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Abstract

Stand-alone hybrid systems have turned into one of the most promising ways to handle the

electrification requirements of numerous isolated consumers worldwide. The proposed wind–

diesel–battery hybrid system consists of a micro-wind converter, a small diesel-electric generator—

basically operating as a back up energy production system—and a lead-acid battery bank that stores

the wind energy surplus during high wind speed periods. In this context the present work is focused

on presenting a detailed mathematical model describing the operational behavior of the basic

hybrid system components, along with the representative calculation results based on the developed

mathematical model. Accordingly, an integrated numerical algorithm is built to estimate the energy

autonomy configuration of the hybrid system under investigation. Using the proposed numerical

algorithm, the optimum configuration selection procedure is verified by carrying out an appropriate

sensitivity analysis. The proposed methodology may equally well be applied to any other remote

consumer and wind potential type, in order to estimate the optimum wind–diesel hybrid system

configuration that guarantees long-term energy autonomy.
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1. Introduction

Stand-alone hybrid systems have turned into one of the most promising ways to handle
the electrification requirements of numerous isolated consumers worldwide, including
country houses, remote farms, shelters, telecommunication stations, small islands, light
houses etc. In several interesting research papers one may find useful information
concerning the design, operation and financial performance of similar installations [1–5].

In this context, wind–diesel hybrid systems using also an appropriate energy storage
device (usually a lead-acid battery) are based on a micro-wind converter and a small diesel-
electric generator, mainly operating as a back up energy production system, while a battery
bank is used to store the wind energy surplus during high wind speed and low consumption
periods. These systems, if sized properly, combine:
a.
 Rational first installation cost, as the diesel-electric generator significantly decreases the
required battery capacity,
b.
 Low operational cost, given that the wind turbine is the main electricity production
source and
c.
 Improved reliability, on account of the three independent power sources that may cover
the load demand of the installation.

Considering the capabilities of similar hybrid systems and the increased research interest
[1–8], this paper attempts a detailed description of a stand-alone wind–diesel hybrid system
performance, based on an analytical model equipped to simulate energy balance and
operational status of the main system components. Using the proposed model one has the
ability to estimate the appropriate wind turbine rated power and battery bank capacity,
given the available fuel quantity that guarantees the energy autonomy of a remote
consumer for a desired time period.

2. Analytical description of the proposed hybrid system components

A typical wind–diesel hybrid system (Fig. 1) able to meet the electricity requirements of
isolated consumers comprises of:
i.
 A micro-wind converter.

ii.
 A small internal combustion engine driving an electric generator.

iii.
 A lead-acid or a Ni–Cd battery bank.

iv.
 Several electronic devices.
More specifically, in the following one may find all necessary parameters and
corresponding equations used to simulate the operational behavior of the hybrid system
main components, see also Table 1.

2.1. Wind turbine

In similar applications a low cost fixed pitch three bladed micro wind converter [9] of
rated power ‘‘No’’ is normally utilized as the primary energy production source. The
output of the turbine depends [10] on the wind speed value ‘‘V’’ at hub height, the
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Fig. 1. Proposed autonomous wind–diesel hybrid system.

Table 1

Available information of the hybrid system major components

Basic hybrid system

components

Major parameter of the

analysis

Value range Other parameters affecting

the solution

Wind turbine Wind turbine rated power 0–15000W Wind speed, air density

Internal combustion

engine-electric generator

Annual oil consumption 0–2000 kg/yr Rater power of the

generator, specific fuel

consumption

Battery Maximum battery capacity 0–50000Ah Operation voltage,

maximum depth of

discharge

J.K. Kaldellis / Renewable Energy 32 (2007) 1544–15641546
manufacturer’s power curve Nw ¼ N�wðV Þ at standard day conditions and the air density at
the installation area, thus

NwðV Þ ¼
r

1:2215
N�wðV Þ. (1)
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Bear in mind that the air density value depends on the ambient temperature and pressure
as well as on the corresponding air humidity [10].

The corresponding wind turbine generator is usually of the induction type with
operational slip ranging between 2% and 10%. The generator frequency variation should
attentively be kept minimum; otherwise supplementary electronic devices (e.g. UPS, i.e.
uninterrupted power supply system) might protect the consumer frequency.
2.2. Internal combustion engine-electric generator

In most stand-alone applications a naturally aspirated diesel generator [11] operating at
a constant speed and driving a suitable electric generator is used to cover the electricity
requirements of the installation. The rated power N�Dof the engine should be able to face
the consumption peak load demand Np increased by an appropriate safety coefficient (e.g.
E1.3), hence

N�DXNp, (2)

while close attention should be paid on selecting an appropriate (see Fig. 2) specific fuel
consumption SFC of the diesel engine, especially under partial loading NDaN�D of the
engine, i.e.

SFC ¼ SFC
ND

N�D

� �
, (3)

in order to minimize the corresponding fuel consumption. Bear in mind that even at zero
load, diesel generator fuel consumption is almost 30% of the corresponding fuel
consumption at rated power. On top of this, it is recommended to avoid the diesel engine
operation below 30% of full load for long periods, in order to avoid serious maintenance
problems, like chemical corrosion and glazing [11].

For the estimation of the mass fuel rate mf of the diesel generator one may write

mf ¼ SFCND. (4)
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Thus, the total oil consumption over a given period (to,to+Dt) is given as

M f ¼

Z toþDt

to

mf dt. (5)

In the present application the diesel-electric generator is used as a back-up electricity
production source, thus the generator starts automatically when the battery voltage drops
below a certain critical value (or the corresponding depth of discharge DOD surpasses a
pre-described value) or the load demand exceeds the sum of the wind turbine and the
battery bank (via the system inverter) output.

2.3. Battery bank

There are several different energy storage alternatives, like flywheels, hydraulic storage,
water pumping, battery storage even fuel cells [12]. In similar size applications, a lead-acid
battery normally accumulates the available energy surplus to be used during periods of
inadequate wind.
More precisely, the battery size is given in units of the time-period that the storage can

cover the average load without the contribution of other power sources. Hence, the battery
bank used is defined by the installation’s hours of energy autonomy ho, the corresponding
operation voltage Ub and the maximum permitted depth of discharge DODL. In several
cases instead of ho one may use the maximum battery capacity Qmax, which results by the
hours of energy autonomy as

Qmax ¼ ho
Ey

8760

1

ZdscðDODLÞUb
, (6)

with Ey being the annual energy consumption of the installation and Zdsc the efficiency of
the battery energy production branch, including battery discharge loss, line loss, inverter
loss etc. It is important to mention that the DODL value is strongly related [12,13] to the
life duration (operational cycles nc) of the batteries, e.g.

DODLnc � 1200� 1500ð Þ. (7)

During the normal operation the battery capacity varies between Qmin and Qmax, i.e.

QminpQpQmax, (8)

where

Qmin ¼ ð1�DODLÞQmax. (9)

Bear in mind that the battery voltage Ub is not constant, as it depends on the charge
condition of the battery, along with the ambient or battery cell temperature y, i.e.

Ub ¼ UbðQ; yÞ ¼ UbðDOD; yÞ, (10)

where

DOD ¼ 1�
Q

Qmax

pDODL. (11)
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Accordingly, the useful energy content of the battery at a specific time point to is
expressed in view of Eq. (10) as

Eb ¼

Z Q

Qmin

Ub dQ0 ¼ Qmax

Z DODL

DOD

Ub dðDOD0Þ. (12)

Finally, the maximum charging and discharging power values are determined either by
the charge controller charge current Ich, i.e.

Nch ¼ U ccI ch, (13)

or by the inverter maximum power value Np. In Eq. (13), Ucc is the charge controller
output voltage, being normally 1–3V higher than the corresponding battery voltage value.

Recapitulating, the overall efficiency of the energy storage branch includes the rectifier
and charge controller losses, the standing losses owing to the battery self-discharge, losses
of the line connecting the storage branch apparatus and the inverter loss.

2.4. System electronic devices

For the undisturbed operation of the hybrid system under investigation an AC/DC
rectifier of nominal power equal to wind turbine rated power No is necessary to convert the
incoming three-phase AC voltage UAC from the wind turbine excess power to a nominal
UDC corresponding to DC current accepted by the system batteries.

The output of the AC/DC rectifier enters a DC/DC charge controller of Nc-rated power
that charges the system batteries with a charging voltage Ucc, slightly higher than Ub. The
corresponding charge rate Rch depends on the charge voltage and the battery charge
current, while the discharge rate is defined by the battery voltage and the corresponding
discharge current [14]. Finally, the excess energy is directly rejected into a water-heating
dump load by the controller, since no other low-priority loads exist.

The battery energy production branch is integrated by an appropriate DC/AC inverter
[15] converting the DC output of the batteries into standard 50Hz current of operational
voltage 220/380V. The maximum power Np of the inverter should be capable of meeting
the consumption peak load demand, while its maximum efficiency equals Z�inv. During
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partial load Nd a typical inverter efficiency curve is shown in Fig. 3, i.e.

Zinv ¼ f
Nd

Np

� �
pZ�inv. (14)

Finally, an uninterruptible power supply (UPS) of rated power Np, frequency 50Hz
and operational voltage 220/380V, is also applied to guarantee the wind turbine
output reliability for the consumer devices. The UPS autonomy time dt (e.g. dtE1–2min)
should be adequate to facilitate the other power devices (battery-inverter, diesel-electric
generator) in meeting the consumption load on occasions of sudden low wind energy
production.
Bear in mind that the diesel switches on only when the wind turbine and the storage

branch cannot cover the load demand, since the system power control should ensure that
the load demand is always satisfied, i.e.

Nw þN inv þNDXNdðtÞ 8t, (15)

in case of 100% system reliability required (excluding Force Majeur events).
Due to the battery bank existence, the system power control should activate the diesel

generator only in case of deep battery discharge (i.e. DOD-DODL) to prevent this
particular occasion and ensure an unbroken load supply. In this manner, the diesel engine
ignition and the frequency instability are minimized, therefore considerably limiting the
diesel generator damaging.
3. Hybrid system operation modes

During the long lasting operation of the wind–diesel hybrid system under investigation
one may meet the following situations:
i.
 The wind turbine production is higher than the load demand, i.e.

NwðtÞ � NdðtÞ, (16)

thus the energy surplus dN(t) expressed as

dNðtÞ ¼ NwðtÞ �NdðtÞ, (17)

is stored via the AC/DC rectifier (efficiency Zr) and the charge controller (efficiency
Zcc) at the battery bank, i.e.

DEðDtÞ ¼

Z toþDt

to

ðdNðtÞZrZccÞdt. (18)

The corresponding battery capacity increase is given as

DQðDtÞ ¼
DEðtÞ

UbðQoÞ
, (19)

excluding the case that Qo ¼ Qmax, where this energy amount is forwarded to low
priority loads. Thus

Qðto þ DtÞ ¼ Qo þ DQðDtÞpQmax. (20)
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ii.
 The wind turbine output is less than the load demand, i.e.

NwðtÞpNdðtÞ, (21)

thus the energy deficit d0N(t) expressed as

d0NðtÞ ¼ NdðtÞ �NwðtÞ, (22)

is covered:

iia.
 first, by the battery storage bank under the assumption that

DODpDOD1. (23)

In this case the battery capacity decrease is given as

D0QðDtÞ ¼
D0EðtÞ

UbðQoÞ
, (24)

where

D0EðDtÞ ¼

Z toþDt

to

d0NðtÞ
ZdchZinv

� �
dt, (25)

with Zinv and Zdch the inverter and the battery discharge efficiencies, respectively. In
this case one gets

Qðto þ DtÞ ¼ Qo � D0QðDtÞ. (26)
iib.
 If Eq. (23) is not validated, the energy deficit (including line loss Zline) is covered by the
diesel-electric generator (see also Eq. (4)) in expense of the oil reserves dmf of the
installation, i.e.

dmf ðDtÞ ¼

Z toþDt

to

d0NðtÞ
Zline

SFC
d0NðtÞ

N�d

� �
dt, (27)

and

M f ðto þ DtÞ ¼Mf ðtoÞ þ dmf ðDtÞ, (28)

under the restriction that

M f ðtoÞpM f max. (29)
iic.
 In the situation when both Eqs. (23) and (29) are not valid, the first degree battery
protection limit is violated and the energy deficit is covered by the battery storage
branch (see Eqs. (24)–(26)), under the condition that

QoXQmin or DODðtoÞpDODL. (30)
iii.
 In the extreme case that neither Eq. (29) nor Eq. (30) is validated, load rejection takes
place. Thus, given that the zero-load rejection operation is desired, the rated power of
the wind turbine or the battery bank capacity should be increased under the specific
(predefined) maximum annual diesel-oil consumption value.
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4. Optimum hybrid system configuration algorithm
In an attempt to estimate the exact hybrid system dimensions that guarantees 1-yr
energy autonomy of a typical remote consumer, a new numerical algorithm is devised. The
proposed algorithm calculates the required wind turbine size No and the corresponding
battery capacity Qmax that ensures the system energy autonomy for a given annual diesel
oil quantity Mfmax. The proposed algorithm (WIND-DIESEL II) consists of the following
steps:
i.
 For every region analyzed (e.g. Naxos island) and for a specific annual diesel-oil
quantity available (Mfmax), select the wind turbine rated power No taking values from a
specific numerical range, Table 1.
ii.
 Accordingly, select a battery capacity starting from a minimum value, Table 1.
A maximum battery capacity limit also exists.
iii.
 For every time-point of a given time-period (with a specific time-step) estimate the
wind energy produced Nw by the wind turbine, considering the existing wind speed, the
ambient density and the selected wind turbine power curve.
iv.
 Compare the wind energy production with the isolated consumer energy de-
mand Nd. If any energy surplus occurs (Nw4Nd), the energy is stored to the battery
system and a new time point is analyzed (i.e. proceed to step iii). Otherwise, proceed to
step v.
v.
 Since NwpNd, the energy deficit Nd�Nw is covered by the energy storage subsystem, if
the battery capacity is higher than a given limit (i.e. Q4Q1 or DODoDOD1). If this is
not the case, proceed to step vi. Accordingly proceed to step iii.
vi.
 In this case the energy deficit Nd�Nw is covered by the diesel generator in the
expense of diesel oil reserves, if any (i.e. MfoMfmax). Otherwise proceed to step vii.
Accordingly proceed to step iii.
vii.
 The energy deficit Nd�Nw is finally covered by the energy storage branch, vio-
lating the first-degree battery protection restriction (i.e. QoQ1), if the battery
is not near the lower capacity permitted limit (Q4Qmin). Accordingly proceed to
step iii. In case the battery is practically empty, the battery size is increased by a
given quantity, if the battery maximum capacity limit is not exceeded. Then repeat
the complete analysis from the beginning, step iii. If the maximum battery size is
reached a new wind turbine rated power is selected, while the calculation is restarted
from step ii.
Bear in mind that during the algorithm execution the annual diesel oil quantity varies
between two extreme values, i.e.

0pM f maxpM f upper, (31)

where

M f upper ¼ EySFC ðkg=yrÞ, (32)

Also, the wind turbine rated power takes values in the range

NminpNop15000 ðWÞ, (33)
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with

Nmin ¼
Ey

8760CF Zups
, (34)

where CF is the mean annual capacity factor of the installation and Zups is the efficiency
(ZupsE95%) of the UPS. The maximum value (15 kW) is taken as the upper limit of the
micro-wind converter category, considering also the corresponding purchase cost.

On the basis of the first installation cost, the battery capacity values are also bounded as

0pQmaxp50000 ðAhÞ, (35)

while one should not disregard the area needed for the installation of the batteries as well
as the increased maintenance needs, Table 1.

5. Application results

By using the above-presented mathematical model–numerical algorithm, one may
estimate the energy balance and the profile of the main performance parameters for a
typical wind–diesel hybrid installation located in Naxos island of Aegean Archipelago. The
installation under investigation is based on a 6 kW wind turbine, a diesel generator of
5 kW, while the battery storage capacity (24V, DODL ¼ 75%, DOD1 ¼ 40%) is taken
equal to 5000Ah. In addition, the maximum available annual diesel-oil quantity is taken
equal to 100 kg/yr (i.e. Mfmax ¼ 100 kg/yr), compared with the 2000 kg/yr diesel oil
consumption of a diesel-only installation used to fulfill the energy requirements of the same
remote consumer.

The proposed hybrid installation concerns the electricity demand of a typical remote
consumer (4–6 member family); see for example [16,17]. Three representative weekly
electricity consumption profiles are selected on an hourly basis, also depending on the year
period analyzed (winter, summer, other). The data used are based on information provided
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by the Greek National Statistical Agency, concerning the electricity demand profile of
selected representative households [18]. In Fig. 4, the most realistic electricity load demand
profile for this typical family is presented during a representative winter and summer week.
According to the consumption profile approved, the annual peak load Np is set at 3.5 kW,
while the weekly electricity consumption varies between 80 and 100 kWh.
The electricity consumption, in association with the available wind speed values [19] and

the corresponding ambient conditions (temperature, pressure and humidity) needed for the
air density estimation are the main inputs defining the energy behavior of the hybrid
system examined.
In this context, Naxos is a medium-sized island (18,000 habitants, area of 428 km2) of

central Aegean Sea belonging to the Cyclades complex, located in the middle of the Aegean
Archipelago. The local terrain is very intense, including several rocky mountains with
relatively sharp slopes. The island has an outstanding wind potential, as in several
locations the annual mean wind speed exceeds 7.5m/s, at 10m height. In Fig. 5, the
measured monthly averaged wind speed values are cited for an 1-yr time period along with
the corresponding standard deviation, while the entire year hourly mean wind speed time
series is also demonstrated in Fig. 6. According to the data presented, there are two
relatively large low wind speed periods during the entire year, i.e. between the 18th and
20th of April and between the 26th and 27th of July. These time periods, along with the
time period belonging to the 35th week of the year are those strongly testing the energy
autonomy condition of the stand-alone hybrid system.
Applying the analysis of Section 3 to the above-described installation for these low-

wind-speed winter and summer weeks, we get several interesting calculation results,
included in Figs. 7–10. More specifically, Figs. 7 and 8 present the installation load
demand (negative y-axis) during the selected winter and summer weeks (20th and 27th) of
relatively low wind potential, see also Fig. 6, along with the corresponding wind energy
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production (positive y-axis). In the same figures one may also find the diesel-electric
generator contribution, while the corresponding energy surplus/deficit results by
comparing the energy production with the energy demand. Subsequently, in Figs. 9 and
10 one may observe the battery capacity distribution versus time along with the
corresponding diesel oil reserves (right-hand axis) and the energy deficit/surplus time
series.
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At this point, it is interesting to mention that during the 20th week (Fig. 7) the diesel-
electric generator covers the energy deficit in expense of the diesel oil reserves (Fig. 9),
especially during the second half, since the wind turbine production is quite low, excluding
a 10 h period (2770–2780), where the corresponding wind energy production just exceeds
the 2 kW (wind turbine rated power 6 kW). According to the results of the Fig. 9, the
battery capacity is constantly low, approaching the first battery limit value (DODE-

DOD1 ¼ 3000Ah).
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During the second week examined the problem appears at the beginning and the end of
the period examined, Fig. 8, since the wind energy production is zeroed. Bear in mind that
due to the previous relatively large low-wind period (i.e. the 26th week of the year) the
system battery bank is near the first DOD limit, Fig. 10, hence the energy deficit is totally
covered by the diesel-electric generator. On the other hand, after the mid-period of the 27th
week the wind turbine loads the battery bank, thus the energy deficit of the last part of this
week (Fig. 8) is covered without additional diesel oil consumption.
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Finally, in Fig. 11 one may compare the system energy production (wind turbine+
diesel-electric generator) with the installation energy demand for every month of the year,
see also Fig. 6. Obviously, there is a remarkable energy surplus in most months of the year,
while during April and May the energy surplus is minimum (considering the system—
especially the storage loss), underlining the fact that the hybrid system is practically
optimum sized, under the zero load rejection pre-condition [20].

6. Sensitivity analysis of the proposed solution

In the following, the above-described optimum configuration algorithm along with the
corresponding mathematical model of Section 3, are applied in order to estimate the
optimum hybrid system size for a remote consumer case (Fig. 4) situated in Naxos island,
where yearlong wind speed data exist. The corresponding maximum fuel quantity available
is here assumed equal to 100 kg/y. The calculation results are demonstrated in Fig. 12. It is
important to mention that in this section we want to prove that every point (No�Qmax)
belonging to the curve DE guarantees 1-yr’s energy autonomy of the specific consumer
under examination, with the minimum system dimensions.
For this purpose, by selecting a typical point A (No ¼ 6 kW, Qmax ¼ 5000Ah) of curve

(DE) in Fig. 12 one may see the corresponding energy deficit/surplus for the 27th summer
week of the year, Fig. 13. Accordingly, by increasing the wind turbine rated power by
500W (point A1 of Fig. 12) we get the corresponding energy deficit/surplus distribution in
comparison with that of point A, Fig. 13. According to the results of Fig. 13 the energy
deficit of the hybrid system remains the same (at low wind speed the wind energy
production is practically zero), while the energy surplus of point A1 is slightly higher than
that of point A. On the contrary, the energy surplus of point A2 (wind turbine rated power
500W less than that of point A) is somewhat lower than the production of point A. In
Figs. 14 and 15 one has also the opportunity to compare the time distribution of the hybrid
system battery capacity and the residual diesel oil quantity concerning the operation of the
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Fig. 12. Energy autonomous configuration for a wind–diesel hybrid system, Naxos island.
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hybrid system for the 27th week of the year and for the configurations regarding the points
A, A1 and A2 of Fig. 12.

According to the results of Fig. 14 the battery capacity of point A2 is quite lower than
the one of point A, violating the maximum DOD limit (i.e. Qmin ¼ 1500Ah) and leading to
load rejection. On the other hand, the battery capacity distribution of point A1 is slightly
higher than that of point A. Subsequently, in Fig. 15 we present the time distribution of the
residual diesel oil quantity for the 27th week of the year analyzed and for the three hybrid
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system configurations corresponding to points A, A1 and A2. As is obvious, the residual
diesel oil quantity is practically zero at the beginning of the week for the hybrid system of
point A2. On the contrary, only the hybrid system corresponding to point A1 reserves a
small diesel oil quantity at the end of the 27th week, while this is not the case for the point
A configuration.
Repeating the same investigation for points A3 and A4 of Fig. 12, corresponding to

hybrid systems similar to the ones of point A but having 200Ah bigger and lower battery
capacity respectively, we get Figs. 16–18. These figures present the energy surplus/deficit,
the battery capacity and the residual diesel oil distribution versus time for the same (27th)
week of the year. As expected, the energy surplus/deficit is not remarkably influenced by
the battery capacity used, Fig. 16. However, the battery capacity at the specific week
examined of point A3 is higher than the one of point A. Similarly, the distribution of point
A4 is lower than the corresponding one of point A, Fig. 17. Finally, the residual diesel-oil
quantity is zeroed during the 27th week of the year first for the point A4, next for the point
A and lastly for the point A3, Fig. 18.
Recapitulating, according to the sensitivity analysis carried out it is obvious that every

point belonging to the curve DE guarantees the installation examined energy autonomy
for the time period analyzed (e.g. 1 yr), while all the points belonging to the No�Qmax area
under this curve represent undersized hybrid systems, which cannot guarantee the desired
energy autonomy of the system. On the other hand, all points over the curve DE represent
oversized hybrid systems retaining dimensions larger than required. For selecting the best
points on the curve DE an optimization criterion should be provided [20], i.e. minimum
first installation or 10-yr operation cost, etc.
These calculations can be repeated for several Mfmax values (see Eqs. (31) and (32)) and

the corresponding results are summarized in Fig. 19. As it is rational, the dimensions of the
wind turbine and the battery bank are considerably reduced as the diesel-oil contribution
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in the system energy balance increases. Besides, for relatively high diesel-oil contribution
(MfmaxX250 kg/yr) the impact of the wind turbine rated power stops to influence the
battery bank size after a certain point (e.g. NoX1.5 kW for Mfmax ¼ 1000 kg/yr). On the
other hand, before this value is reached there is a significant battery capacity diminution
with a relatively small wind-turbine rated-power increase.
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7. Conclusion

Taking into consideration the scientific interest concerning the capabilities of hybrid
wind–diesel-battery systems with energy storage to fulfill the remote consumers’
electrification needs, a detailed mathematical model describing the operational behavior
of the basic hybrid system components is presented.
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Accordingly, an integrated numerical algorithm is built in order to estimate the energy
autonomous configuration of the wind–diesel-battery hybrid system under investigation.
For this purpose, the optimum configuration selection procedure, adopted in the proposed
numerical algorithm, is verified by carrying out an appropriate sensitivity analysis of the
points belonging to the energy autonomous solution curve. Finally, a complete energy-
autonomous three-dimensional surface may be predicted, considering that every point of
this surface—i.e. wind turbine rated power, battery bank capacity and annual diesel-oil
consumption—guarantees the remote consumer’s energy-autonomy for the entire time
period examined.

Recapitulating, by incorporating an appropriate cost–benefit model, the proposed
methodology may equally well be applied to other remote consumers and wind potential
types, in order to predict the optimum wind-diesel hybrid system configuration that
guarantees long-term energy autonomy, minimizing the consumption of imported oil and
the corresponding environmental impacts.
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