1
Journal of Experimental Systems 12[31]1-11: e11231111

Article

Reassessment of wind resources using air density adjusted to specific atmospheric
conditions in the Mapimi Biosphere Reserve

Reevaluacion del recurso edlico mediante densidad del aire ajustada a condiciones
atmosféricas especificas en la reserva de la biosfera de Mapimi

Meraz-Becerra, Fernando * ?, Juarez-Ortiz, Cinthia Andrea ° and Martinez-Marroquin, Juan ©

a ROR Universidad Tecnoldgica de Durango »® NOF-5796-2025 «'= 0009-0006-1773-0036+ & 740821
b ROR Universidad Tecnoldgica de Durango * 2 NQF-5994-2025 " 0009-0007-8720-3247+& 2136872
¢ ROR Universidad Tecnoldgica de Durango ** OQL-4013-2025 « ' 0009-0004-8894-3448

Classification:

Area: Engineering

Field: Mechanical Engineering
Discipline: Energy Engineering
Subdiscipline: Energy

@i https://doi.org/10.35429/JOES.2025.12.31.1.1.11
History of the article: (
Received: September 10, 2025 ﬂ

Accepted: November 30, 2025

Chedck for
. updates
* = [merazbecerra@gmail.com] B

Abstract

Accurate wind resource assessment requires proper characterization of
local atmospheric conditions. Previous studies conducted in the Mapimi
Biosphere Reserve used a standard air density value [1.225 kg/m?*], which
corresponds to dry air at sea level, 15 °C, and 101.325 kPa. However, the
Automatic Weather Station at Ejido La Flor, which provides the data for
this study, is located at an altitude where average pressure is 709 hPa,
annual mean temperature is 22°C, and relative humidity is
approximately 44 %, making the use of the standard value inadequate.
This article evaluates the impact of adjusting air density based on actual
atmospheric conditions using both the simplified and full formulations of
the CIPM-2007 model, with data from the year 2024. Using the standard
density value, the average wind power density was estimated at 36.5462
Wh/m? at 10 meters height. In contrast, the simplified and full CIPM-
2007 equations yielded values of 28.2551 Wh/m? [0.89861 kg/m*] and
28.0325 Wh/m? [0.89217 kg/m?], respectively. The results show that
local parameters are decisive in wind resource estimation and in the
feasibility of wind turbines in the area of interest.
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Resumen

La estimacion precisa del recurso edlico requiere una adecuada
caracterizacion de las condiciones atmosféricas locales. En estudios
previos en la Reserva de la Bidsfera de Mapimi se utilizo un valor
estandar para la densidad del aire [1.225 kg/m®], correspondiente a
condiciones de aire seco a nivel del mary 15 °C. Sin embargo, la Estacion
Meteorologica del ejido La Flor, fuente de datos del presente estudio, se
localiza en una altitud con presion promedio de 709 hPa, temperatura media
anual de 22 °C y humedad relativa del 44 %, lo que limita la validez del valor
estandar. Este articulo evalua el impacto de ajustar la densidad del aire a partir
de condiciones atmosféricas reales mediante dos formulaciones del CIPM-
2007, utilizando datos del afio 2024. Con la densidad estandar se estimo una
densidad de energia promedio en el viento de 36.5462 Wh/m? a 10 metros de
altura, mientras que los valores obtenidos con las formulas simplificada y
completa fueron de 28.2551 Wh/m? [0.89861 kg/m®] y 28.0325 Wh/m?
[0.89217 kg/m*], respectivamente. Los resultados muestran que los
parametros locales son determinantes en la estimacion del recurso eolico
y la viabilidad de aerogeneradores en la zona de interés.
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1. Introduction

The Mapimi Biosphere Reserve, located in the
Chihuahuan Desert, is a priority region for
ecological conservation and sustainable
development. Its remote location and irregular
terrain make it difficult to connect to the national
electricity grid, which poses an energy challenge
for the environmental monitoring and
surveillance activities carried out by the National
Commission for Protected Natural Areas
[CONANP].

A previous study analysed the technical
feasibility of installing low-power wind turbines
by estimating local wind resources based on the
extrapolation of wind speed at different heights
and the calculation of average energy density
using two exact methods. The results indicated
that, from a height of 30 metres, the installation
of these systems is technically feasible in the
region [Meraz-Becerra & Carrillo-Martinez,
2024].

However, this study assumed a constant
value for air density of 1,225 kg/m?,
corresponding to standard conditions: dry air,
sea level [101,325 kPa] and temperature of
288.15 K [15 °C] [Patel, 2006]. This
approximation is inadequate for regions with
different atmospheric conditions, such as the
Mapimi Reserve, where the average pressure is
709 hPa, the average annual temperature is 22 °C
and the relative humidity is 44%, which
significantly affects the calculation of wind
energy density.

The aim of this study is to reassess the
wind resource in the region by comparing three
methods for calculating air density: [1] the
standard value mentioned above, [2] the formula
for determining air density based on the ideal gas
equation for dry air, and [3] the complete
equation proposed by the International
Committee for Weights and Measures [Picard et
al., 2008], which incorporates pressure,
temperature and relative humidity to obtain a
more accurate estimate of humid air.

In addition, the exact methods previously
applied to estimate the average wind energy
density will be used again: the integration of the
instantaneous power curve and the method based
on the average cubic velocity.
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Likewise, the results will be extrapolated
to different heights using Hellmann's models, the
logarithmic profile and the Monin—Obukhov
method, using meteorological records from 2024
from the Automatic Meteorological Station
[EMA] of the La Flor ejido [CONAGUA, 2024].

The acquisition, processing and
visualisation of the information were carried out
using a Graphical User Interface [GUI], the first
version of which was developed in the GUIDE
environment of the MATLAB software. This
tool allows for the automation of analysis,
facilitates future methodological extensions and
enables the analysis of wind resources in any
region of the country and the world.

This approach seeks to improve the
accuracy of wind resource characterisation in
regions of medium altitude, where the influence
of local atmospheric conditions on air density
can significantly affect the technical viability of
decentralised wind power generation projects
[Murthy & Rahi, 2017; Patel, 2006; Holton,
2004].

The rest of the article is organised as
follows: Section II provides a general
description of the methodologies used to
calculate average energy density [AED],
extrapolate wind speed at different heights, and
estimate air density; Section III presents the
analysis of wind resources in the Mapimi
Biosphere Reserve, with an emphasis on the
impact of each approach to calculating air
density on the estimation of AED. Finally,
Section IV presents the conclusions.

II. Methodologies used for wind resource
analysis in a region

Wind energy potential can be estimated using
empirical or numerical methods. Empirical
methods allow the average energy density [AED]
to be calculated from wind speed records taken
every 10 minutes for at least one year, which
makes it possible to capture daily and seasonal
variations in the resource. For a more accurate
analysis, it is necessary to calculate air density
considering actual atmospheric conditions,
which involves the simultaneous wuse of
temperature, atmospheric pressure and relative
humidity data, recorded with the same frequency
and duration.
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This information, complemented by
wind direction analysis, allows for a more
accurate determination of the wind potential of
the area. Numerical methods, on the other hand,
use probability density functions [PDFs], such as
the Weibull distribution, to model wind
behaviour and estimate its energy potential,
using only the average annual wind speed in
some methodologies [Meraz-Becerra & Carrillo-
Martinez, 2023].

2.1. Wind Energy Density

The instantaneous power of the wind represents
the energy that a turbine can extract at a given
moment, based on the difference in air speed
before and after passing through the rotor.

This magnitude 1is essential for
determining the energy in the wind and
optimising the design of wind turbines. The
kinetic energy [Ec] contained in a mass of air m
moving at speed V is calculated as [Wu, Lang,
& Zargari, 2011]:

Ec =~ mV? [1]

The power available in a free air stream
is the flow of kinetic energy per unit time
through the cross-sectional area of the rotor
blade of the wind turbine [Patel, 2006]:

EC
P=2= D2 = ZMp2 =ZpAvd [2]

¢ 2t 2 2
where P is the instantaneous mechanical

power of the moving wind [w], M is the mass
flow rate [%], p is the density of air [% ,A=
mr? is the area swept by rotor blades [m?], t is
the time [s] and v is the air speed [?].

For general wind resource analyses,
where a specific swept area has not yet been
defined, it is common to calculate the
instantaneous energy density [IED] of the wind,
expressed in W/m?, by means of the following
equation:

DEI = -p v® [3]
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2.1.1. Average Energy Density Obtained by
Integrating the Instantaneous Energy Density
Curve [DEM_IEI]

1. The instantaneous energy density in the
wind [DEIi] is calculated from each of
the 52560 wind speeds recorded by the
EMA every 10 minutes for at least one
year in the region of interest, as
expressed in equation [4], where v; is the
i;n wind speed recorded in the region.

1
DEl; =~ pv} [4]

2. The annual instantaneous power density
curve for the region of interest is
generated and the instantaneous power
curve is numerically integrated with
respect to time to obtain the total annual
wind energy density. [DET]:

DET =10 (2 DEI, + ¥15 DEI; +3 DEL)n  [5]

Where n is the total number of data and
10 is a factor used to derive the energy density in
[W * min]/m? , yThe wind speed recordings
are usually made every 10 min by the EMAs.

3. Finally, the TED is divided by the
corresponding factor to obtain the energy
in the desired period. Equation 6
determines the annual energy density
[AED] in Wh/m?2.

4

DEA = DET[

W*min] [1 hora] __ DET W*h]
T 60 Lm?

m2 60 min [6]
2.1.3. Average Energy Density Using Average
Cubic Velocity [DEM_VRMC].

The monthly wind speed varies around £30% to
+35% above the average wind speed at a typical
location during the year [Patel, 2006]. Therefore,
the wind speed used to determine the energy
density in [3] should be [Pishgar-Komleh et al.,
2014]:

1

Ve = (5 Ny vi®)’ [7]

Finally, the mean energy density per hour
in the wind [DEMH] will be obtained in Wh/m?
[Patel, 2006]:

DEMH =~ Vy® [8]
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2.2. Methods for vertical extrapolation of
wind speed.

Accurate estimation of wind speed at different
heights is crucial for assessing available wind
resources, as anemometers installed at weather
stations are usually located at lower heights than
those at which wind turbines operate. For this
reason, various methods have been proposed for
vertical extrapolation, based on physical models
or empirical adjustments. Three methodologies
are used in this research: the Monin—Obukhov
Method [MMO], Hellmann's Exponential Law
[LEH] and the Logarithmic Wind Profile Law
[PEL], widely recognised in scientific literature
for their usefulness and adaptability to different
environments [Banuelos-Ruedas et al., 2010;
Allouhi et al., 2017; Lazar et al., 2024].

2.2.1. Monin—Obukhov Method [MMO)]

The MMO considers atmospheric stability
conditions through the L parameter, known as
the Monin—Obukhov length. It is particularly
useful for wvertical profiles in non-neutral
conditions and with high-frequency records, but
should not be applied to monthly or annual
averages [Bafiuelos-Ruedas et al., 2010].

The extrapolated velocity VI[h] is
obtained by:

v =5 (z) - ¢ ) 9]

Where V (h) is the speed extrapolated to
height , is the friction speed [equation 10], is the
Von Karman constant, generally 0.4 [Bafiuelos-
Ruedas et al., 2010], is the roughness length of
the surface, and £[h/L] the stability correction
function, which depends on the degree of
thermal stratification of the atmosphere.

Vo

VI = @ [10]

For slightly unstable conditions, a
common way to approximate ¢[h/L] is:

E(%) =2In (%) +1n (1+2X2) —2tan"'(X) +g [11]
with:
1

X=(1-16+3)" [12]
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Due to the complexity of this function,
for values close to 0 it is usually simplified as
[Stull, 1988]:

f(0)= 202 o

The Monin-Obukhov length can be
calculated as follows:

udsT

o [14]
whereu? is the frictional velocity, T is
the mean air temperature, g is the gravitational
acceleration, and w'6’ is the turbulent flow of
sensible heat. Given that the L estimate requires
specialised sensors that are not usually available
at conventional weather stations, various studies
have opted to assume neutral conditions in order
to apply the logarithmic law directly.

This simplification allows wind speed to
be extrapolated with acceptable errors up to 100
m in height, especially when extensive data
series are available and there are no extreme
atmospheric conditions [Breedt et al., 2018;
Lange et al., 2001; Pelliccioni et al., 2021]. In
this study, this assumption is methodologically
appropriate due to the limitations of the
measurement equipment used.

2.2.2. Hellmann's exponential law [HEL]

HEL is one of the most widely used formulas for
extrapolating wind speed due to its simplicity
[Gonzalez et al., 2025]. The model is expressed
as:

V[h] = VhO (%)a [15]

Where V[h] is the extrapolated velocity
at altitude h, VhO is the velocity measured at
height and is the coefficient of friction. For
neutral conditions, a=1/7 is commonly adopted,
which allows for acceptable extrapolation
[Kamau et al., 2010]. However, there are tables
with recommended values of a depending on the
type of surface [Patel, 2006; Masters, 2013]. The
higher the value of a, the more the wind speed
will increase with height [Gonzdlez et al., 2025].
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Table 1
Coefficient of friction of various terrains

Type of terrain Coe.fﬁ ?ient of
friction a

Lakes, oceans and smooth and/or 0.10
hard terrain.

Grass at foot level on flat ground. 0.15
Tall crops, hedges and shrubs. 020
Wooded landscape with many trees. 025
Small town with trees and shrubs. 0.30
Urban area with tall buildings. 0.40

2.2.3 Logarithmic Wind Profile Law [LPL]

The LPL is a model based on the boundary layer
theory of fluid mechanics, with strong
aerodynamic support. Although it requires
knowledge of the terrain roughness length Z0, it
can provide more realistic estimates in flat and
homogeneous terrain [Okorie, 2017]. Its
formulation is:

V(h) = VhO ll“(ﬁ)l [16]

In(52)

Where Zo is the roughness length
coefficient in m and dependent on terrain type,
spacing and roughness factor height [Bafiuelos et
al., 2010; Masters, 2013; Okorie, 2017]. Table 2
shows Zo values for regions with common
characteristics. [Wieringa, 1992].

Table 2
Length coefficient of various terrains.
Clase Description Zo
0 Water surface. 0.0002

0.5 | Completely open land with a smooth | 0.0024
surface [concrete runways of airports
and cut grass].

1 Open agricultural area without fences | 0.03
and hedges, and with widely scattered
buildings. Only gently rounded hills.
1.5 | Agricultural land with a few houses and | 0.055
hedges 8 m high at a distance of
approximately 1250 m.

2 Agricultural land with a few houses and | 0.1
hedges 8 m high at a distance of
approximately 500 m.

2.5 | Agricultural land with many houses, | 0.2
bushes and plants, or 8 m high
hedgerows at a  distance of
approximately 250 m.

3 Villages, small towns or agricultural | 0.4
land with many or high hedgerows,
forests and very hilly terrain.

3.5 | Large cities with tall buildings. 0.8
4 Very large urban centres with tall | 1.6
buildings and skyscrapers.
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2.3. Air Density Estimation.

Air density is a fundamental parameter in wind
resource assessment, as it directly influences the
calculation of the energy contained in the wind.
Its value depends on atmospheric conditions
such as pressure, temperature and relative
humidity.

There are three approaches used for its
estimation, each with a different level of
accuracy and complexity.

2.3.1. Standard value of air density.

Multiple studies adopt a standard value of 1,225
kg/m?* for air density, corresponding to ideal
conditions: dry air [0 % relative humidity],
atmospheric pressure of 101,325 kPa and
temperature of 288.15 K [15 °C], at sea level
[IEC, 2005; Burton et al., 2011]. This value
facilitates comparisons between regions and
allows preliminary estimates when detailed local
atmospheric data are not available.

2.3.2. Formula based on the ideal gas equation
for dry air.

To obtain an estimate of the density of air under
actual local conditions, a simplified form of the
equation of state of ideal gases applied to dry air
is used:

P=rx [17]

Where p is the density of the air in
kg/m3, p es is the atmospheric pressure in Pa, T
is the absolute temperature in K and R is the

specific constant of dry air. (287.05 kL) This
gK
formula  allows quick and  reliable
approximations if reliable pressure and
temperature data are available, ignoring the
contribution of water vapour. [Stull, 1988;

Holton & Hakim, 2013].
2.3.3. Equation proposed by CIPM-2007.

For conditions where high accuracy is sought, it
is recommended to use the full equation of the
International Committee of Weights and
Measures [Picard et al., 2008]. This equation
includes the contribution of air humidity through
the mole fraction of water vapour and is
expressed as:
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=5 (-n(-) o

Where M, is the molar mass of dry air
and M,, is the molar mass of water vapour. Z is
the compressibility factor expressed as:

Z= 1—5*[a0+a1t+a2t2+(b0+
2
b,t)x, + (co + c;t)x2] + :—2 (d + ex2) [19]

X, 1s the mole fraction of water vapour:
x, = hy * f(p, 6) » 22D [20]

In equation 20, h, is the relative
humidity, f is the improvement factor [equation
21] and P,,[T] is the vapour pressure at
saturation [ Equation 22].

f=a+pBp+yt? [21]

D
P,[T] = 1 Pa * e(AT+BT+C+7) [22]

Table 3 summarizes the other parameters
necessary for the implementation of equations
19, 20, 21 and 22. [Picard et al., 2008].

Table 3
Coefficients for calculating air density.
Symbol | Value | Unit
Coefficients For Saturation Vapour Pressure [Pg,]|
A 0.000012378847 1/K?
B -0.019121316 1/K
C 33.93711047
D -6343.1645 K
Coefficients for the Improvement Factor [f]
a 1.00062
B 0.0000000314 1/Pa
y 0.00000056 1/K?
Compressibility Factor Coefficients [Z]
a, 0.00000158123 K /Pa
a -0.000000029331 1/Pa
a, 0.00000000011043 1/[K * Pa]
b, 0.000005707 K/Pa
b, -0.00000002051 1/Pa
c 0.00019898 K/Pa
[ -0.000002376 1/Pa
d 0.0000000000183 K?/Pa?
e -0.00000000765 K?/Pa?
Coefficients for Air Density [p]
R 8.314472 J/[mol x K]
M, 0.02896546 Kg/mol
M, 0.01801528 Kg/mol

Picard et al., 2008; Peiia & Becerra, 2010

The use of this formula is particularly
relevant in regions with considerable variations
in relative humidity and temperature.
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II1. Results

The study was carried out using data recorded
every 10 minutes during the year 2024 by the
EMA of the ejido La Flor in charge of
CONAGUA located outside the Mapimi
Biosphere Reserve [Latitude: 26.55, Longitude:
-103.99].

Table 4 presents the annual average air
density values calculated with three different
approaches: the standard value [1.225 kg/m?],
the simplified formula based on the ideal gas
equation for dry air, and the full equation
proposed by the CIPM-2007.

The results show that, under the specific
atmospheric conditions of the region, the
methods incorporating pressure, temperature
and relative humidity provide considerably
lower values of air density compared to the
standard value.

Table 4
Annual average air density calculated by each
methodology.

Method Value [kg/m3]
Ecuacion propuesta por el CIPM-2007 0.89369
Ecuacion del gas ideal para aire seco 0.89861
Valor estandar [T = 15°C y P = 101325 kPa] 1.225

Tables 5, 6 and 7 show the mean energy density
[DEM] at different heights, from 10 m to 200 m,
using two calculation methods: instantaneous
energy integration [DEM IEI] and mean cubic
velocity [DEM_VRMC]. In each case, the three
wind speed extrapolation methodologies were
applied: the Monin-Obukhov method [MMO],
Hellmann's Exponential Law [HLE] and the
Logarithmic Wind Profile [LEP].

The difference between the tables lies in
the method used to calculate the air density:
Table 5 uses the standard value, Table 6 uses the
ideal gas equation for dry air, and Table 7 applies
the full CIPM-2007 formula.
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Box 3
Table 5
DEM calculated from the standard value of air density.
. [Wh
H Average Hourly Energy Density [ﬁ]
[m] DEM_IEI DEM_VRMC
MMO LEH LPL MMO LEH LPL
10 36.57 36.57 | 36.57 36.98 | 36.98 36.98
20 55.69 5543 | 55.69 56.32 | 56.05 56.32
30 69.48 70.70 | 69.48 7026 | 71.49 70.26
40 80.54 84.02 | 80.54 81.44 | 84.96 81.44
50 89.87 96.05 | 89.87 90.88 | 97.13 90.88
60 98.02 107.16 | 98.02 99.12 | 108.36 99.12

70 105.28 117.54 | 105.28 10646 | 118.86 106.46
80 111.84 127.34 | 111.84 113.10 | 128.78 113.10

90 | 117.86 | 136.67 | 117.86 | 119.19 | 13821 [ 119.19
100 | 12342 | 14559 | 12342 | 12481 | 147.23 | 1248l
110 | 12860 | 154.16 | 12860 | 130.05 | 155.89 | 130.05
120 | 13346 | 16242 | 13346 | 134.96 | 16425 | 134.96
130 | 13803 | 17041 | 13803 | 139.58 | 17233 | 139.58
140 | 14235 | 178.16 | 14235 | 143.95 | 180.16 | 143.95
150 | 14646 | 185.69 | 14646 | 148.11 | 187.78 | 148.11
160 | 15037 | 193.02 [ 15037 | 152.06 | 195.19 | 152.06
170 | 15411 | 20017 | 154.11 15584 | 20242 | 155.84
180 | 157.69 | 207.15 | 157.69 | 159.46 | 209.48 | 159.46
190 | 16112 | 21398 | 161.12 | 162.94 | 21639 | 162.94
200 | 16443 | 22067 | 16443 | 16628 | 223.15 | 166.28

Box 6

Table 6

DEM calculated from ideal gas equation for dry air.

. Wh
H Average Hourly Energy Density [ﬁ]
[m] DEM_IEI DEM_VRMC
MMO | LEH LPL | MMO | LEH LPL

10 2827 | 2827 | 2827 | 273 | 2713 | 27.3
20 4306 | 4286 | 4306 | 4131 | 4112 | 4131
30 5372 | 5466 | 5372 | 5154 | 5244 | 5154

40 62.27 64.96 62.27 59.74 62.32 59.74
50 69.49 74.26 69.49 66.67 71.25 66.67
60 75.78 82.85 75.78 72.71 79.49 72.71
70 81.39 90.88 81.39 78.10 87.19 78.10
80 86.47 98.46 86.47 82.97 94.47 82.97
90 91.13 105.67 91.13 87.43 101.38 87.43
100 95.43 112.56 95.43 91.56 108.00 91.56
110 99.43 119.19 99.43 95.40 114.36 95.40
120 103.18 125.57 103.18 99.00 120.48 99.00
130 106.72 131.75 106.72 102.39 126.41 102.39
140 110.06 137.74 110.06 105.60 132.16 105.60
150 113.23 143.56 113.23 108.65 137.75 108.65
160 116.26 149.23 116.26 111.55 143.18 111.55
170 119.15 154.76 119.15 114.32 148.49 114.32
180 121.92 160.16 121.92 116.98 153.67 116.98
190 124.57 165.44 124.57 119.53 158.74 119.53
200 127.13 170.61 127.13 121.98 163.70 121.98

Table 7

DEM calculated from the equation proposed by the
CIPM-2007

Average Hourly Energy Density [Z—ﬂ

[m] DEM _IEI DEM_VRMC

MMO LEH LPL MMO LEH LPL
10 28.13 28.13 28.13 28.13 26.98 26.98
20 42.83 42.63 42.83 42.83 40.89 41.09

30 53.44 54.37 53.44 53.44 52.16 51.26
40 61.94 64.62 61.94 61.94 61.98 59.42
50 69.12 73.87 69.12 69.12 70.86 66.30
60 75.39 82.41 75.39 75.39 79.06 72.31
70 80.97 90.40 80.97 80.97 86.72 77.67
80 86.02 97.94 86.02 86.02 93.95 82.51
90 90.65 105.11 90.65 90.65 100.83 86.95

100 94.93 111.97 94.93 94.93 107.41 91.06
110 98.91 118.56 98.91 98.91 113.73 94.88
120 102.64 124.92 102.64 102.64 119.82 98.46
130 106.16 131.06 106.16 106.16 125.72 101.83
140 109.48 137.02 109.48 109.48 131.44 105.02
150 112.64 142.81 112.64 112.64 136.99 108.05
160 115.65 148.45 115.65 115.65 142.40 110.94
170 118.52 153.95 118.52 118.52 147.68 113.69
180 121.28 159.32 121.28 121.28 152.83 116.34
190 123.92 164.57 123.92 123.92 157.87 118.87
200 126.46 169.72 126.46 126.46 162.80 12131
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The results show a significant reduction
in DEM when using more realistic methods to
calculate air density. For example, at a height of
10 metres, the DEM IEI estimated with the
standard density value [Table 5] reaches up to
36.55 Wh/m?, while it decreases to 28.26 Wh/m?
using the simplified formula [Table 6] and to
28.03 Wh/m? with the complete CIPM-2007
formula [Table 7].

This reduction pattern remains constant
at all heights analysed, reflecting the direct
impact of the density value on the estimation of
available energy.

At 50 metres, the differences between the
extrapolation methods begin to become more
pronounced. LEH tends to slightly overestimate
DEM compared to MMO and PEL, particularly
when using more accurately calculated air
density. At higher heights, such as 150 m and
200 m, the discrepancy between the methods is
amplified, with LEH consistently showing the
highest DEM values, while MMO and PEL offer
more conservative results.

This behaviour is consistent with what
has been reported in the scientific literature. For
example, studies such as those by Allouhi et al.
[2017] and Kamau et al. [2010] have pointed out
that LEH, while useful for its simplicity, tends to
overestimate wind speed and, therefore,
available energy, especially in complex terrain
or with atmospheric variability. On the other
hand, the logarithmic profile method and the
Monin—Obukhov ~ method  offer  greater
robustness, especially when detailed data on
local conditions are available [Allouhi et al.,
2017].

In terms of impact, the differences
observed between using the standard value and
the adjusted densities are equivalent to a
reduction of up to 23.3% in the estimate of wind
energy available at the study site. This implies
that if the standard value is used without
considering local altitude, pressure, and
humidity, there is a risk of significantly
overestimating wind resources, compromising
the actual viability of generation projects in
isolated areas such as the Mapimi Biosphere
Reserve.
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Figure 01 shows the average annual wind
speed extrapolated to different heights [10 to 200
m] using the three methodologies analysed. The
horizontal axis represents height and the vertical
axis represents wind speed in m/s. The red curve
corresponds to Hellman's Exponential Law,
while the blue curve represents the Logarithmic
Wind Profile Law.The Monin—Obukhov Method
curve is not visible because, assuming neutral
conditions [L = 0] due to a lack of specialised
data, its expression is reduced to the logarithmic
law, generating identical values. It should be
noted that the extrapolated wind speed does not
depend on the air density value used.

v

-
/

Figure 1
Average annual wind speed profile
extrapolated by three methodologies.

In addition to the energy density analysis,
a wind rose was generated for the year 2024
[Figure 2], which shows a predominance of
flows from the southwest and northeast.

The red segments indicate class 3 winds
[5-8 m/s] with less than 1000 occurrences per
year per direction; the green ones represent class
2 [2-5 m/s], with higher frequency during the
year, exceeding 4000 occurrences in the
southwest direction; and the blue ones
correspond to class 1 [0.5-2 m/s], reaching
frequencies above 2000 in the southeast. It is
worth mentioning that there were also
occurrences of velocities exceeding 23 m/s,
however, their frequency was not very
representative and they are not clearly visualised
in the graph.

3.1 Methodological inputs

All calculations were performed using a
Graphical User Interface [GUI] developed in
MATLAB GUIDE, which allows loading of
historical meteorological data, selection of
extrapolation methods and air density, and
visualisation of both numerical and graphical
results.
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This tool represents an accessible
solution for wind analysis in data-limited regions.
The first version of this application is shown in
Figure 3.

120 60

150 30

240 300

270

Figure 2
Polar plot of the wind direction, during the
year 2024, in the analysed region.

Figure 3
Graphical interface developed for wind
resource estimation in any region.

Conclusion

This study demonstrates that the value used for
air density has a significant impact on the
estimation of the average energy density [AED]
of wind, especially when applying exact
methodologies based on the integration of the
instantaneous power curve. Based on the results
obtained, it can be observed that using the
standard value of 1,225 kg/m®> tends to
overestimate energy availability, compared to
calculations made using the simplified formula
based on the ideal gas equation and, even more
precisely, the complete CIPM-2007 equation.
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The latter represents the most rigorous
methodology, as it incorporates corrections
derived from actual temperature, pressure and
relative humidity conditions.

The values obtained show a reduction of
approximately 23.3% in DEM when moving
from the standard value to calculations using the
complete density equation, which is particularly
relevant in wind resource assessment projects for
design or investment purposes.

The study also confirms that the three
wind speed extrapolation methodologies
[Monin—Obukhov, Hellmann's exponential law
and Logarithmic Wind Profile] present
consistent results, especially when neutral
conditions [L = 0] are assumed, which reduces
mathematical complexity without significantly
affecting the accuracy of the model.

The implementation of a graphical
interface in MATLAB to automate the
calculations allowed the analysis process to be
systematised and the information to be
visualised clearly. The ability to extrapolate
results to different heights, obtain energy
densities both by integration and by average
cubic velocity, and generate representative
graphs such as the wind rose confirms the
potential of this tool as a support in feasibility
studies for wind projects in different regions.

Furthermore, based on the average
energy density results obtained for heights of 10
to 50 metres, the Mapimi Biosphere Reserve can
be considered a suitable region for the
installation of low-power wind turbines for rural
or autonomous applications. Various studies,
such as that by Akhmatov [2007] and the
recommendations of IRENA [2015], suggest
that for this type of technology it is feasible to
operate in regions with average speeds greater
than 3 m/s or with a DEM equal to or greater than
50 W/m?, values that were exceeded in multiple
scenarios simulated in this work.

Studies such as those by Al-Nassar et al.
[2005], Fagbenle et al. [2011], Mostafaeipour
[2010], Mostafaeipour [2013] and Sénchez
[2006] support the use of low-power wind
turbines in semi-arid regions with profiles
similar to the one analyzed here, provided that
their design and height are adjusted to the actual
wind behavior.

ISSN: 2410-3950
RENIECYT: 1702902
ECORFAN® All rights reserved.

Finally, it is concluded that consideration
of local atmospheric conditions and the
appropriate selection of the air density model are
key factors for an accurate estimation of wind
resources.

In future work, it is recommended to
validate these results with data from specialized
EMASs or multi-height anemometric towers, as
well as to extend the analysis to different regions
of the country with emerging wind potential.
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CIPM  International Committee of
Weights and Measures [Comité
International des Poids et Mesures]

DEI Instantaneous Energy Density

DEM Average Energy Density

FDP Probability Density Function

GUI Graphical User Interface
[Graphical User Interface]

K Von Karman constant [~ 0.4]

L Monin-Obukhov length

LEH Hellmann's Exponential Law

MMO  Monin-Obukhov method

PEL Logarithmic Aeolian Profile [LPL:
Logarithmic Profile Law]

VRMC Velocidad Relativa Media al Cubo
[Velocidad ctibica media]

Zo Longitud de rugosidad

E[h/L]  Funcidn de correccion de
estabilidad atmosférica
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