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Abstract—The production of electricity from renewable sources
has been increasing over the last years, taking large steps to
become the world’s biggest responsible for that production. This
progress has been the result of an investment in new technologies
that have exploited the full potential of these renewable sources,
extracting clean and sustainable electricity from them. Thus,
these changes in the field of production are welcome, however the
evolution of these new technologies has been a great challenge
and sometimes a riddle for researchers and professionals.

This dissertation proposes an approach to a hybrid and
isolated production system, that is, a system composed of more
than one renewable energy source and isolated from the power
grid. The approach is based on data collected from previous
years and subsequently filtered and processed, which allows us
to perform a more careful assessment of the case study. For a
better analysis and understanding, several scenarios (illustrated
by graphs) are taken into account, where the behavior of the
various systems can be observed and understood.

The results are in line with what would be expected, showing
that a hybrid and isolated system can be the solution for the
case study, as well as for a numerous of future applications, such
as the creation of a micro grid isolated from the national power
grid that could allow to transport electricity to certain isolated
regions, or even to produce them in those regions.

Index Terms—Renewable Sources; Hybrid and Isolated Sys-
tem; Photovoltaic System; Windmill; LiFePO4 Batteries;

I. INTRODUCTION

The search for renewable energy sources has been increas-
ing over the years, as well as the search for the ways to storage
the energy surplus produced during the day/night. Portugal is
having an important role on this evolution of the renewable
and storage systems and who knows, some day, we will be
pioneers in off-grid systems composed by two or more system,
the so called hybrid systems.

Few are those who can imagine a world without access to
electrical energy. Nowadays, each and everyone of us cannot
live without a computer, a smartphone, or even a simpler
consumer like a light, however there are people that continue
to live without that common good for the most varied reason.
The off-grid hybrid system can be the solution to distribute
the elecrtical energy all over the place.

In Portugal, particulary in a region called Alentejo, the ratio
between old people and young people is really high. If we

consider that some of the old people live somewhere in the
countryside, we can easily unravel that there are certainly
some of those who live without access to energy. Besides this
handicap on the electrical field, there are many more factors
that show the unconcern and negligence in the innermost
regions. The old windmills, once used to grind cereals, are
a perfect example of abandonment, apathy or forgetfulness.

In order to restore those old symbols of the region, the
main purpose of this work is to study an alternative and self
sufficient hybrid solution for rehabilitation and requalification
of the windmills, making them totally auto sufficient. In
the future, the main goal will be to replicate this model to
many other windmills of the region in order to create a kind
of distribution and transmission grid that can reach all the
population.

For now, it was studied the alternative hybrid system’s
behaviour, assuming that we had a stacionary load representing
a tourist spot. Former researches will be presented, as well as
the methodologies used in order to accomplish the results for
this work. After that, there are also considered the sections
IV, regarding the simulations, and V, where will be presented
the contributions of this work.

II. BACKGROUND

A. Photovoltaic Systems

Photovoltaic energy is the energy obtained through a direct
conversion of light into electricity. The fundamental unit of
this conversion process is the photovoltaic cell, a device made
of semiconductor material [1].

This energy can have a wide range of applications such
as microgeneration to fulfill the consumption of a detached
house, large-scale grid-connected power generation or to sim-
ply charge the battery of a cell phone.

Over the last 20 years, the installed capacity and the
manufacure of photovoltaic cells has experienced an exponen-
tial worldwide growth, according to the International Energy
Agency (IEA) [2]. Portugal has had a slow evolution, although
positive, having about 590 MW of installed capacity by the
end of September of 2018 [3], however it is expected to triple
that installed capacity by 2021 [4].



As already been mentioned, the photovoltaic cells are the
fundamental piece of a photovoltaic panel. A photovoltaic
panels is composed by a set of photovoltaic cells and a many
panels in series form a photovoltaic system.

Those cells can be classified as first, second or third gen-
eration. First generation cells continue to be the most wanted
and used cells and represent about 90% of the market. With
the increasing demand for this technology, the price has been
falling down and is currently set to 0.33e /W [5].

Besides the type of cells, there are other variables that
can have influence in the efficiency and profiability of the
system. System organization is one of those, and beyond the
organization of the panels in strings and arrays, there will
also be a need to define the organization of the inverters.
These inverters can be organized in three ways: a centralized
string inverter, an inverter for each string and micro inverters.
Although the micro inverters solution is more expensive, it
guarantees a better efficiency.

The photovoltaic systems can be divided in two major types:
on-grid and off-grid. While the off-grid systems need a storage
system, a device to regulate that system and the inverter(s),
off-grid systems only need the inverter(s) because all the extra
energy produced goes directly to the electrid grid.

B. Wind Systems

The wind energy is obtained by converting kinetic energy
into useful electrical energy. Its use has been growing along
the years, mainly in Europe and China, and it’s one of the
renewable energy source with most installed capacity, about
36% of the the worldwide installed capacity [6].

By the end of 2018, the installed capacity onshore in Portu-
gal was 5.38 GW [7], already surpassing the goal set for 2020
(5.3 GW) [8]. Besides the continuous onshore investment, it
is also expected an ofshore investment in order to achieve
0.027 GW of installed capacity. According to the Portuguese
Association of Renewable Energies (APREN), wind energy
represents 26.1% of the 51.8% of the energy produced from
renewable sources in Portugal, while photovoltaic energy
represents only 2.4% [9].

The levelized cost of energy for these systems has been
decreasing and it is expected to reach 34e /MWh by the end
of 2019. Besides the fact that the photovoltaic energy was
the technology with the largest price decrease between 2009
and 2019 (almost 90%), wind energy also had a considerable
decrease of about 72% [10].

The first windmill dates back to the 5th century and it con-
sisted mainly in converting the wind energy into mechanical
energy for milling the grains. This technology has evolved over
time and wind turbines set a new form of energy conversion
by converting the wind energy into mechanical energy and
then mechanical energy into electrical energy.

Those wind turbines can be defined by its rotor axes in
two types: horizontal axis and vertical axis. In the horizontal
axis turbine, the rotor and the generator rotate according to the
wind direction, while in the vertical axis turbine, only the rotor
rotates according to the wind direction, beeing less efficient.

C. Energy Storage Systems

An energy production system is effectively more productive
when it has a storage system associated. For that reason, a
storage system is the best option when we are considering
an off-grid system because it stores the extra energy when
the production is higher than the consumption to compensate
when the consumption is higher than the production.

These storage systems can be divided in four major cat-
egories: Electrochemical Systems, Electromagnetic Systems,
Thermal Systems and Mechanical Systems [11]. Each of these
is designed with different characteristics, some for larger scale
and others for a smaller scale. The variables to take into
account are not only the available capacity but also its storage
durability [12].

Considering the price, the capacity and the durability of the
storage systems, an electrochemical system looked to be the
most suitable for this situation. There are plenty of rechargable
batteries in the market, however the most appropriate is the
recently awarded with the Nobel Prize in Chemistry Lithium-
Ion battery [13].

Whithin the category of Lithium-Ion batteries there are
many types of batteries with different components, however
and after comparing with other types, the Lithium Iron Phos-
phate battery proved to be the most appropriate.

This battery has some aspects that need to be taken into
account in order to increase its durability, such as the depth
of discharge or the temperature [14, 15]. Its price has been
decreasing with the electrical vehicle evolution and according
to BloomberNEF it is now set in 141e /kWh [16].

III. MODELS

Before starting the simulations, there was a need to organize
the data and filter everything for a better analyses.

A. Sun Tracking and Shading Effect

The amount of irradiance that reaches the earth’s surface
is different from the amount of irradiance that reaches the
earth’s atmosphere. The position of the sun at a given time,
geographical coordinates or season, are not the only variables,
but also to the presence of clouds and air pollution in the
region.

Through solar predicitons it is possible to calculate the
incidence angle on the tilted surface of the panels as well as
the efficiency and profitability of the solar system. In order to
make those predictions, we need to consider some fixes angles
as well as some variable angles related to the Sun and Earth
position [17, 18, 19, 20], as the following:
• Latitude (φ) - Represents the angle between the equator

and a given point on the Earth’s surface. This angle spec-
ifies the position of that point (North or South) relative
to the reference (equator) and it may vary between −90°
≤ φ ≤ 90°.

• Longitude (λ) - Represents the angle, to East or West,
between a given point a the reference (Greenwich Merid-
ian). It is measured along the equator and may vary
between −180° ≤ λ ≤ 180°.



• Declination Angle (δ) - Represents the angle between the
incident solar beams and the equator and can be given by
the equation 1:

δ = 23.45 · sin
[
360 · 284 + n

365

]
(1)

where n represents the day of the year.
This angle may vary between −23.45° ≤ δ ≤ 23.45°as
represented in the figure 1.

Figure 1: Earth’s orbit around the Sun [21]

• Solar Hour Angle (ω) - Represents the angle between the
longitude of the incident solar beam and the longitude of
a given point on the Earth’s surface and it is positive (180°
≤ ω < 0°) during the first hours of the day, reaches 0°
at noon and starts decreasing (0° < ω ≤ −180°) until
midnight, varying between −180° ≤ ω ≤ 180°.
Taking into account that the speed of the rotation move-
ment of the Earth around the Sun is 15°/h, we can use
the equation 2 to calculate this angle:

ω = 15 ·
(
12− ts

)
(2)

where ts represents the local solar hour.
In order to calculate ts, it is necessary to compute
a relation between the local standard time (tloc), the
hour according to the timezone of the given point, the
longitude of the reference (λref ) and the longitude of
the point (λloc) and the equation of time that works as a
correction factor due to the non circular Earth’s trajectory.
That relation is represented by the equation 3 below:

ts = tloc +
ET

60
+
λref − λloc

15
(3)

with the variables tloc, ET , λref e λloc already explained
above.
The equations 4 and 5 represent auxiliary calculation
needed to obtain the value of the local solar hour (ts).

ET = 9.87 sin(2B)− 7.53 cos(B)− 1.5 cos(B) (4)

being the variable B calculated by the expression 5
presented next:

B = 360 · n− 81

365
(5)

where n represents the day of the year.
Besides the already mentioned variables, it is necessary
to keep in mind that the time changes twice a year and
for that reason the equation 3 has to be adapted to the
matching equation 6 (if winter time) or 7 (if summer
time):

ts = tloc +
ET

60
+
λref − λloc

15
(6)

ts = tloc +
ET

60
+
λref − λloc

15
+ 1 (7)

• Zenith Angle (θz) - Represents he angle between the
incident solar beam and the zenith axes, in other words,
the angle of incidence in an horizontal surface (β = 0°),
as represented in figure 2 and calculated according to
the equation 8. It may vary between 0° ≤ θz < −90°,
reaching the 0° at noon.

θz = arccos
[

cos δ · cosφ · cosω + sin δ · sinφ
]

(8)

with the variables δ, φ e ω already mentioned above.
• Elevation Angle (α) - Represents the angle between

the incident solar beams and the horizontal axes, being
complementary to the zenith angle (θz), as shown in
figure 2.

Figure 2: Solar angles [22]

It is given by the equation 9 and may vary between 0°
≤ α ≤ 180°.

α = 90− θz (9)

being the variable θz the zenith angle.



• Solar Azimuth Angle (γs) - Represents the angle between
the projection of the solar beams on the horizontal plane
and the north/south and can be obtain by the equation 10:

γs = arcsin

[
cos δ · sinω

cosα

]
(10)

with the variables δ, α e ω already mentioned.
This angle may vary between −180° ≤ γs ≤ 180°and it
is possible to observe in the above figure 2.

• Surface Azimuth Angle (γ) - Represents the angle be-
tween the projection of the vector normal to the surface
of the panel on the horizontal plane and the geographic
south. It may vary between −180° ≤ γ ≤ 180°as you
can see in figure 3.

Figure 3: Angles related to a tilted surface

• Tilt Angle (β) - Represents the angle between the tilted
surface and the horizontal plane, as shown in the figure 3
above. In the Northen Hemisphere, β is oriented South,
while in the Southern Hemisphere it is oriented North
and it varies between 0° ≤ β ≤ 180°.

• Incidence Angle on a Tilted Surface (θ) - Represents the
angle between the radiation falling directly on the surface
and the normal of that surface. That angle is fundamental
in the design of solar systems and can be obtained by the
following equation:

θ = arccos
[

sin δ · sinφ · cosβ − sin δ · cosφ · sinβ · cos γ

+ cos δ · cosφ · cosβ · cosω + cos δ · sinβ · sin γ · sinω
+ cos δ · sinφ · sinβ · cos γ · cosω

]
(11)

with the variables δ, φ, β, γ e ω described throughout
this section III-A.

Lastly, to determine the direct normal irradiance (DNI) that
reaches the surface of a solar panel using the value of the
direct horizontal radiation (DHI), it is necessary to consider
some relations as represented in the figure 4 below.

Figure 4: Geometrical relations between solar angles, photo-
voltaic panels e irradiance [17]

Using the relations represented in the figure 4 and the
equations represented in 12, it is posible to calculate de DNI
that reaches a surface with a tilted angle (β) at a specific time
of a specific day.

cos θz =
Ghor

Ginc
⇔ sinα =

Ghor

Ginc
⇔ Ginc =

Ghor

sinα

cos θ =
Gdir

Ginc
⇔ Gdir = Ginc · cos θ

=⇒ Gdir =
Ghor

sinα
· cos θ

(12)

Due to the tilt (β) of the panels and the solar elevation (α),
there are some panels that partially or totally shade others.
However, it is possible to minimize that shading effect through
the equations presented in 13 and based on the geometric
relations of the figure 5 and on the graphic of the figure 6.

Figure 5: Dimensões para os cálculos do Ground Coverage
Ratio (GCR)

In order to obtain the optimum space between panels (b),
the first necessary step will be decide the value to the Shading
Derate Factor (SFD). Having that value defined, it is possible
to obtain a value for the Ground Coverage Ratio (GCR).

Figure 6: Relation between the SDF the GCR to different tilt
angles [23]



Then, and after the two variables (SFD and GCR) have
been defined, it is also necessary to know the dimensions of
the panel, especially the length (c), while the height (a) is
dependent on the chosen tilt (β). Using the equations presented
in 13, it is possible to calculate the optimum space between
panels (b) that reduces the shading effect as much as intended.

cosβ =
d− b
c
⇔ d− b = c · cosβ

GCR =
c

d
⇔ d =

c

GCR

=⇒ b = c ·
(

1

GCR
− cosβ

) (13)

B. Photovoltaic Panel Model

To study the behavior of the photovoltaic panel, it was used
the model of 1 diode and 3 parameters. Using the datasheet of
the panel and the equations in 14, we managed to obtain some
inicial values for the thermal power (V r

T ), the diode ideality
factor (m) and the diode inverse saturation current (Ir0 ).

V r
T =

K · T r

q
⇔ V r

T =
1.380650× 10−23 · T r

1.602176× 10−19

m =
V r
MP − V r

OC

V r
T · ln

(
1− Ir

MP

Ir
SC

)
Ir0 =

IrSC

e
V r
OC

m·V r
T − 1

(14)

where K, q e T r represent, respectively, the Boltzmann con-
stant (1.380650×10−23 J/K), the electron charge (1.602176×
10−19 C) and the temperature of the cell in STC conditons and
in Kelvin.

Knowing that variations in temperature and irradiance will
impact the obtained power, those values will have to be
calculated in every instant. For that reason, and using the
equations 15, 16 and 17 it is possible to obtain those values.

θmod = θamb +

(
G · (θNOCT − 20)

GNOCT

)
(15)

VT =
1.380650× 10−23 · T

1.602176× 10−19
(16)

ISC = IrSC ·
G

Gr

I0 = Ir0 ·
(
T

T r

)3

· e
ε

m′ ·

(
1

V r
T
− 1

VT

)
(17)

with the variable θ representing, respectively, the module
temperatures, ambient and in Normal Operating Cell Tem-
perature (NOCT) in Celsius degrees and G the irradiance in
that moment and in NOCT. T represents the temperature in
Kelvin, while ε represents a constant for the bandwith of a
semiconductor material (1.12 eV ). Lastly, m′ represents the
quotient between the variable m and the number of cells of
the panel.

To discover the point of maximum power in each instant, it
is fundamental to solve the non-linear equation 18 to obtain
the value of VMP .

P = V · I = V ·
[
ISC − I0 ·

(
e

VMP
m·VT − 1

)]
dP

dV
= 0⇔ ISC + I0 ·

(
1− e

VMP
m·VT − VMP

m · VT
· e

VMP
m·VT

)
= 0

=⇒ e
VMP
m·VT =

(
ISC

I0
− 1

)
(

1 + VMP

m·VT

)
(18)

To solve this non-linear equation it was used the Gauss-
Seidel method, presented in the equation 19. This method
was used to converge until it reaches a difference (in absolute
value) between V

(k+1)
MP and V

(k)
MP that is less than a defined

interval (normally ∆ = 1× 10−3).

V
(k+1)
MP = m · VT · ln

(
ISC

I0
+ 1

V
(k)
MP

m·VT
+ 1

)
(19)

where k represents the actual value and k + 1 the new value
resultant of the iteration.

The point of maximum current (IMP ) can now be obtained
by the equation 20, being the point of maximum power PDC

given by the equation 21:

IMP = ISC − I0 ·
(
e

VMP
m·VT − 1

)
(20)

PDC = VMP · IMP (21)

C. Windmill Model

The power obtained by the windmill was considered to be
an approximation to the power obtained by a wind turbine.
If we take into account that not all the wind blowing during
the day will be useful wind, we will need to evaluate the
two components of wind (~u and ~v). So, using the equations
presented in 22, it is possible to calculate an average wind
speed (~Uavg) [24].

~u = −ui · sin
[
2π · θi

360

]
~v = −ui · cos

[
2π · θi

360

]
~Uavg = (~u2 + ~v2)

1
2

(22)

where ui represents the wind speed at a given instant and θi
the direction in that same instant.

As it was mentioned before, the energy used to produce
electrical energy is the kinetic energy form the wind speed
given by the equation 23. That equation can be rewritten as
shown in equation 24 and then derived to get the available
power (Pdisp), as presented in the equation 25 [25].



E =
1

2
·m · v2 (23)

E =
1

2
· ρ · V · v2 =

1

2
· ρ ·A · v · t · v2 =

1

2
· ρ ·A · v3 · t

(24)

Pdisp =
dE

dt
=

1

2
· ρ ·A · v3 (25)

where m, ρ, A e V represents, respectively, the mass of the
wind column, the density of air, the cross-sectional area and
the volume. Besides these variables, the variable v represents
the average wind speed that, in this case, will be replaced by
the variable Uavg.

The kinetic energy is not totally converted into electrical
energy and, according to Betz, the maximum energy that can
be converted is about 16/27 (≈ 59,26%). For that reason, the
useful power (Pu) is given by:

Pu = cpmáx
· Pdisp =

16

27
· 1

2
· ρ ·A · v3 (26)

where cpmáx
represents Betz’s coefficient.

D. Interaction between models

After all the production models have been defined, it is now
possible to understand how they interact.

Figure 7: Diagram of the interaction between models

Through the diagram presented on the above figure 7, it
is easy to understand that the energy flow is given by the
equation 27:

PPV + PWE + Pbat = Pcons (27)

where PPV represents the production of the photovoltaic
system, PWE represents the production of the wind system,
Pbat represents the power supplied by the batteries and Pcons

represents the power required by the load(s).
The equation 27 can still be divided into 3 groups of

equations, depending on the production and the SoC of the
battery on that given instant. So, the equations presented in
28 refer to a capacity of the battery bank higher than 20%
and equal to or less than 80%, while the equations presented
in 29 refer to the equations presented when the capacity of
the battery bank is less than 20% equal to or more than 80%.

The equation presented in 30 refers to the case where the
production is equal to the consumption, regardless the capacity
of the battery bank.

PPV + PWE = Pcons + Pbat, if P > C ∧ 20% < Pbat ≤ 80%

PPV + PWE + Pbat = Pcons, if P < C ∧ 20% < Pbat ≤ 80%
(28)

PPV + PWE = Pcons + Pexc, if P > C ∧ Pbat ≥ 80%

PPV + PWE + Pger = Pcons, if P < C ∧ Pbat < 20%
(29)

with the variable Pexc representing the surplus production
that will not be consumed or storaged in the battery bank
and Pger representing the power supplied by the generator to
fulil the consumption. Both variables were not presented in
the equation 27 because they will not always be part of that
equation, only, and respectively, in situations where we have
too much production and can not store more in the battery
bank due to the imposed limitations or in situations where we
have the need to fulfil the consumption and don’t have enough
energy production to do so.

PPV + PWE = Pcons, if P = C ∀ Pbat (30)

IV. EXPERIMENTAL RESULTS

This study took place in Almodôvar, a quiet village in
Alentejo, where the average temperature is 17°C. According
to the data collected [26], the average wind speed is about
4.26 m/s and the global horizontal irradiance (GHI) is about
1900 kWh/m2 as represented, respectively in the figures 8 and
9.

Figure 8: Wind Rose between January 2017 and September
2018



Figure 9: GHI between January 2017 and September 2018

The windmill for this study has the dimensions shown
in figure 10, and it is considered to have a second floor
dedicated to the battery bank, the inverter and the wind energy
production mechanism. The useful volume of the windmill is
about 61 m3, however the useful volume of this second floor
is 1/3 of it (roughly 20 m3).

Figure 10: Dimensions of the windmill

The first variable to consider was, and taking into account
the fact that the panels would only have one axis, the tilt (β).
In order to minimize the difference between the maximum and
the minimum value of the produced power, we came to the
conclusion that the optimum tilt value would be β = 21.7°,
as represented in the figure 11.

Figure 11: Monthly average production depending on the
optimum tilt angle (βopt)

This way it is possible to find a balance between both
production peak values and avoid an oversizing of the battery
bank because, besides the production in the winter months
continue to be lower than the production in the summer
months, it will be compensated by the energy produced by
the wind.

Then, the azimuth was considered to be null (γ = 0°), con-
sidering that the panels would be facing south. This azimuth
value was chosen taking into account enumerous researches
that suggested that a location on the northen hemisphere with
coordinates similar to the chosen location would benefit if the
azimuth angle was 0°.

It was considered a panel with monocrystalline silicone cells
and the costs were calculated taking into account the cost
presented on section II-A. For the battery it was considered
a LiFePO4 with a DoD of 60% to increase the durability and
profitability of the battery bank and its costs were calculated
according to the costs presented on section II-C. For the wind
energy, it was considered that the radiu would be 5.8 m and
the LCOE would be 34e /MWh.

For this case study three scenarios were considered: sufi-
cient PV power to fulfil the demand in the coldest day, lower
system (PV + Batteries) cost and lower system (PV + Batteries
+ Wind Energy) cost.

A. Suficient PV power to fulfil the demand on the coldest day

In order to fulfil the consumption on the coldest day only
with photovoltaic panels, it would be needed 113 panels and
to satisfy the remaining consumption we would need a bank
with a minimum capacity of 22 kWh.

In the figure 12 represented below we can see the production
and consumption curves in the time interval between 24 and
28 of January 2018, as well as the percentage of remaining
battery existing in that interval.



Figure 12: Production, Consumption and battery percentage
curves between 24 and 28 of January 2018

To understand better the behavior of the battery bank, it is
essential to interpret its energy flow. So, in the figure 13 it
is possible to analise the energy that comes in, out and that
exceeds the capacity of the battery bank.

Figure 13: Energy flow on the battery bank between 25 and
28 of January 2018

In the 26th of January the consumption is higher than the
production between 9h and 10h in the morning and between 1h
and 5h in the afternoon and for that reason the battery suffers
a discharge. The first discharge is not compensated when the
production becomes higher that the consumption because the
battery bank has more than 80% of the capacity being that
energy considered as extra. However, as the second time the
bank discharged to a value below 80%, when the production
overcame consumption again, it charged the battery.

B. Lower system (PV + Batteries) cost

In this scenario it was analised the solution that would be
more compensatory in financial terms. As we can see in figure
14, it was possible to establish a relation between the cost
and the installed capacity reaching a miminum value of 11
968e for a system composed by 64 panels and a battery bank
of 32 kWh.

Figure 14: Cost-installed capacity relation for each system

If we analise now the production and consumption curves
presented in the figure 15, it is possible to see that the battery

bank had a very active role in this scenario by compensating
the lower production time.

Figure 15: Production, Consumption and battery percentage
curves between 25 of February and 24 of March 2018

C. Lower system (PV + Batteries + Wind Energy) cost

Lastly, it was included the wind energy production to find
the best cost for the system. As the installed capacity for wind
energy cannot be changed, it was only taken into account the
costs for the photovoltaic system and for the battery bank. In
the figure 16 it is possible to observe the relation between the
cost and the installed capacity reaching a miminum value of
10 846ewith 70 panels and a capacity of 20 kWh for the
battery bank.

Figure 16: Cost-installed capacity relation for each system

For this scenario, the production and consumption curves
presented in the figure 17 show that wind power played a
pivotal role to decrease the use of the batery bank.

Figure 17: Production, Consumption and battery percentage
curves between 12 of May and 1 of June 2018

D. Critical analysis of the results

After analysis of the results obtained and taking into account
all the existing limitations, it is possible to say that the results
match to what was expected at the beginning.



More simulations were performed for Scenarios B and C
to show the increase/decrease of costs and those costs are
represented in the figures 18 and 19, respectively.

Figure 18: Comparation of costs for Scenario B

Figure 19: Comparation of costs for Scenario C

To see the influence of inclusion of the wind energy, new
simulations were performed and as we can observe in the
figure 20, the battery bank will be that used what represents
an advantage in terms of efficiency, durability and profitability
because it is, as shown in the above pictures, the most
expensive system.

Figure 20: Production, Consumption and battery percentage
curves between 25 of February and 24 of March 2018

V. CONCLUSIONS

We can conclude that there is a way to bring back the old
windmills and give then a new life, turning them into auto
sufficient or simply turning then into an electrical energy pro-
ducer. Besides the costs of situations where it was considered
a battery bank with a large capacity or a large quantity of
photovoltaic panels, the cost relative to situations in which
a balanced system is developed are reasonable and liable for
investment.

The study of the sun incidence angles, the earth movement
and the relations between both proved to be important to define
the irradiance to be considered on the calculations as well as
the sutdy of the shading effect that contributed to a better
efficiency of the system.

As it was possible to observe along the scenarios, the
complementarity between the systems showed up to be crucial
and the smaller the tilt of the photovoltaic panels, the bigger
the influence of the wind energy on the hybrid system.

Besides that, it is also possible to conclude that the existence
of a storage system is important, however it still has to be
better developed and its costs lowered.
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