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Abstract- Although several kinds of energy generation systems have been investigated and introduced in Costa Rica, none were
made on systems that use more than one energy source. The present work proposes a safety design of a hybrid wind-solar
renewable energy system, designed to cover the energy demand in a governmental free housing at Martina Bustos, Liberia, Costa
Rica. Twelve scaled models were designed. These are composed by a pole and one to four solar panels. Two commercial wind
turbines, Airdolphin Mark-Zero/Pro and Zephyr 9000 were used to experimentally measure wind force on a wind tunnel at the
Wind Engineering Research Center of the Tokyo Polytechnic University. Further, allowable stress design was calculated to
determine the tower resistance to local buckling. Present results indicate that towers with 200 mm of circumference and steel
plates with 4.5 mm to 8 mm of thickness are considered safe from local buckling according to Japanese Industrial Standards.
Energy generation calculation results show that four of the proposed models generate more than the average energy needed to
supply electricity during a year at Martina Bustos to the specific house design.

Keywords- Hybrid renewable energy system; governmental free housing; wind tunnel; allowable stress design; local buckling.

Hybrid renewable energy system (HRES) that use two or
more limitless energy resources can be used to produce
electricity for almost a year and contribute to the generation of
clean energy by reducing greenhouse emissions at the same
time, through an adequate system energy management [5].
This can be accomplished by changing the fuel power
generation to a renewable off-grid micro power system [6] or
stand-alone systems. These systems provide power to
alternative current (AC) loads with a battery storage that has

1. Introduction

Electric energy is considered a basic service worldwide,
however; many countries, still lack widespread access to
electricity; despite rural electrification efforts [1]. Between
2011 and 2016, efficiency of electricity generation improved
in all regions except Africa and Latin America. In these
regions it decreased by 2.7% and 3.7%, respectively; and the
global average efficiency of power generation increased from

41% 0 43.1% [2]. In 2017, it was estimated that 73.5% of the ~ N© conmection to an external grid.  Stand-alone systems
energy share of global electricity production came from non- performance can be improved through the implementation of

renewable sources [2]. However, most of the electricity adaptive controllers to optimize active power proportional
produced comes from fossil fuels [1-2], which are precursors integral (PI) parameters [7] or through algorithms of control.
of global warming [3]. Thus, to ameliorate the negative impact These algorithms are a result of the regulation of bidirectional
countries and industries have developed strategies to generate converters between a battery and direct current (DC) bus [8]

electricity using alternative sources of energy, such as ' 2 variety Of_apphc?tlons' These Sy_swms can ?ISO be
hydropower, wind and solar [4] connected to a micro-grid [9], with capacitator banks in some
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cases [10]. Although various renewable energy studies have
been made globally, to supply electrification in single-family-
houses for European countries [11], using high solar
irradiation values and wind speeds between 5 m/s and 7 m/s in
different islands [12], while evaluating economic and
technical analysis of photovoltaic (PV)-wind-diesel hybrid
systems in Arabic countries to generate energy [13],
improving control of small wind turbines applications [14],
and studying specific wind turbine blades [15]; the capital cost
of the implementation continues to be a frequently studied
issue [16].

The development of energy generation systems that use
renewable sources have been studied all around the world,
including Central America where the rural electrification
percentage continues being low [17-22]; there is no literature
specifically related to HRES in Costa Rica. But there has been
previous research conducted on wind turbines [23], as well as
photovoltaic cells and modules efficiency studies [24]. This
has allowed Costa Rica to have renewable sources (hydro,
solar, wind, geothermal and biomass) that create more than
99% of the energy produced in the country [25].

For this paper, the design was focused in a stand-alone
structure, rather than a micro-grid. The system may present
problems that should be deeply studied, such as: detachment
of the solar panel caused by strong winds that affect the
location where they are implemented, insufficient energy
production or high energy amounts lost. The study of this new
structure design is based on the social problems that are
affecting an urban-marginal settlement of 23 hectares in Costa
Rica, called Martina Bustos. This territory hosts around 500
families and they are living in insecure housings, but one of
the biggest challenges is the lack of electric energy.

Based on all the social and economic issues presented in
this specific location, it was considered necessary to study a
variety of different projects that can facilitate the quality of
life of the inhabitants in the studied community. Therefore, the
purpose of this paper is to offer a safe structure that can be
resistant to conditions of natural disasters involving the wind's
incidence and at the same time, satisfying the electric energy
demands in a vastly remote location through wind solar
HRES.

2. Materials, methods and calculations

The methodology of the research consists of seven sections.
The first and second are associated to energy demand (2.1) and
the modeling proposal of the HRES configurations consisting
of PV and wind turbine (2.2), respectively. The third section
(2.3) defines electricity generation on each configuration
presented on (2.2). Further, (2.4) presents a comparison
between energy demand and energy generation of the systems.
During the fifth section (2.5), the calculation process of the

wind force and overturning moment of the system is
estimated. A safety analysis is realized on each of the
structures (2.6). In the last section (2.7), the calculations made
on the previous steps allow it to state the parameters of
effectiveness of systems proposals, on the specific location.

2.1 Energy demand for Government free housing

A Government free housing is a house granted by banks to
families or single parents with low economical resources in
Costa Rica. Houses have two bedrooms, a living room, a
dining room and a kitchen; it counts with thirteen outlets and
seven lights in an area of 42 m% For the study of energy
consumed, shown in Figure 1, it was necessary to calculate
electric bills of four Governmental free housings. Electric bills
were collected from the Costa Rican Institute of Electricity.
The energy consumption study showed that on average, one
house needs a system to produce 7 kWh daily in order to cover
the necessities of four habitants.

2.2 Structures configurations

Eighteen structure configurations of wind turbines and solar
panels were determined as shown on Table 1. From all the
configurations nine possible combinations were designed on
ten different models as shown on Figure 2. On which, there
are three special structures: III-VI-IX, which are conformed
by top panels and bottom panels. In order to be considered a
HRES, the system must include solar panels and wind
turbines; configurations that do not follow this “rule” should
be discarded, in this case combinations 1 and 10.
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Fig. 1 Energy production (vertical bars) vs energy consumed
(horizontal lines)
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Table 1 Structure configurations

3 Panel positi
Combination Wmd . Model
turbine Top | Bottom
1 0 0 None
2 0 1 I, VIII
3 0 2 JIY
4 1 0 X
5 Airdolphin 1 1 IX
6 1 2 None
7 2 0 1V, VII
8 2 1 VI
9 2 2 111
10 0 0 None
11 0 1 I, VIII
12 0 2 JIY
13 1 0 None
14 de(l))(l)lg r 1 1 None
15 1 2 None
16 2 0 None
17 2 1 None
18 2 2 None
STRUCTURE PROTOTYPES
ZEPHYR9000 (5.5m) AIRDOLPHIN MARK ZERO/PRO (1.8m)
1.94m |
8 1om
g
O 2.5m
o
% | i v
(@]
g ? @L 5’7&> 9%% ©, #
9 263m| 2.04m
=
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Fig. 2 Structures prototypes and model classification

Wind turbine size affects the model design. In a 10-meter
height tower with a medium turbine (Zephyr9000), it is
difficult to design more than two vertical solar panels.
Therefore, combinations 13 to 18 were not used for the
purpose of this paper.

In addition, combination 8 was not considered because two
top panels would create a shade on bottom panels that would
affect energy production, considering the inclination angle of
the solar panel (15) used.

The vibration analysis and its coupling with the
performance of the solar panel is beyond the scope of the
investigations. But despite of being out of reach, to place the

solar panels in a structure like the one proposed, the effect of
the turbine's vibration must be considered; therefore, suitable
anti-vibration mounts must be introduced in the eventual
construction and assembly of this renewable energy solution.

The position of top panels in special structures was defined
by the shading angle. The wider the shading angle, the bigger
amount of direct normal irradiation that can be obtained in the
bottom solar panel.

The parameters of shading angle on special structures D@

® were defined differently on each structure. On special

structure 1, it was calculated up to 70° with no projected
shadow on the bottom panels. On the contrary, on special
structure 2 and special structure 3 were up to 8(f that will not
project shadow on the bottom panel.

2.3 Energy generation

Energy generation of HRES was calculated by adding the
amount of energy produced by its two components; the solar
panel(s) and the wind turbine. This calculation does not
include the amount of energy losses as shown in Figure 1.

2.3.1 Wind resource

The wind speed data at the specific area was collected from
the National Meteorological Institute of Costa Rica at Daniel
Oduber Quiros International Airport, Basin 74, station 51
(Confidential information). The wind speed in nearby
locations can be obtained with statistical models [26]. The data
was used to calculate the energy generation of two specific
wind turbines; Zephyr9000 and Airdolphin Mark/Zero-Pro
with a rotor diameter of 5500 mm and 1800 mm respectively;
manufactured by Zephyr Corporation.

Hourly wind speed of a single year was estimated and used
to calculate energy generation of wind turbines in the specific
location.

Several parameters were utilized to determine the speed
data that would not generate enough electricity. Some of the
criteria include:

1) Hourly wind speed greater or equal to 2.5 m/s in the case
of Airdolphin Mark-Zero/ Pro turbine.

2) Hourly wind speed greater or equal to 3.0 m/s for
Zephyr9000 turbine.

At last, the amount of energy that can be generated, was
calculated according to the specific wind speed data [27] by
using the following equations (1) and (2):

Prurbine = Efficiency * Pying ()

Puing = 3% P * A% V3 @
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Where Pryrpine 15 the power that can be extracted at a
certain wind speed (W), Efficiency = 35% (Standard: 30% ~
40%), Pying (W) is the available power in the wind (W),
p is the air density in the specific location (1.225 kg/m?), v is
the wind speed (m/s) and A is the rotor swept area (m?).

2.3.2 Solar resource

Data of solar irradiation per month was collected from
Martina Bustos (Latitude: 10.658838, Longitude: -85.421436)
using the software ArcGIS [28].

A base panel from Canadian Solar (330P, 992 cm x 1960
cm) was used to calculate the amount of energy generated by
one or more solar panels. These calculations [29] were done,
through the use of equations (3) and (4):

E = (P* SPH+ PR+ D)/1000 3

SPH = Direct normal radiation * k factor (15 degrees -
inclination angle). 4

Where E is the energy in kWh generated each month, P is
the power (330 W), PR = 0.75 (default value), D is the number
of days, and SPH stands for sun peak hours.

2.3.3 Maximum energy production of HRES structures

Energy production of the different HRES systems; was
calculated by adding the energy production of the solar panel
(equations (3) and (4)), specified on point 2.3.2 and the energy
production of the wind turbines (equations (1) and (2)),
defined on point 2.3.1.

2.4 Energy production vs Energy consumption

Energy production of each HRES proposed and the energy
consumed in a Government free housing, were compared as
shown in Figure 2, to select the structures which work more
effectively, considering the necessities of the community
location.

2.5 Wind force and overturning moment calculation

Calculation of the wind force of the HRES was made in two
parts:

Part I: Calculation of the design wind force and overturning
moment of wind turbines when the blades are not rotating, by
using theoretical calculations.

Part II: Experimental analysis of the pole and solar panel
structures performed in a wind tunnel.

2.5.1 Theoretical design

Wind force and moment calculations [30-31] of the wind
turbines were made by using the following equations (5) and

(6).
1
F=Cf*;*p*Ve250*Apmj (5

M, =Fx H (©)

Where F is the wind force (N ), Cr is the wind force
coefficient [31], V5, is the design wind speed (m/s ), A,y ;
is the projected area perpendicular to the wind direction (m?),
M, is the moment in the base (Nm) and H is the height of the
tower (10 m).

Theoretical calculations of equipment restrictions were
made on the turbines where the blades were not moving. These
were compared with a commercial wind turbine rotor in
movement to define how the turbines may be affected by this
limitation, which presented a low error percent.

The successful validation of wind force results was made
through thrust force calculations by using WFD500W-B of
Suzhou Yueniao Machinery & Electronics Imp. & Exp. Co
Ltd. [32], as a reference turbine. This wind turbine has a rotor
thrust at 20 (m/s) of 175 (N) and a rotor diameter of 2.0 (m).
Equation (5) was used to calculate wind force on the
manufacturer company reference data.

These results were used to demonstrate the efficacy of the
calculations made on the wind turbines of the HRES
configurations tested in this paper.  The results confirmed
that the value of Wind force of the reference turbine
administered by the manufacturer (175 N), is similar to the
calculations made (174.45 N) from using equation (5),
demonstrating that this equipment limitation in the experiment
does not significantly impact the results of the tests
configurations.

2.5.2 Experimental analysis

The Eiffel-type boundary layer wind tunnel of the Wind
Engineering Research Center at the Tokyo Polytechnic
University [33], was used to perform wind force experiments
of the solar panel and the pole (Figures 3 and 4).

The wind tunnel length is 33.1 m, with a test section of 19.1
m long. The cross-section of the measurement cylinder (test
section) dimensions are 1.8 m height and 2.2 m wide, with a
contraction ratio of Y, wind velocity between 0.5 m/s ~ 15
m/s, and average wind speed deviation of + 1.0 %. A
turbulence grid was used to simulate the wind conditions of
Martina Bustos as shown on the Figures 7 and 8. Specific
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machinery of wind force measurement was also located in this
section.

A. Instrumentation

To obtain the data of the experimental part into the
computer, a variety of instruments were used; these
instruments are explained bellow.

A Short Probe [1] and an I- Type Probe [2], which are shown

on Figure 5, are anemometers that were used to measure the
wind speed in the wind tunnel. The I-type probe used in the
experimental setup was a Model 0251R-T5 (Japanese
company Kanomax Japan. Inc). This anemometer has a
resistance of 4.74 Q at 100 °C, a temperature coefficient
(x1/1000) of 3.70, with a recommended operation resistance
of 5.38 Q, and a recommended operation temperature of 150
°C.

A turntable is a circular table that turns depending on the
angle. The turntable was formed by six supports 11, a dynamic
force balance 2] and an H-shape frame 3], as shown on
Figure 6. Turntables were protected with two different covers
[[J and a turbulence grid made of wood (2], as shown on Figure
7. Several acquisition equipment were used, as shown on
Figure 8; including: an instrument of wind force calibration[T]
, a strain amplifier(2], a probe amplifier and linearizer3l, and
the wind tunnel control panel [4l. The pitot tube was used to
measure fluid flow velocity by measuring static and dynamic
pressure difference. A monitor of velocity pressure (1] and an

AD (analog to digital) converter 2], as shown on Figure 9.

Fig. 3 Wind Tunnel design diagram
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Fig. 4 Wind Tunnel Pattern diagram

Fig. 8 Acquisition equipment
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Fig. 9 Instruments of monitoring and measurement of
velocity pressure

B. Dynamic similitude

To guarantee the validity of the experimental procedure
with scale models, with respect to the expected real results, the
dynamic similarity was ensured through the consistency
between the Reynolds number of the experimental setup and
the Reynolds number obtained in real conditions.

The Reynolds number was calculated by using the equation

):
Re=(V *D)/v @)

Where; Re is the Reynolds Number (dimensionless), V is a
characteristic flow velocity (m/s), D is a characteristic linear
dimension (m), and v is the kinematic viscosity of the fluid

(m?/s).

The experimental part was finished within an air
temperature of 20°C, which possess a kinematic viscosity of
1.51x107° (m?/s), with specific model length of 0.25 (m)
and velocity speed of 10 (m/s). The real measurements were
10 (m) and 10 (m/s) respectively. Based on the experimental
and real measures from equation (7), it was not possible to
achieve the Reynolds Number (Re) of 2.6x107. This number
corresponds to the real conditions as shown in Table 2, at a
critical wind speed of 40 m/s. Instead, a Re = 1.6x10° was
selected because the drag coefficient of a cylinder (equivalent
to the pole used in the experimental analysis), is similar at both
Re and are placed out of the drag crisis region [34-35].

Table 2 Reynold’s number specifications

STRUCTURE EXPERIMENT REAL
Flow velocity (m/s) 10 40
Linear dimension (m) 0.25 10
Kmematlg Viscosity 1.51x10-5
(m%/s)
Reynolds number 1.6x10° | 2.6x107.

C. Measurements of wind force and overturning moment
coefficients.

The models had solar panel(s), each of 5 x 2.5 cm and a
tower of 25 x 0.5 cm. Models were mounted on the dynamic
force balance shown on Figure 6. Tests were done at constant
wind speed of 10 m/s.

Wind force coefficient C; and overturning moment
coefficient Cy; of one sample was measured for 60 s. Each
sample was measured five times at 300 Hz sampling
frequency, with an angle of direction from 0 degrees to 180
degrees with 19 intervals of 10 degrees each, as specified on
Figure 10.

Each force was directly measured with the dynamic force
balance connected to the wind force calibration instrument and
the strain amplifier. An average of the five measurements was
used to evaluate the data of C; and Cy; each value with its own
definition of direction as shown on Figure 10. These values
were calculated with the following equations (8) and (9) [31]:

F

¢ = ®

T2
F*P*VH " *Aproj

M

Cy = ©

T__ 2 .
E*P*VH2 *Aproj*H

Where; C is the wind force coefficient, 7y is the mean
wind speed (m/s), Apy,; is the area of a solar panel = (B * D)
with values of B = 0.05 m, D= 0.025 m and H is the tower
height 0.25 m.

Each hybrid wind-solar energy system analyzed on the wind
tunnel was re-named with roman letters for better
understanding, as shown on Tables 1 and 3. The mean
maximum of the ensemble mean of the wind force coefficient
was calculated.

The data obtained in the experimental process, was used to
determine wind force coefficients of axis X, Y and Z on each
system, as shown on Figure 11.

F: Wind force
M: Moment
WIND i 6: Wind direction angle towards
OoT(“ ° C . the structure

Mz o ix 180

|:| :Solar panel
My <7
- ® :Pole

** There is also a Fz not visualized in the figure.

Fig. 10 Definition of wind force and overturning moment
direction
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Table 3 Structures classification

Structure Classification Equlyale'nt
combination
Pole + Single panel I 2,11
Pole + Double panel 1T 3,12
Special 1 Whole structure I 9
Special 1 Top panels AY 7
Special 1 Bottom panels A% 3,12
Special 2 Whole structure VI 8
Special 2 Top panels Vi 7
Special 2 Bottom panel VIII 2,11
Special 3 Whole structure IX 5
Special 3 Top panel X 4
WIND FORCE COEFFICIENTS
2 -« CFx
-
e
- B TP
L5 . 'u. ...... * s ' = a-Cy
> 5 Yy
1 ® Py L o e -CFz
3 pE IS
05 ® ®

-05

I I I v v Vi v v KX

SYSTEM

Fig. 12 Overturning moment coefficient (CM)
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Fig. 11 Wind force coefficients (CFx, CFy, CFz)

The overturning moment coefficient was calculated by
applying the vector addition to obtain the resultant of the
values of CFx, CFy and CFz, from each degree (0-180). Next,
the maximum resultant was selected as overturning moment
coefficient on each system, as shown on Figure 12.

D. Calculation of wind force and overturning moment values

After the wind force coefficient and overturning moment
coefficient were calculated, they were normalized into the
real-size structure measurements using equations (8) and (9),
considering the natural resources and conditions of Martina
Bustos, analyzed previously.

2.5.3 Wind force and overturning moment coefficient values
of the hybrid renewable energy system (HRES)

Wind force and overturning moment of the HRES were
based on the summary of each of the sub-systems (wind
turbine and solar panel + pole) values calculated through the
experimental part and the theoretical calculations data
presented on section 2.5.1. for each, the wind force and
overturning moment.

2.5.4 Specification of HRES overturning moment values

As shown in Figure 13, when comparing the overturning
moment on each pole of the different HRES structures; in all
the HRES structures designed, each pole possesses a big
change in the overturning moment values because of the
utilization of different wind turbines.

The structures which contain the medium wind turbine:
Zephyr9000, (M-I, M-II, M-V and M-VIII), present a greater
overturning moment on the pole than the structures that
contain a small wind turbine (S). The reason of this big change
in overturning moments values, is that, the component area
projected onto a plane perpendicular to wind direction in a
medium wind turbine, is greater than a small wind turbine.

Therefore, while comparing S-III, which is the HRES
structure that utilizes the larger number of solar panels, the
overturning moment is similar to the system that uses the big
wind turbine.

On a similar note, when analyzing the system safety during
the utilization of the overturning moment calculation of the
HRES on the next point 2.6, the results show that the medium
sized wind turbines have an overturning moment value with
greater steel plate thickness, compared with the other HRES
structures as shown on Table 4.
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HRES OVERTURNING MOMENT
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= Airdolphin Mark zero/pro (S) ® Zephyr9000 (M)

Fig. 13 HRES overturning moment values

2.6 System Resistance to strong winds

Overturning moment was analyzed to define the system
safety to local buckling through load allowable stress
calculations [36] of the HRES, with the objective to find the
adequate tower thickness. Steel SS400 was used as the tower
material since it is one of the most commonly used hot rolled
general structural steel materials used in Japan, because of its
low price, excellency in weldability and machinability. This
material is supplied as plates, flats, bars and others [37]. The
used equations follow:

o= 5 (10)
Where; Z= DL/Z (11
e )
‘D% + % =d (13)
p=24 (14)

Where; ¢ is the load allowable stress (N /mm?), f;, is the
allowable bending stress of the material, I is the moment of
inertia (mm*), Z is the section modulus(mm3), D is the
diameter of the tower/pole (mm), t is the steel plate thickness
(mm), d is the interior diameter (mm) and M is the vector
sum of Mx and My, defined as the overturning moment.

In a diameter of 200 mm, the thickness of the steel plate was
calculated, according to JIS G 3101-1998 [36]; as shown on
Table 4.

The influence of the DTR (diameter - thickness ratio) [36]
on the stability and response of circular structures, in this case,
the tower (pole), was necessary to define the safety of the
system. This was calculated with equation (15).

DTR =D/t (15)

DTR was defined as (D/t=70), where; any of the
designed systems can resist strong winds and be safe of local
buckling.

2.7 Selection of the suitable HRES structure

The correlation of tower thickness, turbine size, number of
panels and energy generation of each of the proposed models
are summarized in figure 14. This correlation simplifies the
process of the adequate structure selection.

Figure 14 shows that there are ten classified systems per
wind turbine. As explained in point 2.3 structure
configurations, six system classifications do not apply for
medium wind turbines. All of the systems are safe to local
buckling (D/t = 70) as specified in point 2.6.

3. Discussion

All proposed HRES structures generate the greatest amount
of energy during the first months of the year, with a peak
between December and January as shown on Figure 1. There
is a decrease from April to October. However, each turbine
has a different cut-in wind speed value; therefore, the
structures composed by the wind turbine of the biggest size,
Zephyr9000, with a cut-in of 3 m/s have an extreme change on
the energy generation during March-June. Consequently, the
energy generation during some months, is lower than the
energy required. On the other hand, it is easy to denote in the
same figure, that a small wind turbine with four panels, is able
to generate more electric energy than a big turbine, during the
months with lower wind speeds. This is because the cut in
wind speed is 2.5 m/s. Since this analysis was made according
to wind speed data of 10 years, it is not expected to present a
variation in the near future.

Table 4 Definition of t value (mm)

Wind turbine (S)
Structure
t value Calculated t value (JIS)

I 3 4.5
1I 4 4.5
il 4 4.5

v 6 6

A% 6 6
VI 4 4.5

VII 6 6
VIII 4 4.5
X 4 4.5
X 4 4.5

Zephyr9000, the calculated thickness value was 7 mm and
the thickness value according to JIS was 8 mm in all the
structures.
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Wind turbines of great magnitude, in a tower with a height
of 10 meters, cannot be designed as special structures
(structures that possess top and bottom panels) because of the
high wind speeds generated by the rotation of the blades.
However, small wind turbines can be used on special
structures when specific panel position calculations are made
adequately. Under these circumstances, and they can generate
the desirable amount of energy in the precise location.

The values of overturning moment studied on Figure 12 and
wind force calculated through experiments on Figure 11, show
that the special structure 2- whole structure (III), possess the
greater values. Coefficients of wind force on the axis X and Y
of the different structures as shown on Figure 11,
demonstrated that the larger the projected area of the structure
is, the bigger the value of the coefficient becomes, as
expected.

Overturning moment values are calculated with the
projected area and the height of the tower, as well as the height
related to the position of the panels, as shown on Figure 12.

On diameter to thickness calculations, it is essential to
understand that the smaller the DTR is, the higher the
resistance to local buckling becomes.

This local buckling occurs similarly to the one of a steel
pipe, inside the cavity of the pillar. If the measure of the plate
thickness becomes larger, the structure turns out to be more
resistant to local buckling.

The results of these calculations shown on Table 4, are
defined according to JIS in a steel plate thickness greater than
the calculated, for this reason each tower could be considered
more resistant to strong winds if this value is taken.

Costa Rica has the potential to implement this kind of
structure in different zones of the country. The use of a t design
wind speed of 38.8 m/s, assigned to the area of Martina
Bustos, were utilized to calculate the wind force and
overturning moment values on the proposed models. These
were used to calculate allowable stress design on the tower of
10 m height, to determine the resistance to local buckling. All
the results were positive.

Four of ten structures can produce the energy needed all
year-long in Martina Bustos and all of these structures can
withstand wind forces that may produce local buckling on the
tower as presented in Figure 12. On each structure a
satisfactory calculation of steel plate thickness was made,
which leads to different HRES thickness. The values found
were: 4.5 mm, 6 mm or 8§ mm.

According to Figure.14, there are four structures (S-III, S-
VI, M-II, M-V) that cover the average electric energy
consumed in a government free housing for twelve months.
Based on this data, the summary chart and the energy
production vs energy consumed graphic of the Figure.l,
system S-III covers the energy consumption of twelve months
of the year as does the S-VI structure. However, because of
the number of panels it produces more energy than the S-VI
for the entire year, and even more than systems M-II and M-
V consume in four months.

When analyzing the results presented in Figure 14, it is
worth noting that none of the three proposed structures with a
single panel are capable of satisfying the demand for more
than 3 months, with a small wind turbine; nor for more than 9
months in the case of the large turbine. With this result, HRES
with a single solar panel could be discarded. Furthermore, if
the structure is composed only by one panel and presents a
failure, the use of the solar resource would be totally lost.

HYBRID RENEWABLE ENERGY SYSTEM
Specifications Summary of data

I II 11 v A% VI ViI VIII X X
AIRDOLPHIN (8S)
Thickness t=4.5 t=4.5 =45 t=6 t=6 t=4.5 t=6 t=4.5 t=4.5 t=4.5
Number of months when: 3 5 12 5 5 12 5 3 5 3
Coverage > Average Consumed
ZEPHYR9000 (M)
Thickness t=8 t=8 t=8 t=8
Number of months when: Does not apply Does not apply Does not apply

9 12 12 9
Coverage > Average Consumed

All of the structures presented in this chart, possess a Diameter to thickness ratio (DTR) = 70

Fig. 14 Summary chart
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The difference in these three systems is not only the
number of panels and energy generation, but also the size of
the wind turbine used. Between systems M-Il and M-V, the
only difference would be the position of the solar panels
specified on Figure 2. Models S-II and S-V have the same
position of the solar panel but have a different turbine size
causing changes in thickness values which can affect the price
of the system. This make the S-V the most expensive energy
source.

Systems M-II and M-V have wind turbines with bigger
rotor radius than systems S-III and S-VI. The implementation
of big turbines in the specific location, may impact the
environment by causing negative effects on the passage of
migratory birds that fly through the area every year. Towers
may also produce vibration causing the turbines to generate
noise, which may have an effect on the houses near the tower.
Therefore, it is recommended for this area, specifically, to
implement the construction of a system that contains small
wind turbines (S-IIT or S-VI) rather than larger ones (M-II and
M-V).

Based on this analysis the structure that best suits the goals,
is the HRES S-III because it has the same tower plate
thickness as S-VI and same energy generation. As a
consequence, these systems present the same cost in tower
construction but different in solar panel implementation. For
this reason, the initial cost of the system can be effectively
lower in structure S-VI.

But considering unexpected failures that the structure may
present, if one of the solar panels stops working, there would
be only two panels generating electricity on HRES, which
contain small wind turbines. However, two solar panels would
not be able to produce more than the average required energy
for a year. For this reason, by analyzing these results, the most
suitable HRES for a long-term energy production is the HRES
S-II1, even though the initial cost may be higher than S-IV.
This structure also supplies more than the energy consumed in
a house that allows one house to share electricity with another.

From a technical worldview, considering the analysis of
energy generation and consumption described in points 2.3
and 2.1, calculations of wind force and overturning moment,
explained by our experimental processes and theoretical
design methods in point 2.5, and lastly, the analysis of safety
designs considering the overturning moment values on each
pole in point 2.6, it can be concluded that structure S-III is the
most effectively adequate for the present concern of this
project. The S-III structure specifically satisfies the electrical
demand for one full year, and importantly fulfills the Japanese
Industrial Standards that take into account the influence of
shading effects on the structures, as well as security and safety
measures when climatological data of the location used, is in
effect.

This analysis of results for this study case can be extended
to other cases where the consumption data and the
characteristics of the turbines and panels are available, thus
giving more value to the paper for its applicability to HRES in
remote areas. This is the first study that considers HRES in
Costa Rica. It uses real data of energy production and
consumption while combining the structure security
meticulously; without neglecting the specific geographic
location with real wind velocity data and solar irradiation,
providing valuable design guide for further research.

4. Conclusions

In this paper, HRES (solar-wind) configurations were
designed according to a specific location parameter in Costa
Rica, based in Japanese Industrial Standards. Systems were
designed and tested to supply electric energy to government
free housings in a remote location, Martina Bustos; through
analytic and experimental process while testing in a wind
tunnel.

The found conclusions follow:

» HRES are a viable solution to the energy problem in
developmental countries where houses present a low
energy consumption.

» For remote areas it is more convenient to install a
wind turbine with a low cut-in wind speed, because
the Eolic potential is low, so that, a 0.5 m/s lower
represents a great impact on the energy production.

» For the HRES system, the most convenient turbines
are the small ones because they allow the
implementation of more solar panels and they can
also be configured so the residual does not affect
them.

» Itis not recommended for HRES to use a single solar
panel, in structures with a small wind turbine. This
may affect the power output of the system.

» The structure S-III, conformed by four solar panels
(two top panels and two bottom panels), is the most
suitable for Martina Bustos. The use of small wind
turbines produces less impact on the environment.

These innovative solutions needed, to supply electric
energy to remote areas; particularly requires, the participation
and empowerment of the local inhabitants. The maintenance
of HRES is essential to guarantee a longer lifespan and the use
of remote off grid systems provides a truly sustainable
solution in a long-term to the energy concerns in Martina
Bustos.
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