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In the face of the current challenges posed by climate change, there is a growing need to
propose technical solutions that allow for the diversification of the energy matrix and the
reduction of vulnerability among the most disadvantaged populations. This research focused
on estimating the wind energy potential in the district of Anguia, Cajamarca, one of the areas
with the highest poverty rates in Peru. The study is based on recognizing wind energy as a
viable and sustainable alternative to promote local development. For this purpose, a three-
dimensional model of the area was developed using computer-aided design (CAD) tools and
subsequently evaluated through simulations based on computational fluid dynamics (CFD).
The input parameters were defined using satellite meteorological data provided by the Modern-
Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) system,
which ensured realistic boundary conditions. The results made it possible to identify areas with
higher concentrations of wind energy, providing quantitative support for prioritizing future
interventions. In addition, it was demonstrated that CFD modeling of small surfaces facilitates
improved visualization of local wind flow patterns. In conclusion, this methodology can
significantly contribute to the design of decentralized energy projects that benefit vulnerable
rural communities.

1. INTRODUCTION

The global energy transition has become one of the main
pillars of environmental and sustainable development policies
in recent decades, driven by the need to reduce emissions
associated with the intensive use of fossil fuels and to limit the
adverse effects of climate change [1].
renewable energy sources have assumed a strategic role by
offering generation alternatives with a lower environmental
footprint and greater compatibility with decarbonization
objectives established in international agreements such as the

Paris Agreement [2].

In view of the accelerated increase in global greenhouse gas
(GHG) emissions, the adoption of measures that promote the
transition toward a sustainable energy model has become
urgent [3]. Within this context, the use of non-conventional
energy sources, such as wind energy, represents one of the
most effective strategies to reduce dependence on fossil fuels
and mitigate the environmental impact associated with their
consumption [4]. Diversifying the energy matrix responds to a
climatic imperative. It also creates opportunities to improve

access to energy in vulnerable regions.

Wind resources, being closely linked to atmospheric

conditions and the interaction between airflow and the Earth’s
surface, exhibit high spatial and temporal variability [5].
Therefore, accurate wind assessment requires tools capable of
capturing the effects of terrain, surface roughness, and
atmospheric boundary conditions, all of which directly
influence wind behavior and its potential for energy
exploitation [6].

Despite the significant growth of wind energy over recent
decades, its implementation still faces several limitations on a
global scale [7]. Among the main challenges are social
resistance due to landscape impacts, the natural variability of
the resource, difficulties in integrating wind power into
conventional electrical grids, and high initial installation costs
[8]. Furthermore, the lack of detailed local studies on wind
behavior in specific areas has generated uncertainty in the
design and siting of new wind farms, especially in developing
countries [9].

Within this framework, numerical simulation techniques,
particularly computational fluid dynamics (CFD), have
become key tools for analyzing wind flow over complex
terrain [10]. These methodologies enable high spatial
resolution evaluation of velocity distributions, turbulence, and
flow patterns, overcoming the limitations of point-based

In this context,
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measurements obtained from conventional meteorological
stations [11].

Peru, despite having diverse geography and favorable
climatic conditions for the development of renewable energy,
has not yet managed to significantly harness its wind energy
potential [12]. According to the National Energy Balance 2021
(see Figure 1), wind energy accounted for only 0.6% of the
national primary energy matrix, with a contribution of just
6,558.1 Terajoule (TJ), reflecting a marginal increase of only
0.5% compared to the previous year [13]. This limited
utilization contrasts with the abundance of wind resources
available in different regions of the country, particularly in
rural areas where access to the electrical grid is restricted. In
addition, most existing wind infrastructure is concentrated in
specific regions, highlighting technological centralization and
weak energy decentralization [7]. In this context, it is urgent
to develop and implement methodologies that allow for more
accurate identification of sites with higher wind capacity,
thereby facilitating the expansion of micro-scale distributed
generation projects [14]. This is especially relevant in rural
communities, where renewable energy could play a key role in
improving quality of life, energy autonomy, and sustainable
local development.
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Figure 1. Domestic primary energy production

The diverse geography of Peru generates a wide range of
wind regimes influenced by variations in elevation, terrain
morphology, and atmospheric circulation patterns. In
mountainous regions, particularly within the Andean corridor,
local wind behavior can be strongly affected by topographic
features such as valleys, slopes, and ridges [15]. These terrain-
induced effects often produce spatial variability in wind speed
and turbulence, creating localized areas where wind energy
potential may be higher than surrounding zones.

Despite these favorable geographic characteristics, many
rural areas in the Peruvian Andes remain insufficiently studied
in terms of their wind energy resources. In regions such as
Cajamarca, the combination of complex terrain and limited
meteorological monitoring infrastructure has restricted the
availability of detailed wind assessments [16]. As a result, the
identification of zones with suitable wind conditions for
renewable energy development remains a challenge,
particularly at local and micro-regional scales.

Within this context, the district of Anguia, located in the
province of Chota in northern Peru, represents an area of
interest for evaluating local wind resources [17]. The region is
characterized by mountainous terrain and rural settlements
where access to reliable electricity infrastructure can be
limited. Assessing the spatial distribution of wind behavior in
such areas may provide valuable information for exploring
decentralized renewable energy solutions aimed at improving
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energy accessibility and sustainable rural
development.

Within this framework, the present study gains relevance by
proposing a technical approach to evaluate wind energy
potential in Anguia through numerical simulations based on
CFD [18]. This approach enables a detailed characterization of
airflow interactions with complex terrain and provides high-
resolution information on wind velocity patterns across the
study area. Such analyses contribute to identifying zones
where wind conditions may be comparatively more favorable
for energy exploitation.

Finally, the integration of wind resource assessment with
high-resolution numerical modeling strengthens the
understanding of local atmospheric dynamics and supports the
identification of areas with relatively higher wind energy
potential [19]. The results of this study aim to provide a
scientific basis that can contribute to future renewable energy
planning initiatives, particularly those focused on
decentralized energy solutions for rural communities in the
Andean region.

supporting

2. METHOD

This research is framed within a quantitative approach, as it
seeks to numerically measure and analyze the wind energy
potential in a specific geographical area using objective and
verifiable data. The research design adopted was non-
experimental, descriptive, and cross-sectional, since no
variables were manipulated. Instead, wind behavior was
observed and analyzed at a specific moment through
numerical simulation.

To represent the topography of the district of Anguia, a
three-dimensional solid model was developed using computer-
aided design (CAD) tools. This model was imported into a
CFD simulation environment using ANSYS CFX 2025 R1
Student software. The simulation considered boundary
conditions based on satellite meteorological parameters
obtained from the Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA-2) system,
which were processed to define the reference wind speed and
the vertical wind profile according to the logarithmic law.

Subsequently, the analysis domain was defined and
boundary conditions were applied (inlet, outlet, walls, and top
opening), materials (air) were selected, and the numerical
parameters of the solver were controlled until stable results
were obtained. Finally, the simulation results allowed for the
quantitative identification of areas with higher wind intensity,
enabling an assessment of their feasibility for future small-
scale wind energy projects.

Subsequently, the methodological process followed in this
study is presented schematically, from the collection and
analysis of meteorological information to the generation of
results through computational fluid dynamics simulation. This
process is summarized in a flow diagram (Figure 2) that
clearly and sequentially illustrates each stage of the
methodology, facilitating the understanding of the procedure
used to identify areas with higher wind energy potential within
the study area.

2.1 Wind direction and speed

To ensure the reproducibility and transparency of CFD
analysis, the main numerical parameters and solver



configurations used in this study are summarized in Table 1.
The simulation was performed considering the governing
equations for atmospheric airflow and an appropriate
turbulence closure model to represent wind behavior over
complex terrain. Boundary conditions, solver controls, and
convergence criteria were defined to guarantee numerical
stability and reliable results during the iterative solution
process. These settings allowed the model to capture the
spatial variability of wind flow and estimate the wind power
density distribution within the study area.

Start I
4 ™
Definition of the study area
L% J
s a
Meteorological data collection
s J
's N
Statistical wind analysis
N J
' A\
Topographic processing
. J
4 ™\
CAD surface modeling
. J
4 N\
CFD simulation setup
| v
' ™
Domain meshing
| v
{ N\
CFD simulation execution
. J
{ 3\
Post-processing of results
\ J
y
4 ™
Identification of high wind energy
potential areas
\ J
A4
End

Figure 2. Methodological workflow of the wind resource
assessment
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Table 1. Computational fluid dynamics (CFD) numerical
setup parameters

Parameter Configuration
Governing equations RANS
Turbulence model k-
Air density 0.91 kg/m?
Inlet boundary Logarithmic wind profile
Outlet boundary 0 Pa
Ground No-slip wall
Top boundary Symmetry
Residual convergence 1073
Iterations 1000

Note: RANS = Reynolds-Averaged Navier-Stokes

3. RESULTS

The results obtained from the development of the model and
the simulation of wind behavior in a selected area of the
district of Anguia are presented below. For this purpose, a
representative study area was delineated using a geographic
polygon covering a total perimeter of 8.81 km and a surface
area of 4.86 km? (Figure 3). This delimitation strategically
included zones with higher relative elevation compared to
their surroundings, since elevated areas are typically exposed
to higher wind speeds and therefore exhibit greater potential
for wind energy generation. The selection of this area allowed
the analysis to focus on geographically favorable regions,
facilitating a more precise and localized assessment of the
available wind resource in the district.

Figure 3. Geographic polygon

3.1 Wind direction and speed

In the first stage of the study, historical wind direction data
corresponding to the last ten years were collected using the
MERRA-2 platform as the data source. For this purpose, the
geographic point with the highest elevation within the
delimited area was selected, located at coordinates 6°19'55.55"
south latitude and 78°36'26.51" west longitude. Analysis of
this information indicated that the prevailing wind blows
predominantly from a direction of 40° (Figure 4), oriented
toward the northeast.

Once the prevailing wind direction was determined, three
points located at the same elevation of 2,379 m above sea
level, near the northeastern boundary of the geographic
polygon, were selected to adequately represent wind inflow
into the study area. At these three points, daily average wind
speed data for the last decade were downloaded, also from the
MERRA-2 platform.
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Figure 4. Wind characteristics analysis (a) Wind rose and (b)
Weibull distribution

The collected values were consolidated and statistically
analyzed using the Weibull distribution, yielding a shape
parameter (k) of 4.5 and a scale parameter (c) of 4.03. Based
on these parameters, a mean wind speed of 3.68 m/s at a height
of 50 m above ground level was estimated. Finally, to project
the wind speed to a height of 100 m, the logarithmic vertical
wind profile equation was applied, resulting in an adjusted
mean wind speed of 3.98 m/s. These values served as the basis
for developing the wind behavior simulation within the
defined area.

3.2 Computer-aided design modeling of the study area

In order to define an analysis zone representing the areas of
highest elevation within the established geographic polygon, a
contour level was validated that included only the highest
elevations without exceeding the polygon boundaries. The
selected contour corresponded to an elevation of 2,710 m
above sea level. From this reference, all geographic points
above this elevation were extracted using Global Mapper
software. These points were subsequently exported to the Civil
3D environment, where a representative topographic surface
was generated. Based on this surface, a solid model replicating
the three-dimensional relief of the high-altitude area of the
district of Anguia was constructed.

This solid was then exported to ANSYS (student version),
where an upper control volume representing the space through
which the wind flow would circulate was defined. Finally, this
volume was meshed considering the technical limitations of
the student version, resulting in a mesh composed of 383,960
nodes and 268,514 elements (Figure 5).

(c) (d)

Figure 5. CAD modeling and computational domain
generation for CFD simulation (a) contour levels obtained
from Global Mapper, (b) solid generation in Civil 3D, (c)
control volume in ANSY'S, and (d) section of the control

volume mesh

3.3 Computational fluid dynamics simulation

3.3.1 Quantitative analysis of wind power density

In addition to the spatial visualization of wind flow patterns
obtained through CFD, a quantitative analysis of wind power
density was conducted to better characterize the energetic
potential of the study area. This analysis allows a clearer
interpretation of the spatial distribution of wind resources and
supports a more objective assessment of the zones with higher
potential for wind energy exploitation.

To facilitate interpretation, the study area was classified into
different wind power density intervals commonly used in
preliminary wind resource assessments. Table 2 presents the
estimated area and relative proportion of terrain associated
with each power density range.

Table 2. Distribution of wind power density ranges within
the study area

Power Density (W/m*) Area (km?) Percentage (%)

0-30 0.9951 31.00
30-50 1.1449 35.67
50-100 0.8132 25.33
> 100 0.2568 8.00
Total 3.21 100

To complement the spatial classification, statistical
indicators were calculated for a representative point within the
simulation domain, located at coordinates 6°19'55.55" south
latitude and 78°36'26.51" west longitude. These indicators
help describe the central tendency and variability of wind
conditions relevant for wind energy evaluation at the study
location. Table 3 summarizes the main descriptive statistics of
wind speed and wind power density derived from the Weibull-
based wind characterization and the corresponding power
density calculations for this point.

Table 3. Statistical indicators of wind speed and power

density
Statistic Wind Speed (m/s) Power Density (W/m?)
Mean 3.68 22.68
P50 3.71 23.24
P90 4.85 51.90

Overall, the quantitative analysis provides a clearer
understanding of the distribution and magnitude of wind
energy resources in the Anguia study area. The combination
of spatial visualization and statistical indicators strengthens
the reliability of the assessment and contributes to identifying
zones with relatively higher wind energy potential that could
be considered for preliminary rural energy planning.

3.3.2 Identification of optimal zones

Through CFD simulation, a zone with high wind energy
potential was clearly identified, where wind power density
exceeds 50 W/m? at a height of 50 m above ground level. This
finding is highly relevant, as it demonstrates the existence of a
sustained and sufficiently energetic wind flow suitable for
potential utilization by small-scale wind turbines or
decentralized rural energy applications.

To ensure the reliability of the analysis, ANSYS Student
2025 and RWIND 2.02 software were employed, maintaining
the required simulation parameters such as air density, ambient
temperature, and the wind profile generated from the mean



wind speed obtained through statistical analysis. In addition,
the CAD solid was rotated according to the previously
determined prevailing wind direction. This type of analysis
enables more accurate and efficient planning of renewable
energy projects by optimizing equipment placement based on
the spatial distribution of the wind resource, as validated in
Figure 6.

In Figure 6(a), the ANSYS Fluent working environment is
shown, where the CFD simulation was performed over a
specific topography. The color scale represents the distribution
of wind power density, highlighting the most energetic zones
in warm colors such as yellow and red, while areas with lower
power density are represented in cool tones such as blue. The
influence of terrain on flow acceleration and the formation of
favorable zones for wind energy capture is clearly observed.

Figure 6(b) presents an overlay of the simulation results on
a satellite image of the terrain using Google Earth. The areas
highlighted in greenish tones correspond to zones with the
highest wind energy potential identified in the simulation. This
geospatial visualization enables precise identification of
regions of interest for future wind projects, facilitating their
analysis in relation to existing infrastructure, accessibility, and
environmental characteristics.

(b)

Figure 6. Simulation results in (a) ANSYS Student 2025 and
(b) RWIND 2.02

4. DISCUSSION

The present research builds upon relevant previous studies
that have contributed to the analysis of wind resources in the
department of Cajamarca. In particular, the study conducted
by Carrasco [20] is noteworthy, as it focused on identifying
areas with high wind energy potential within the area of
influence of the Yanacocha mining operation, located in the
province and department of Cajamarca. Although that study
did not include validation of results through fluid dynamics
simulation tools such as ANSYS Student, it provided a
valuable precedent by demonstrating that this region exhibits
favorable conditions for harnessing wind as a renewable
energy source.

The current research takes this previous work as a starting
point and advances the analysis through a more detailed
methodology and the use of more sophisticated tools.
Specifically, the study focuses on the district of Anguia, in the
province of Chota, also within Cajamarca, an area that had not
previously been the subject of a dedicated analysis. Unlike the
study by Carrasco [20], this research incorporates
computational simulations using ANSYS Student 2025,
complemented by RWIND 2.02, which has enabled a more
precise visualization of wind behavior over the modeled
geographical surface and the identification of zones with
higher energy concentration in terms of wind power density.

The wind speed values obtained in the present study show
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general consistency with the ranges reported in previous wind
resource assessments carried out in the Cajamarca region.
Carrasco [20], for example, reported mean wind speeds in the
order of 3.5-5.5 m/s depending on elevation and terrain
exposure. In the case of Anguia, the mean wind speed
estimated through Weibull distribution analysis was
approximately 3.68 m/s at the representative point analyzed.
Although this value is located in the lower range of the
previously reported interval, it remains within the expected
variability for mountainous environments where terrain
shielding and local topography can significantly influence
wind flow behavior.

Differences between studies may be attributed to several
factors. First, the data source used in this research (MERRA-2
reanalysis data) provides spatially interpolated atmospheric
information that may differ from ground-based measurements
used in other assessments. Second, the spatial scale of the
analysis differs from previous studies, as the present work
focuses on a specific district-scale polygon rather than a
broader regional area. Finally, the incorporation of CFD
modeling allows the representation of terrain effects such as
slopes and elevation gradients, which can locally modify wind
speed patterns.

This comparison highlights that moderate wind regimes are
commonly observed in highland environments, where
complex terrain conditions produce localized zones of
relatively higher wind potential.

In addition, the research conducted by Fabregas and
Marquez [21] focused on the design of a low-power wind
turbine using ANSYS software, primarily addressing the
aerodynamic behavior of the rotor under laboratory
conditions. Although their study was carried out in a
controlled and smaller-scale environment, the results laid the
groundwork for validating key aspects of fluid dynamics
analysis applied to wind energy. In the present research, these
principles have been transferred to a broader context, in which
wind behavior is simulated over a representative geographical
surface at scale, specifically in the area of Anguia, province of
Chota, Cajamarca region. This approach significantly
increases computational cost due to geometric complexity and
mesh size; however, it allows for a more accurate assessment
of wind energy potential in real areas of interest.

Therefore, the use of CFD tools such as ANSYS Student
2025 and RWIND 2.02 contributes to improving the spatial
understanding of wind flow in complex terrain environments.
While the present results represent a preliminary assessment,
the methodology demonstrates the usefulness of numerical
simulation for identifying areas that may deserve further
detailed investigation through field measurements and long-
term monitoring.

5. CONCLUSIONS

The collection and analysis of historical wind data provided
a solid foundation for modeling wind behavior in the study
area. The identification of the prevailing wind direction and
the application of the Weibull distribution enabled the
estimation of mean wind speed at different heights, which is
essential for assessing energy potential. This statistical process
highlights the usefulness of platforms such as MERRA-2 for
preliminary renewable resource assessments in rural areas
with limited in situ measurements.

The validation of a representative contour level and the



subsequent generation of a three-dimensional surface model
allowed for a realistic simulation of wind flow behavior in the
highest-altitude area of the polygon. The combined use of
Global Mapper, Civil 3D, and ANSYS Student enabled the
transformation of topographic data into a digital environment
suitable for simulation. The quality of the generated mesh,
within the technical limitations of the student version of the
software, ensured a reliable scenario for CFD analysis,
reaffirming the importance of accurate modeling in renewable
energy studies.

CFD simulation made it possible to identify zones where
wind power density exceeds 50 W/m? in localized areas of the
study domain. These results indicate the presence of moderate
wind energy potential within specific portions of the analyzed
terrain. However, such findings should be interpreted as a
preliminary technical indication rather than definitive
evidence for large-scale wind farm deployment.

Additional factors not addressed in the present study
(including economic feasibility, electrical grid accessibility,
seasonal wind variability, and uncertainty associated with
atmospheric datasets) should be considered in future analyses
before making infrastructure development decisions.

This research demonstrates the feasibility of applying
simulation tools such as ANSYS Student 2025 and RWIND
2.02 to analyze wind behavior over scaled geographical
surfaces. The methodology provides a useful framework for
identifying zones with relatively favorable wind conditions
and can support future studies aimed at more detailed wind
resource characterization. Furthermore, it confirms the
importance of considering complex terrain geometries in
simulations, as they allow the identification of localized wind
acceleration effects that may influence the potential
performance of small-scale wind energy systems in rural
environments.

Consequently, the results of this study should be understood
as a first step toward a more comprehensive wind resource
assessment in Anguia, which could be complemented in future
work through on-site measurements, seasonal analysis, and
higher-resolution atmospheric datasets.
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NOMENCLATURE
CAD Computer-aided design, dimensionless
CFD Computational fluid dynamics, dimensionless

MERRA-2  Satellite meteorological reanalysis dataset, dimensionless

ANSYS Computational fluid dynamics solver, dimensionless
RWIND Wind flow simulation software, dimensionless
GHG Greenhouse gases, dimensionless





