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a b s t r a c t

The electrification in remote islands whose electricity distribution network is not connected to the main-
land’s grid is mostly based on Autonomous Power Stations (APSs) that are usually characterized by a con-
siderably high electricity production cost, while at the same time the contribution of Renewable Energy
Sources (RES) in these regions accounts for less than 10% of the total electricity generation. This actually
results from the fact that despite the excellent wind potential of most of these islands, the wind energy
contribution is significantly restricted from limits imposed to protect the remote electrical grids from
possible instability problems, due to the stochastic wind speed behavior and the variable electricity con-
sumption. On the basis of probability distribution of the load demand of a representative Greek island
and the corresponding data related to the available wind potential, the present study estimates the max-
imum – acceptable by the local grid – wind energy contribution. For that reason, an integrated compu-
tational algorithm has been developed from first principles, based on a stochastic analysis. According to
the results obtained, it becomes evident that with the current wind turbine technology, wind energy can-
not play a key role in coping with the electrification problems encountered in many Greek island regions,
excluding however the case of introducing bulk energy storage systems that may provide considerable
recovery of the remarkable wind energy rejections expected.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

During the last years, EU has set ambitious targets towards
achieving compliance with the Kyoto Protocol commitments, aim-
ing at a 20% share of Renewable Energy Sources (RES) in the final
energy consumption by 2020 [1]. According to the Greek Law
3851/2010, the target set for Greece aims to increase the contribu-
tion of RES to the gross energy consumption up to 20% by 2020,
while the corresponding percentage for the electricity consumed
has been set equal to 40% [2]. Among the available RES technolo-
gies, wind power is expected to contribute the largest part since
Greece is favoured with excellent wind potential which in many
cases is determined by mean annual wind speeds that exceed
8 m/s.

Currently, in Greece, the main electricity production originates
from lignite and imported fossil fuels such as oil and natural gas,
while the contribution of RES in the national energy balance still
remains small (i.e. almost 6% of the gross total energy consump-
tion). Meanwhile, the installed capacity of wind farms in the coun-
try has recently exceeded 1 GW, from which approximately
250 MW are used to supply the non-interconnected Greek islands.
ll rights reserved.

: +30 210 5381467.
In fact, the energy production in the non-interconnected islands is
currently based mostly on Autonomous Power Stations (APSs)
which consume imported amounts of fuel oil (mazut, diesel), while
the contribution of RES accounts for only 9% of the total electricity
generation in these regions. Specifically, in 2008, the total electric-
ity production in the islands was approximately 6250 GW he from
which just 580 GW he derived from renewables [3].

One of the main reasons which decelerates the development of
wind power installations is the stochastic behavior of wind which
has led to strict wind energy penetration limits [4] imposed to pro-
tect the electrical grids from possible instability problems [5,6]. In
fact, the smaller the electrical network is, the more imperative the
problem of wind energy management becomes (e.g. island regions
even with the size of Crete, i.e. approx. 8300 km2). In most cases
the autonomous electrical networks cannot continuously absorb
the variable power output of local wind farms, especially during
the low consumption periods of the year in order to protect the
existing thermal power units from operating below their technical
minima [7].

A major factor which affects the wind power penetration is the
intense electrical load demand fluctuations encountered on daily
and annual basis in the islands. The summer peak load demand
may be up to four-times the minimum winter load demand (see
Fig. 1), while even during the same day one may observe signifi-
cant load demand variation (Fig. 2).

http://dx.doi.org/10.1016/j.apenergy.2011.11.055
mailto:jkald@teipir.gr
http://www.sealab.gr
http://dx.doi.org/10.1016/j.apenergy.2011.11.055
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


0

10

20

30

40

50

60

70

JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC

Months

Po
w

er
 (M

W
)

Maximum mean-hour power demand
Minimum mean-hour power demand

Fig. 1. Maximum and minimum electric power demand of a selected Greek island (Lesbos) [8].
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Fig. 2. Daily load demand fluctuations in a selected Greek island (Lesbos) [8].
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Practically, the thermal engines must always have the ability to
cover in a short time period a sudden loss of the wind energy pro-
duction so to avoid a partial or a total black-out [9]. Furthermore,
under the current Greek legislation frame, the local Transmission
System Operator (TSO) may reject wind energy amounts in case
that they cannot be absorbed, e.g. during the hours of low electric-
ity demand (i.e. nights) even when there is increased wind energy
production (i.e. periods of high wind speed). Consequently, it is dif-
ficult to achieve wind energy contribution that is higher than 15%
in autonomous electrical networks [10], unless economically viable
energy storage techniques (e.g. pumped hydro storage) that are
able to exploit the excess wind energy amounts produced by local
wind farms [11–14] are implemented. In this context, if the exploi-
tation of the rejected wind energy amounts is the objective, then,
the sizing procedure of a hybrid system which incorporates wind
energy storage requires the estimation of the expected energy cur-
tailments produced by the involved wind farms (new and existing)
[15].

The present study is focused on calculating the maximum wind
energy yield, which may be acceptable by an autonomous electri-
cal network, on the basis of probability distribution of the local grid
load demand and the corresponding data related to the available
wind potential. Subsequently, the expected wind energy curtail-
ments are also estimated. For this purpose, a user-friendly compu-
tational algorithm has been developed from first principles, based
on stochastic analysis. The developed numerical code is accord-
ingly applied to a representative Aegean Sea island, i.e. Lesbos, in
order to demonstrate its applicability for other similar island cases
as well. Finally, the calculated results are analyzed in detail in view
of the operational regions of contemporary commercial wind
turbines.
2. Position of the problem

The problem to be solved in the present study concerns the
development of an integrated computational algorithm that en-
ables the estimation of the wind energy yield that may be absorbed
by an autonomous electrical network and therefore the determina-
tion of the expected wind energy curtailments for various wind
farms’ sizes on the basis of stochastic analysis.

For estimating the above, one first needs the electrical load de-
mand profile of the island under investigation. In this context, one
may obtain either long-term load demand time-series data or the
corresponding probability density distribution ‘‘fL’’, with the prob-
ability ‘‘PL’’ for the load demand to vary between two specific val-
ues ‘‘NL1’’ and ‘‘NL2’’ given as:

PLðNL1 6 NL 6 NL2Þ ¼
Z NL2

NL1

fLðNLÞ � dNL ð1Þ

Subsequently, by using Eqs. (2)–(4) [9,10] one may estimate the
maximum wind power penetration ‘‘N�w’’ into the island’s grid, on
the basis of the technical minimum ‘‘Ndmin

’’ (i.e. minimum permit-
ted power output) of each thermal engine which operates in the
APS. 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. On top of this, the annual
maintenance plan of the system, affecting the number (imax) of
the ‘‘on duty’’ engines during the year, should also be considered
[15]. Thus,

If NLðtÞ 6 Ndmin
ðtÞ ¼

Xi¼imax

i¼1

ki � N�di
! N�wðtÞ ¼ 0 ð2Þ
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In that case there is no wind energy absorption by the local net-
work; hence all the wind energy production is rejected.

If Ndmin
ðtÞ < NLðtÞ 6 ð1þ kÞ � Ndmin

ðtÞ ! N�wðtÞ ¼ NLðtÞ � Ndmin
ðtÞ
ð3Þ

where ‘‘k’’ is the upper wind power participation limit (normally
varying between 20% and 40%) in the instantaneous electrical load
demand, depending on the optimum operation of the system ther-
mal power units and the dynamic stability of the local network [16].
The maximum wind power penetration in that case is equal to the
difference between the load demand and the minimum electric
power produced by the on duty thermal engines, where the latter
is equal with the sum of the on duty thermal engines technical min-
ima. Finally,

If NLðtÞ > ð1þ kÞ � Ndmin
ðtÞ ! N�wðtÞ

6 minf½k � NLðtÞ�; ½NLðtÞ � Ndmin
ðtÞ�g ð4Þ

In that last case the wind power penetration is bounded by the
upper wind power participation limit ‘‘k’’ and the instantaneous
load demand of the system. Fig. 3 gives all the above described
cases schematically.

By applying the above analysis one may estimate the resulting
maximum wind power penetration time-series or the correspond-
ing probability profile ‘‘P�w’’ (see Fig. 4). Specifically, the probability
for the maximum wind power penetration to vary between two
specific values ‘‘N�w1

’’ and ‘‘N�w2
’’ is:

P�wðN
�
w1
6 N�w 6 N�w2

Þ ¼
Z N�w2

N�w1

f �NðN
�
wÞ � dN�w ð5Þ

where f �N is the corresponding probability density value.
By using the information depicted in Fig. 4, one may state that

the wind power may contribute up to 15.3 MW for this particular
case. That means that there is an upper limit for wind farm instal-
lations in order to operate under economically effective terms
since otherwise remarkable wind energy curtailments are ex-
pected. Note that the data depicted on the graph represent average
values with a step of 600 kW, i.e. for the range from 0 to 600 kW
the selected average value is 300 kW, for the range from 600 to
1200 kW the selected average value is 900 kW, etc.

Practically, the need for energy storage derives when the power
production of the investigated wind farms exceeds the calculated
maximum wind power penetration. Thus, the expected wind
power curtailments ‘‘Nwr ’’ due to the technical limitations imposed
for ensuring power stability of a local grid are given by the follow-
ing equations (see also Fig. 5):

If NwðtÞ > N�wðtÞ ! Nwr ðtÞ ¼ NwðtÞ � N�wðtÞ ð6Þ

If NwðtÞ 6 N�wðtÞ ! Nwr ðtÞ ¼ 0 ð7Þ
Ndmin

(1+λ).Ndmin
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Fig. 3. Schematic diagram of the wind power penetration.
where Nw(t) represents the instantaneous power production by the
wind farms.

At this point, it is important to calculate the expected wind en-
ergy production by one or more wind turbines operating in the
area under investigation, on the basis of the available wind poten-
tial. Generally speaking, the wind potential of an area is described
by the average wind speed and the corresponding probability den-
sity value ‘‘fV(V)’’, i.e. the probability of the wind speed to be be-
tween V � DV and V + DV [10,17]. Hence, using long-term wind
speed measurements one may determine the corresponding prob-
ability density distribution as well as the resulting duration curve,
see Fig. 6. Using the ‘‘fV(V)’’ value one can estimate the probability
of the expected wind speed being between two specific values (i.e.
V1 6 V 6 V2) with the following equation:

PV ðV1 6 V 6 V2Þ ¼
Z V2

V1

fV ðVÞdV ð8Þ

Following, by taking into account the available wind potential
one may estimate the expected wind power output on the basis
of the operational characteristics of the wind turbines to be used.
More precisely, the expected wind power probability density dis-
tribution ‘‘fN(Nw)’’ of a wind turbine of rated power ‘‘No’’, located
in a region with wind potential described by the corresponding
probability density function fV(V), can be computed using the fol-
lowing equation:

fNðNwÞ ¼ fV ðV ; V ¼ VðNwÞÞ ð9Þ

i.e. one should take into account all the wind speed values that a
specific wind turbine operates at. For this purpose the wind turbine
power curve ‘‘Nw = N(V)’’ should be given by the wind turbine man-
ufacturer, properly modified to take into account the local ambient
conditions (e.g. air density) impact [18].

Thus, according to Eq. (9) one may estimate the possibility of
the wind turbine output to vary between ‘‘Nw1 ’’ and ‘‘Nw2 ’’ (see
Fig. 7), i.e.:

PNðNw1 6 Nw 6 Nw2 Þ ¼
Z Nw2

Nw1

fNðNwÞ � dNw ð10Þ
3. Proposed algorithm

Once the probability density profile of the maximum wind
power penetration (Fig. 4) and the wind power production of one
or more wind turbines (see for example Fig. 7) are calculated,
one may use the developed algorithm for obtaining the probability
distribution of the expected wind energy surplus (i.e. wind energy
production that cannot be absorbed due to the local grid’s limita-
tions) and the wind energy deficit (i.e. the offered wind power is
less than the amount that could be absorbed by the local grid).

In Fig. 8, one may see the first output sheet of the computational
algorithm. The input data are inserted to the first two rows and to
the first two columns of this sheet. Specifically, columns A and B
contain the maximum acceptable wind power penetration ‘‘N�w’’
along with the respective probability distribution profile. Accord-
ingly, rows 1 and 2 contain the wind power production ‘‘Nw’’ of
the wind turbines and the respective probability (Eq. (10)) for each
examined case. Note that here the upper limit for the installed
wind power has been set equal to 9 MW (15 wind turbines of
600 kW each) for the sake of reference. The data represent average
values with a step of 600 kW, e.g. for the range from 0 to 600 kW
the selected average value is 300 kW, etc. It should be mentioned
however that there’s a possibility of using a smaller step thus
increasing the accuracy of results.

Next, for every combination of ‘‘i � j’’ the difference between
the wind power production ‘‘Nwj

’’ and the maximum wind power
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penetration ‘‘N�wi
’’ is calculated so as to determine if there is a wind

power deficit or surplus. Thus,

dNij ¼ Nwj
� N�wi

ð11Þ

In case that the result is negative (dNij < 0), meaning that there
is a wind power deficit, the cell is shown in color, otherwise, there
is a wind power surplus (dNij > 0) and the cell is shown in white
(see Fig. 8).

The second output sheet of the computational algorithm (Fig. 9)
contains the corresponding probability for every previous combi-
nation ‘‘i � j’’ (under the assumption that the local wind speed
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values and the corresponding load demand of the system are two
independent variables), i.e.:

Pij ¼ PNi
� P�wj

ð12Þ

Following, the values listed in the first and the second output
sheets of the computational tool are properly processed. Specifi-
cally, the values of the wind power deficit (for dNij < 0) and surplus
(for dNij > 0) are put apart. Then, the number of repetitions is re-
corded together with the respective probability and finally, these
probabilities are summarized for each particular case.

For the computation of the statistical averaged wind energy sur-
plus ‘‘DE’’ (for dNij > 0) and wind energy deficit ‘‘DE’’ (for dNij < 0)
during a specific time period ‘‘Dt’’ the following equation is used,
i.e.:

DE ¼
X

i

X
j

dNij � Pij � Dt ð13Þ

The wind energy contribution to the local system ‘‘Ef’’ is calcu-
lated as the difference between the expected wind energy produc-
tion ‘‘E’’ and the corresponding statistical averaged wind energy
surplus, thus:

Ef ¼ E� DE ð14Þ

In this context, the expected statistically averaged energy yield
‘‘E’’ of a wind turbine of rated power ‘‘No’’, located in a region where
the wind potential is described by the corresponding probability
density function fV (V), can be computed using the following
relation:
15 20 25 30

EED (m/s)

Duration Curve

Cumulative Probability

l of a selected Greek island.
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E ¼ CF � z � No � Dt � dE ð15Þ

where ‘‘dE’’ describes the line transmission and the transformer
losses as well as any self-consumption of the power station, while
‘‘Dt’’ is the time period examined (e.g. Dt = 8760 h for one year)
and ‘‘CF’’ is the installation capacity factor defined as [19]:

CF ¼ D �x ð16Þ

More precisely, the capacity factor may be expressed as the
product of the mean technical availability factor ‘‘D’’ and the mean
power coefficient ‘‘x’’ of the installation. For practical application
purposes one may assume that D = 95% (see also [20]), while the
mean power coefficient, expressing the yearly-averaged energy
production during an hour per kW of nominal power of the ma-
chine (‘‘VC’’ cut-in and ‘‘VF’’ cut-out wind speed of a wind turbine),
is defined by the following equation, i.e.:

x ¼
Z VF

VC

NðVÞ
No
� fV ðVÞdV ð17Þ

In Eq. (17) the ‘‘N(V)/No’’ distribution is given by the wind tur-
bine manufacturer, properly modified to take into account the local
ambient parameters’ impact [18].

4. Application results and discussion

The above analysis is accordingly applied to the micro-grid of
Lesbos island, which is a typical medium sized autonomous electri-
cal system with remarkable wind potential and fair wind power
exploitation activity [21]. Particularly, the island of Lesbos is lo-
cated in the North-Eastern part of the Aegean Sea (see Fig. 10)
and it is the third in size island of Greece with an area of
Fig. 10. Wind and solar potential
1630 km2. Currently, eight quite old internal combustion engines
(consuming mazut), one gas turbine (consuming diesel-oil) and
two wind farms of 10.8 MW (9 + 1.8 MW) total rated power com-
prise the basic sources of electricity generation on the island. The
first wind farm (9 MW) consists of 15 E-40 (rated power 600 kW)
wind turbines whereas the second one (1.8 MW) consists of 8 Ves-
tas (rated power 225 kW) wind turbines. The thermal power sta-
tion of the island consumes significant oil-fuel quantities
(approx. 60000t per year) and contributes considerably to the local
environment degradation. The official rated power of the existing
thermal units is slightly above 80 MW, while the real maximum
power available is almost 60 MW.

Using the wind potential and the corresponding electrical load
profile of the island one has the opportunity to apply the above de-
scribed algorithm in order to estimate the wind energy absorbance
balance for the local electrical network under normal operational
conditions. In this context, the first case investigated in this paper
concerns the current situation, i.e. the operation of 15 wind tur-
bines E-40, hence the total installed wind power is assumed equal
to 9000 kW.

Fig. 11 represents the final output sheet of the developed com-
putational tool for the specific case examined. Using the results
depicted on this figure one may state that the probabilistic distri-
bution of the power difference between the accepted by the local
network and the expected wind energy yield presents mainly neg-
ative values, meaning that the demanded wind power is higher
than the one offered by the 15 wind turbines on the basis of the
local wind potential. On the other hand, the expected possibility
for wind energy surplus is remarkable, since values up to 6 MW ap-
pear. Taking a closer look on the wind power balance calculated,
one may distinguish three separate cases, i.e.:
in the area of the Aegean Sea.
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� The first case describes the negative wind power balance due to
the low wind speed time periods (10.1% of the year). This region
is independent from the installed wind power, since practically
no wind energy yield is expected for wind speed values that are
lower than 3 m/s.
� The most probable case (81.5% of the year) concerns the wind

turbines normal operation for wind speed values that are lower
than the corresponding rated speed. In that case there is signif-
icant possibility of remarkable wind energy surplus, although in
most cases wind energy deficit is encountered.
� Finally, for high wind speed periods (7.9% of the year), the wind

park generates its rated power (9 MW), thus in most cases
remarkable wind power surplus is expected.

Considering the above and using Eq. (15) the expected annual
wind energy yield is found almost 30 GW h for the specific case
examined. Accordingly, the statistical averaged wind energy sur-
plus ‘‘DE’’ (Eq. (13)) is slightly higher than 3 GW h per year, repre-
senting approximately 10% of the total wind energy production. It
should be noted that, the above values are almost in full accor-
dance with the corresponding data provided by the local Public
Power Corporation (PPC) authorities [15].

Following, a parametrical analysis is carried out assuming vari-
able number of ‘‘in operation’’ wind turbines, i.e. from 1 � 600 kW
up to 30 � 600 kW. Thus, in Fig. 12 one may find the wind power
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balance for various ‘‘in operation’’ wind turbines. As one may ex-
pect, there is almost no wind energy surplus up to the
5 � 600 kW (3 MW) case, since the entire wind energy yield is ab-
sorbed by the local network. However, as the installed wind power
is increased remarkable wind energy curtailments are observed,
see also Fig. 13. Actually, in the extreme case that the installed
wind power is 30 � 600 kW (i.e. 18 MW), only 36.8 GW h are ab-
sorbed annually. This amount is only 36% higher than the basic
examined scenario (i.e. 15 � 600 kW), although the rated power
of the second case is double.

At this point, in order to emphasize the validity of the algo-
rithm’s outcome, the results are compared with a previous study
[14,15] carried out for the island of Lesbos on the basis of long term
time-series data concerning the existing wind potential and the
load demand as well as data concerning the operational character-
istics of the existing APS. Particularly, in order to determine the
maximum wind energy penetration into the island’s energy bal-
ance, the annual hourly mean power production time-series was
modelled according to the existing thermal power station charac-
teristics (technical minima, Specific Fuel Consumption (SFC) and
production schedule dispatch order of the thermal power units).
Accordingly, the expected mean-hourly wind power curtailments
of the existing and new wind farms were calculated using Eqs.
(6) and (7), on the basis of the maximum wind power penetration
time-series. The respective results are also depicted in Fig. 13 with
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the wind energy ratio curve (absorbed vs. produced) estimated for
up to 30 wind turbines (or 18 MW total rated power). In this con-
text, by comparing the two wind energy ratio curves (the statistical
and the time-series one) one may realize that they are almost iden-
tical, thus validating the results obtained by the application of the
presented algorithm.

Recapitulating, according to the above analysis the wind energy
participation in the local electrical balance is not analogous with
the increase of the installed wind power. For instance, the statisti-
cal wind energy generation absorbance falls from a 97.2% for the
10 � 600 kW case to the modest 62.4% for the 30 � 600 kW sce-
nario, although the installed wind power triples. In order to get a
first idea of the income loss for the wind parks owners [22] con-
cerning the last scenario, the annual money lost approach 2 M€

which corresponds to 5% of the total turnkey cost of the 30 MW
wind farm investigated. Thus, in case of a high wind power capac-
ity, considerable wind energy surplus is expected (almost 1/3 of
the annual energy yield), which can be utilized only via an appro-
priate energy storage installation [23–26].
5. Conclusions

This study investigates the wind power penetration ability to an
isolated electrical grid under normal operational conditions. For
this purpose, an integrated computational tool is developed from
first principles on the basis of stochastic analysis and a detailed
case study is carried out for a representative island micro-grid
which presents remarkable wind energy exploitation interest.
With the use of existing wind potential data and information
provided by the local system operator, concerning the load de-
mand as well as the operational status of the existing thermal
power engines, the probability distribution of the expected wind
energy surplus and wind energy deficit is estimated for several
wind power installations (new and existing). Finally, it should be
noted that the proposed algorithm can equally well apply to any
other autonomous electrical network and also reproduce the corre-
sponding results for a future year, based on the respective annual
increasing rate of the corresponding load demand, while new
power production units which are scheduled to be installed in
the near future should also be taken into account.

Overall, the calculation results indicate that the present situa-
tion imposes a strict penetration limit for the wind energy to con-
tribute to the local societies’ electricity needs, although high wind
potential is encountered in most of the Greek islands. Thus, given
the current wind turbine technology, high penetration limits in
autonomous electrical networks without the implementation of
new strategies such as appropriate energy storage installations
and improved electrical load management techniques seem rather
unrealistic.
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