
Parametric investigation concerning dimensions
of a stand-alone wind-power system

J.K. Kaldellis*

Laboratory of Soft Energy Applications and Environmental Protection, Mechanical Engineering Department,

TEI Piraeus, Pontou 58, Hellinico 16777, Greece

Received 28 June 2002; received in revised form 18 January 2003; accepted 1 February 2003
Abstract

A detailed parametric analysis is carried out concerning the optimum sizing of a stand-
alone wind-power system, used to ensure the electricity supply of several remote consumers.
This study initially analyzes the impact of the available wind-potential quality on the dimen-
sions of the main system’s components. Accordingly, the influence of the specific wind-power

curve—utilized on the proposed configuration sizing—is also examined. In addition, the
system’s minimum acceptable reliability contribution is investigated for determining the
minimum cost stand-alone system dimensions. Finally, the consumer size effect is taken into

consideration during the best choice selection process. Thus, by incorporating the proposed
parametric analysis results in an appropriate decision-taking procedure, a significant reduc-
tion of the system dimensions may be realized, leading to a remarkably diminished first

installation cost.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

During the last 10 years, an astonishing increase of wind-energy contribution on
the European electrification sector has been encountered [1], mainly based on the
approximately 40,000 medium and large-sized wind turbines installed all over Eur-
ope (Fig. 1). On the other hand, small-micro (less than 15 kW) wind converters are
also instrumental in providing electricity (Fig. 2) to the isolated consumers. As a
matter of fact, small wind turbines produce in total only a few MWh per year.
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However, even this limited—in absolute terms—contribution does make a big dif-
ference in upgrading standards of living in the remotest parts of the planet.
More precisely, according to rough estimates [2], a significant number (�500,000)

of isolated consumers are spread all over Europe, including country houses, inac-
cessible farms, shelters, telecommunication stations, small islands, light houses etc.
Additionally, a remarkable number (�50,000) of remote consumers can be found
[3,4] throughout the Aegean Archipelago region, a remote Hellenic area possessing
Fig. 1. Wind-power time evolution in Europe.
Fig. 2. Small wind-turbines: annual sales in Greece.
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[5] an outstanding wind potential, (Fig. 3). Unfortunately, the absence of an elec-
trical network in their major area or the prohibitively high connection cost—due to
large distances and peculiar topography—force these remote consumers to use
small diesel-electric generators in an attempt to cover their urgent electrification
needs.
An interesting solution to similar electrification problems, based on a stand-alone

wind-power system, has recently been proposed [6,7] providing energy autonomy to
remote consumers, especially in medium–high wind potential locations. In previous
works, the optimal size of such a stand-alone system has already been defined for a
specific Aegean Sea island, by using a properly developed [6] numerical code
(WINDREMOTE-II) able to employ the presented [5] long-term wind-speed and
meteorological data of the investigated area.
In the present study, an integrated parametric analysis is carried out in order to

investigate the impact of several important factors on the optimal size of the proposed
isolated system, such as the wind potential quality, the power curve type of the wind
turbine used, the remote consumer’s size, along with the minimum acceptable system
Fig. 3. Wind potential map for Aegean Sea area at 30 m height.
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reliability. The results obtained may guide consumers interested in deciding the
appropriate solution to their electrification problem, according to the specific char-
acteristics of their installation.
2. Proposed solution

The stand-alone system proposed by the authors [6,7] (Fig. 4) comprises a small
wind-converter of rated power ‘‘No’’ (i.e. No420 kW) feeding —via a UPS of simi-
lar nominal power— the AC load of the system. Where the electricity demand is
inferior to the corresponding wind-turbine production, the energy surplus is first
rectified from AC to DC and then stored in a battery row (maximum capacity
‘‘Qmax’’, maximum depth of discharge ‘‘DODL’’ and operation voltage ‘‘U’’) via a
battery charge controller. Finally, in cases where the wind energy production cannot
fulfil the load demand, a DC/AC inverter is used to transform the battery output in
order to meet the system electrical requirements.
Summarizing, the proposed stand-alone wind power system is based on:

1. A small wind-converter of ‘‘No’’ kW and specific power curve ‘‘N=N(V)’’ for

standard day conditions

2. A lead-acid battery with cell capacity of ‘‘Qmax’’, maximum depth of dis-

charge ‘‘DODL’’ ensuring a long-term operation and output voltage ‘‘U’’

3. An AC/DC rectifier of ‘‘No’’ kW and UAC/UDC operation voltage values
Fig. 4. Proposed stand-alone wind-power system.
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4. A charge controller of ‘‘No’’ kW, maximum 8 h charge rate ‘‘Rch’’ and outlet

voltage ‘‘U’’

5. A UPS of ‘‘Np’’ kW, frequency of 50 Hz, autonomy time ‘‘dt=2!5 min’’ and

operational voltage 220/380 V

6. A DC/AC inverter of ‘‘Np’’ kW, frequency of 50 Hz and operational voltage

220/380 V

The main system dimensions (i.e. wind turbine rated power ‘‘No’’ and battery size
‘‘Qmax’’) are defined using the WINDREMOTE-II algorithm developed by the
authors [6,7], while the inverter maximum power is directly related to the consump-
tion peak-load demand ‘‘Np’’, see also [8].
More precisely, for every region analyzed during a given time period ‘‘�t’’ (e.g. 1

year) the specific initial ‘‘No’’ and ‘‘Qmax’’ values (i.e. ‘‘Ninit’’ and ‘‘Qinit’’) are selec-
ted [7], with:
Ninit ¼ Etot= 8760 � CFð Þ ð1Þ
where ‘‘Etot’’ is the system’s annual electricity consumption (increased by 20% to
include future changes) and ‘‘CF’’ the capacity factor [9] of the installation.
Accordingly, ‘‘Qinit’’ is given as:
Qinit ¼
hminEtot

8760�sDODLU
ð2Þ
depending on the minimum acceptable hours of energy autonomy of the system
‘‘hmin’’. Keep in mind that ‘‘Zs’’ is the efficiency of the storage branch, used to feed
the consumption (including inverter efficiency and power-line loss). Accordingly, for
every time point of the year, the energy consumption is compared with the corre-
sponding wind-energy production, resulting by the available wind potential, the air
density and the wind-turbine power curve.
In cases of an energy deficit, the battery storage system is assumed responsible for

covering the additional energy demand via the inverter. If the battery is near the
upper ‘‘DOD’’ limit, the no-load rejection condition is to be violated, thus the bat-
tery capacity should be increased by a specific ‘‘�Q’’ value, while the complete cal-
culation restarts from the beginning of the year.
After the integration of the calculation, a (No versus –Qmax) curve has been predicted.

For each pair of (No, –Qmax) values belonging to this curve, the energy autonomy of the
remote system is ensured for the entire time period (e.g. 1 year) investigated.
Finally, the optimal (N*o–Q*max) values are predicted according to a first instal-

lation cost analysis [10], also using the initial cost ‘‘ICo’’ function developed by the
authors, i.e.:
ICo ¼
a

bþNx
o

þ c

� �
No 1þ fð Þ þ cb Qmaxð ÞQmax þ A Np

� �
þ BNo ð3Þ
where the first RHS term of Eq. (3) describes the wind-turbine exworks price and the
balance of the plant cost [11], the second term represents the battery system’s initial
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cost, while the last two terms depend on the rest electronic equipment purchase
price, being a function of the system peak load demand ‘‘Np’’ (e.g. inverter) and the
wind-turbine rated power ‘‘No’’ (e.g. rectifier, charge controller). The numerical
values of all variables in Eq. (3) are summarized in Table 1.
3. Wind-potential impact on system sizing

The existing wind-potential quality in one candidate region is one of the most
important parameters defining the main dimensions of similar stand-alone wind-
power installations. More precisely, in Fig. 5, the well-known [12] Weibull wind
potential parameters (i.e. ‘‘C’’ is the wind speed normalizing factor and ‘‘k’’ is the
corresponding shape factor) are presented for several regions analyzed and for three
different years of operation. According to Fig. 5 data, Andros island (represented by
points A-1, A-2 and A-3) undoubtedly possesses the best wind potential of the cases
analyzed, while the Kea island (points Ke-1, Ke-2 and Ke-3) presents the lowest
annual mean wind speed values ‘‘V� ’’, considering that ‘‘V� ’’�0.9C, [13]. In the same
figure, the wind-potential data for Kithnos (i.e. K-1, K-2 and K-3) and Naxos (i.e.
N-1, N-2 and N-3) islands are also included.
Subsequently, in Fig. 6, the no-load rejection curves (No versus –Qmax) are sum-

marized for all cases investigated, i.e. four separate areas are examined for 3 suc-
cessive years. Bear in mind that every combination on each of those (No versus
–Qmax) curves guarantees 1 year’s energy autonomy for the investigated region.
Accordingly, by using Eq. (3) and Table 1, the minimum initial cost point—repre-
sented by the symbol ‘‘�’’— is estimated for every curve presented. These specific
(No*, –Qmax*) combinations not only guarantee energy autonomy for an entire year,
but get it accomplished with the minimum possible initial-cost.
Table 1

Proposed values for the first installation cost parameters of Eq. (3)
Variable
 Range
 Proposed value
 Comments
a
 Wind-turbine cost coefficient
 8.7	105
 No4100 kW
b
 Wind-turbine cost coefficient
 621
 No4100 kW
c
 Wind-turbine cost asymptotic

value
600–900E/kW
 700
 No4100 kW
x
 Wind-turbine cost exponent
 1.95–2.1
 2.05
 No4100 kW
f
 First installation cost

coefficient
0.15–0.45
 0.15
 No430 kW
B
 Electronic equipment cost

coefficient
350–400E/kW
 380E/kW
 3kW4No450 kW
cb
 Battery purchase cost

coefficient
cb ¼ 5:0377=Q0:0784
max
 50004Ah4Qmax

4100 000 Ah
A
 Electronic equipment cost

coefficient
A ¼ 483:57 �N0:917
p
 5 kW4Np450 kW
40 J.K. Kaldellis / Applied Energy 77 (2004) 35–50



Representing in Fig. 7 the optimal battery capacity values ‘‘Qmax*’’ as a function
of the mean wind-speed value of the regions investigated ‘‘C’’ or ‘‘V� ’’, one may state
that the quality of the available wind potential strongly influences the optimal
battery size. More specifically, the battery capacity is remarkably increased as ‘‘C’’
values are decreased. This general tendency is also statistically validated (Fig. 7),
since the corresponding ‘‘R2’’ coefficient approaches 75%. A parallel attempt is
made to similarly relate the wind turbine size ‘‘No’’ and the mean wind-speed value
Fig. 5. Wind-potential variables (C, k) values of the areas analyzed.
Fig. 6. Wind-potential impact on a stand-alone wind-power system sizing.
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‘‘C’’ (or ‘‘V� ’’). Unfortunately, such an analytical correlation is not statistically vali-
dated with the required confidence, since R2450%.
In this context and after analyzing the results of Fig. 6 in view of the data of Fig. 5,

one may conclude that the wind-speed shape factor ‘‘k’’ value does not seem to
influence systematically the values either of ‘‘Qmax’’ or of ‘‘No’’, although both
parameters decline as the ‘k’’ value increases.
Recapitulating, as a general rule, the proposed stand-alone wind-power system

dimensions are significantly reduced as the quality of the available wind potential is
ameliorated. Of course, such a systematic correlation is statistically validated, only
for the battery size–mean annual wind speed relation. This undesirable result can be
attributed either to the limited number of cases analyzed or to the fact that the ‘‘C’’
and ‘‘k’’ parameters are not sufficient to accurately describe [14] the quality of the
available wind-potential of an area. Therefore, additional wind potential informa-
tion should be included in the proposed analysis, regarding the maximum calm spell
of each region for every year examined. Subsequently, an attempt is made to corre-
late the maximum calm-spell duration ‘‘hmax’’ (in hours) to the optimum ‘‘Qmax’’
and ‘‘No’’ values predicted. According to the calculation results, no correlation
between ‘‘No’’ and ‘‘hmax’’ exists, while on the other hand ‘‘Qmax’’ and ‘‘hmax’’ cor-
relate with statistically acceptable quality (see also Fig. 8). As is obvious from Fig. 8,
the battery capacity of a stand-alone wind-power system is significantly increased as
the maximum calm spell duration of a region is amplified.
4. The impact of wind-turbine power curve on system sizing

After an extensive survey [15–17] concerning the wind converters availability in
European and international market, a remarkable number of machines have been
found, covering the 3–20 kW power range. From technical data provided by their
Fig. 7. Wind potential influence on the battery is optimal size of a stand-alone system.
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manufacturers, several types of power curves are observed. Heading towards the
analysis independence from the wind-turbine rated power, the reduced power values
[‘‘N/No(V)’’] versus wind speed ‘‘V’’ at hub height is used. Subsequently, three of the
most representative wind-turbine power curve types have been selected (Fig. 9), and
accordingly used in order to investigate the impact of the power curve type on the
stand-alone system dimensions. The manufacturers of these three wind turbines used
give the same rated power (e.g. No=5 kW). Finally, in this comparative study,
4-year wind potential data of Andros Island have been chosen for the application of
the ‘‘WINDREMOTE-II’’ algorithm.
Fig. 8. Maximum calm spell duration impact on the battery’s optimal size.
Fig. 9. Reduced wind turbines power curve types used in the present analysis.
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Subsequently, the (No versus –Qmax) no-load rejection curves are summarized in
Fig. 10, for the three power curve types tested. As results from Fig. 10 show, the
power curve ‘‘B’’ leads to the smallest battery capacity for all the nominal power
range analyzed. On the other hand, the power curve ‘‘A’’ gives quite a lower battery
size than the power curve ‘‘C’’ for rated power values up to 7 kW. Further to this
value, the power curve ‘‘C’’ is combined with smaller batteries (than ‘‘A’’) so as to
guarantee the no-load rejection operation of the system.
The above described results can be explained according to the wind turbine power

curves distribution of Fig. (9), since the wind turbine ‘‘B’’ gives the highest output,
especially for wind-speed values up to 10 m/s, representing the majority of wind-
speed measurements in all areas investigated. Additionally, the wind-turbine ‘‘A’’
generates an output higher than ‘‘C’’ for wind-speed values almost up to 16 m/s.
Finally, the optimal system size (3 kW, 6700 Ah, 17 900E) using wind-turbine ‘‘B’’

is quite lower than the one (5kW, 7300Ah, 22 000E) resulting from the utilization of
wind-turbine ‘‘A’’, while the wind-turbine ‘‘C’’ imposes quite large system dimen-
sions (7 kW, 6950 Ah, 24 500E). Thus, the system’s initial cost is remarkably
reduced in going from wind turbine ‘‘C’’ to wind turbine ‘‘B’’. More precisely, con-
siderable money savings result (�6500E or 25%) by adopting wind-turbine ‘‘B’’
instead of wind-turbine ‘‘C’’, while wind-turbine ‘‘A’’ also leads to an almost 4000E
higher first installation cost compared to wind-turbine ‘‘B’’.
Recapitulating, the influence of the wind-turbine power curve type on the sizing of

a stand-alone wind-power system is of a great importance. Indeed, for the same site
of implantation and same energy consumption profile, the fact of choosing a power
curve identical to type ‘‘C’’ rather than type ‘‘B’’ leads to more than doubled nom-
inal power values, although the battery capacity is not remarkably affected. Thus,
Fig. 10. The impact of wind-turbine power curve type on the stand-alone system sizing.
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during the size-definition process of the proposed system, the wind-turbine’s nom-
inal power and the battery storage capacity are not sufficient to define the optimal
system configuration, since the wind-turbine power curve distribution strongly
affects (see also [18]) the energy behaviour and the initial cost value of the system.
5. The influence of system reliability on the system sizing

The reliability of a stand-alone energy-production system is usually expressed
either using the number of hourly load rejections [10] during a given time period
(e.g. 4-years) or in term of loss of load probability ‘‘LLP’’, [18]. Therefore, the no-
load rejection case or equivalently the LLP=0 value corresponds to a total energy
autonomy of the system during the complete time-period examined.
In an attempt to clarify the impact of the acceptable reliability on the stand-alone

system size main parameters (i.e. ‘‘No’’ and ‘‘Qmax’’), the ‘‘WINDREMOTE-II’’
algorithm is applied for a high and a medium quality wind potential case, accepting
0, 10, 50, 100, 200 or 500 load rejections per annum. More precisely, the corre-
sponding ‘‘LLP’’ values are 0, 0.001, 0.005, 0.01, 0.02, and 0.05 respectively, while
the equivalent reliability values are 100, 99.9, 99.5, 99, 98 and 95%.
Consequently, the proposed system-configuration combinations that guarantee

the desired system reliability are presented in Fig. 11, along with the corresponding
constant ‘‘ICo’’ curves for the high wind-potential region investigated. On top of
that, the minimum initial cost points are predicted and represented in the same
Fig. 11. The impact of acceptable reliability level on a stand-alone wind power system sizing, high wind

potential region.
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figure by the ‘‘best points’’ curve. As is obvious from these results, a remarkable
battery size diminution is encountered up to 50 annual load rejections, since the
corresponding optimal ‘‘Qmax’’ value tends to 2000 Ah in comparison with the
almost 4200 Ah for the zero-load rejection case. For higher load-rejection cases, a
remarkable wind-turbine rated power diminution is encountered, while the battery
capacity seems practically unaffected. Similarly, the minimum cost solution is
decreased from 34 000E (6 kW, 4200 Ah-no load rejection case) to 24 000E (5.5 kW,
2000 Ah) for 99% reliability and to only 15 000E (2.7 kW, 1800 Ah) for 95%
reliability.
Subsequently, a medium-high wind potential area is investigated (i.e. Kithnos

island) for a 4-year period using the above-described method. The calculation results
are given in Fig. 12, along with the corresponding constant initial cost and the ‘‘best
point’’ curves. In this specific case, the influence of a permitted small number (i.e. 10
or 50) of load-rejections is limited on the corresponding (No versus –Qmax) curve,
since the resulting curves almost coincide with the no-load rejection ones. Increasing
the number of acceptable load rejections of the stand-alone system by a factor of 10
(i.e. R=99%), a remarkable (�40%) diminution of the battery capacity required
takes place. For higher annual rejection numbers, a significant reduction of the
stand-alone system wind-turbine power is observed, i.e. from 11 to 7 kW. At the
same time, the minimum initial-cost solutions represented by the ‘‘best points’’ curve
shows considerable cost diminution, since, by accepting 100 annual load rejections
(R=99%) instead of the no-load rejection solution the reduction in the system’s first
installation cost is approximately 18 000E (or �25%).
Fig. 12. The impact of acceptable reliability level on a stand-alone wind power system sizing, medium

wind potential region.
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Recapitulating, the replacement of the zero load-rejection constraint by a 99% sys-
tem-reliability-value mainly influences the stand-alone system battery capacity, while
the corresponding wind-turbine size remains almost unaffected. On the other hand,
for lower reliability values (up to 95%) there is a considerable wind-turbine size
diminution. Besides, the battery capacity value modification is more important in
areas of high wind potential (�60%) than in medium-high wind potential cases
(�40%).
6. The impact of consumer size on the system sizing

The last parameter analyzed in the present study is the remote consumer size,
while the hourly distribution of the load demand remains constant. More precisely,
the available numerical values of the hourly electricity-demand [see also [7]) is mul-
tiplied by an appropriate integer factor ‘‘l’’ (e.g. l=1,2,3 or 4)] representing the
existence of one to three additional consumers, exactly similar to the initial one,
which concurrently covers their electrification needs from the stand-alone wind-
power system under investigation. In this specific case, additional attention should
be paid, since the UPS and the inverter rated power is also modified by the intro-
duction of the ‘‘l’’ coefficient, see also Chapter Two.
Applying the ‘‘WINDREMOTE-II’’ algorithm to these four different energy con-

sumption profiles for a high wind-potential region, the calculation results are sited in
Fig. 13. As it is clear from these data, the required battery capacity—to guarantee
Fig. 13. The impact of consumer size on the stand-alone system sizing.
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no-load rejection for the period examined—is significantly increased as the ‘‘l’’
value also increases. Thus, the asymptotic ‘‘Qmax’’ value for l=4 is almost 5.5 times
higher than the single-consumer corresponding one. On top of that, the minimum
wind-turbine size is remarkably increased also, as ‘‘l’’ increases in order to obtain
practically realized solutions (i.e. Qmax450 000 Ah).
Finally, in Fig. 13, the minimum initial cost configurations (best points) are also

given for comparison purposes. It is interesting to mention that the optimum ‘‘N*o’’
and ‘‘Q*max’’ values increase almost linearly with the consumption size coefficient
value ‘‘l’’. On the other hand, the per-family reduced first installation cost (i.e.
‘‘ICo/l’’) of the proposed stand-alone system is not constant, but it decreases with
the number of consumers sharing the same installation, (Fig. 14).
Recapitulating, one may support that the consumers’ number-increase sig-

nificantly enlarges the required battery capacity of the proposed stand-alone system,
if the rated power of the wind turbine used remains constant. However, the optimal
system configuration demands a similar to the consumer number wind turbine size
increase, accompanied by a modest increase of the corresponding battery size. On
the other hand, the inverter and UPS rated power closely follows the increase of the
system’s peak-load demand. One of the important aspects—that should be recon-
sidered in a future research effort—is the expected diversification of the separate
consumers electricity-demand profile, leading to a remarkable energy consumption
profile time-shift in comparison with the single consumer load demand. In this way,
the discontinuous hourly electricity demand of a single consumer is gradually
transformed to a continuous smooth curve like the one describing the hourly
Fig. 14. Reduced (per consumer) initial cost variation versus consumer size.
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electricity consumption of various small islands [4] in the Aegean Sea (e.g. Agios
Efstratios, Anafi, Megisti etc, where 50!70 families are living).
7. Conclusions

An extensive parametric study was carried out concerning the main stand-alone
wind power system dimensions, used to fulfil the electricity requirements of numer-
ous remote consumers all around the small Greek islands. During this study, the
impact of the wind-potential quality, the wind turbine used power curve type, the
desired system reliability and the size of the consumer on the proposed stand-alone
system sizing were investigated.
According to the results obtained, the system’s battery capacity required is

remarkably reduced as the corresponding annual mean wind-speed increases or the
maximum calm spell duration decreases. Subsequently, the wind turbine size also
seems to shrink with the amelioration of the available wind-potential quality. On the
other hand, the wind turbine rated power is considerably affected by the specific
wind-turbine power curve distribution adopted, while the corresponding battery size
is fairly influenced.
Accordingly, the diminution of the minimum acceptable system reliability initially

influences the system battery capacity, especially for high wind potential regions,
while, for additional system reliability diminution, a significant (�50%) wind tur-
bine size reduction is encountered. Finally, the increase of the consumer number
sharing the same stand-alone energy production system leads to a linear increase of
both wind turbine and DC/AC inverter rated power, along with a fair battery
capacity enlargement. As a result, the specific (per consumer) initial cost of the
proposed system is remarkably reduced as the consumer number is multiplied, due
to well-known scale-economy effects.
The proposed stand-alone wind power solution is found to be one of the best

alternatives to meet the electricity demand of isolated consumers, especially in
regions with medium-high wind potential. Therefore, considering the above pre-
sented piece of information, it is possible to select the optimal size of an appropriate
stand-alone wind-power system, able to ensure the desired electricity-supply relia-
bility, on a minimal initial cost basis. Hence, the above-mentioned guidelines may
contribute to significantly reducing the system dimensions, leading thus to con-
siderable money saving.
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