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Abstract: The wind energy is one of the most important alternatives for renewable and clean
electricity generation. During the last decade the number of wind farms has largely increased in
South America. Qollpana is only one case of an on-shore wind farm but it is located at 2900 m above
sea level over a complex terrain. Due to high altitude, the air density is reduced by 27% compared
with sea level and the topographic characteristics induce a high level of turbulence. Qollpana wind
farm has ten wind turbines reaching 27 MW of installed capacity. October is the month of highest
wind average velocity and February with the lowest one. This work analyses the capacity factor of
the wind farm, also the air density and the turbulence effects on wind turbine efficiency. The main
results show that monthly capacity factor varies between 0.08 and 0.67 in the wind farm. Moreover,
the results have shown a considerable effect of the turbulence intensity on the turbines efficiency.
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1. Introduction

The current transition from fossil fuel energy systems towards low-carbon energy systems to
keep the global warming below 2 °C, that has been agreed in Paris [1], invokes the countries, industry
and society, altogether, to take actions to reduce the CO:z emissions and efficient use of energy [2—4].
In this context, one of the most important alternatives of electrical energy generation, renewal,
environment friendly, and non-carbon energy system, has been wind energy systems. The installed
capacity of wind turbines growth mainly in Europe, China and US [4-6].

South America is a vast and very diverse territory with different renewable resources for
electricity generation where the most important sources are the hydrologic, wind, solar and biomass.
This great diversity is due mainly to the Andes cordillera along South America that defines the
different potentialities of the resources mentioned before. Along this cordillera the most important
rivers in the Amazon meet. This high and long cordillera defines the meso-scale flows of wind along
the continent [7-9]. Moreover, the topography, wind patterns, altitude above sea level, and climate
are very diverse through the Andes.

In the recent context of reducing the CO:and greenhouse gases, and according the new global
energy policy, South America has implemented many wind farms incrementing their installed
capacity from 1 to 14 GW in the period 2010-2016. The main countries in this labor are Brazil, Chile
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and Uruguay [6]. Besides, Bolivia has introduced wind energy projects since 2014 with only two wind
turbines. During 2016 were installed other eight to establish Qollpana wind farm. Qollpana wind
farm is one of the highest wind farms in South America that reaches 2900 m a.s.l. And other wind
farms in Ecuador at very similar altitude [10], although in this high altitudes the wind velocity could
be higher, the problem is the lower atmospheric pressure that reduces the air density. This
diminished density represents less wind energy and challenges for installation of wind farms in the
Andes, for instance is necessary to build larger wind turbine blades to compensate the lower density
[11].

The wind energy projects could be evaluated with different indicators, such as the capacity factor
(CF) that practically measures the economic efficiency and represents the relation of the average
power generated between rated peak power. It can vary between 0 and 1. The CF in Europe has had
an average of 0.21 that is lower than expected, although other combined technologies, such as wind
and compressed air energy storage can reach a CF of 0.7-0.89 [12-14].

This work analyses the CF of the most important wind farm in Bolivia, taking into account the
density and turbulence effects in the efficiency of the wind turbines.

2. Data Sources and Methodology

2.1. Description of the Wind Farm

Qollpana wind farm is built on complex terrain that consists in ten wind turbines. It is located
in the center of Bolivia (17°37' 48" S, 65°17' W) at 2900 m a.s.l. and to 130 km from Cochabambea city.
The wind farm has two types of wind turbines two 1.5 MW and eight 3 MW, The position of those
turbines are represented by circles shown in Figure 1. The main wind characteristics in the Qollpana
are: wind direction from North to south, 8.2 m/s wind speed average, and highly turbulent flow.

Figure 1. Configuration of Qollpana wind farm, where the circles represent the wind turbines. The
circle with thicker border is WT-1 and the square represents the meteorological tower. (Source: Google
Maps).

2.2. Capacity Factor

In order to determine the capacity factor of the wind farm and efficiency of wind turbines in
Qollpana. We used energy produced data (MWh) from National dispatch committee—CNDC (by his
initials in Spanish), and Authority of inspection and social control of the electricity (AE). The CNDC
is in charge of the electricity distribution in Bolivia and the AE regulates the electricity market.

The computation and analysis of capacity factor (CF) was performed using the data available in
CNDC web page and AE, and computed as is shown in the Equation (1). Then those were analyzed
yearly during the period 2014-2017 and monthly for the 2017 period.
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2.3. Density and Turbulence Effects

In order to study the density and the turbulence effects, the data consisted in measurements of
temperature, atmospheric pressure, power generation, and wind speed during four days (1-4 April
2017). The samples were registered every ten minutes. Those data were used to compute the actual
density, turbulence, the wind power in Qollpana, and the actual power generated. In this work the
temperature, atmospheric pressure, and wind speed was measured in a meteorological tower at hub
level (78 m above the ground level). And the power generated was measured in one wind turbine
called WT-1. The position of the meteorological tower is marked with a square in Figure 1 and the
WT-1 wind turbine is the first one in the top-left corner of the Figure 1. The density was computed
with ideal gas model, using the temperature and the atmospheric pressure measurements. Finally,
the turbulence intensity was computed as the relation between the standard deviation of wind speed
and the average wind speed, such as is displayed in the Equation (2).
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In the Equation (2) u; represents the sampled wind speed that was measured every minute, @
is the average wind speed, and # is the number of samples.

3. Results

The evaluation of CF was performed for monthly and daily average. Figure 2 shows the CF
monthly variability along three different years with the following particularities: During 2014 only
1.5 MW turbines were working, during 2017 both, 1.5 MW and 3 MW. However during 2016 only 1.5
MW wind turbines were working in the period January—July because in August began the operation
of 3 MW wind turbines in the wind farm. As the Figure 2 shows the low CF in 2016 in the August-
September period is due to test time of the new wind turbines. Additionally is important to mention
that the winter time is between June and August, the summer time is between December and
February.

Capacity factor during the year
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Figure 2. Capacity factor the Qollpana wind farm during the period 2014-2017 without 2015. Where
CF 2014 (circles), CF 2016 (squares), and CF 2017 (triangles).

The yearly capacity factor in Qollpana wind farm has varied among 0.25 for 2017, 0.4 for 2016,
and 0.31 for 2014, and the monthly CF varies considerably among the months and years as it is
displayed in Figure 2. However, we may see some tendencies along the years, such as the period
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May-October (winter—spring) is present the maximum CF and December-March (summer) is the
lowest CF period.

The Figures 3a,b display the daily variability of CF in the two different sizes of wind turbines,
1.5 MW and 3 MW, where there are differences in the daily behavior and trends, however both of
them has a variation between 0.04 and 0.94 along the month. Both Figure 3a,b, shows that CF of 1.5
MW model is higher than 3 MW wind turbine model. The main difference between these figures are
the tendencies, for instance the April maximum CF varies periodically along the month with a
frequency of approximately of 5 days. In change that periodical variability is different in October
where there is a period of 10 day of considerable high CF.
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Figure 3. Daily variability of capacity factor for the two different types of wind turbines in Qollpana
wind farm (a) April 2017; (b) October 2017.

The density of the air in Qollpana wind farm has slight variation during the time analyzed. The
average density was 0.887 kg/m? with a minimum of 0.861 kg/m?® and its maximum of 0.918 kg/m3.
The variation of the density is mainly due to atmospheric changes than temperature variations.

The calculated turbulence intensity average was 18.35%, however the turbulence intensity varies
according the wind speed, for this reason we calculated it in three velocity ranges. The turbulence
intensity was 28.4% between 0-6 m/s, 16.2% between 6-10 m/s, and 15.2% between 10-14 m/s.

Figure 4 displays the efficiency —also known as power coefficient—of a wind turbine in
Qollpana wind farm (squares) and the manufacturer efficiency (circles). The experimental efficiency
could be divided in three ranges. Range I, 3-5 m/s; range I, 5-12 m/s; and range III, 12-15 m/s. In the
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range I the efficiency is close to the theoretical, however the standard deviation is around 0.2. For the
range II the efficiency is lower than the theoretical, its efficiency has a standard deviation of 0.18.
Finally, the range III presents a higher efficiency compared with the theoretical and the standard
deviation in this range is 0.06, the lowest one.
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Figure 4. Efficiency of a wind turbine in Qollpana wind farm compared with the standard efficiency.
(Squares) and Qollpana conditions (Triangles).

4. Discussion and Conclusions

The results previously showed express mainly the variability in the nature resources from yearly
to daily unpredictability. The average of the CF during 2014-2017 was 0.32 that is inside of the
estimated range for onshore wind farms [13]. The CF in the years 2014 and 2017 has almost the same
trend with small differences proper to nature changes. However the CF during 2016 displayed a
considerable high CF between February and June compared with the other years. This atypical high
power generation might be related to the end of the mega-drought of the last five years in the region
and to the ENSO oscillation in the Andes [15].

According the monthly variation the best period for wind energy generation is between April
and November. This period coincides with austral autumn-winter-spring seasons in Bolivia and this
period are also known as the dry season. As during this time the sun light is high and longer (for the
absence of clouds) there are conditions for convection and thermally driven winds. This is different
to the December to March, where the weather is humid and rainy.

The results of yearly and monthly CF represent the meteorological variability in the region;
however for the high variation inside the showed months, April and October, the variability might
be due to regional flow in South America. This regional flow is caused by moisture transport from
the Brazilian Amazonas to the northern of Argentina that produces low-level jets (LL]) —high wind
speed at altitudes above 1000 m. This LL] is approximately at 1000 m a.s.l. and when is flowing to the
west of the Andean cordillera blocks and changes the direction to the south. In Qollpana wind farm
(2900 m a.s.l.) there is a direct connection throughout a channel to Amazon and therefore to LL]J that
may produce the high wind speed in the wind farm. Finally some researchers found an
approximately four-day occurrence of LL] in the region that might explain this fluctuation in
Qollpana wind farm [9,16,17].

The main reason of the higher CF of the turbines of 1.5 MW compared with 3 MW turbines is
due to their operations conditions of them. For instance, the rated wind speed of 1.5 MW and 3 MW
wind turbines are 12 m/s and 16 m/s respectively. This means, 1.5 MW wind turbine produces a
power of 1.5 MW when the wind speed reaches 12 m/s and the another 3 MW it is necessary 16 m/s.
However, in this case 3 MW wind turbines are producing more energy with slightly lower CF in
comparison to 1.5 MW turbines.
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In relation to density variation; this is mainly due to atmospheric pressure oscillation [18]and
this does not coincide with the diurnal temperature variability. However the density varies only
between 0.91 and 0.861 kg/m? which means 3% from the average.

The turbulence intensity is one important variable, because this correlates with reduction of the
efficiency of a wind turbine. In the range I and II described previously (Figure 4) there is a high
turbulence intensity that correlates with a lower efficiency compared with the theoretical. This lower
efficiency in range II could be due to high variation in the flow through to angle of attack in the blades
and to the variation of the wind direction [19]; under this off-design conditions the aerodynamic
efficiency is considerably affected. Finally, the range III involves a lower turbulence intensity and
high wind speed; the efficiency is higher than theoretical one. This could be due to two effects, first
the lower turbulence intensity (15.2%) that improves the aerodynamic efficiency and second is due
to the lower density that applies less torque and the control system of the turbine identifies as a lower
wind speed than the realized one. Under this condition the control system of the turbine is still
optimizing the power generation.

In conclusion, Qollpana wind farm has high variability in its power generation from a monthly
CF of 0.08 (January) to 0.67 (April). This is mainly produced seasonal changes in the region. In the
case of the daily average the CF, this varies between 0.03 and 0.95 and its variations are due to weather
and regional flows between the Amazon and the Andes. In this work, the efficiency of one wind
turbine in high altitude and complex terrain depends mostly of the turbulence intensity and wind
speed. However, these conclusions are only valid for the period studied and it is necessary to develop
more studies and measurements to explain the efficiency of wind turbines under high altitude and
complex terrain conditions.
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