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Autonomous wind power systems are among the most interesting and environmentally
friendly technological solutions for the electrification of remote consumers. In many cases,
however, the battery contribution to the initial or the total operational cost is found to be
dominant, discouraging further penetration of the available wind resource.This is basically
the case for areas possessing a medium–low wind potential. On the other hand, several iso-
lated consumers are located in regions having the regular benefit of an abundant and reli-
able solar energy supply. In this context the present study investigates the possibility of
reducing the battery size of a stand-alone wind power installation by incorporating a small
photovoltaic generator. For this purpose an integrated energy production installation
based exclusively on renewable energy resources is hereby proposed. Subsequently a new
numerical algorithm is developed that is able to estimate the appropriate dimensions of a
similar system. According to the results obtained by long-term experimental measure-
ments, the introduction of the photovoltaic panels considerably improves the operational
and financial behaviour of the complete installation owing to the imposed significant
battery capacity diminution. Copyright © 2006 John Wiley & Sons, Ltd.
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Introduction
Autonomous wind power systems are among the most interesting and environmentally friendly technological
solutions1–3 for the electrification of remote consumers. However, the expected system operational cost is quite
high, especially in the case of no-load rejection,4,5 i.e. in the case where all of the load must be met. One of
the most expensive components of a stand-alone system is the battery pack, necessary to guarantee the required
system reliability. Thus in cases of increased system autonomy the battery contribution to the initial or the total
operational cost is found to be dominant.5,6 In addition, batteries should be replaced every 4–7 years,7,8 thus
increasing the operational cost of the system.

On the other hand, Greek islands are located in regions having the regular benefit of an abundant and reli-
able solar energy supply. Hence the introduction of a small photovoltaic generator9–11 in a stand-alone wind
power station is expected to smooth out the system energy production, significantly decreasing the energy
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storage requirements, without modifying the initial installation cost of the system.12,13 Additionally, the state
subsidy percentage for small photovoltaic (PV) systems is considerably higher (50%–55%) than that for small
wind power stations (30%–40%).14 On top of that, the operational lifetime of a contemporary photovoltaic
system is close to 30 years.15

In this context the present study investigates the possibility of reducing the battery size of stand-alone wind
power installations, mainly installed in areas with a medium–low wind potential, by incorporating a small pho-
tovoltaic generator. It should be kept in mind that the solar energy distribution is basically periodic, while wind
speed presents a stochastic behaviour. The proposed analysis is accordingly applied to representative remote
consumers located in selected areas, with enlightening results.

Proposed Configuration
The proposed configuration (Figure 1) consists of a micro wind converter, a small photovoltaic generator and
a battery storage device along with the corresponding electronic equipment. More precisely, it involves the
following.

(a) A micro wind converter of rated power No and given power curve Nw = N(V) for standard day conditions
(i.e. air density taken equal to 1·225 kg m−3).

(b) A photovoltaic array of z panels (N+ maximum/peak power of every panel) properly connected to feed the
charge controller to the voltage required.

(c) A lead/acid battery storage system for ho hours of autonomy, or equivalently with total capacity Qmax, 
operation voltage Ub and maximum discharge capacity Qmin.

(d) An AC/DC rectifier of No kW.
(e) A DC/DC charge controller of Nc rated power.
(f) A UPS (uninterruptible power supply) of Np kW, frequency 50 Hz, autonomy time dt and operation voltage

230/400 V. The utilization of this device is optional and it is used to protect the installation from any 
unexpected electricity production fluctuations due to the stochastic behaviour of the wind.

(g) A DC/AC inverter of maximum power Np able to meet the consumption peak load demand, frequency 
50 Hz and operational voltage 230/400 V.

In the present analysis the above-described system is used to meet the electrification requirements of a typical
remote consumer (see Figure 2) located on one of the several small islands of the Aegean Archipelago. The
corresponding load profile used is basically a rural household profile (not an average load taken from typical
users) selected from among several profiles provided by the Hellenic Statistical Agency1,6 (see also References
16 and 17). More precisely, the numerical load values vary between 30 W (refrigerator load) and 3300 W.
According to the consumption profile approved, the annual peak load Np does not exceed 3·5 kW, while the
annual energy consumption Ey is around 4750 kWh.

For the complete energy analysis of the proposed installation, the corresponding wind potential, the ambient
temperature and pressure along with the solar irradiance measurements (usually in the horizontal plane) for a
given time period (e.g. 1 year) are needed. Finally, also required are the operational characteristics of all the
components composing the stand-alone system under investigation, e.g. wind power curve at standard day con-
ditions, operational characteristics (current, voltage (I–U)) of photovoltaic modules selected, inverter efficiency,
battery bank characteristics, etc.

Description of Operational Modes and Proposed Analytical Model
During the long-term operation of the proposed stand-alone system (Figure 1) the following situations may
appear.

(a) The power demand ND of the consumption is less than the power output Nw of the wind turbine (Nw > ND).
In this case the energy surplus (∆N = Nw − ND) is stored via the rectifier and the battery charge controller
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along with the energy production of the photovoltaic generator, NPV. If the battery is full (Q = Qmax), the
residual energy is forwarded to low-priority loads.

(b) The power demand is greater than the power output of the wind turbine (Nw < ND) but less than the sum
of the powers of the photovoltaic station and the wind converter, i.e. Nw + NPV > ND. In this case the remain-
ing load demand is covered by the photovoltaic station via the DC/AC inverter. Any energy surplus from
the photovoltaic station is stored in the battery via the charge controller. If the battery is full (Q = Qmax),
the residual energy is forwarded again to low-priority loads.

(c) The power demand is greater than the power output of the two renewable stations, i.e. Nw + NPV < ND,
where Nw + NPV ≠ 0. In similar situations the energy deficit (∆N = ND − (Nw + NPV)) is covered by the bat-
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Figure 1. Proposed wind/solar stand-alone system



teries via the DC/DC converter and the DC/AC inverter. During this operational condition, special empha-
sis is laid on the management plan for the three electricity production subsystems.

(d) There is no renewable energy production (e.g. low wind speed, machine not available and zero solar irra-
diance), i.e. Nw + NPV = 0. In this case, all the energy demand is covered by the battery–DC/DC con-
troller–DC/AC inverter subsystem under the condition that Q > Qmin. In cases (c) and (d), when the battery
capacity is near the bottom limit, an electricity demand management plan should be applied, otherwise the
load would be rejected.

According to the above, for the estimation of the appropriate configuration that guarantees the energy auton-
omy of a remote consumer located in a specific area under given wind and solar potential conditions, a new
algorithm WT-PV-II is devised using the experience obtained from the already presented.1,12 WINDREMOTE-
II and FOTOV-III algorithms. In this context the proposed algorithm uses the following steps.

1. Define the number z of PV panels to be used (N+, I = I(U,G,q)) taking into consideration the existing solar
intensity G and the corresponding ambient temperature q.

2. Determine the size No of the wind converter to be used along with the corresponding power curve (i.e. 
Nw = N(V))

3. Select a battery capacity value Qmax taking into account the desired hours of the system energy autonomy.
4. At each time step, starting at t = 0, complete the following steps.
5. At the current time step t, estimate the energy produced by the wind turbine.
6. At the current time step t, estimate the energy produced by the photovoltaic station.
7. Check whether the output of the wind turbine production branch is greater than the energy demand of the

system. If this is true, charge the batteries of the installation with the energy surplus under the condition
that the batteries are not full. The photovoltaic generator energy production is also stored at the system
battery bank if possible. In the opposite case the energy surplus is forwarded to low-priority loads. Then
proceed to the next time step, i.e. step 10.

8. If the wind turbine cannot fulfil the energy demand, the energy deficit is covered by the photovoltaic gen-
erator. In the case of an energy surplus the batteries are charged provided that they are not full. In the
opposite case the energy surplus is forwarded to low-priority loads. Then proceed to the next time step,
i.e. step 10.

9. If the energy demand cannot be covered by the renewable energy production systems, the energy deficit
is covered by the system batteries under the assumption that the batteries are not near the maximum per-
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Figure 2. Typical electricity demand profile of the remote consumer analysed



mitted depth of discharge. Otherwise the battery capacity is increased by a given amount dQ and go back
to step 4.

10. Proceed to analyse the next time step, steps 5–9, until the complete time period is examined.
11. Increase the wind turbine size and repeat steps 3–11.
12. Increase the photovoltaic panel number and repeat steps 2–12.

After the analysis is completed, the distribution Qmax = Qmax(No;z) is predicted taking into account that every
set of Qmax, No and z guarantees the energy autonomy of the remote consumer for the entire period analysed.

Application Results
The proposed combined wind/solar solution is first applied to the island of Kea. This is a small island (2300
inhabitants, area 103 km2) close to Athens (Figure 3) with a relatively low wind potential,6 since the annual
mean wind speed is slightly above 5·5 m s−1 at 10 m height, being marginally appropriate to feed contempo-
rary wind turbines for electricity production. Figure 4 presents the year-long daily mean wind speed distribu-
tion, demonstrating the quite long periods of low wind speed, especially during June. More specifically,
according to previous long-term analysis,1 the maximum calm spell period of the area during an entire 5 year
period approaches 200 h (approximately 8 days). Thus the utilization of an extremely large battery bank size
reported in Reference6 is quite rational for such a long calm spell period. During that study an attempt was
made to guarantee the energy autonomy of a typical remote consumer on the basis of a wind-only-based 
stand-alone system; see also Figure 5 for z = 0.

According to the calculation results, one should use a wind turbine of rated power equal to 7 kW minimum
in order for the required battery (24 V) capacity not to exceed 25,000 Ah. Considering, however, the high solar
potential (Figure 6) of the area, which belongs to the solar potential type C of Figure 3, a significant battery
size reduction is encountered by introducing a small number of photovoltaic panels. At the same time the wind
turbine rated power requirement is also decreased. More precisely, using 20 photovoltaic panels of 51 Wp (or
1020 W), the required wind turbine rated power is less than 5 kW, while the corresponding battery capacity
drops to 20,000 Ah. In addition, a larger number of photovoltaic panels (e.g. z = 100 or 5·1 kW) can practi-
cally establish a viable energy-autonomous solution by using only 8000 Ah of battery capacity and a wind
converter of 5 kW.
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Figure 4. Wind speed time series for Kea island
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Accordingly, one may examine the resulting battery size reduction in the hypothetical case where, for the
island analysed, the solar potential is better (case A) than that corresponding to case C of Figure 6. In this case,
however, owing to the higher solar radiation available, the ensuing battery size reduction is much greater
(Figure 7), as, by using 20 photovoltaic panels, the corresponding battery reduction approaches 25% in com-
parison with the zero-PV-panel (or wind-only) solution, while the corresponding wind turbine size decreases
to 3 kW. Subsequently, one may accomplish the installation energy autonomy by using only 50 panels, instead
of the 100 of Figure 5, where the corresponding battery capacity is less than 10,000 Ah. Finally, by increas-
ing the photovoltaic panel number, there is not only a battery capacity decrease but also a considerable reduc-
tion in the wind converter rated power requirement (Figure 7).

The second region examined is the island of Kithnos, which possesses a better wind potential than Kea.
More specifically, Kithnos is also a small island (1700 inhabitants, area 94 km2) in the Aegean Sea located
approximately 60 km southeast of Athens (Figure 3). Owing to the insufficient infrastructure (e.g. road
network), there are many isolated consumers who have no access to the local electrical grid. The island has a
medium–strong wind potential, since in several locations the annual mean wind speed exceeds 6·5 m s−1 at 
10 m height. Despite the higher annual mean wind speed of the area, the seasonal profile is quite similar to
that of Kea; hence the corresponding calm spells are almost as long as those on Kea, appearing also during
summer. Thus, as in the previous case, the required dimensions of a wind power stand-alone system are rather
sizable according to the results of Kaldellis.1

Applying the WT-PV-II algorithm and using the solar potential of case C of Figure 3, one may estimate a
significant battery capacity reduction by incorporating 20–50 photovoltaic panels of 51 Wp (Figure 8). For
example, the predicted battery capacity drops from 16,800 Ah (for the wind-only system) to 13,100 Ah (z =
20) and to only 8500 Ah (z = 50) in the case of a solution based on a 7·5 kW wind converter. In the extreme
case where a 5 kW photovoltaic generator is adopted, the corresponding battery capacity drops below 
5000 Ah for a 5 kW micro wind turbine-based system.

Finally, in the theoretical case where the solar potential of the area examined corresponds to case A of Figure
3, the corresponding battery size decrease is even greater (Figure 9). In fact, by including a 1 kWp photovoltaic
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generator (i.e. z = 20) in a 7·5 kW wind power stand-alone system, the installation energy autonomy is ful-
filled by using a battery capacity of only 10,000 Ah. On top of this, by adding 75 photovoltaic panels to a
typical 3 kW wind-based stand-alone system, the corresponding battery size drops below 3500 Ah.

Before completing this section, it is important to address the possible economic advantage of the proposed
solution in comparison with the utilization of a dispatchable generator. Generally speaking, the utilization of
a dispatchable generator may solve some of the energy demand problems of remote consumers in the short-
term time horizon. However, the long-term (life cycle) cost–benefit analysis does not justify the incorporation
of a diesel/electrical generator in Greek remote island areas. Thus the optimization of a wind/solar stand-alone
system is being attempted in view of the uncontrollable oil price augmentation and the continuous environ-
ment degradation due to the usage of fossil fuels.

More precisely, in order to check the viability of the proposed wind/solar-based solution to meet the elec-
tricity demand of a remote consumer with rational cost, a preliminary comparative study is undertaken includ-
ing also the possibility to use a small autonomous diesel/electrical generator system.

The most widely applied (up to now) solution for remote consumers to fulfil their electrification needs is to
install a small internal combustion engine in combination with an appropriate electrical generator. Although
the efficiency of such a system is quite low (∼20%), the corresponding buy cost is very low (∼240 €/kW),
increasing the short-term economic attractiveness of this solution. On the other hand, the service supplied based
on the life span of a system operating continuously throughout the year is taken equal to 6 years and the 
corresponding long-term average M&O cost (mainly due to fuel cost) is assumed equal to 7000 €/year. 
Consequently, selecting a 5 kW autonomous system, the total electricity cost Cd of the installation after n
years of operation is given as

(1)

where Vn represents the replacement cost of the diesel engine every 6 years.

C n Vd n= + +1200 7000
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Accordingly, using the proposed configuration based (e.g. Kithnos island, Figure 8) on a wind turbine of
rated power 7·5 kW and taking into consideration a 3% (m = 0·03) annual maintenance and operation cost
coefficient,4 the total electricity production cost by applying the wind/solar energy solution can be approxi-
mated as

(2)

where V′n represents the battery replacement cost (depending on the photovoltaic panels selected) every 7 years.
The initial installation cost ICo of the proposed solution includes the ex-works price of the wind turbine 
(7·5 kW), the battery and photovoltaic panel purchase cost (Table I) and the corresponding balance of the plant
cost, including any additional electronic equipment required. Similar applications based on the exploitation of
renewable energy sources are strongly subsidized by the Greek State, up to 50% for combined wind/solar-
based systems.

For comparison purposes the calculation results are summarized in Figure 10 for various combinations of
photovoltaic modules and battery capacity (Table I). As can be clearly understood from Figure 10, the dis-

C m n Vo o nWE IC IC= + ⋅ ⋅ + ′
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Table I. Main parameters of the Kithnos stand-alone system analysed

Photovoltaic Battery Initial Initial cost Battery
module number capacity (Ah) cost (€) including subsidy (€) replacement cost (€)

0 16,700 58,666 29,333 39,425
20 13,100 57,898 28,949 31,518
50 8,800 58,930 29,465 21,840

100 4,600 66,949 33,475 12,009
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Figure 10. Life cycle cost analysis: comparison between the proposed wind/solar-based and a typical dispatchable
diesel generator solution



patchable diesel generator scenario presents a financial advantage during the first 5–8 years of operation of the
installation, excluding any excessive oil price augmentation. Accordingly, the proposed stand-alone system is
by far the best alternative, especially if the number of photovoltaic modules exceeds 20.

Battery Size Reduction
According to the results of Figures 5 and 7–9, a significant battery size reduction is encountered for two rep-
resentative wind power stand-alone systems located on Greek islands with a medium-low wind potential when
a small photovoltaic generator is introduced into the original wind power stand-alone system designed to meet
the electrification needs of a typical remote consumer. On the other hand, the incorporation of photovoltaic
panels in similar systems may be characterized as a rather expensive improvement which does not have prac-
tical results. Contrary to this general belief, one may prove that this proposal is in fact financially beneficial
if the money saved by the replaced battery capacity counterbalances or exceeds the ex-works price of the intro-
duced photovoltaic panels under a constant wind turbine rated power value (see also Figure 10). In this case
the entire system energy production cost is reduced. One should not disregard the fact that a typical lead/acid
battery must be replaced every 4–7 years, while the photovoltaic generator has a life span of more than 20
years.18 This fact is obvious if one compares the z = 0 and z = 100 solutions of Figure 10. More precisely, the
z = 100 solution is definitely less expensive than the z = 0 one on a life cycle analysis basis, although the z =
0 solution (no photovoltaic panels) presents a lower initial cost (see also Table I). This may be attributed to
the lower battery replacement cost in the case of increased photovoltaic panel utilization as well as to the high
(50%) initial cost subsidy by the Greek State.

In this context one may consider a greater ratio of battery reduction per photovoltaic panel (51 Wp) (in
absolute terms) than the value calculated by equation (3). More specifically, in equation (3) one may estimate
the marginally considered ∆Q/∆z value as

(3)

where A is the ex-works price of one (51 Wp) photovoltaic polycrystalline panel and B is the present value of
the purchase cost plus the replacement cost (every 4–7 years) corresponding to a battery (24 V) capacity reduc-
tion of 1 Ah. More specifically, if the slope of the curve of battery capacity decrease versus PV panel number
(∆Q/∆z) for each wind turbine size tested is steeper than the value of equation (3), then battery replacement
by PV panels is a less expensive option. On the other hand, if the corresponding slope is less than that of equa-
tion (3), one should use lead/acid batteries instead of additional PV modules.

Using the available current market prices,19,20 the numerical value of equation (3) varies between −250
(battery decrease versus photovoltaic panel increase) and −100. Thus, when the battery reduction rate per pho-
tovoltaic panel introduced exceeds (in absolute terms) a specific value (e.g. |∆Q/∆z| = 150), the replacement
of lead/acid batteries by photovoltaic panels is financially beneficial. For instance, the expense of installing
one additional photovoltaic panel of 51 Wp is below the purchase and replacement cost of the battery (greater
than or equal to 150 Ah) module (no longer required to guarantee the system energy autonomy) in constant
(present) values.

In order to get a clear-cut picture of the proposed modification, Figures 11 and 12 demonstrate the battery
capacity versus photovoltaic panel variation resulting from Figures 5 and 8 for the two island cases analysed.
More specifically, in Figures 11 and 12 one may find the Qmax–z distributions for selected constant wind turbine
rated power values (ranging from 5 to 15 kW). In the same figures the |∆Q/∆z| = 150 constant slope lines are
also drawn. One should bear in mind that the precise ∆Q/∆z value depends on the local market prices19,20 and
the technological time evolution18 expected. The financial attractiveness of the proposed battery substitution
by photovoltaic panels is more obvious for stand-alone systems based on relatively small wind turbines (i.e. z
≤ 115 for No = 5 kW and z ≤ 60 for No = 10 kW for Kea island; Figure 11). Besides, the lower the available
wind potential of the stand-alone system location, the larger is the number of photovoltaic panels accepted (i.e.
z ≤ 85 for Kea island and z ≤ 35 for Kithnos island for No = 7·5 kW; Figures 11 and 12).

∆ ∆Q z A B=
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In the case where the two examined islands possess the solar potential type A of Figure 3 (the best solar
potential type in Greece), more photovoltaic panels can be incorporated to replace battery modules (Figures
13 and 14) than in Figures 11 and 12 owing to the better solar potential available. In this context the maximum
number of photovoltaic panels to be installed is greater, e.g. z ≤ 85 for solar potential type C and z ≤ 95 for
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Figure 13. Maximum battery size reduction due to photovoltaic panel introduction into a wind/solar stand-alone system
of Kea island (solar potential type A)
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Figure 14. Maximum battery size reduction due to photovoltaic panel introduction into a wind/solar stand-alone system
of Kithnos island (solar potential type A)



solar potential type A for Kea island for No = 7·5 kW (Figures 10 and 12 or z ≤ 35 for solar potential type C
and z ≤ 40 for solar potential type A for Kithnos island for No = 7·5 kW (Figures 12 and 14).

Recapitulating, one may state that the introduction of a small number of photovoltaic panels (normally up
to 50 of 51 Wp) leads to a significant battery size reduction of a wind-driven stand-alone system. This reduc-
tion is in proportion to the corresponding solar potential and in reverse proportion to the available wind poten-
tial. The exact size of the photovoltaic power penetration in the wind power stand-alone system should be the
result of a detailed cost analysis based on the battery and photovoltaic panel market prices, considering the
expected forthcoming technological improvements of the sector.15,18

Conclusions
The possibility of markedly reducing the energy storage requirements of wind-based stand-alone systems by
adding a rational number of photovoltaic panels is investigated. For this purpose an integrated energy pro-
duction installation based exclusively on renewable energy resources is proposed. The recommended power
station is able to guarantee the energy autonomy of a typical isolated consumer devoid of other energy imports.
Accordingly, a new numerical algorithm is developed that is able to estimate the appropriate dimensions of a
similar renewable-based system, taking into account the combined energy production of a small wind con-
verter and a small photovoltaic generator.

Subsequently the above-described methodology is applied to selected Greek islands possessing a
medium–low wind potential and fairly high solar radiation. On the basis of the calculation results, utilizing
long-term experimental measurements, the introduction of the photovoltaic panels considerably reduces the
complete installation dimensions and decreases the corresponding operational cost owing to the imposed sig-
nificant battery capacity diminution. This reduction is higher for areas of low wind and high solar potential,
although its exact value depends on the current and future market prices of all the stand-alone system com-
ponents involved.

As a general conclusion, one may definitely state that the introduction of a rational number of photovoltaic
panels into a wind-only stand-alone system markedly decreases the system energy storage requirements,
improves the entire installation reliability, simplifies the corresponding maintenance procedure and strength-
ens the financial competitiveness of similar renewable energy applications.
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