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ABSTRACT

This article aims to present a new and sustainable approach focused on power generation from wind in Paraguay, specifically in the Western Region.
In this context is presented an analysis of technical and economic feasibility, whose results are based on a study of the wind resource available in the
region, using for this purpose a weather station mounted in the location La Patria. The wind data measured at a height of 10 m above the ground were
then extrapolated to a height of 80 m using mathematical models available in literature. Finally, these data were correlated with those from the weath-
er station of the location 15 de Agosto obtained by Baez (2011), considering a frequency of 30 min. between the measurements. The results of the
assessment have demonstrated the feasibility of installing a system of wind generators able to produce an electric output of 46 MW, operating with a
capacity factor of 25%. The results have been consistent with studies that support the future wind farm ~ of 49 MW projected in the Department of
Tarija (Bolivia), located at the same geographic latitude as La Patria, even considering that the wind resource in the last location has been measured
only during a four months period (November 2012 to February 2013), which corresponds to a period of year with relatively low wind speeds. In order
to conduct a more comprehensive analysis of technical and economic feasibility, this paper presents a technical study using the computer simulation
tool MatLab/Simulink and the RETScreen software. The analysis by simulations considered a realistic scenario assuming that the wind generator
system is connected to the national grid (SIN), after the construction of a 220 kV transmission line from the place of generation to the transformer
station of Loma Plata. For the economic analyses have been taken into account the benefits and incentives associated to such generation projects
regarding to carbon credits for CDM projects (Clean Development Mechanism). As an alternative has also been discussed the negotiation of Certified
Emission Reductions CER and finally has been considered the possibility of a governmental contribution for implementing this kind of projects.
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RESUMEN

El presente articulo tiene como objetivo presentar una propuesta novedosa y sustentable enfocada en la generacion de energia eléctrica a partir del
recurso edlico existente en el Paraguay, especificamente en la Region Occidental. En este contexto se presenta un analisis de prefactibilidad técnica
y econémica, cuyos resultados han sido sustentados en base al estudio del recurso edlico disponible en la region utilizando para el efecto una esta-
cion meteorolégica montada en la localidad La Patria. Los datos medidos a una altura de 10 m sobre el nivel del suelo han sido extrapolados a 80 m
utilizando modelos matematicos disponibles en la literatura. Finalmente fueron correlacionados con los datos de la estacion meteoroldgica de la
localidad 15 de Agosto obtenidos por Baez (2011), considerando una frecuencia de 30 min. entre las mediciones. Los resultados del andlisis han
demostrado la factibilidad para la instalacién de un sistema de generacion edlica capaz de producir una potencia eléctrica de 46 MW, operando con
un factor de planta de 25%. Los resultados son coherentes con los estudios que sustentan el futuro parque edélico de 49 MW proyectado en el Depar-
tamento de Tarija (Bolivia), situado en la misma latitud geogréafica que La Patria, aun considerando que el recurso edlico en esa Ultima localidad ha
sido medido por un periodo de solo cuatro meses (Noviembre de 2012 a Febrero de 2013), los cuales corresponden a una época del afio con veloci-
dades de viento relativamente bajas. A fin de realizar un analisis de prefactibilidad técnica y econémica mas abarcante, este articulo presenta un
estudio técnico utilizando la herramienta de simulacion computacional MatLab/Simulink y el software RETScreen. El andlisis mediante simulaciones
considera un escenario realista asumiendo que el sistema edlico se encuentra conectado al Sistema Interconectado Nacional (SIN), previa construc-
cion de una linea de transmisién de 220 kV desde el punto de generacion hasta la estacion eléctrica de Loma Plata. Para el analisis econémico se
han tenido en cuenta los beneficios e incentivos asociados a este tipo de proyectos de generacion, en lo que respecta a los bonos de carbono para
proyectos del tipo MDL (Mecanismo de Desarrollo Limpio). Ademas, ha sido analizado como alternativa la negociacién de Certificados de Emisiones
Reducidas CER y finalmente ha sido considerada la posibilidad de un aporte estatal para la implementacion de este tipo de proyecto.

Palabras clave: Generacién de energia edlica — Energias renovables —MatLab/Simulink — RETScreen.
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Analysis of technical and economic feasability for the implementation of a power systema using wind energy in the Paraguayan Chaco

1. Introduction

We are observing growing global climate problems due to the
excess of emitted greenhouse gases to the atmosphere and the
lack of commitment by the developed countries to comply with the
Kyoto Protocol. Therefore, the search for energy alternatives, like
the renewable energies, can help to mitigate these problems.
Countries like China, the USA and some European countries are
currently developing the use of technologies based on renewable
energy resources. Currently, only 13.5% of primary energy supply
worldwide and 22.2% of electricity generation is from renewable
sources (IEA, 2014).

In South America Brazil stands out as one of the countries with the
greatest innovation in technologies associated with renewable
energy, followed by Argentina and Uruguay. Latin America invested
in renewable energy in 2013 US$ 15.5 billion, a small amount
compared to the USA, China and Europe which invested US$ 35.8,
56.3 and 48.4 billion respectively. Paraguay's energy matrix is
characterized by a high primary supply of renewable and local
sources, particularly hydropower and biomass. According to the
national energy balance of 2014, 57% of the energy offer corre-
sponded to hydro, 27% to biomass and the remaining 16% to
hydrocarbons, which are 100% imported (VMME, 2015). Recent
prefeasibility studies have shown that the energy matrix of Para-
guay could be diversified with other methods of generating electrici-
ty. Even decentralized and distributed generation could be viable
getting a decrease of losses in the transmission lines, as genera-
tion would be closer to load demand. One of these viable alterna-
tives is wind power. The zones of the highest wind potential in
Paraguay are the north of the Chaco, as well as the northeast,
center-west and southeast of the oriental region. However, there is
still no reliable evaluation of this potential, such as a wind map
based on quality measurements. National authorities are currently
promoting projects for studies in this area. On the other hand in
Paraguay there are considerable limitations for the installation of
large-scale wind power systems with high profitability due to a lack
of energy policies that would strengthen the act No. 3009/06 about
"Independent Production and Transport of Electric Power", espe-
cially regarding differentiated tariffs for generated electricity. In
order to remedy this situation was recently submitted to Congress a
bill on renewable energy, which should create favorable legal and
economic conditions for the development of all types of renewable
energies in Paraguay. Between a possible strength that raise this
paper it exists a new macro-energetic scenario, which inserts
innovation to the current energy matrix, promoting decentralization
of the load demand, improving the quality of life of the population of
the Department of Bogueron, the area that has been considered for
the feasibility study of the integration of wind technology. Taking
into account the natural growth of the area of the Mennonite colo-
nies in the Central Chaco, future implementation of wind power
systems proposed in this paper would generate a positive impact to
the Paraguayan Power System through a considerable power relief
in the Northern Transmission Line System.

2. Wind Potential in Paraguay

Paraguay winds are characterized by three main phenomena,
namely:

1. The flow from high pressure centers on the western edge is
controlled by the South Pacific anticyclone and the eastern part is
controlled by the South Atlantic anticyclone.

2. The Andes and the Altiplano are acting as a barrier, suppressing
winds from the west throughout the country.

3. The generated wind is depending on the intensity of the quasi-
stationary low-pressure center in the Chaco (Brizuela et al., 1997).

As a result of the convergence of the phenomena mentioned above
there are generally low wind speeds throughout the year mainly in
the eastern part of Paraguay, belonging to the high pressure zone.

On the Paraguayan and Argentinian Chaco and the Pampa lands is
located an almost stationary low pressure system. In winter, when
the low pressure zone is located on the Paraguayan Chaco, winds
are blowing from the eastern sector rotating to northeast in the
center of Paraguay, as can be seen in Fig.1.
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Fig. 1: Wind speed in the center of South America at a height of 30
m above the ground in m/s, Source: DINAC, 2013.

Fig. 2: Location of the main weather stations in the measurement
area, Source: Google Earth and own.

In summer, the southernmost location of the depression centered
over the mountainous Pampa area produces northern and north-
eastern winds in the Paraguayan Chaco. There is a huge seasonal
variation of the wind in this area. Peaks are expected during the
months of August to December due to the rapid heating of the area
(Brizuela et al., 1997).

2.1. Weather Station of La Patria

The weather station of La Patria was installed in November 2012. It
is located in the western region, specifically in the Department of
Boqueroén at a distance of approximately 130 km northwest of the
city of Mariscal Estigarribia and about 500 km northwest of the
capital Asuncion (see Fig. 2) .The instruments have been provided
by the Center for Appropriate Technology (CTA) of the Catholic
University of Asuncion (UCA).

Both the anemometer and the wind vane were calibrated and
synchronized for a measurement range of an average speed and
an average wind direction with measuring frequency of 30 min.
Both instruments have been installed by the staff of the National
Direction of Civil Aeronautics (DINAC) on a mast 10 m above
ground. Data have been stored in a data logger and then pro-
cessed in a computer.
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The wind speed data have been transmitted per GPRS to a central
database (FECOPROD, 2012). To get the values of wind speed at
a height of 80 m the measured values were extrapolated using
Equation (1) taken from Villarrubia, 2014.

n 80 Zo
Vgo = 1710% €9

Vgo and vy, represent the wind speed at a height of 80 m and 10 m
above ground respectively (in m/s), and z, the roughness length
downwind considering in this case a value of 0.28 m (Villarrubia,
2014).

Fig. 3 shows the wind rose of the La Patria weather station during
the measurement period. It can be seen that the prevailing winds
are blowing from the northeastern sector (NE) to east- northeast
(ENE), which occurred in daytime with a weight of 21 and 25%
respectively for The total of all measurements processed during the
four months measured. In the schedule nocturne los prevailing
winds are from the west (W) south-southwest (SSW) with a weight
ranging between 5% and 7%. This abrupt change in wind direction
is due to pressure changes atmospheric entre day and night gen-
erated by temperature changes. During the day the room tempera-
ture is increasing together with an increase in wind speed. At night
the reverse process occurs.
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Fig. 3: Wind rose of La Patria. Source: Mitjans, 2013

Fig. 4 shows that the average hourly wind speed during the meas-
urement period increases during the day from 7 a.m. reaching its
maximum value of 16 m/s at around 4 p.m. and decreasing sharply
overnight reaching minimum of 7 m/s. The average speed for the
four months of measurement extrapolated to a height of 80 m was
11.2 m/s. However, it is worthy to mention that the measurements
were performed during the year period with the lowest wind
speeds. The annual average would then be higher than the men-
tioned value.

Comparing the results of the 15 de Agosto weather station made
by Baez (2011) (see Fig. 5) with the ones of La Patria, it can clearly
be seen that the average wind speed in La Patria is higher than in
15 de Agosto throughout the whole measurement period. This
confirms that there is a higher wind potential in the northwestern
Chaco than in its central part making it very likely the feasibility to
install a large scale wind generation system.
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Fig. 4: Average hourly wind speed between November 16", 2012
and February 16", 2013 in La Patria. Source: Mitjans, 2013

However, there is some uncertainty as wind speed data along a
one year period are not available for none of the weather stations
of the studied area. So, mathematical models had to be used to be
able to get a clearer view. In Bolivia, specifically in the Department
of Tarija, located on the same latitude as La Patria, after the re-
cently concluded yearlong wind measurement campaign at a height
of 80 m, it is planned to install a 49.5 MW wind farm, what reinforc-
es the hypothesis of the trend, that wind speed increases in the
area of the Department of Boquerén from east to west (Evwind,
2013).
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Fig. 5: Comparison of monthly average wind speeds in La Patria
and 15 de Agosto. Source: Baez, 2011 and Mitjans, 2013.

In order to develop a mathematical model to estimate the nonlinear
behavior of the average wind speed between the two stations, have
been processed separately the monthly data of the La Patria
weather station measured between November 16" 2012 and
February 16", 2013 and of the 15 de Agosto weather station
measured between December 10", 2008 and October 24", 2010.
Data are missing for several months to complete one year due to
faulty measuring equipment (see Fig. 5). However, the results
obtained by mathematical and statistical models help to confirm,
that the minimum annual average wind speed at a height of 80 m
above the ground is about 7 m/s, representing an annual average
power of 325 W/mZ.

The correlation rate between the two stations is 77% with a stand-
ard deviation of 5.13% and a variance of 26.36%.The sudden
change of wind speeds due to the change of atmospheric pressure
and temperature between day and night forms ridges in the fre-
quency distribution of wind speeds, a behavior that is outside the
Weibull distribution (see Fig. 6).
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Fig. 6: Absolute frequency distribution of wind speed at La Patria.
Source: Mitjans, 2013
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The asymmetry factor k of the Weibull function is obtained by the
empirical equation (2), where v is the annual average wind speed:

k=0.73v°> 2)

The scale factor ¢ of this function is obtained by equation (3):

4
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Fig. 7 shows the Weibull distribution density p(v) from equation (4)
for different typical asymmetry factors k comparing them with the
distribution of the processed measured values of La Patria.
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Fig. 7: Weibull distribution for different k factors and the wind
speeds distribution measured in La Patria. Source: Mitjans, 2013

Based on the analysis performed with the RETScreen software has
been selected a three-bladed variable pitch wind generator with a
power rating of 2.3 MWe, a cut-in speed wind of 3 m/s and a rated
wind speed of 9 m/s. These data are consistent with the wind
profile measured by the different meteorological stations used as a
starting point for the development of the present study. The wind
farm will have an installed capacity of around 46 MW composed of
20 turbines mounted on 80 m high towers. It would have a capacity
factor of 25% and an annual generation capacity of 100.5 GWh.
Inside each wind turbine the voltage level is lifted from 0,69 to 30
kV. When operating off the national grid, they will be connected by
autrotransformers to a 30/23 kV station to be installed at a 30 km
distance from the point of generation. When operating connected to
the national grid (SIN), the voltage levels of the single-phase trans-
formers would be 30/220 kV. In this case a 130 km long overhead
transmission line of 220 kV single circuit will be necessary from the
site of the wind farm to the existing transformer station of Mariscal
Estigarribia, which will have to be modified to operate at a voltage
level of 220 kV (Ande, 2013 and Mitjans, 2013).

3. Western System of the Paraguayan Grid

Noting the extensive length between the points of generation and
consumption of energy, specifically in the Western Region, this
paper aims to propose a hew macro-energy scenario with regard to
the implementation of emerging technologies for power systems.
By this mean could be solved partially the problems that might
arise in a not too distant future, considering the rate of annual
growth and the imminent use of all available energy from the 2 bi-
national hydropower plants by 2030 (GlZ, 2013) .

Fig. 8 shows the projections of the energy demand of the Western
System in a medium term (2013-2022), seen from the Loma Plata
220 kV station, which supplies the whole Central Chaco area, with
the cities of Loma Plata, Filadelfia, Neuland and Mariscal
Estigarribia having actually a load factor close to 70% and an
annual growth rate of 10% (Ande, 2013). This projection demon-
strates the limits to cover the estimated demand, considering that
the amount of energy to be generated by the wind farm represents
67% of the amount of energy needed to cover the entire energy
demand in 2013 (see Fig. 8).

Based on this premise this paper raises two possible scenarios.
The first is based on the operation of the wind farm as a generation
system isolated from the distribution grid. The second presents an
wind power system connected to the national grid (SIN), given that
the construction of a second 220 kV overhead transmission line to
the Loma Plata station is planned only for 2021, after terminating
of two overhead 500 kV transmission lines to the Villa Hayes sta-
tion, one from Yacyreta and another from Itaipu (Ande, 2013).

-a

Fig. 8: annual energy demand of the Western
System. Source: Ande, 2013 and Mitjans, 2013.

The main advantage associated to the implementation of such
emerging technologies for power systems is, that the power trans-
former at the 220 kV Loma Plata station will operate with less load.
This will benefit the voltage profile at the bars of the Northern Sys-
tem and will reduce the technical energy losses of the 220 kV
transmission line between Vallemi and Loma Plata, given the
extensive length of 200 km between both stations and the high
impedance on this line (Ande, 2013).

4. Analysis by simulations

Using data obtained by the analysis performed with the RETScreen
software has been developed an analysis by simulation using the
Matlab/Simulink software tool. In this simulation environment re-
sults are obtained using a variable-step simulation considering the
integration method based on implicit Runge-Kutta formula
(ode23tb). The block diagram represents the wind farm intercon-
nected to the national grid (see Fig. 9 (a)). To simplify the analysis
by simulations were considered the installation of three groups of
wind turbines of 15 MW each providing a total power source close
to the 46 MW calculated with the RETScreen software. These are
connected to a 30 kV output bar to make possible the power export
on a 220 kV line of 130 km from the wind farm installed in La Patria
to the Mariscal Estigarribia station.

The wind turbines use squirrel cage induction generators and the
reactive power absorbed by each induction generator is compen-
sated by a capacitor bank (400 kvar by each group of 15 MW)
connected to a low voltage bar (B690) (see Fig. 9 (b)). The genera-
tor stator is connected directly to the mains of 50 Hz. The generator
rotor is coupled to the variable speed wind turbine. A Proportional-
Integral (PI) controller is used to control the pitch angle of the
blades of the wind turbines to limit the power output at the rated
mechanical power. The block diagram of the PI controller is shown
at the bottom of Fig. 9 (a).
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(b) Wind turbines grouped into three groups of 15 MW.

Fig. 9: Block diagram of wind farm interconnected to the national
grid (SIN). Source: own elaboration

The characteristic curves describing the variation of the mechanical
power as a function of turbine speed for wind speeds within a
range of 4 to 10 m/s is shown in Fig. 10(a). It shows, that the wind
speed to obtain the nominal mechanical power (1 pu = 15 MW) is 9
m/s.

Turbine output power (pu of nominal

mechanical power)

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 10: Analysis of the proposed scheme by simulations intercon-

nected to the SIN. Source: own elaboration
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In order to verify the results when considering a realistic scenario of
variable wind speeds fluctuating around the average speed meas-
ured in La Patria (equivalent to 7 m/s), was simulated the response
of the wind power system by checking the stresses on the 30 kV
bar under variable wind conditions. Initially, the wind speed applied
to each group of turbines was fixed to 5 m/s. Then, from a time
equal to 2 s (for the particular case of group 1) the wind speed was
increased from 5 m/s to 11 m/s in a time interval of 3 s. The same
wind gust is applied to the wind turbines of group 2 and 3 with a
delay of 2 and 4 s respectively (see Fig. 10(b)). In this figure can
also be seen that the blades are held constant at an angle of zero
degrees, when the electrical power output is far below its nominal
value. When the output power is increased above its nominal value
as a result of an increase in wind speed, the Pl controller acts on
the control variable (angle of the blades of the turbines) in order to
compensate the increased power maintaining the output power
controlled on its nominal value (15 MW by group, see Fig.10(c)).

To verify the effect that introduces a temporary malfunction of one
group of turbines, it has also been simulated the effect of a fault on
the low voltage terminals of turbine group 2 (see Fig. 10(b) block
Three-Phase Fault), applied to a time of 15 s. It can be seen in Fig.
10(c), that under these operating conditions the group 2 automati-
cally protects itself leaving to provide active and reactive power to
the 30 kV bar. Finally, Fig. 10(d) shows the voltage changes in the
on the 30 kV bar, where can be seen that under normal operating
conditions the bus voltage is close to 0.97 pu. The evolution of the
total power of the 30 kV bar can also be observed, which reaches
the maximum value (close to 46 MW) after 10 s and that when
registering the temporary power failure is reduced to approximately
30 MW by effect of the protection of the wind turbines, that make
up the group 2.

5. ECONOMIC CONSIDERATIONS

Assuming the considerations that have been brought out in this
paper, with respect to the installed power of 46 MW and the
amount of 20 2.3 MW wind turbines, a total investment of about
US$ 110,000,000 is estimated. Considering an own contribution by
ANDE of about US$ 20,000,000, an external financing of about
US$ 90,000,000 would be required. In the amount of the invest-
ments mentioned above, have been considered the benefits pro-
vided by Law N°: 60/90 on the promotion of investments. For this
type of projects based on renewable energies and energy efficien-
cy there are available funds with very low interest rates and flexible
repayment periods. For the profitability calculations an interest rate
of 1% per annum and a grace period of 2 years was considered.

The economic analysis shows, that the investment required for the
commissioning of the 46 MW wind farm would be repaid by an
energy sales selling price of 200 US$/MWh, the equivalent of US$
21,000,000 annually. On the other hand, being a renewable energy
project it could benefit from the Clean Development Mechanism
(CDM). However, since it is currently paralyzed by the countries
which signed the Kyoto treaty, until the agreements of DOHA 2012
will be ratified, it will not be possible to issue and sale of Certified
Emission Reductions CER (Mitjans, 2013). Taking this point as
background, the economic viability could be supported by the
Voluntary Carbon Market, which has actually a value of 3 US$/
tCO, (EU.ETS Carbon Price, 2013). Considering as baseline a
natural gas power station with the same power using 75% of the
generated energy to be equivalent to the amount of carbon dioxide
not emitted into the atmosphere, it could be generated an addition-
al annual income of about US$ 235,000 (Olade, 2003).

Additionally, in the international market for this kind of projects are
considered governmental subsidies of around 15 US$/MWh, what
represents an additional income, that could eventually repay the
investment within a reasonable period, reaching thus a total annual
income of US$ 23,000,000. For a plant factor of 25% investments
could be amortized within 10 years resulting in an IRR of 8.23%

and a NPV of US$ 89,000,000. Taking the same criteria mentioned
above with a plant factor of 50% a total annual income of US$
44,000,000 would be generated and investments could be amor-
tized over a period of 4 years resulting in an IRR of 26.08% and a
NPV of US$ 396,000,000. This analysis demonstrates the feasibil-
ity of the project.

6. CONCLUSIONS AND RECOMMENDATIONS

Despite the incomplete data on wind speed at the site of
measurement in La Patria it was found by the present study that
the installation of a 46 MW wind farm is technically and
economically viable. To prove it in a more forceful way, it would be
necessary the realization of a full year lasting measurement
campaign, preferably at 80 m height. Besides, the enactment of the
law of renewable energy currently under consideration in Congress
would create a legal framework and favorable economic conditions
for this endeavor.
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