fluctuations.

The proposed study is concentrated on developing an
integrated methodology which can estimate the maximum
wind energy contribution to the existing autonomous
electrical grids on the basis of stochastic analysis. For this
purpose one takes into account the electrical demand prob-
ability density profiles of every island under investigation
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as well as the operational characteristics of the correspond-
ing thermal power stations [6]. In order to increase the reli-
ability of the results obtained, one may use extensive
information for several years. Finally, the proposed study
is integrated with an appropriate parametrical analysis,
investigating the impact of the main parameters variation
on the expected maximum wind energy contribution.

The methodology developed is accordingly applied to
the island of Crete, which is one of the most interesting case
studies [7,8] concerning the incorporation problems of
wind parks in an autonomous electrical network.
2. Electrical load analysis

As already mentioned, the electricity demand in most
Greek islands, including Crete, presents a significant
annual increase, approaching annually the 7% during the
last decade, Fig. 1. As a result the annual energy consump-
tion during 2004 surpassed the 2550 GWh in comparison
with the modest 280 GWh of 1975. On top of this, due to
the increased tourism, a high seasonal variation of electric-
ity demand is encountered, see also Fig. 2. More precisely
the mean monthly electricity demand in the summer
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Fig. 1. Time evolution of the Crete island electricity system main
parameters.
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Fig. 2. Monthly variation of electrical energy demand for Crete island
(2000–2004).
(�250 GWh) is more than 50% higher than the correspond-
ing winter one (�150 GWh). Consequently, there is a con-
siderable electricity generation diversification between the
year periods (i.e. summer versus other seasons), which seri-
ously affects [9] the wind energy penetration in the local
network.

Using the available time-series of the load demand one
may estimate the corresponding load probability density
profile, Fig. 3. As it results from Fig. 3 the corresponding
load demand (for 2004) varies between Nmin (�130 MW)
and Nmax (�550 MW), while the average annual value is
Naver (�280 MW). Using the resulting cumulative probabil-
ity distribution, Fig. 4, it is obvious that the load demand
ranges mainly (�95%) between 160 MW and 400 MW.

In order to face the above described load demand the
local electricity generation system is based on 26 oil-fired
thermal power units located mainly near Chania and Her-
aklion, Table 1. Recently, two internal combustion engines
(2 · 51 MW) started their operation in the new-built Ather-
inolakkos power station.

Taking into account that Crete electricity generation
system is based on diesel or heavy oil powered engines,
Table 1, these units should not be allowed operating below
a certain limit, in order to avoid increased wear and main-
tenance requirements. This limit is mentioned as the ‘‘tech-
nical minimum’’ of each engine, hence the minimum output
power of the ‘‘in operation’’ thermal units ‘‘Ndmin

’’ is calcu-
lated as

Ndmin
¼
Xi¼imax

i¼1

N min
di
¼
Xi¼imax

i¼1

ki � N �di
ð1Þ
where the technical minimum of each engine is expressed
via an appropriate factor ‘‘ki’’ and the rated (or maximum)
output power ‘‘N �di

’’ of the unit under investigation. Typi-
cal values of ‘‘ki’’ are 30–50% for heavy oil powered units
and 20–35% for diesel-fired engines (including gas tur-
bines), depending very much on the age and the overall
condition of the engine. On top of this, the annual mainte-
nance plan of the system, affecting the number of engines in
operation during the year (imax), should be also considered.

In addition, due to the stochastic behaviour of the wind
one cannot disregard the probability of an unexpected loss
of a significant part of the ‘‘in operation’’ wind parks. To
avoid (or to minimize) loss of load events [10,11] in similar
situations, the local system operator should maintain full
spinning reserve in the thermal power units, which suffices
to cover the total load demand. For minimum fuel con-
sumption operation, each thermal power unit should oper-
ate near the minimum fuel consumption point ‘‘N opt

di
’’,

otherwise additional fuel consumption should be imposed.
On the other hand, if ‘‘N max

di
’’ is the maximum permitted

outlet power of the thermal unit ‘‘i’’ for a short time oper-
ation (1–10 min) in order to have enough time to start
additional thermal engines, then the maximum active
power reserve [12] of the local system is given as
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Fig. 3. Probability density profile of electrical load demand for Crete island 2004.
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Fig. 4. Electrical load cumulative probability distribution for Crete island (2000–2004).
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NRESV ¼
Xi¼imax

i¼1

N max
di
� N opt

di

� �
¼
Xi¼imax

i¼1

ðei � siÞ � N �di
ð2Þ

where ‘‘ei’’ and ‘‘si’’ are the maximum power and optimum
operation coefficients. In order to avoid the problems de-
scribed, the maximum permitted wind power penetration
is bound by the following relation:

Nw 6 NRESV ¼
Xi¼imax

i¼1

ðei � siÞ � N �di
ð3Þ

For practical applications, assuming that the coefficients
‘‘ei’’ and ‘‘si’’ are almost the same for all engines in opera-
tion, the Eq. (3) is transformed to the more simplified and
widely used Eq. (4), i.e.

Nw 6 1� s
e

� �
� N L ¼ k1 � NL ð4Þ

where ‘‘NL’’ is the instantaneous load demand.
Finally, the fluctuations of a wind farm output power are
normally compensated by equal magnitude variations of
the output of the ‘‘in operation’’ units. In order to avoid
annoying system frequency excursions and increases wear
of the existing thermal power units an additional penetra-
tion limit is also imposed, dictated by the instantaneous rate
that the ‘‘in operation’’ units can compensate any power
deficit of the system. This dynamic penetration limit [13],
expressed by the factor ‘‘s’’, is characteristic of the local
electrical network and the spatial distribution and the type
of the system wind turbines [14]. Generally speaking, this
limit is selected by the system operator (incorporating also
subjective/personal attitude) and is up to now empirically
set in the range of 20–40%. In case of emergency this value
may drop down to 15% or even zeroed [9]. In this context,
the dynamic penetration constraint is expressed as
Nw 6 s �
Xi¼imax

i¼1

N �di
¼ s

sþ s
� NL ¼ k2 � NL ð5Þ



Table 1
Crete island electricity generation system, end of 2004

Unit type Location Fuel used Start up time Rated power (MW) Technical minimum (MW)

1 Steam turbine L-H Mazut 1965 6.2 4
2 Steam turbine L-H Mazut 1970 15.0 7
3 Steam turbine L-H Mazut 1970 15.0 7
4 Steam turbine L-H Mazut 1977 25.0 12
5 Steam turbine L-H Mazut 1981 25.0 18
6 Steam turbine L-H Mazut 1981 25.0 18
7 Diesel engine L-H Mazut 1989 12.3 3
8 Diesel engine L-H Mazut 1989 12.3 3
9 Diesel engine L-H Mazut 1990 12.3 3
10 Diesel engine L-H Mazut 1990 12.3 3
11 Gas turbine L-H Diesel 1973 16.3 3
12 Gas turbine L-H Diesel 1974 16.3 3
13 Gas turbine Ch Diesel 1969 16.2 3
14 Gas turbine Ch Diesel 1979/85 24.0 3
15 Gas turbine Ch Diesel 1979/87 36.0 3
16 Steam turbine Ch Diesel 1993 44.4 18
17 Gas turbine Ch Diesel 1992 45.0 7
18 Gas turbine Ch Diesel 1992 45.0 7
19 Gas turbine Ch Diesel 1998 59.40 8
20 Gas turbine Ch Diesel 1998 59.40 8
21 Gas turbine L-H Diesel 1982/01 15.50 3
22 Gas turbine L-H Diesel 2002 43.30 5
23 Gas turbine L-H Diesel 2003 30.00 4
24 Gas turbine Ch Diesel 2003 30.00 4
25 Diesel engine A Diesel 2004 51.00 12.3
26 Diesel engine A Diesel 2004 51.00 12.3

Total 742.9

The units (1–6 and 16–18) are used to cover base load.
The units 16–18 constitute a combined cycle system.
‘‘L-H’’ is the Linoperamata TPS at Heraklion, ‘‘Ch’’ is Chania TPS and ‘‘A’’ is Atherinolakkos TPS.
The engines 7–15 and 19–22 normally should not be used to cover base load.
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3. Maximum wind energy penetration in autonomous

electrical networks

On the basis of the analysis of Section 2, the maximum
absorbed wind energy ‘‘N �wðtÞ’’ by the local electrical sys-
tem can be estimated according to the following equations,
i.e.

If NLðtÞ 6 N dmin
ðtÞ ¼

Xi¼imax

i¼1

ki � N �di
; then N �w ¼ 0 ð6Þ

In this case there is no wind energy absorption by the local
network, hence all the wind energy production is rejected.

If Ndmin
ðtÞ 6 NLðtÞ 6 ð1þ kÞ � Ndmin

ðtÞ;
then N �w ¼ N LðtÞ � Ndmin

ðtÞ ð7Þ

where ‘‘k’’ is the wind power upper participation limit
depending on the optimum operation of the system thermal
power units (k1) and the dynamic stability of the local net-
work (k2), i.e.

k ¼ minfk1; k2g ð8Þ

Finally,

If NLðtÞP ð1þ kÞ � N dmin
ðtÞ; then N �w 6 k � NLðtÞ ð9Þ
In this last case the wind energy penetration is bounded by
the upper wind power participation limit ‘‘k’’ and the
instantaneous load demand of the system.

Applying the proposed analysis on the load time-series
of the Crete island electrical system, one may estimate
the resulting maximum wind energy penetration time-series
in the local grid, see for example Fig. 5. Accordingly, one
may reproduce the corresponding maximum wind energy
penetration probability density profile, Fig. 6, as well as
the cumulative probability distribution, Fig. 7. According
to Fig. 6 the wind power absorption varies between
42 MW and 160 MW, while the most common wind power
demand is between 80 MW and 100 MW. More specifi-
cally, wind power values less than 50 MW are required
(Fig. 7) during the 95% of the year, hence if the output
power of the existing wind parks is up to 50 MW, the wind
energy yield would be absorbed for the 95% of the hours of
the year. Subsequently, if the available wind power is
60 MW the possibility of absorbing the entire wind energy
production decreases to 83%. This fact means that the
additional 10 MW are required only for the 12% of the
year.

A more clear-cut picture of the installing additional
wind power influence is given in Fig. 8, where one may find
the relation between the maximum capacity factor ‘‘CF*’’
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Fig. 5. Electrical load demand and wind power penetration time-series, Crete island.
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of the wind parks imposed by the local network (i.e. under
the theoretical assumption that the existing wind parks
operate all-year at rated power) versus the corresponding
rated power of the existing wind turbines. According to
the results obtained the ‘‘CF*’’ value decreases slowly
between 40 MW and 100 MW and more rapidly after the
100 MW.

Finally, one may estimate the maximum wind energy
contribution to the local electricity demand as a function
of the rated power of the existing wind parks, Fig. 8. As
it is obvious from the results depicted, the maximum wind
energy contribution tends asymptotically to 30.5% as the
installed wind power approaches the 165 MW. However,
the major wind energy contribution is realized for much
lower wind power, i.e. 100 MW. In this case, one should
not exceed the 100 MW, since for higher wind power values
the expected wind energy increase is very slow while
the corresponding maximum capacity factor decreases
remarkably.
4. Impact of time on maximum wind energy penetration

Taking into consideration the significant electricity
demand increase encountered in Crete island, Fig. 1, it is
interesting to examine the evolution of the maximum wind
power penetration in the local grid, in the course of time.
Keep in mind that in this way one may forecast the corre-
sponding maximum wind energy contribution in the near
future.

For this purpose the electrical load demand for the per-
iod 2000–2004 is utilized, see also Fig. 4. In this figure one
may find the cumulative probability of the electrical load of
Crete island to exceed a given value. For example, while the
possibility of the load demand being inferior to 400 MW is
99.5% for the year 2000, the corresponding value for 2004
is only 89.3%. Additionally, one should also mention that
the minimum load demand is higher than 100 MW for all
the 5-year period investigated, hence the minimum load
demand of the system is higher than the technical minima
of the existing thermal engines.

The application results of the section three analysis for
Crete island are included in Fig. 7. According to the infor-
mation obtained one may state the following:

• For 2003 and 2004 the local system can absorb 40 MW
of wind power for the entire year.

• This is not the case for 2000–2002, since during this per-
iod the corresponding wind power values vary between
16 MW and 24 MW.

• The installed wind power that guarantees an acceptable
(e.g. 80%) wind energy absorbance possibility increases
from 51 MW in 2000 to 63 MW in 2004.

• The installation of wind parks with rated power higher
than 100 MW (the current installed wind power is
approximately 100 MW) present maximum wind energy
absorbance possibility equal to 10% for the load profile
of 2000 and 31.7% for the one of 2004.

• Finally, the maximum wind power penetration in
the Crete island network is 123 MW for 2000 and
150 MW for 2004.

Summarizing, it is obvious that only a slight increase of
the maximum wind power penetration is encountered in
the course of time, which for an 80% absorbance probabil-
ity is approximately 2 MW per year. In fact, this wind
power increase is practically negligible, in comparison with
the corresponding peak load demand of the island. Hence,
taking into consideration that in the island already operate
almost 100 MW of wind power, it is almost certain that any
new wind power addition in the next five years would be
utilized by only 50% of the year, the maximum. Thus, the
only way to increase remarkably the wind energy contribu-
tion, in order to fulfil the corresponding load demand, is by
using the appropriate energy storage installations [1] along
with parallel applications of wind energy, e.g. desalination
[15,16]. Otherwise, the island wind power is going to stag-
nate just above the 100 MW [3].
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5. Parametrical analysis of maximum wind energy

penetration

In an attempt to better understand the parameters
affecting the value of the maximum wind energy contribu-
tion in an autonomous electrical network, we proceed to
analyze the impact of the local thermal power stations tech-
nical minima as well as the influence of the upper participa-
tion limit ‘‘k’’ – set by the local system manager – on
the numerical value of the corresponding wind power
participation.

According to the analysis of section two the technical
minima of the system depends on the number of thermal
units in operation (i.e. imax of Eq. (1)) and the technical
minimum of each internal combustion engine of the sys-
tem. Excluding the annual maintenance period of the
engines, the local system technical minimum is approxi-
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mately 100 MW. Taking into account that the minimum
annual load demand is higher than this value, it is evident
that in any case the thermal units operate above their tech-
nical minimum.

Hence, it is quite rational that any decrease of the sys-
tem technical minima does not influence the maximum
wind penetration probability profile, Fig. 9. On the
contrary, as the system technical minima increase to
120 MW, there is a slight decrease of the probability of
wind energy absorbance for installed rated power less than
50 MW. In this context, for the present situation, where the
existing wind power approaches the 100 MW, there is no
practical influence of the local system technical minima
on the wind energy absorbance possibility.

Subsequently, the impact of the upper participation
limit ‘‘k’’ on the corresponding wind energy contribution
should be investigated as a function of the installed wind
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power in Crete island. As already explained, see Eqs. (4),
(5) and (8), the exact value of ‘‘k’’ is dictated by the char-
acteristics of the existing internal combustion engines
on the basis of the local system ‘‘active power reserve’’
and the corresponding ‘‘dynamic stability’’. In this context,
the value normally applied in similar situations [12] varies
between 20% and 40%.

Using the calculation results of Fig. 10 one should
underline the significant influence of the ‘‘k’’ value on the
wind energy penetration probability profile. More pre-
cisely, there is considerable wind power penetration ampli-
fication as the ‘‘k’’ value increases. For example, the wind
power that guarantees 80% annual wind energy absorbance
for k = 40% is almost twofold the corresponding value for
k = 20%. In fact, an almost linear variation may be estab-
lished between the maximum wind power penetration and
the corresponding ‘‘k’’ value, for any probability level of
Fig. 10.

Recapitulating, it is important to note that the maxi-
mum wind energy contribution in the local autonomous
electrical networks strongly depends on the upper partici-
pation limit defined by the local system operator, while it
is practically unaffected by the exact value of the ‘‘in oper-
ation’’ thermal engines technical minima.

6. Conclusions

An integrated numerical method, able to estimate the
maximum wind energy penetration in a given autonomous
electrical network is presented, based on stochastic analysis
of the available load demand time-series. More precisely,
the calculation method developed estimates the maximum
wind energy contribution on the basis of the information
provided by the system operator concerning the corre-
sponding load demand and the operational status of the
existing thermal power stations. For this purpose extensive
data for a 5-year long period are analyzed, using the appro-
priate mathematical tools.

The calculation results indicate that if the present situa-
tion does not change there is a very strict limit for the wind
power participation in the island autonomous electrical
systems, which is slightly modified in the course of time.
More precisely, the maximum wind energy contribution
to the Crete island network can hardly exceed the
100 MW for the next five years, while the rated power of
the already in operation wind parks is almost 100 MW.
The direct result of this outcome is the stagnation of new
wind power investments during the next years. Only by
finding complementary applications of the wind energy
(e.g. desalination or hydrogen production) or by building
appropriate energy storage installations it is possible to fur-
ther increase the wind energy participation in similar
autonomous electrical markets.

Additionally, one of the most interesting findings of the
present analysis is that the main parameter, which controls
the maximum wind power penetration, is the correspond-
ing upper participation limit that the local electrical utility
imposes in order to eliminate any grid instability problems.
Thus, by applying a better wind energy production–
demand management plan it is possible to remarkably
increase the wind energy contribution.

Recapitulating, it is important to note that the proposed
methodology gives us the capability to estimate the maxi-
mum wind energy contribution to any autonomous electri-
cal network, on the basis of the operational parameters of
the existing thermal power units. The same methodology
can be equally well applied to large electrical grids with
high wind energy penetration.

Using this model, one may state that the present situa-
tion imposes a quite narrow limit for the wind energy con-
tribution to fulfil the electrical needs of the local societies.
Unfortunately, this situation is going to be worsening dur-
ing the next years, while the possibility of new wind parks
to be erected in these islands is minimal. Only by planning
and applying an integrated new strategy, concerning the
incorporation of new wind power in the local networks,
including complementary activities, appropriate energy
storage installations and improved electrical load manage-
ment, will be possible to significantly contribute to solving
the severe problem of the continuously increasing electric-
ity demand of autonomous islands on the basis of clean
and cost effective wind energy applications.
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