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ABSTRACT

Hydroelectric plants broadly sustain Colombian electricity
demand. However, wind power emerges to improve the Colombian
energy matrix and capacity, satisfying the energy demand. Thus,
this study evaluates the technical and economic feasibility of
projects based on Small Wind Turbines (SWTs), based on the
Colombian wind resource availability. Furthermore, due to the
Colombian diversity of energy sources, sensitivity to climate
changes and a high percentage of non-interconnected territory,
the SWTs excels as an off-grid energy system alternative. For this
purpose, the annual energy production and the capacity factor of
24 SWT and the wind resource in Puerto Bolivar, La Guajira, are
considered. A techno-economic study that includes cash flow
analysis and net present value is used to determine economic
viability, considering a financing percentage sensitivity analysis.
From the results, it can be concluded that an SWT based project
increases its profitability by increasing the IRR value and lowering
the financing percentage. Further, the best SWT models can be
related to a higher capacity factor value based on the economic
phase.
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RESUMEN

Las plantas hidroeléctricas sustentan la demanda de electricidad
de Colombia. Sin embargo, la energia edlica surge para mejorar
la matriz y capacidad energética colombiana, satisfaciendo la
demanda energética. De esta manera, este estudio evalua la
factibilidad técnica y econémica de proyectos basados en Turbinas
Edlicas Pequefias (SWT) considerando la disponibilidad del recurso
eolico colombiano. Ademas, debido a la diversidad colombiana de
fuentes de energia, la sensibilidad a los cambios climéticos y un alto
porcentaje de territorio no interconectado, los SWT sobresalen como
una alternativa de sistemas de energia fuera de la red. Para ello, se
considera la produccion de energia anual y el factor de capacidad
de 24 SWT vy el recurso edlico en Puerto Bolivar, La Guajira. Se
implementa un estudio técnico-econdmico, que incluye el analisis
de flujo de caja y valor actual neto para determinar la viabilidad
economica, considerando el andlisis de la sensibilidad porcentual
de financiamiento. A partir de los resultados, se puede concluir que
un proyecto basado en SWT aumenta su rentabilidad al aumentar el
valor de la TIR y reducir el porcentaje de financiamiento. Ademas, los
mejores modelos SWT pueden relacionarse con un valor de factor
de capacidad mas alto en funcion de la fase econdmica.
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INTRODUCTION

Renewable energies are characterised as clean and inexhaustible
sources of energy. Unlike fossil fuels, these energies do not
produce polluting emissions during their operation, thus reducing
the negative impact on the environment [1]. The United Nations
Framework Convention on Climate Change (UNFCCC) determined
that climate change is attributed to all human activities that alter
the atmosphere's composition, affecting meteorological variables
such as temperature, rainfall, cloud cover, air currents, etc. [2].
The activities derived from energy produced by fossil fuels are
recognised as one of the main global warming causes that endanger
the population [3]. The increase in temperature all over the world
has ranged between 4°C to 6°C in the past years [4]. The climate
change in Colombia in 2011-2100 could suggest that the average
temperature might increase 3.4°Cin 2070, and 3.9°C in 2100. The
study also determined that rainfall might decrease up to 36 % as
compared to the 1971-2000 reference period, which would be
evidenced in the most affected regions between 2011 and 2040 [5].

The aformentioned climate changes may decrease the surface
runoff levels in the north and Andean regions of Colombia, which
may cause water distribution problems and a deficit in dams,
resulting in reduced hydroelectric power generation [6]. Thus,
the Colombian energy mix is susceptible to climate changes [7],
affecting energy sustainability [8]. Moreover, up to 2014, the energy
generation in Colombia has been supported by approximately 67 %
hydroelectric generation [9]. Renewable energies are proposed as an
option to reduce pollution and keep global temperature below 2°C
[10]. Therefore, it must include the diversification of the energy mix
with hydroelectric generation. Furthermore, due to its vulnerability to
climate change, it should be supported by other generation sources
such as wind energy.

In 2017, wind energy stood out as the most diffused energy source
worldwide, with an installed capacity of 539 GW [11]. In Colombia,
the wind resource is available in some localised regions such as
the Caribbean, Santander, and other specific areas of Risaralda,
Tolima, Valle del Cauca, Huila, Boyacd, and La Guajira. The latter is
considered one of the best wind resource areas in South America,
with a latent installed capacity of 18 GW [9]. The region of Puerto
Bolivar is a particular case in Colombia, as a coastal area in La
Guajira in the north of the country. This region is considered one
of the places with the best wind resource in the country and the
world [9], having potential for implementing wind energy projects.
In this sense, if the wind energy resource of the country is exploited
for electricity generation, the country's energy sustainability goals
could be achieved [12].

Specifically, the Small Wind Turbines (SWTs) potential market could
be cost-efficient indicators in their operation [13]. In 2015, 990000
SWTs were installed worldwide, that is, a growth of 5 % compared to
2014, this means an installed capacity of 984 GW, 14 % higher thanin
the previous year [14]. One of the main applications of SWTs refers to
non-interconnected systems, also called off-grid applications, which
includes electricity generation for rural areas [14]. In Colombia, until
2017, 52% of the territory was characterised as a non-interconnected
zone, with associated high power-generating costs, high levels of
electrical service loss, and unsatisfied basic needs [15]. Despite
the wind energy generation potential in La Guajira, the electrical
coverage supply up to 2016 was less than 77 % of the population
[16]. Historically, non-interconnected areas have satisfied their
energy needs through diesel generators, with supply energy costs

of approximately 0.28 USD/kWh [17]. A slightly higher value than
the costs achieved with small wind turbine systems of 0.23 USD/
kWh [18], which suggests that for non-interconnected areas, SWT
projects are competitive energy systems among conventional power
generation using fossil fuels. Therefore, the SWT implementation
can improve the energy equity of the country, allowing these non-
interconnected areas to relieve energy demand [12].

SWT STATE OF THE ART

The rise in energy accessibility in a territory stems from improving
energy sustainability standards [12], permitting progress on indices
reported by the World Energy Council (WEC), such as energy equity
and security [8],[19]. In this sense, SWTs are considered one of the
leading energy options for Colombia. In this regard, Valencia-Ochoa
et al. [20] analysed the wind resource potential of Puerto Bolivar,
La Guajira, Colombia. For the purposes of this study, the wind
speed and direction obtained in a period of 20 years (1993-2013)
were considered. The authors studied four histogram frequency
models: Gaussian, Gamma, Weibull, and Rayleigh distribution. Once
the Statistical Software WindAnalysisUA v1.0 was designed, the
clustered data were treated using this tool to prepare a wind rose,
and the probability distributions of wind speeds. Colombia needs to
diversify its energy mix, considering environmental pollution levels,
and supplying energy to non-interconnected areas that represent
approximately half of the territory. However, despite the growth
reported in equipment and installed capacity, SWTs have shown low
applicability in recent years. Moreover, renewable energy projects
have barriers such as low rates of return, and higher investment
risk compared to fossil fuel generation projects [21]. In particular,
high operating and maintenance costs vis-&-vis other renewable
generation alternatives such as photovoltaic panels have become
barriers for development and extensive application of SWTs
technologies [22]-[23].

Further, some authors have conducted multi-criteria studies to
determine the techno-economic viability of SWTs [24]. For example,
a study evaluated the economic feasibility of integrating SWTs for
domestic energy consumption in Egypt. The study included eight
wind turbine models in 17 locations, calculating each zone's annual
energy production AEP. An economic analysis [25] showed that
the cash flows and the net present value NPV were extracted as a
profitability indicator. The authors concluded that the electricity sale
price is not enough to confirm the project's profitability.

Furthermore, Bukala et al. [26] conducted a study in Poland
regarding SWTs economic and design considerations. The authors
found that 75 % of the SWT manufactured are Horizontal Axis
Wind Turbines (HAWT) with three blades. Furthermore, within the
economic concerns, it was defined that the most critical profitability
factors are selecting the mounting location and its wind resource.
Finally, the authors state that generating energy with SWTs can
be a technically viable option, but often the acquisition costs in the
market are high, which is an economic barrier.

In the United Kingdom, the Cost-Benefit and (Annual Energy
Production) AEP of four generic wind turbines and three SWTs is
analysed for its operation in urban areas, including the power-wind
speed curves of the models. Additionally, a Weibull distribution was
used to include wind resource availability. Finally, the economic
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analysis included capital costs, feed rate, funding, and operation
and maintenance costs. As a result, it could be determined that
projects involving SWTs should consider extended investment
return periods [27]. Elnaggar et al. [28] developed in Gaza City a
study regarding the area's wind potential, and the techno-economic
viability associated with an SWT model WTT5000s. The criteria for
model selection were nominal power, acquisition cost, minimum
operating speed, efficiency, weight, and size. The wind turbine was
located in different urban areas, where the electricity generation
was analysed, varying the installation height and the impact on the
costs and viability of the project. Rodriguez-Hernandez et al. [29]
evaluated 28 SWTs in 18 different locations in Mexico, where the
NPV and the technical considerations for generation projects in
urban areas were determined. The NPV results were negative for
the 28 models involved, considering that lower nominal power did

not have high loss margins.

PAPER SCOPE

The scope of this study is to analyze the technical and economic
aspects of small wind turbines; however, there are currently works
that evaluate the adaptation of renewable energy systems to the
social and cultural environments, as in the case of Edsand-Hans-
Erik [30]. The author determined functions and landscape factors
that influence the impolementation of wind energy in Colombia. The
study evaluated,with Colombian wind energy experts, the degree of
influence of the following functions and environmental factors on
wind energy: financial activities, knowledge development, adaptation
capacity, dissemination of knowledge, research orientation, market
formation, national and international mobilization resources,
creation of formal and informal legitimacy, economic growth,
environmental warnings, climate change, armed conflict, corruption,
and education inequity.

In particular, the region of La Guajira was also mentioned by [30],
stating that despite its wind potential, it lacks outstanding electrical
interconnection systems. In addition, La Guajira has presence of
indigenous communities, where if knowledge about the benefits
of wind energy is not shared, the new technology is negatively
influenced by the informal pressure factor. Furthermore, there
is presence of illegal armed groups, which increases the risk for
executing the project and, therefore, the risk of project investment.

From all the above studies, it is inferred that the implementation of
SWTs is an opportunity to generate electricity through non-polluting
renewable sources. This paper proposes a techno-economic analysis
of SWTs and their operation in Colombia, specifically in Puerto
Bolivar, given its great wind resources and potential to increase
energy coverage. A group of small wind turbines with rated power
up to 10 kW and their operation performance under a specific wind
resource were analysed by estimating the wind speed profiles,
using the Weibull distribution and the AEP. Moreover, an economic
model was implemented, given its net present value NPV, which
addresses the cash flow strategy. The income and expenses,
namely investment, operation, maintenance costs, saving values,
and strategy payments of the system were considered. Finally, the
above economic strategy is treated by a sensitivity analysis financed
with the funding of the project's initial cost, showing the effect on
the internal rate of return, IRR.

The structure of this work, shows in Section 2 the technical and
economic formulation considered in the study. Then, in section 3, the
methodology is used to find the variables involved in the technical
and financial evaluation. Next, Sections 4 and 5 discuss the results
from economically viable models, and Section 6 concludes the study.
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THEORETICAL FRAMEWORK

To conduct this work, two structure phases are proposed. The
first one is the technical phase, where the mathematical model of
electricity produced by a wind turhine is considered. The second
one is the economic phase that supports the concepts necessary
for interpreting the technology. Finally, the framework of this
interpretation is related to the measurement of the return on
investment of the technology, based on the project's profitability
level.

TECHNICAL FORMULATION

The technical formulation seeks to characterize each small
wind turbine, comparing wind turbines and giving the technical
parameters for an economic analysis. Among the considerations in
the first phase, the rated power coefficient Cmted must be calculated
as [31]:

C g = Prated 1
,rated — 1

P Epvgateanz’ ( )
where P__is the rated power at the rated wind speed v . pis the
air density, and R is the wind turbine's rotor radius. Another variable
to be calculated is the tip speed ratio TSR, ., which is defined as the
ratio between the tangential speed at the tip of the blade V, and the
rated wind speed; therefore, the rated value is given by [13], [31]:

Vi
TSRrated =—

5
Vrated

(2)

being V=0R, where ( is the nominal rotational speed.
The wind resource of a particular site is approached by the Weibull
distribution W(u_, ), given by [32]:

W) =5(4) ep|- ()]

where u_ is the wind speed.

For this Probability Distribution Functions (PDF), it is necessary
to know the scaling factor c, expressed in m-s* and related to the
mean wind speed u___ by [26],[33]:

— UYmean
) @

being T the statistical gamma function.

In Equations (3) and (4), k refers to the shape parameter given as
[34]:

k= (au—w)—l.086, ©)

Umean

where o _ refers to the standard deviation of the wind speed
measurements. Some typical values of k depending on terrain type
are shown in Table 1.
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Table 1. Values of shape parameter k, depending of terrain

type [35]

Terrain morphology k
Mountainous area 12-17
Great plains - Hills 18-25
Open area 25-30
Coastal zone Sl=8%
Islands 35-4.0

The statistical approach allows to calculate the Annual Energy
Productivity AEP as [32]:

AEP =T [ W (ues) P (too) o, )

where T is the evaluation period, u, is the cut-in wind speed, i.e.
the wind speed where the wind turbine begins with the electricity
generation; u_ . is the cut-out wind speed, or the speed where the
wind turbine cut off the electricity generation. P(u_) is the wind
power produced by the wind turbine at the wind speed u_ obtained
from the power curve and W(u_)is the Weibull distribution from
equation (3).

Subsequently, the capacity factor CF is defined as follows [24],[28]:

CF AEP -

= - 7
PratedT

ECONOMIC FORMULATION

The technical evaluation involves the costs for the cash flow
regarding the expenses and incomes during the useful project life.
The typical cash flow for financial analysis is given by Rodriguez-
Hernandez et al. [29], including funds payment, as shown in Figure 1

A
Income [ \

O&M+P 1A
{ J

[
O&M +Pr

Expenses | IC

Figure 1. Cash flow for SWT project with funding payment

Initially, the economic study considers the initial cost IC, which
includes the SWT's installation price, the electrical infrastructure,
conditioning and civil works, i.e. all necessary equipment and service

cost or capital expenditures (CAPEX) to start the wind turbine
operation. This variable is determined considering the relation
between the initial investment cost coefficient and the installed
capacity of the SWT in (USD/kW) [28]. This work considers that
the initial cost IC is defined by the total initial cost and the funding
quantity, as follows:

IC = (1 - L)Cy¢Pratea (8)

where C, is the installed kW-h cost, and L is the funding percentage,
employed later in the funding payment mathematical approach. In
addition, it can be assumed that the product between C,, and the
rated capacity P__ represents the total initial cost. Further, the
operational and maintenance costs 0&M, or operating expenditures
(OPEX) are an annual investment, which is based on the total initial
cost, given as:

0&My = aly¢Pratea ©)

being a a proportionality constant based on market research works
[24],[28]; the variable a is used to derive the operational cost,
considering the total initial cost. The total capital cost value also
provides the information to calculate the salvage value S, which is
estimated according to the annual depreciation of a wind turbine
DA, given as:

thPrated -S

)

DA = (10)

n

where nis the total project lifetime in years. The following parameter
into the cash flow is the annual benefit B,. According to energy
policies, it represents the saving costs in the electricity bill; it can
include the income value if it allows for selling energy into the
interconnecting grid. Therefore, the benefits consider the annual
energy production AEP as follows [28]:

BA = CkWhAEPI (11

where C, . is the price of the kW-h in the region of study and
represents the saving value on the electric bill; this price also can
involve the selling income value. According to the funding of the
initial investment, it is necessary to recognize the annual payment of
the financial entity as a sensitivity analysis of the SWTs is required.
Thus, , the fixed yearly funding payment is introduced [28],[36] as:

(1+0D)™i )

Pf,A =L (thprated (1 n i)m 1 (12)

where m refers to the funding period, and i is the discount rate.

The net present value of an SWT renewable energy project, NPV, .
Is the economic parameter that indicates the profitability level and

the final viability of the project. Therefore, the NPV, . includes the
funding payment, and is given by [24],[28],[31]:
NPVsyr = [NPV(B,) + NPV(S)] )

— [IC+NPV(0&M,) + NPV(P; 4)].

For annualized costs, as is the case of annual benefits or operation
and maintenance costs, the net present value takes the form given
as [24], [36]:
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1+ ni

Where C, takes the value of B, or O&M, , if the aim is to calculate
NPV(B,) or NPV(O&M, ), respectively. The net present value for
the annual funding payment NPV(PM ) can also be calculated by
equation (14), where C, takes the value of P, and n takes the value
of m.

NPV(C,) = C, (14)

However, if the calculation of NPV involves only a single payment
in the future, as in the case of the salvage value S, the net present
value changes to [28],[36]:

NPV(Cr) = (15)

Cr——

Fa+nn
where C, takes the value of S. Finally, based on Equation (13) to
evaluate the NPV, it is possible to obtain the internal rate of
return, IRR, as the value of the expected discount rate that makes
the NPVSWT equal to O [37].

METHODOLOGY

The methodology flow chart is shown in Figure 2. This work
starts from two technical formulation processes. First, the SWTs
classification and selection of a potential installation site, intending
to calculate AEP and CF values to discriminate the best models.
Then, the method continues with the economic phase, determining
the expenses and income values used for cash flow design and the
NPV calculation, analyzing the profitability of SWTs projects under
the specific conditions of the selected region.

TECHNICAL PHASE

The first stage of the technical phase
corresponds to the classification and
selection of 24 SWTs with nominal
power up to 10 kW. Furthermore,

Techical Phase

Ecopetrol

-71.98288889°, and altitude 10. The average hourly wind speed
between October 2019 and June 2020 were treated to obtain the
histogram graph, along with the values for the scale c and the shape
factor k given in equations 4 and 5, respectively. Figure 4 presents
the Weibull distribution of the wind profile in Puerto Bolivar.

The frequency histogram was obtained from data acquired by the
meteorological station, while the Weibull distribution was obtained
considering Equation (3) to Equation(5). In this sense, there was
evidence of variation between the frequency histogram and the
calculated Weibull distribution (the percentage of variation between
the curves in Figure 4 is 40.2%), but the frequency histogram was
more shifted to the right, meaning a probability of occurrence of 61%
for wind speeds ranging between 7 m/s and 9 m/s, greater than that
represented by the Weibull distribution, which for the same speed
values is approximately 48%.

Therefore, the analysis based on the Weibull distribution was more
conservative and in real operation greater generation of electrical
energy could be obtained by small wind turbines. Hence, the values
of annual electricity generation AEP were conservative, meaning
also conservative values for energy savings or annual benefits B,
, i.e,, the annual benefits may be greater than those established
hereunder; this means that in real operation, the technical and
economic factors could translate into greater energy generation
and better profitability, respectively.

If the data acquired by the meteorological station is used to obtain
analysis variables such as AEP, it is necessary to expand the data
acquisition range to then consider the variability of the resource
over time. However, by having a Weibull distribution derived from
the weather station data, we obtain a conservative analysis of the
annual power generation as explained above. The Weibull statistical
analysis of the wind approach is integrated with the manufacturer
power curves of SWTs, as observed in Figure 3, to calculate the AEP
with Equation (6), considering one year or T equal to 8760 h. Finally,
as shown in Equation (7), the Capacity Factor CF is used to select
the most profitable SWTs. The CF value below 25 % is defined as
low, representing economic losses for the project [39].

Economic Phase

¥ . ——
. Determine IC and
Selection place for M cost

SWTs operation

the configuration of the rotor shaft is ¥
included in this classification process. 1 —
The first group corresponds to S hrassliication
Horizontal Axis Wind Turbines HAWT L J
and the second group by Vertical

Axis Wind Turbines VAWT. Table 2 v

_h’
\i \

.

shows each SWT model considered.
Additionally, Figure 3 presents the

Interpretation of Cp
and TSR

manufacturer power-wind speed

curve for each small wind turbine. v

. Identify manufact
The next step refers to the selection e eurve

of the installation site of interest. L J

Acquisirion of wind Determine igcome B \
speed measurements
L y, |
v \/
( ) Determine financi
Calculation of © er;;glynn?]elr?tasncmg

Weibull parameters

|

In this sense, meteorological
records provided by the "Instituto de vy
Hidrologia, Meteorologia y Estudios Calculation of AEP
Ambientales — IDEAM" [38] were and CF

\

considered for the techno-economic T
formulation under specific Colombian
conditions. The selected location
was Puerto Bolivar, a maritime port
in the municipality of Uribia in the
Guajira department of Colombia,
with latitude 12.22430556°, longitude

Y

Filter best models

Figure 2. General methodology flow chart.
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ECONOMIC PHASE

The techno-economic study is supported by the profitability indicator
of an SWT project. The initial costs for each installed kW, C, ., and
the proportionality constant for operation g, and operating and
maintenance costs O&M are determined under market studies,
which considered the SWT installed capacity P_, . Therefore, this
work considered the C , reported by Rodriguez-Hernandez et al.
[29] for SWTs of less than 2.5 kW, approximately 6800 USD/kW-h in
2015. On the other hand, for SWTs between 2.5 kW and 10 kW, the
installing cost was around 7500 USD/kW-h. Moreover, the average
value between the studies of Abdelhady et al. [25] and Rodriguez-
Hernandez et al. [29], given a value of 1.25 %, is used to estimate
parameter a. Figure 5a and 5b show the IC and O&M estimated
values for small wind turbines.

The project lifetime n is fixed in 20 years for all SWTs models.
Moreover, since the manufacturers of SWTs usually offer a five-year
warranty period and 20-year lifetime operation, the salvage value
S at the final of the project for this analysis is null. Regarding the
annual benefits B, this study only examines the salvage value based
on the hypothesis of those systems that cannot be connected to the
grid nor commercialize energy for its being in a non-interconnected
geographical location. In addition, in 2019, the energy price at

Electricaribe [70] for domestic use in the department of La Guaijira
was 0.11 USD/kW-h.

A sensitivity analysis is performed on the annual funding payment
P.,, affecting the initial cost IC . For the economic study, five different
scenarios are proposed. The first one implies the absence of any
funding source, i.e. a value of O for L. The next three scenarios
consider funding under 25 %, 50% and 75% for the project's initial
investment, i.e. with L equal to 0.25, 0.5 and 0.75, respectively. The
last scenario presumes funding of 100 % for the project’s initial
investment, i.e. with L equal 1. In addition, this analysis considered
adiscount rate iof 12 % for a loan involving environmental licenses,
as defined by the National Planning Department (Departamento
Nacional de Planeacion DNP) in Colombia [71]. The sensitive analysis
considered that the credit received for the project execution is
expected to be paid in five annualized installments, i.e. m=5. Further,
the NPV values given in Equations (14) and (15) are calculated.
The previous calculation is supported by the cash flow made up
of expenses and revenues shown in Figure 1. Lastly, the economic
phase along the sensitive funding analysis provides the best SWT
model f with the best profitability margin in terms of internal rate
of return IRR.

Table 2. Small wind turbines considered, P,,..4 is defined as the rated power capacity of the SWT, v,,..4 1s the rated wind speed,
Q is the nominal rotation speed, R is the rotor's radius, and A the swept area. In the SWT column, letters H or V next to the
the number means that the wind turbine has HAWT or VAWT configuration, respectively

SWT Model Configuration P .. W]
1H Sviab VK240 [40], [41] Three bladed 750
2H Gerar 246 [42]-[44] Three bladed 1000
3H Passat [45], [46] Three bladed 1400
4H Nheowind 3D 50 [47] Three bladed 1500
5H Wesb Tulipo [48], [49] Three bladed 2500
6H Travere TI3 [40] Two bladed 3000
7H Nheowind 3D 100 [50] Three bladed 3500
8H E70 Pro [51], [52] Three bladed 4000
9H Iskra AT5-1 [40], [53] Three bladed 5000
10H Scirocco [54], [55] Two bladed 6000
11H Verne 555-6 [56] Three bladed 6000
12H Alize-10 [57], [58] Three bladed 10000
13H Aircon-10 [59] Three bladed 10000
14V Venturi 110-500 [40] Darrieus 500
15v EC01200 [60] H-Darrieus 600
16V WRE.Q07 [40] Darrieuss-Savonius 750
17V Twister 100T-1 [61], [62] Helical 1000
18v WS4 - B [40], [63] Savonius 1000
19v AWT2000 [40] Darrieuss-Savonius 2000
20V Turby [64], [65] Helical 2500
21V WRE.030 [66], [67] Darrieuss-Savonius 3000
22V Aeolos-V 3kW [68], [69] H-Darrieus 3000
23V Neoga 3 [40] Helical 3000
24V WRE.060 [70] Darrieuss-Savonius 6000

Vg [M/5] Q [rpm] R[m] A[m7]

12 1000 12 452
125 740 123 475
16 775 156 765
12 150 11 380

9 140 25 19.63
12 550 18 1018
12 125 2 1257
11 250 215 14,52
12 200 27 22.90
115 245 28 2463
125 240 2775 2419
13 300 345 37.39
11 130 375 4418
17 803 055 0.95
10 225 1.38 599
14 350 0.75 1.77
12 270 0.95 284
18 400 05 0.79
12 108 1.28 515
14 400 0.995 311
14 120 1.65 855
11 320 15 707
14 300 14 6.16
14 90 1.65 855
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Figure 4. Wind speed estimation by Weibull
distribution for Puerto Bolivar. k = 3.82 and ¢ = 7.48.

RESULTS

Results are defined within the framework of the considerations
mentioned in Section 2.1 and Section 2.2. The values of C ., and
TSR, obtained for all considered SWT, are located into the G- TSR
theoretical curve [31], [35], which is shown in Figure 6. This ﬁgure
compares the C, ., and TSR, values for the SWTs considered
under the theoretical models according to the SWT classification.

As shown in Figure 8, the Neowind 3D-50 (4H) hada C_ ., value
of 0.37, which is the highest result for the HAWT group. However,
the TSR value of 1.44 is far from the theoretical curve of the
Three-bladed SWT. On the other hand, the E70 Pro (8H) had a
C, egvalueof 0.34anda TSR, 0f 512, showing the best fit to the
theoretmal curve concerning the three-blade HAWT model. From
another perspective, Turby (20V) and Aeolos-V 3kW (22V) turbines
are the VAWT models with the highest Cpmted values, reaching 0.48
and 0.52, respectively. However, the mentioned models have TSR _
values equal to 2.98 and 4.57, respectively, which took them away

from the theoretical curve. Otherwise, the Neoga 3 (23V) model
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has the best approach to the theoretical VAWT curve, witha C,
of 0.29anda TSR, of 1.48.

As the theoretical values of C - TSR were compared only with the
nominal values of the SWT, Figure 6 describes the technical analysis,
but the filter that determines the SWT models that continue with the
economic analysis is based on the values of AEP and CF, as shown
by the methodology in Figure 2.

Results of AEP and CF are plotted in Figure 7a, and Figure 7b for
the HAWT and VAWT assessed to conduct a more detailed technical
analysis. Regarding the AEP values for the horizontal-axis designs,
the E70 Pro (8H), Verne 555-6 (11H), Alize-10 (12H), and Aircon-10
(13H) stand out; the last two, in particular, reached an annual energy
production of 25184.69 kWh and 34539.3 kW-h, respectively.
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Figure 5. IC and O&M values for small wind turbines.

The SWT selection was based on the capacity factor given by 14
machines that exceeded a CF value of 25 %. The HAWT models
considered include the Sviab Vk240 (1H), Gerar 246 (2H), Passat
(3H), Wes5 Tulipo (5H), Travere TI3 (6H), E70 Pro (8H), Iskra AT5-1
(9H), Scirocco (10H), Verne 555-6 (11H), Alize-10 (12H) and the
Aircon-10 (13H); for a total of 11 horizontal-axis wind turbines.
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Further, the VAWT models are the ECO1200 (15V), Turby (20V)
and the Aeolos-V 3kW (22V), for a total of three vertical-axis
wind turbines. Consequently, two turbines with the same nominal
power, with different rotor configurations prevail. The Wes5 Tulipo
(5H) reached an AEP value of 12735.2 kW-h, while the Turby (20V)
model only obtained an AEP value of 5644.94 kW-h. Further, the one
with a harizontal-axis configuration got the highest annual energy
production. However, suppose the analysis considers other models
with the same rated power like the Travere TI3 (6H), WRE.030 (21V),
Aeolos-V 3kW (22V), and Neoga 3 (23V). In this case, the vertical-axis
model 22V exceeds the models 21V and 22V, even the 6H model,
obtaining an "AEP" value of 9567.52 kW-h.

For the six models mentioned above, the highest capacity factor
CF corresponds to the turbine with the highest annual energy
production AEP , which corroborates the proportion between AEP
and the product of operating hours and rated power, as shown in
Figure 7. The profitability index is considered one of the most critical
factors for the development of projects involving SWTs. Among the
considerations to measure this factor, this work took the NPV for
the 14 SWTs obtained as a baseline. Figure 8 shows the NPV, .
evolution for the SWTs considered during the economic analysis.

The behaviour highlighted in Figure 8 shows that when the installed
capacity is low, the NPV, . associated value is also low. In this
context, the turbines with "NPV" s close to O were those with the
most insufficient nominal capacity, as in the case of the Sviab VK240
(IH) and the ECO1200 (15V), taking NPV, of -3666.26 USD and
-1966.65 USD, respectively. On the contrary, the models with higher
NPV, are for the Alize-10 (12H) and Aircon-10 (13H), obtaining
values of -61309.88 USD and -53623.78 USD, both having a HAWT
horizontal-axis configuration and the highest rated power.

The IRR value is calculated for the 14 models analysed, considering
the funding sensitivity analysis. Figure 9 shows the results obtained
for the internal rate of return. The five funding scenarios are
calculated for all SWTs models; the case of L equal 100% had the
highest loss tendency. Further, on a second plane, there are three
scenarios of founding 75 %, 50 % and 25 %, i.e. L equal to 0.75, 0.5
and 0.25, respectively. Finally, the case without any funding payment
showed the best profitability results; even a positive IRR value is
reached for three wind turbine models.
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In sum, models with better margins of profitability as per the IRR
criterion were Wes5 Tulipo (5H), E70 Pro (8H) and ECO1200 (15V)
with IRR values of 2.18 %, 0.53 %, and 3.34 %, respectively, without
any funding. It should be noted that the turbine with the lowest
nominal power (15V) is characterized by having the highest value
of the internal rate of return.

DISCUSSION

In general, the theoretical curves in Figure 6 showed that the SWTs
models reviewed herein are far from an ideal behaviour. Further, the
calculation of C _ -and TSR_ .~ are based on the specifications
proposed by the manufacturers. In addition, these parameters rely
on the turbine's characterisation, which can be conducted directly
at the site of operation, or in tests with controlled parameters such
as in a wind tunnel [72]. However, it should be noted that models
5H, 8H and 15V result in the best profitability index based on IRR
witha TSR value close to the theoretical curve, differing only in
the value of C. In addition, the C, ,,at nominal operating speed is
generally less than the maximum C  of the wind turbine, as is the
case with the E70 Pro (8H) [52].

Furthermore, the annual energy production AEP is primarily
influenced by the installed capacity of the small wind turbine.
However, this parameter is also sensitive to the wind resource, and
its interaction with the power-wind speed curve behaviour. This
is evident in the 8H and 9H models, where the former achieves
a higher AEP value, despite having a lower nominal power value
than the SH; nevertheless, it has better generation between 3
m/s and 9 m/s, as observed in Figure 3b. The above justification is
supported by the fact that the wind resource of Puerto Bolivar has
a probability of occurrence within the aforementioned range of 90
%, as shown in Figure 4. In the case of vertical-axis wind turbines,
a clear example is evidenced between the models 15V and 17V, as
seen in Figure 3c, where the latter has higher nominal power, but
lower performance, according to the proposed wind speed profile.
In addition, the installed capacity, which depends on the wind
resource from the region of interest, will influence the NPV value,
as shown in Figure 8.

Moreover, wind resource affects annual energy production and
saving values. Consequently, the NPV factor may not be the
best comparison parameter to determine the profitability among
turbines with different rated power capacities. Additionally, if the
study includes a sensitivity analysis based on funding payments,
the net present value does not change due to its mathematical
formulation. In such context, considering a sensitivity analysis of
funding payments allows obtaining the internal rate of return.
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It can be noticed the filtered models that with significant funding
participation, an SWT project may lose profitability as it received a
lower IRR value. The 5H and 15V turbines have a positive IRR value
in the case of no funding and when there is a funding of 25% and 50%
of the initial cost. The SWT EC01200 (15V) also has a positive value
of IRR when the funding is equal to 75% (IRR = 0.91). In contrast,
as to funding for all the initial capital (L = 100 %), the mentioned
models present negative IRR values. The 8H turbine model only
gives a positive IRR value at 0 % funding. The three turbine models
showing a positive profitability value coincide with the highest
capacity factor in Figure 7. Hence, the filter based on the capacity

CONCLUSIONS

This paper proposes a methodology divided into technical and
economic phases to evaluate 24 models of small wind turbines
based on a techno-economic study for in Colombia, specifically
for the Puerto Bolivar region. Technical characterization of the 24
wind turbines was conducted, determining relevant aspects of the
operation, such as the power coefficient C . the tip speed ratio
TSR .., the rotor radius R, the rated power P__, rated wind speed
V... rated rotation speed () and the characteristic power-wind
speed curve. Also, the value of the annual energy production AEP
and the capacity factor CF for each model were included, according
to the study region. Twenty-Four models were screened, based
on the capacity factor to continue the economic analysis with the
wind SWTs which capacity factor was greater than 25 %. With the
14 resulting models, the net present value NPV and the internal
rate of return IRR were calculated to determine the profitability
index of each turbine, considering the funding payment formulation.
The results conclude that the net present value is sensitive to the
installed capacity. Thus, to compare the wind turbines, the study
used the IRR value. Additionally, a sensitivity analysis was performed
on the funding of the initial capital, concluding that the greater the
funding, the less profitability for electricity generation by SWT. In
the three funding scenarios, the best small wind turbines with higher
IRR values had the best capacity factor CF values in the technical
phase. Therefore, the capacity factor can be a preliminary value to
determine the profitability of an SWT project.

rated '

factor to start the economic phase of the analysis is justified, which
for this work took a value of 25 %. Of the above, the capacity factor
is defined as the technical factor that has a significant influence on
the profitability of a project based on SWTs. A project is considered
profitable and attractive for the executor and the investor if the value
of the internal rate of return IRR is higher than the discount rate i
initially proposed in the cash flow design [37],[73]]. Therefore, even
though the 5H, 8H, and 15V models obtained positive IRR values,
they are not considered economically appealing for the executor or
shareholders, as the IRR values were less than 12 %.

The best model in the case of Puerto Bolivar, according to the wind
resource characterized by the Weibull distribution, was the ECO1200
(15V) with the lowest install capacity of 600 W, obtaining an IRR
value of 3.34 % without funding. However, due to its value of IRR
lower than the expected 12 %, it is concluded that none of the SWTs is
economically appealing for operation in Puerto Bolivar, despite being
one of the regions with the best wind resource in Colombia and the
world. In this vein, this work suggests the possibility of conducting
future work to improve small wind turbines' technical or economic
conditions. As regards technical aspects, it is necessary to seek
new designs leveraging on moderate wind resources with average
speeds between 7 m/s and 8 m/s as wind turbines are generally
designed for nominal speeds between 11 and 12 m/s. Additionally,
a techno-economic aspect is to seek cost-efficient materials or
manufacturing processes to reduce the cost of each installed kW,
which reduces operating expenses and considers maintainning or
improving energy production. Finally, a net economic aspect is to
provide regulatory and funding support for small-scale generation,
specifically for small wind turbines, to reduce the discount rate for
executing a renewable project.

Furthermore, this resutls can be useful in future works, where
socio-cultural aspects are involved, whereby the economic indicators
treated in this study could be updated with the influence of socio-
cultural factors, highlighting the negative effects and the benefits
relative to other conventional forms of energy.

This research has been developed in the framework of the "ENERGETICA 2030" Research Program, with code 58667 in the
“Colombia Cientifica" initiative, funded by The World Bank through the call "778-2017 Scientific Ecosystems”, managed by
the Colombian Ministry of Science, Technology and Innovation (Minciencias), with contract No. FP44842-210-2018.

REFERENCES

[1] Nazir, M. S, Bilal, M., Sohail, H. M,, Liu, B., Chen, W.,
& lgbal, H. M. N. (2020). Impacts of renewable energy
atlas: Reaping the benefits of renewables and biodiversity
threats. International Journal of Hydrogen Energy,
45(41), 22113-22124. doi: https://doi.org/10.1016/].
ijhydene.2020.05.195

[2] IDEAM, PNUD, MADS, DNP, & CANCILLERIA. (2016).
Conocer: El primer paso para adaptarse. Guia basica
de conceptos sobre el cambio climético. In Tercera
Comunicacion Nacional de Cambio Climdtico.

[3] Leggett, L. M. W., &Ball, D. A. (2012). The implication
for climate change and peak fossil fuel of the continuation
of the current trend in wind and solar energy production.
Energy Policy, 41,610-617. doi: https://doi.org/10.1016/j.
enpol.2011.11.022

[4] Sachs, J. D., Woo, W. T., Yoshino, N., & Taghizadeh-
Hesary, F. (2019). Importance of Green Finance for
Achieving Sustainable Development Goals and Energy
Security. Handbook of Green Finance, 1-10. doi: https://
doi.org/10.1007/978-981-10-8710-3_13-1

[5] Ruiz-Murcia, J.1. (2007). INFORME SOBRE EL CAMBIO
CLIMATICO EN COLOMBIA. In ESCENARIOS DE CAMBIO
CLIMATICO.

[6] United Nations Development Programme. (2010).
Muainstreaming Climate Change in Colombia: Screening
for risks and opportunity (pp. 153-162). 215AD.

[7] Ospina Norefia, J. E., Gay Garcia, C., Conde, A. C,,
Magafia, V. 0., & Sanchez Torres Esqueda, G. (2009).
Vulnerability of water resources in the face of potential

54 | Ecopetrol



Ecopetrol

climate change: Generation of hydroelectric power in
Colombia. Atmosfera, 22(3), 229-252.

[8] World Energy Council. (2019). Energy Trilemma Index.

[9] UPME. (2015). Integracion de las energias renovables
no convencionales en Colombia. In Ministerio de Minas
y Energia.

[10] IRENA; International Renewable Energy Agency.
(2019). Climate Change and Renewable Energy: National
policies and the role of communities, cities and regions
(Report to the G20 Climate Sustainability Working Group
(CSWG)) (Issue June).

[11] Solaun, K., & Cerd3, E. (2019). Climate change
impacts on renewable energy generation. A review of
quantitative projections. Renewable and Sustainable
Energy Reviews, 116. doi: https://doi.org/10.1016/].
rser.2019.109415

[12] Manoj Kumar, N., Chopra, S. S., Chand, A. A,
Elavarasan, R. M., & Shafiullah, G. M. (2020). Hybrid
renewable energy microgrid for a residential community:
A techno-economic and environmental perspective in the
context of the SDG7. Sustainability (Switzerland), 12(10),
1-30. doi: https://doi.org/10.3390/su12103944

[13] Chu;, Y.-d., & Lam, H.-F. (2019). Comparative study
of the performances of a bio-inspired flexible-bladed wind
turbine and a rigid-bladed wind turbine in centimeter-
scale. Science of the Total Environment, 135577. doi:
https://doi.org/10.1016/j.scitotenv.2019.135577

[14] WWEA; World Wind Energy Association. (2017). 2017
Summary: Small Wind World Repprt. In WWEA released
latest Global Small Wind Statistics.

[15] Superintendencia Delegada para Energia y Gas
Combustible. (2018). Zonas No Interconectadas - ZNI
Diagndstico de la prestacion del servicio de energia
eléctrica 2018 (Issue 1).

[16] Unidad de Planeacion Minero Energética; UPME.
(2018). Informe de Gestién 2018.

[17] Superintendencia Delegada para Energia y Gas
Combustible. (2017). Zonas No Interconectadas - ZNI
Diagndstico de la prestacion del servicio de energia
eléctrica 2017 (Issue 1).

[18] Torres-Madrofero, J. L., Alvarez-Montoya, J.,
Restrepo-Montoya, D., Tamayo-Avendafio, J. M., Nieto-
Londofio, C., & Sierra-Pérez, J. (2020). Technological
and Operational Aspects That Limit Small Wind Turbines
Performance. 1-39. doi: https://doi.org/10.3390/
enl3226123

[19] Torres-madrofiero, J. L., Nieto-londofio, C. & Sierra-
Pérez, J. (2020). Hybrid Energy Systems Sizing for the
Colombian Context : A Genetic Algorithm and Particle
Swarm. 1-31. doi: https://doi.org/10.3390/en13215648

[20] Valencia Ochoa, G., Nufiez Alvarez, J., & Vanegas
Chamorro, M. (2019). Data set on wind speed, wind
direction and wind probability distributions in Puerto
Bolivar - Colombia. Data in Brief, 27. doi: https://doi.
0rg/10.1016/j.dib.2019.104753

[21] Taghizadeh-Hesary, F., & Yoshino, N. (2020).
Sustainable solutions for green financing and investment
in renewable energy projects. Energies, 13(4). doi: https://
doi.org/10.3390/en13040788

[22] Leary, J., Czyrnek-Delétre, M., Alsop, A, Eales,
A., Marandin, L., Org, M., Craig, M., Ortiz, W., Casillas,
C., Persson, J., Dienst, C., Brown, E., While, A., Cloke,
J., & Latoufis, K. (2020). Finding the niche: A review
of market assessment methodologies for rural
electrification with small scale wind power. Renewable
and Sustainable Energy Reviews, 133(March). doi: https://
doi.org/10.1016/j.rser.2020.110240

[23] Abohela, I, Hamza, N., & Dudek, S. (2013). Effect
of roof shape, wind direction, building height and urban
configuration on the energy yield and positioning of roof

mounted wind turbines. Renewable Energy, 50, 1106-
1118. doi: https://doi.org/10.1016/j.renene.2012.08.068

[24] Shao, M., Han, Z,, Sun, J., Xiao, C,, Zhang, S., &
Zhao, Y. (2020). A review of multi-criteria decision
making applications for renewable energy site selection.
Renewable Energy, 157, 377-403. doi: https://doi.
org/10.1016/j.renene.2020.04.137

[25] Abdelhady, S., Borello, D., & Santori, S. (2015).
Economic Feasibility of Small Wind Turbines for
Domestic Consumers in Egypt Based on the New Feed-
in Tariff. Energy Procedia, 75, 664-670. doi: https://doi.
org/10.1016/j.egypro.2015.07.482

[26]Bukala, J., Damaziak, K., Kroszczynski, K.,
Malachowski, J., Szafranski, T., Tomaszewski, M.,
Karimi, H. R., Jozwik, K., Karczewski, M., & Sobczak, K.
(2016). Small Wind Turbines: Specification, Design, and
Economic Evaluation. Wind Turbines - Design, Control and
Applications. doi: https://doi.org/10.5772/62821

[27] Acosta, J. L., Combe, K., Djoki¢, S. 7., & Hernando-
Gil, I. (2012). Performance assessment of micro and
small-scale wind turbines in urban areas. [EEE Systems
Journal, 6(1), 152-163. doi: https://doi.org/10.1109/
JSYST.2011.2163025

[28] Elnaggar, M., Edwan, E., & Ritter, M. (2017). Wind
energy potential of Gaza using small wind turbines:
A feasibility study. Energies, 10(8). doi: https://doi.
0rg/10.3390/en10081229

[29] Rodriguez-Hernandez, O., Martinez, M., Lopez-
Villalobos, C., Garcia, H., & Campos-Amezcua, R. (2019).
Techno-economic feasibility study of small wind turbines
in the Valley of Mexico metropolitan area. Energies, 12(5),
1-26. doi: https://doi.org/10.3390/en12050890

[30] Edsand, H. E. (2017). Identifying barriers to wind
energy diffusion in Colombia: A function analysis of
the technological innovation system and the wider
context. Technology in Society, 49, 1-15. doi: https://doi.
org/10.1016/j.techsoc.2017.01.002

[31] Karczewski, M., Baszczynski, P., Wiklak, P., Sobczak,
K., & Jozwik, K. (2017). Economic analysis of small wind
turbines. Journal of Machine Engineering, 17(3), 112-123.

[32] Micallef, D., & Van Bussel, G. (2018). A review of
urban wind energy research: Aerodynamics and other
challenges. Energies, 11(9). doi: https://doi.org/10.3390/
en11092204

[33] Sedaghat, A., Hassanzadeh, A., Jamali, J.,
Mostafaeipour, A., & Chen, W. H. (2017). Determination of
rated wind speed for maximum annual energy production
of variable speed wind turbines. Applied Energy,
205(February), 781-789.doi: https://doi.org/10.1016/j.
apenergy.2017.08.079

[34] Cortes-Pérez, D. M,, Sierra-Vargas, F. E., & Arango-
gémez, J. E. (2016). Evaluacion , prediccién y modelacion
del potencial eélico Assessment , forecasting and
modeling of wind potential. 19(3), 167-175.

[35] ABB. (2010). Cuaderno de aplicaciones técnicas.
Plantas edlicas. 1-109.

[36] Remer, D. S., & Nleto, A. P. (1995). A compendium
and comparison of 25 project evaluation techniques.
Part 1: Net present value and rate of return methods.
Int. J. Production Economics 42, 42, 79-96.doi: https://
doi.org/10.1016/0925-5273(95)00104-2

[37] Eltamaly, A. M., & Mohamed, M. A. (2018). 8 - Optimal
Sizing and Designing of Hybrid Renewable Energy
Systems in Smart Grid Applications. In |. Yahyaoui (Ed.),
Advances in Renewable Energies and Power Technologies
(pp. 231-313). Elsevier. doi: https://doi.org/10.1016/B978-
0-12-813185-5.00011-5

[38] Instituto de Hidrologia Meteorologia y Estudios
Ambientales; IDEAM. (2019). Consulta y Descarga de
Datos Hidrometeoroldgicos.

[39] Castelldn Ruiz, P, & Calleja Calatayud, E. (2014).
Andlisis del precio, coste y rentabilidad de la energia
edlica terrestre en el sistema peninsular espanol (p. 148).

[40] Wineur. (2005). Catalogue of European Urban Wind
Turbine Manufacturers.

[41] Ofordile, S. (2013). Low Cost Small Wind Turbine
Generators for Developing Countries. Technische
Universiteit Delf.

[42] Eckstein, R. H., Lazzarin, T. B, & Barhi, I. (2014).
Proposed power and control system for Small Scale
Wind Turbines connected to the Grid. IET Conference
Publications, 2014(CP651), 1-6. doi: https://doi.
0rg/10.1049/cp.2014.0836

[43] Enersud. (n.d.-a). TURBINA EOLICA Gerar 246.
[44] Trentini, C. (2016). VIABILIDADE TECNICO
ECONOMICA DE IMPLANTACAO DE AEROGERADORES
EM REGIOES BRASILEIRAS (p. 71).

[45] Fortis Wind Energy. (2013). Passaat.

[46] Fortis Wind Energy. (2013). Passaat Wind Turbine,
Instruction Manual.

[47] Nheolis. (2009). Nheowind 3D 50.

[48] Wind Energy Solutions, & WES. (2000). WES5 Tulipo.
[49] Barua, S., Hossain, C. A., & Rahman, M. M. (2015).
Optimization of grid-tied distributed microgrid system
with EV charging facility for the stadiums of Bangladesh.
2nd International Conference on Electrical Engineering
and Information and Communication Technology, ICEEICT
2015, February 2016. doi: https://doi.org/10.1109/
ICEEICT.2015.7307492

[50] Nheolis. (2009). Nheowind 3D 100.

[51] ENAIR. (n.d.-b). Manual E70.

[52] ENAIR. (n.d.-a). AEROGENERADOR ENAIR 70 PRO.
[53] Iskra. (2008). AT5-1 Advanced Wind Turbine.

[54] Solacity Inc, & Beckers, R. (2012). Eoltec Scirocco
E5.6-6, Installation {\&} Maintenance Manual.

[55] inc., S. (n.d.). 8 kW Eoltec Scirocco.

[56] Enersud. (n.d.-b). TURBINA EOLICA VERNE 555.
[57] Fortis Wind Energy. (n.d.). Alizé.

[58] Fortis Wind Energy. (2013). Alizé Wind Turbine.
[59] Lely. (2003). LELY AIRCON 10, Wind turbines.

[60] Windterra. (n.d.). Windterra Eco 1200.

[61] Venco. (n.d.). Venco-Twister-1000-T.

[62] Bedon, G., Castelli, M. R,, Paulsen, U. S, Vita, L., &
Benini, E. (2013). Aerodynamic optimization and open
field testing of a 1KW vertical-axis wind turbine. European
Wind Energy Conference and Exhibition, EWEC 2013,
1(March 2016), 82-91.

[63] Windside. (n.d.). WS-4.

[64] van Bussel, G., Mertens, S., Polinder, H., & Sidler, H.
F.A. (2004). The development of Turby, a small VAWT for

the built environment. March.

[65] Mols, B. (2005). Turby - Sustainable urban wind
power from the roof top. 18-22.

[66] Dutton, A., Halliday, J., & Blanch, M. J. (2005). The
Feasibility of Building-Mounted/Integrated Wind Turbines
(BUWTSs): Achieving their potential for carbon emission
reductions. Final Report of Carbon Trust Contract 2002-
07-028-1-6.

CT&F Vol. 12 Num. 1 June 2022 I 55



Vol. 12 Num. 1 June 2022

[67] Culotta, S., Franzitta, V., Milone, D., & Lo Giudice, G.
M. (2015). Small wind technology diffusion in suburban
areas of sicily. Sustainability (Switzerland), 7(9), 12693-
12708. doi: https://doi.org/10.3390/su70912693

AUTHORS

How to cite: Jaramillo-Cardona, J. P., Perafan-Lopez,
J. C,, Torres-Madrofiero, J. L., Nieto-Londofio, C., Sierra-
Pérez, J. (2022). Techno-economic assessment of small

Juan Pablo Jaramillo-Cardona
Affiliation: Universidad Pontificia Bolivariana
e-mail: juanp.jaramillo@upb.edu.co

wind turbines under La Guajira-Colombia resource
conditions. CT&F - Ciencia, Tecnologia & Futuro, 12
(1), 45 - 56. https://doi.org/10.29047/10.29047/0122
5383.400

[68] Aeolos. (n.d.-a). Aeolos Wind Turbine 3kW
Specification.

Juan Carlos Perafan-Lopez

Affiliation: Grupo de Investigacion en Ingenieria
Aeroespacial - Universidad Pontificia Bolivariana
ORCID: https://orcid.org/0000-0002-3391-4314
e-mail: juan.perafan@upb.edu.co

[69] Aeolos. (n.d.-b). Vertical Wind Turbine Brochure,
Aeolos-V 3kW.

[70] Ropatec. (n.d.). WindRotor WRE.O60.

[71] R, R.C., Amado, D. A.C,, & A, Y. C. (2020). Tasa de
descuento: aspectos relevantes para el licenciamiento
ambiental en Colombia. Revista Desarrollo y Sociedad,
84(1), 9-53. doi: https://doi.org/10.13043/DYS.84.1

José Luis Torres-Madrofiero

Affiliation: Grupo de Energia y Termodindamica -
Universidad Pontificia Bolivariana

ORCID: https://orcid.org/0000-0002-6025-0373

[72]Battisti, L., Benini, E., Brighenti, A., Dell’Anna, e-mail: jose.torresm@upb.edu.co

S., & Raciti Castelli, M. (2018). Small wind turbine
effectiveness in the urban environment. Renewable
Energy, 129, 102-113. doi: https://doi.org/10.1016/j.
renene.2018.05.062

César Nieto-Londofio

Affiliation: Grupo de Energia y Termodindmica -
Universidad Pontificia Bolivariana

ORCID: https://orcid.org/0000-0001-6516-9630

[73] Abshagen, J., Cliffe, K. A, Langenberg, J., Mullin, T., e-mail: cesar.nieto@upb.edu.co

Pfister, G., & Tavener, S. J. (2004). Original article Taylor
- Couette flow with independently rotating end plates.
Theoretical and Computational Fluid Dynamics, 129-136.
doi: https://doi.org/10.1007/s00162-004-0135-3

Julian Sierra-Pérez

Affiliation: Grupo de Investigacion en Ingenieria
Aeroespacial - Universidad Pontificia Bolivariana
ORCID: https://orcid.org/0000-0003-4359-1675
e-mail: julian.sierra@upb.edu.co

a Market proportionality constant
AEP Annual Energy Productivity
B, Annual benefit
c Scaling factor - Weibull distribution
CF Capacity factor

D rated Rated power coefficient

” Installed kW-h cost
DA Depreciation of a wind turbine
i Discount rate
IC Total initial cost
k Shape parameter - Weibull distribution
L Funding percentage
m Funding period
n Project lifetime
NPV Net present value
0&M, Operational and maintenance costs
P Power produced by the wind turbine
P, Fixed yearly funding payment
P o Rated power
R Wind turbine's rotor radius
S Salvage value
T Evaluation period - AEP
TSR .4 Tip speed ratio
u, Wind speed
u, Cut-in wind speed
u, Mean wind speed
u,, Cut-out wind speed
V. od Rated wind speed
v, Tangential speed at the tip of the blade
w Weibull distribution
r Statistical gamma function
p Air density
0, Standard deviation of the wind speed measurements
Q Nominal wind turbine's rotational speed
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