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Abstract

According to long-term wind speed measurements the Aegean Archipelago possesses excellent wind potential, hence properly designed

wind energy applications can substantially contribute to fulfill the energy requirements of the island societies. On top of this, in most

islands the electricity production cost is extremely high, while significant insufficient power supply problems are often encountered,

especially during the summer. Unfortunately, the stochastic behaviour of the wind and the important fluctuations of daily and seasonal

electricity load pose a strict penetration limit for the contribution of wind energy in the corresponding load demand. The application of

this limit is necessary in order to avoid hazardous electricity grid fluctuations and to protect the existing thermal power units from

operating near or below their technical minima. In this context, the main target of the proposed study is to present an integrated

methodology able to estimate the maximum wind energy penetration in autonomous electrical grids on the basis of the available wind

potential existing in the Aegean Archipelago area. For this purpose a large number of representative wind potential types have been

investigated and interesting conclusions have been derived.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Aegean Archipelago is a remote Hellenic area,
including several hundreds of various size-scattered islands.
According to long-term wind speed measurements [1] the
area possesses excellent wind potential that can substan-
tially contribute to the fulfillment of the local societies’
energy requirements. More precisely, the annual mean
wind speed of the area at 30m exceeds the 5.5m/s (Fig. 1),
while in many locations long-term average values approach
the 10m/s [2,3].

On the other hand, in most islands the electricity
production cost is extremely high (e.g. 0.5 h/kWh) due to
the utilization of small-outmoded internal combustion
engines consuming diesel-oil and mazut [4]. The current
e front matter r 2007 Elsevier Ltd. All rights reserved.
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solution results to an annual electricity generation cost
higher than 200Mh, the fuel cost sharing more than 50%.
On top of this, a significant insufficient power supply
problem is often encountered, especially in the summer,
taking into consideration that during the last 25 years the
peak load demand increase approaches the 500%.
Taking into consideration of the pressing need for

additional electrical power and the availability of the
existing wind potential one may expect a substantial new
wind parks installation activity, which however is not the
case [5]. Unfortunately, this rational evolution has not been
realized, since in most cases the local autonomous electrical
networks cannot continuously absorb the variable wind
energy production [6], either due to low electricity demand
or in order to protect the existing power units from
operating near or below their technical minima [7,8].
In this context, the main target of the proposed paper is

to present an integrated methodology able to estimate the
maximum wind energy penetration in autonomous
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electrical grids, on the basis of the available wind potential,
taking into consideration the stochastic behaviour of the
wind and the possible inconsistency between the variable
electricity demand and the stochastic wind energy produc-
tion. Special emphasis is laid in order to examine the
impact of the available—in the Aegean Archipelago area—
wind potential (Fig. 1) on the corresponding wind energy
contribution to meeting the local electrical needs. For this
purpose a large number of representative wind potential
types have been investigated and interesting conclusions
have been derived.

2. Energy production for various wind potential cases

2.1. Wind potential simulation

In most practical cases, the wind potential of an area is
described either via wind speed and wind direction time-
series (deterministic approach) or via the corresponding
probability density distribution (stochastic approach), e.g.
f(V), which defines the probability of the wind speed to be
between V�dV and V+dV during a specific time interval.
The above-mentioned information results either from
appropriate measurements or from existing simulation
models of desired accuracy [3,9,10]. More precisely, using
the f(V) value one can estimate (for a selected time period)
the probability of the expected wind speed being between
two specific values (i.e. V1pVpV2) using the following
relation:

PV ðV1pVpV 2Þ ¼

Z V2

V1

f V ðV ÞdV . (1)

One of the most user-friendly methodologies used to
simulate the wind potential of a specific area is via the well-
known Weibull formula, where one may estimate the
probability density function on the basis of two numerical
parameters [9,11]. More specifically, the corresponding
probability density distribution fw(V) is given as

f wðV Þ ¼
k
C

V
C

� �k�1
exp � V

C

� �� �k
; (2)

where C is the wind speed normalizing factor and k is the
corresponding shape factor. Both parameters are related to
the mean wind speed of the area as well as to the
corresponding standard deviation, via the well-known
Gamma function [12], i.e.:

V ¼ CG 1þ
1

k

� �
, (3)

and

s2 ¼ C2 G 1þ
2

k

� �
� G 1þ

1

k

� �� �2
" #

, (4)
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where V̄ is the average wind speed and s2 the correspond-
ing variance for the time period examined.

Using Eq. (2) one may also estimate the resulting wind
speed duration curve, i.e.:

GðVXV 0Þ ¼ exp ½�ðV0=CÞk�. (5)

In Figs. 2(a) and (b) one may find representative
probability density distributions on the basis of Eq. (2).
According to the information provided in Fig. (2a), as the
C value increases the corresponding wind potential is
higher, since the possibility to find high wind speed
values is remarkably increased. On the other hand, as the
k value increases the wind speed values are concentrated
around their mean value (lower standard deviation),
see for example Fig. (2b). Generally speaking, C values
of the order of 5.5 describe areas with medium-low
wind potential, while C values of the order of 8.5
describe areas with very high wind potential. According
to Fig. 1 the C and k values appearing in the Aegean Sea
area vary between 5.5 and 10 and between 1.2 and 2.1,
respectively.
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Fig. 2. (a) Typical wind potential cases for the Aegean Archipelago area
2.2. Annual wind energy production calculation

methodology

Using previous work by the author [13,14], one may
state that the exact value of a wind park energy production
is a function of the local wind potential, the existing
atmospheric conditions (temperature, pressure, humidity,
level of turbulence, etc.), being also strongly depended on
the specific power curve of the machine used, i.e.
N=N(V)—output power versus wind speed V. More
precisely, the net energy output E of a wind park over a
time period Dt (e.g. Dt=8760 h per year and E is given in
kWh/year) based on z similar engines of rated power N0 is
given as

E ¼ CFzN0Dt� dE, (6)

where dE describes the line transmission and the transfor-
mer loss as well as any self-consumption of the power
station, on annual basis, yet not related with the wind
potential of the area. Accordingly, the capacity factor CF is
expressed [15,16] as the product of the mean technical
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availability factor D and the mean power coefficient o of
the installation, i.e.:

CF ¼ Do. (7)

More specifically, during their service-period wind
turbines have a variable technical availability, depending
on the technological status, the age and the location of
the machine. In early 1980’s 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% [15,16].

The mean power coefficient o—expressing the time
(yearly)—averaged energy production during an hour per
kW of nominal power of the machine (VC cut-in and VF

cut-out wind speed of a machine)—is defined by the
following equation, i.e.:

o ¼
Z VF

V c

NðV Þ

N0
f ðV ÞdV , (8)
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Fig. 3. (a) Wind energy production for typical wind potential case
where the probability density function f(V) describes the
local wind potential. As already mentioned, f(V) can be
expressed using the well-known Weibull distribution, hence
o for a given wind turbine power curve N(V) is primarily a
function of Weibull mean wind speed normalizing factor C

and the corresponding shape factor k.
2.3. Wind potential impact on the wind energy generation

In this context, for the estimation of the wind energy
yield of a specific wind park one needs the basic parameters
of the available wind potential as well as the operational
characteristics of the wind turbines to be used [11,16].
More precisely, the statistically averaged energy yield E of
a wind turbine of rated power N0, located in a region where
the wind potential is described by the corresponding
Weibull (C,k) probability density function fw(V), can be
computed [14,17] using Eq. (6). For practical application
purposes one may assume [15] that D ¼ 95%, while the
N(V)/N0 distribution is given by the wind turbine
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manufacturer, properly modified to take into account the
local ambient conditions (air density) impact [13], see also
Figs. 2(a) and (b) for a typical pitch control medium-sized
wind turbine.

Using the above-presented analysis and recent work [16]
by the author, the expected mean power coefficient
distributions are presented in Figs. 3(a) and (b). As it
results from these figures, see also [14,16], the installation
mean power coefficient (and hence the annual yield) is
almost linearly depending mainly on the area wind speed
normalizing factor C, which is directly related to the
corresponding mean wind speed (V̄ � 0:9C), see also
Eq. (3). In fact, there is a significant CF value increase from
0.15 to 0.45, underlining the dominant impact of the
available wind potential quality on the expected annual
yield. At this point it is interesting to note that for low C

values the calculated CF values are higher for lower k values.
This situation is inversed as C exceeds the value of 8.0.

This conclusion is validated also by the results
of Fig. (3b), where for low C values the CF decreases
as k increases, while the opposite behaviour is observed
for very high C values. On the other hand, for medium
high or high C values the impact of k is quite
restricted, especially in the 7.0–8.5m/s C range, in
which the majority of the existing wind park locations
belong.

3. Wind energy penetration calculation methodology

The problem to be solved in the present study concerns
the estimation of the maximum wind energy yield that is
acceptable by an autonomous electrical network on the
basis of the strongly variable distribution of the local grid
load demand for various representative wind potential
cases appearing in the Aegean Sea area, Fig. 1.

Hence, for the estimation of the maximum wind energy
contribution one firstly needs the corresponding load
demand. According to the available measurements [18]
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one may use either the long-term load demand time-series
or the corresponding probability density distribution fL, see
Fig. 4. In fact, one may estimate the probability PL of the
load demand varying between two specific values NL1

and
NL2

as follows:

PLðNL1
pNLpNL2

Þ ¼

Z NL2

NL1

f LðNLÞdNL. (9)

Subsequently, one should define the maximum wind
power penetration acceptable by the local electrical grid
Nw* on the basis of the local electrical system constraints
[7,8,19,20]. For this purpose one should take into account
that the island autonomous electricity generation systems
are based on diesel or heavy-oil powered internal combus-
tion engines. These engines are not permitted to operate
below a certain limit, in order to avoid increased wear and
maintenance requirements. In the present analysis, for
simplicity reasons, one has not explicitly taken into
account the fact that the rated power of diesel-generators
is discreet and not continuously varying. Also, one should
take into consideration the algorithm that these units
follow during their entering in the local network. However,
these assumptions do not really affect the impact of the
wind potential on the calculation results. Using the analysis
of Appendix A, one may estimate the instantaneous
maximum wind power penetration in the local grid Nw*
as follows:

If NLðtÞpNdmin
ðtÞ then N�w ¼ 0, (10)

where Ndmin
is the technical minimum of the local

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

If Ndmin
ðtÞpNLðtÞpð1þ lÞNdmin

ðtÞ

then N�w ¼ NLðtÞ �Ndmin
ðtÞ, ð11Þ
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sentative Aegean Archipelago island.
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where l is the wind power upper participation limit of the
system, see Appendix A. Finally,

If NLðtÞXð1þ lÞNdmin
ðtÞ

then N�wpminf½lNLðtÞ�; ½NLðtÞ �Ndmin
ðtÞ�g. ð12Þ

In this last case the wind energy penetration is bounded by
the upper wind power participation limit l and the
instantaneous load demand of the system, while the
technical minima of the existing thermal units are also
respected.

Applying the proposed analysis on the load time-series
of a typical island electrical system, one may estimate the
resulting maximum wind energy penetration time-series in
the local grid. Accordingly, one may reproduce the
corresponding maximum wind energy penetration prob-
ability density profile f(Nw*), Fig. 5. Thus, using the
information of Fig. 5 one may state that the wind power
contribution up to 360 kW is absorbed for the entire period
(when available), while there is no possibility of more than
2260 kW wind power being imported to the local network,
under the normal constraints that the local network
manager imposes, see Appendix A.
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At the same time, it is important to calculate the
expected wind energy production by one or more wind
turbines operating in the area under investigation, on the
basis of the available wind potential, see Section 2. Taking
into account of 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 distribution fN(Nw) of a wind turbine of rated
power No located in a region with wind potential described
by the corresponding probability density function f(V) can
be computed using the following equation:

f NðNwÞ ¼ f VðV ;V ¼ V ðNwÞÞ, (13)

i.e. one should take into account all the cases that a specific
wind turbine produces Nw kW. For this purpose the wind
turbine power characteristic Nw ¼ N(V) should be given by
the wind turbine manufacturer, properly modified to take
into account the local ambient conditions (air density)
impact [13], see also Figs. 2(a) or (b).
According to Eq. (13) one may estimate the possibility of

the wind turbine output varying between NW1
and NW2

(assuming as a test case that C ¼ 8.5, k ¼ 1.8) by the
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following relation, see also Fig. 6, i.e.:

PNðNw1
pNwpNw2

Þ ¼

Z Nw2

Nw1

f NðNwÞdNw. (14)

Using the data of Fig. 6 one may notice that for low
wind speed periods the wind turbine yield is zero, while in
cases that the local wind speed exceeds the wind turbine
rated power (for pitch-controlled engines) the installation
output equals the corresponding rated power.

Summarizing, one should mention that up to now we
have computed the probability density distribution of the
maximum accepted by the local network wind contribution
(Fig. 5) along with the corresponding wind energy
production probability density profile (Fig. 6), resulting
by the local wind potential characteristics and the
operational data of the wind turbines to be used.

Subsequently, one may estimate the wind energy
absorbance by the local network operator on the basis of
the existing constraints already described in Appendix A.
In this context, one should compare the expected wind
energy production Nw (probability PN ¼ fN(Nw) dNw)
resulting from the available wind potential with the
maximum acceptable wind energy contribution to the local
grid Nw* (probability Pw* ¼ f(Nw*) dNw*). Hence, for
every load segment i:e: NLi

�NLi
þ d NL

� 	
of the network

we estimate the corresponding maximum acceptable wind
energy contribution N�Wi

. The predicted value is combined
with all the expected wind energy production values, i.e.
NWj

, taking into account the corresponding probability
value f N NWj

� 	
dNW. Hence, for every combination ixj we

estimate the expected wind energy deficit or surplus as
follows:

dNij ¼ Nwj
�N�wi

, (15)

along with the corresponding probability (under the
assumption that the local wind speed values and the
corresponding load demand of the system are two
independent variables), i.e.:

Pij ¼ PNi
P�wj

. (16)

In view of Eq. (15) one may note that:
If dNij40 there is wind energy surplus, i.e. the energy

yield of the existing wind turbines cannot be entirely
absorbed by the local network due to the existing
constraints and the corresponding load demand of the
consumption, while

If dNijo0 wind energy deficit is encountered, thus the
wind turbines production cannot cover the maximum
acceptable wind energy by the local electrical grid,
which is finally covered by the existing thermal power
units.

For the computation of the statistical averaged wind
energy surplus DE of the local network during a specific
time period Dt one may use the following equation, i.e.:

DE ¼
X

i

X
j

dNijPijDtðdNij � 0Þ. (17)
Hence, the final wind energy contribution to the local
system Ef can be calculated by the difference between the
expected wind energy production (see Eq. (6)) and the
corresponding statistically averaged wind energy surplus,
thus one may write:

Ef ¼ E � DE. (18)

4. Application results

The proposed methodology is accordingly applied to
several representative wind potential cases appearing in the
Aegean Archipelago region, see also Fig. 1. For compar-
ison purposes one should use in all cases analyzed the
electrical load demand profile of Fig. 4, which describes a
typical autonomous electrical network of a representative
medium size Aegean Sea island. According to the data
presented the peak load demand of the system is almost
8MW, while the most commonly appeared load demand
varies between 2600 and 3000 kW. Thus the corresponding
annual energy consumption is approximately 30GWh/
year. For this specific case one may examine two wind
energy penetration scenarios. More precisely, the first part
of the proposed analysis concerns a low wind energy
contribution case, where the maximum wind power of the
system is 850 kW (i.e. slightly above the 10% of the
corresponding peak load demand of the local network).
This value has been estimated by the author [21] as the
optimum techno-economic wind power penetration in
autonomous electrical networks. Subsequently, the second
scenario examined assumes the installation of three wind
turbines of 850 kW each, hence the corresponding wind
power penetration slightly exceeds the 30% of the local
system peak load demand during 2005, which used to be
the maximum permitted wind power to be installed in an
autonomous electrical system under the previous legislative
frame [20].

4.1. Low wind power penetration case

Using the analysis presented in Sections 2 and 3 we
present in Fig. 7 the evolution of the wind energy
contribution in the local electrical system as a function of
Weibull C parameter. In all cases examined the wind
energy contribution increases along with the C value. This
amplification is more abrupt for high k than for relatively
low shape factor values. This remark is also supported by
the data of Fig. 8, where one may find the wind energy
contribution variation in the local electrical network as a
function of Weibull k value, for several representatives C

values. More precisely, for medium low and medium wind
potential cases, the wind energy contribution decreases as
the corresponding shape factor value increases. This
situation is inversed so long as the wind potential C value
increases, hence for high wind potential cases (e.g. C ¼ 10)
the wind energy contribution increases remarkably as the
Weibull k attains higher values. The above-described
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behaviour is in accordance with the relation between the
energy yield and the corresponding parameters of Weibull
distribution, presented in Figs. 3(a) and (b). As it is also
obvious from Figs. 7 and 8 the expected annual wind
energy contribution to the corresponding electricity con-
sumption (30GWh/year) of the remote island is 5%
(maximum) for low wind potential (low C and k) up to
11.5% for high wind potential (high C and k) cases.

Accordingly, one may investigate the wind energy
absorbance percentage (i.e. the ratio of the wind energy
absorbed by the local network divided by the correspond-
ing energy yield of the wind power installations) by the
local network as a function of Weibull’s wind potential
parameters. For this purpose one may observe in Fig. 9
that the wind energy absorbed by the local network is
decreasing as the C parameter increases, for all k values
examined. On the other hand, the wind energy absorption
is increasing as the k value takes higher values, Fig. 10. At
this point it is important to mention that in all wind
potential cases examined the wind energy absorption by the
local network is higher than 97.5%, which means that if the
maximum wind power installed is equal to 10.5% of the
local system current peak load demand, practically all the
wind energy production is absorbed by the local grid. In
this context, the maximum wind energy contribution in the
local electricity consumption approaches the theoretical
value of 11.5% on annual basis, which is however realized
only for very high wind potential cases.

4.2. High wind power penetration case

Unfortunately the situation is not so encouraging for
the high wind power penetration scenario. In fact the
wind energy contribution to the local network is also
increasing along with the C value (Fig. 11), while this
increase is still more abrupt for high k values. According to
the results demonstrated in Fig. 12 the wind energy
contribution increases as the shape factor value is
amplifying, excluding the medium-low wind potential case
(C ¼ 5.5). The main point for the high wind power
penetration case (i.e. 2.5MW installed wind power) is that
the maximum wind energy contribution is only 20% even
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Fig. 9. Wind energy contribution to a typical island electrical network. Weibull scale parameter impact, low wind power penetration case.
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Fig. 10. Wind energy contribution to a typical island electrical network. Weibull shape factor impact, low wind power penetration case.

0

1000

2000

3000

4000

5000

6000

5 7 9

WEIBULL SCALE PARAMETER (C)

E
N

E
R

G
Y

 (
M

W
h
)

k=1.2
k=1.5
k=1.8

6 8 10 11

Fig. 11. Wind energy absorbance by a typical island electrical network. Weibull scale parameter impact, high wind power penetration case.
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for the excellent wind potential case (C ¼ 10), while for the
low wind potential case (C ¼ 5.5) the corresponding value
is less than 9.5%.

Another important aspect resulting from the current
analysis is the decreasing wind energy absorption percen-
tage by the local electrical network as the C value increases
(Fig. 13), see also Fig. 9. More specifically, for very high
wind potential cases only the 55% of the annual wind
energy production of the 2.5MW wind park is finally
absorbed by the local network, mainly due to the
discrepancy between the wind energy production and the
corresponding load demand. On the other hand, the wind



ARTICLE IN PRESS

0

1000

2000

3000

4000

5000

6000

7000

1 1.4 1.8

WEIBULL SHAPE FACTOR PARAMETER (k)

E
N

E
R

G
Y

 (
M

W
h
)

c=5.5
c=7
c=8.5
c=10

1.2 1.6 2 2.2

Fig. 12. Wind energy absorbance by a typical island electrical network. Weibull shape factor impact, high wind power penetration case.
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Fig. 13. Wind energy contribution to a typical island electrical network. Weibull scale parameter impact, high wind power penetration case.
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Fig. 14. Wind energy contribution to a typical island electrical network. Weibull shape factor impact, high wind power penetration case.
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energy contribution increases significantly along with the
Weibull’s shape factor value increase. This amplification is
much stronger for medium-low wind potential cases,
reaching values up to 85% of the corresponding wind
energy production. On the contrary, for high wind
potential cases this increase is much more moderate,
Fig. 14, i.e. less than 65%.
Recapitulating, according to the presented analysis there

is a strict upper limit concerning the wind energy
participation in fulfilling the electricity consumption needs
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of remote islands. This limit is dictated by the existing
legislative frame, not permitting the installation of wind
parks with rated power greater than a predetermined
percentage of the local network’s peak load demand during
the previous year, and the operational behaviour of the
existing thermal power stations (Appendix A). In fact, this
wind energy participation limit is usually between 12% and
16%, not exceeding the 20% even at excellent wind
potential cases. On top of this, the real wind energy
contribution is much lower on a techno-economic basis,
since no investor is going to erect a wind park in order to
sell only the 60% of his annual energy yield [6]. Therefore,
taking into consideration of the highly variable electricity
demand of the remote autonomous island networks and
the stochastic wind speed behaviour, one should not expect
a considerable wind energy participation in the local
electricity production process, without serious energy
management and energy storage strategies. Thus, for
medium-low and medium wind potential areas the max-
imum annual wind energy participation is 13.5%, while for
high and very high wind potential areas this value does not
surpass the 20%, under the normal restrictions imposed by
the local network operator.

5. Conclusions

An integrated methodology, able to estimate the max-
imum wind energy penetration in autonomous electrical
networks on the basis of the available wind potential,
taking into consideration the stochastic behaviour of the
wind, is presented. Special attention is paid in order to
examine the impact of the available wind potential in the
Aegean Archipelago area on the corresponding wind
energy contribution in the local energy balance.

According to the results obtained one may state that the
wind energy contribution in the local electrical networks is
increasing (in absolute terms) as the available wind
potential becomes better. On the other hand, the wind
energy absorbance by the local network decreases as the
corresponding average wind speed value increases. On the
basis of this conclusion, it is obvious that the existing
legislative constrain concerning the upper wind power limit
to be installed in a remote electrical system does not take
into account the wind potential variation of the area, hence
bounds the wind energy contribution to the fulfilment of
the local societies electrical needs.

Additionally, the calculation results indicate that the
maximum wind energy contribution is 20% for excellent
wind potential areas, while in normal cases this value is in
the range of 15%, excluding cases where remarkable energy
storage facilities exist. On top of this, as the wind energy
penetration increases the wind energy absorption decreases
remarkably down to 55%, strongly questioning the
viability of significant investments in the wind energy
application sector.

Recapitulating, it is worthwhile to mention that the
available wind potential strongly influences the wind
energy contribution to the existing autonomous electrical
networks. However, in any case, under the current
legislative frame, there is no possibility of increasing the
wind energy contribution in the autonomous electrical
networks higher than 20% for excellent wind potential
regions and higher than 15% for the vast majority of
Aegean Archipelago islands. Only by developing appro-
priate energy storage systems it will be possible to increase
the wind energy participation in the islands electricity
demand, otherwise there is almost no possibility for
remarkable new wind power addition, despite the excellent
wind potential and the extremely high electricity produc-
tion cost of the area.
Appendix A

According to the available information [20,22] the island
autonomous electricity generation systems are based on
diesel or heavy-oil powered engines. In this context, one
should note that these units are not permitted to operate
below a certain limit, in order to avoid increased wear and
maintenance requirements. This limit is mentioned as the
‘‘technical minimum’’ of each engine; hence the minimum
output power of the ‘‘in operation’’ thermal units Ndmin

is
calculated as

Ndmin
¼
Xi¼imax

i¼1

Nmin
di
¼
Xi¼imax

i¼1

kiN
�
di
, (A.1)

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. Typical
values of ki are 30–50% for heavy-oil powered units and
20–35% for diesel-fired engines (including gas turbines),
depending very much on the age and the overall condition
of the engine. On top of this, the annual maintenance plan
of the system, affecting the number (imax) of engines ‘‘in
operation’’ during the year, 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 [23,24] 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, i.e. the ‘‘in operation’’
thermal units should be able to cover the instantaneous
load demand NL, thus:

Xi¼imax

i¼1

N�di
XNL. (A.2a)

However, in order these units to come into operation at
their minimum fuel consumption (maximum efficiency)
point one should require:

N�w þ
Xi¼imax

i¼1

xiN
�
di
¼ NL, (A.2b)
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where xi takes values approximately between 65% and
80%, on the basis of the operational maps of the existing
diesel engines. In an attempt to satisfy the ‘‘economic’’
operation of the existing internal combustion engines in
view of the desired wind energy penetration, one should
carefully plan the dispatch of the thermal units of the
local autonomous power station [25]. Hence, combining
Eqs. (A.2a) and (A.2b) assuming as well that one may use a
single xi value, one finally gets:

N�wpð1� xÞNL. (A.2c)

For practical applications Eq. (A.2c) is written in the
following simplified and widely used form, i.e.:

N�wpl1NL, (A.2d)

where Nw* is the maximum acceptable by the local network
wind power and l1 is the corresponding maximum
instantaneous participation limit, based on the operational
characteristics of the existing thermal power units.

Finally, in order to avoid annoying system frequency
excursions and increasing wear of the existing thermal
power units, an additional penetration 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 [20] is characteristic
of the local electrical network as well as the spatial
distribution and the type of the system wind turbines [8].
Generally speaking, this limit l2 is selected by the system
operator (also incorporating 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 be zeroed [6]. In this context, the dynamic penetration
constraint is expressed as

N�wpl2NL. (A.3)

On the basis of the above analysis, the maximum absorbed
wind energy Nw*(t) by the local electrical system can be
estimated according to the following equations, i.e.:

If NLðtÞpNdmin
ðtÞ ¼

Xi¼imax

i¼1

kiN
�
di

then N�w ¼ 0. (A.4)

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

If Ndmin
ðtÞpNLðtÞpð1þ lÞNdmin

ðtÞ,

then N�w ¼ NLðtÞ �Ndmin
ðtÞ, ðA:5Þ

where l is the wind power upper participation limit
depending on the optimum operation of the system thermal
power units (l1) and the dynamic stability of the local
network (l2), i.e.:

l ¼ minfl1; l2g. (A.6)

One should also take into account that according to the
existing legislation, if the load demand is higher than the
technical minima of the existing thermal power units,
priority is given to the wind parks entering the local
network. Finally,

If NLðtÞXð1þ lÞNdmin
ðtÞ

then N�wpmin f½lNLðtÞ�; ½NLðtÞ �Ndmin
ðtÞ�g. ðA:7Þ

In this last case the wind energy penetration is bounded
by the upper wind power participation limit l and the
instantaneous load demand of the system. In most practical
application cases the l value is taken (as a rule of thumb)
less or equal to 30%.
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