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Abstract

In order to reduce aviation’s negative environmental effects and support international
efforts to battle climate change, the International Civil Aviation Organization (ICAO) seeks
to cut greenhouse gas (GHG) emissions. About 2–3% of the world’s CO2 emissions come
from aviation, and at high altitudes, the fraction of other GHGs that significantly alter the
atmosphere is considerably greater. In this study, hourly wind speed data at 100 m height
from ECMWF’s fifth-generation reanalysis (ERA-5) were used over a period of 40 years
(1985–2025). Hourly assessments of wind speeds at 40 m and 80 m heights are conducted in
ERA-5, with biases at specific ground locations rectified via the Global Wind Atlas (GWA).
This research estimates and analyzes many factors, including Weibull statistical parameters,
daily and monthly wind speed variations, cumulative distribution function (CDF), and
atmospheric turbulence intensity. The energy generation from several wind turbine types at
different elevations was assessed. The findings indicate that the examined location revealed
fair potential for the construction of large-capacity wind energy units at heights equal to or
above 80 m. Turbines that are less than 50 m tall are spread out at least 10 km around the
airport runway. While turbines that are less than 150 m tall are spread out at least 15 km
away from the airport runway.

Keywords: wind energy; Weibull; airports; wind turbine; aviation; carbon dioxide;
turbulence intensity

1. Introduction
Aviation-related GHG emissions are a contributing factor to global warming, which

intensifies extreme weather events and disturbs ecosystems. To support the objectives of
the Paris Agreement, ICAO seeks to control the rise in global temperatures. As a significant
worldwide business, aviation has an obligation to minimize its negative environmental effects.
Reducing GHG emissions contributes to the sector’s sustainable expansion while protecting
the environment [1]. By establishing international aviation standards, ICAO makes sure
that nations and airlines all around the globe follow uniform laws designed to lower GHG
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emissions. One of the main tactics the ICAO advocates in its attempts to make aviation more
sustainable is the use of renewable energy to lower GHG emissions. Compared to fossil fuels,
which are the main cause of CO2 and other GHG emissions in aviation, renewable energy
provides a greener option. Wind energy is one of the important sources of renewable energy,
which is considered the second most widespread main source in the world after solar energy.
Research on creating an environmentally friendly, sustainable airport with little effect has
been carried out by several researchers worldwide [2].

As the 21st century began and the world started to want more renewable energy,
research started to concentrate on particular uses and improvements. During this time,
more advanced optimization approaches for renewable energy systems began to appear.
Ortega Alba and Manana (2016) conducted an extensive assessment of airport energy
studies, highlighting that the fast expansion of aviation activities has resulted in heightened
energy consumption, therefore escalating prices and environmental repercussions. During
this time, there were additional studies done on Rome’s Leonardo da Vinci International
Airport [3]. de Rubeis et al. (2016) suggested an electrical energy optimization platform
that looked at power, heat, and fuel use across many years [4]. Cuadra et al. (2019)
developed a methodology to study the impact of air traffic rights on the establishment
of wind farms near airports and conducted a comprehensive study of obstruction roofs
and related legislation [5]. These rights have significantly influenced the site selection and
construction of wind farms. Santa et al. (2020) presented a “green airport model” derived
from social and ecological management frameworks, leveraging recent legislation that
encourages sustainable development projects [6]. Xiang et al. (2021) studied the technical
and economic advantages of integrating hydrogen supply, auxiliary power units, and solar
energy into airport microgrids to achieve net-zero emissions in airport operations [7].

Goh et al. (2024) devised an adaptive energy management strategy for Copenhagen
Airport, illustrating the feasibility of sustaining a reliable and low-carbon energy supply [8].
A study conducted by Al-Zain et al. (2025) demonstrated that airports exhibit variations in
the maturity levels of their energy and sustainability strategies from an institutional stand-
point. While certain entities adopt comprehensive environmental management systems,
others are satisfied with the implementation of isolated initiatives. This article analyzes
wind data at Nasriya Airport to evaluate and assess wind turbine output energy production
from different heights and wind turbines at this location [9].

By combining wind characteristics analysis, Weibull distribution modeling, turbulence
intensity assessment, and wind turbine performance at various hub heights, the current
study offers a thorough evaluation of the wind energy potential at Nasiriyah Airport,
Iraq. The integration of wind resource assessment with airport operational considerations,
including the assessment of appropriate turbine placement distances in relation to runway
safety requirements, is one of the primary innovations of this work. Additionally, in order
to determine appropriate configurations for energy generation in the study area, the study
evaluates the performance of several wind turbines under local wind conditions. But there
are a few restrictions that need to be noted. Furthermore, before considering large-scale
wind energy development close to the airport, more aviation safety investigations and
on-site measurements are advised.

2. Research Objective
ICAO seeks to reduce GHG emissions. Aviation accounts for approximately 2–3% of

global carbon dioxide emissions. The study’s specific objectives are to assess the wind energy
potential at Nasiriya Airport to help determine if green infrastructure at Iraqi public airport is
possible. The results will also give investors, airport management, and legislators important
information about the possible advantages and difficulties of putting wind farms in airports.
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3. Materials and Methods
3.1. Description of the Studied Site

In Nasiriya, the dominant northwesterly winds are prevalent in both winter and
summer, delivering dry air that may reduce temperatures in the cooler months and intensify
dust storms and wind disturbances over the area. Climatological investigations indicate
that northwesterly and westerly winds are predominant at Nasiriya’s weather stations.

Nasiriya Airport is located in Nasiriya governorate at Lat. 30.933582◦, Lon. 46.087617◦

and 7 m above sea level. The governorate is about 360 km south of Baghdad (the capital
of Iraq) and 18 km from the city center. It has moderate and seasonally consistent north-
westerly winds, with mean wind speeds suitable for small-to-medium-scale wind power
production at hub heights of around 50 m. The level and open landscape around the airport
reduces surface roughness and turbulence, hence improving turbine efficiency. The pres-
ence of extensive safety buffer zones facilitates turbine construction without compromising
aircraft safety or airport operations. On-site wind power may partly mitigate the airport’s
constant energy demand and reduce dependence on the national grid and fossil fuel-based
backup systems. This results in reduced operating expenses and enhanced environmental
performance at the airport. Figure 1 illustrates the geographical position of Nasiriyah
city in Iraq along with its administrative boundaries. Figure 2 illustrates the geographical
position of Nasiriyah Airport, the focus of this study. Figure 3 illustrates the geographical
location and schematic layout of Nasiriya Airport in Nasiriyah Governorate, Iraq.

Figure 1. Location of the governorate that includes the airport [10].

Figure 2. Position of the studied site in Iraq (Red Balloon) [10].
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Figure 3. Map of Nasiriya Airport [10].

Figure 4 represents the procedure for correcting ERA-5 wind speed bias using the
GWA for Nasiriya Airport at a height of 100 m, including scaling correction and Weibull
parameter modification.

Figure 4. ERA-5 data correction using the GWA.

ERA-5 wind speed data from 1985 to 2025 at Nasiriyah Airport were used to identify
wind energy resources. Wind speed frequency distributions were analyzed using the
Weibull distribution. Wind power and energy density were derived, and the energy
productivity of turbines with different characteristics, specifications, and heights was
evaluated assuming their presence at the airport site. Specifications were selected to be

https://doi.org/10.3390/wind6030035

https://doi.org/10.3390/wind6030035


Wind 2026, 6, 35 5 of 22

suitable for the airport site and not in violation of ICAO regulations. Figure 5 illustrates the
methodological framework of the research.

Figure 5. Schematic representation of the overall structure of the proposed framework.

3.2. Dataset Collection

The European Reanalysis datasets, known as ERA-5, are generated by the European
Center for Medium-Range Weather Forecasts (ECMWF). ERA reanalysis datasets have
been extensively utilized, assessed, and employed in this study for wind energy evaluation.
They provide the highest spatial resolution among global reanalysis datasets (0.25◦ × 0.25◦,
approximately 28 × 28 km), with a temporal coverage spanning 40 years (1985–2025) at
an hourly resolution at 100 m elevation. Hourly ERA-5 wind speed data at 100 m were
statistically adjusted utilizing the Global Wind Atlas (GWA) as a high-resolution spatial
reference. A bias correction factor was calculated based on the ratio of long-term mean
wind velocities, with Weibull distribution parameters adjusted proportionately. This hybrid
Weibull–scaling methodology markedly enhances the depiction of local wind features at
Nasiriya Airport.

4. Experimental Approach
4.1. Weibull Statistical Distribution

Statistical procedures may be used to quantify a location’s wind power. For wind
energy systems, a number of probability functions may be applied to characterize the sta-
tistical distribution of wind speed. The Weibull distribution is the most effective, exhibiting
an adequate degree of accuracy. This tool facilitates the rapid calculation of the mean yearly
output of a certain wind turbine. The probability density function for wind speed can be
defined according to [11]:

f (v) =
(

k
c

)( v
c
)k−1exp

[
−
( v

c
)k
]

Note : k > 0, v > 0, c > 1
(1)

where v wind speed, both k and c are Weibull parameters, they are the so-called shape
factor (k) and scale factor (c m/s), respectively.

The Weibull parameters k and c describe the wind potential of the studied location.
The scale parameter c denotes the intensity of wind at a specific location, while the shape
parameter k reflects the concentration of wind speeds around a particular value [12].

4.2. Wind Power Density (WPD)

Wind Power potential Density (WPD) represents extractable wind power relative to
a square meter of area (rotor swept area) and is a fundamental indicator for evaluating
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wind resources potential among different locations and turbine types. WPD is directly
proportional to air density and wind speed cubed, typically expressed as [13,14]:

Wp =
1

2n

n

∑
i=1

ρv3
i (2)

where n is the number of recordings in the mean period, ρ is the density of the air, and v3
i is

the cube of the ith wind speed value.
Now, if A is the blade sweep area, U is the average wind speed, then wind power

density in terms of the Weibull distribution function is given by [15,16]:

P
A

=
∫ ∞

0

1
2

ρU3 f (U)d(U) =
1
2

ρc3Γ
(

1 +
3
k

)
(3)

where is the gamma function of (x) equal to:

Γ(x) =
∫ ∞

0
e−uux−1du (4)

4.3. Cumulative Distribution Function CDF

The cumulative frequency distribution function f (U) is another important statistical
measure. It shows the chance or time fraction that U ≤ a certain U, Equation (5) [17]:

f (U) = 1 − exp

[
−
(

U
c

)k
]

(5)

4.4. Turbulence Intensity Equation

Rapid disruptions or abnormalities in wind direction, speed, and vertical component
are known as wind turbulence. Because high turbulence levels may reduce power pro-
duction and result in excessive stress on wind turbine components, it is an essential site
attribute. The wind speed standard deviation (σ) is the most often used metric of turbulence
for siting reasons. Turbulence intensity (TI), which may be computed using Equation (6), is
obtained by normalizing the standard deviation value with the mean wind speed (U) [18]:

TI =
σ

U
(6)

4.5. Vertical Extrapolation

If the altitude at which measurements are made is not at the hub height of a wind
turbine, it is necessary to extrapolate the wind speeds to hub height. The methods required
for extending the obtainable wind speeds at the hub height of a turbine are described in
Equations (7) and (8). Equation (7) represents the basic form of power law wind profile [19]:

v = vr

(
z
zr

)α

(7)

When v denotes wind speed at height z, vr represents wind speed at a reference height
zr, and α is the wind shear exponent. Consequently, the value of α may be determined by
Equation (8) [11]:

α =
log

( vr
v
)

log
( zr

z
) (8)
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4.6. Turbulence Intensity Modeling

Turbulence intensity (TI) was not quantified directly due to the lack of high-frequency
wind speed data at the research location. The ECMWF instead supplied the synthetic TI
data, which was based on the ERA5 reanalysis mean wind speed. Although ERA5 datasets
provide mean wind speeds across time and reflect simulated atmospheric conditions,
they lack the short-term variations in wind speed that are necessary for direct turbulence
measurement [20]. To overcome this constraint, the reference turbulence model outlined
in the International Electrotechnical Commission’s (IEC) 61400-1 standard for the design
of wind turbines was used. It was assumed that the research location was in a Class
A reference turbulence category (Iref = 0.14), which is characteristic of wide terrain and
semi-arid conditions. For every 10 min interval, the turbulence intensity was determined
by [21,22]:

TI = Iref

(
15
v

)0.2
(9)

where the mean wind speed at the given height is represented by v. In order to conduct
turbulence analysis in the wind resource assessment program, the standard deviation of
wind speed (σ) was subsequently retrieved from [21,22]:

σ = TI × v (10)

This method allows for the first characterization of turbulence in order to evaluate
wind resources and turbine compatibility. It is important to mention that the TI values that
are obtained are standardized estimates and not based on site-specific observed turbulence.
IEC 61400-1 3rd categorizes wind turbine generators based on wind speed characteristics
and ambient turbulence conditions. From Table 1, wind speed classification (I, II, or III) is
based on the long-term average wind speed (vave) and the 50-year reference extreme wind
speed (vref), while turbulence subclasses (A, B, and C) are defined by the reference ambient
turbulence intensity (TIref) evaluated at 15 m/s. The comprehensive turbine classification
incorporates both criteria (e.g., Class III-A), ensuring sufficient structural integrity and
fatigue load resistance under certain wind conditions [23].

Table 1. Wind turbine class and subclass definition [24].

WTG Class I II III

Vave (m/s) 10 8.5 7.5
Vref (m/s) 50 42.5 37.5

A TIref 0.16
B TIref 0.14
C TIref 0.12

A, B and C define turbulence categories. TIref is the ambient turbulence intensity reference value.

While the IEC 61400-1 framework provides a feasible approach for initial wind re-
sources evaluation, it does not directly consider localized flow effects caused by complex
terrain features, aviation infrastructure, and surrounding obstacles. Recently Computa-
tional Fluid Dynamics (CDF) techniques have been widely adopted to enhance turbulence
analysis by manipulating 3D airflow structure and wake effects surrounding wind turbines.
CFD simulations based on Reynolds-Averaged Navier–Stokes (RANS) models, especially
those utilizing SST turbulence models, have shown strong capability in evaluating turbu-
lence intensity patterns, wind shear, airflow separation, the wake behavior in wind energy
analysis. These methods are highly effective in aviation fields where terminal building,
infrastructure, and runway layouts can locally alter boundary layer flow. Hence, while
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the current study is based on the conventional IEC turbulence model in the absence of
high-frequency observational data, future studies should integrate CFD-based analysis and
site-specific measurements to enable a more accurate depiction of turbulence properties
and turbine-flow interactions at Nasiriyah airport to improve turbulence analysis [25].

4.7. Wind Turbine Energy Production

The mean power generated by the wind machine, PW, is determined by the probabil-
ity distribution, P(U), and the established turbine performance curve, Pw(U), as seen in
Equation (11) [26]:

Pw =

∞∫
0

P(U)P(U)dU (11)

Consequently, by summing across N bins, the following statement may be employed
to get the mean wind machine power [26]:

Pw =
NB

∑
i=1

1
2
(Ui+1 − Ui)(P(Ui+1)Pw(Ui+1) + P(Ui)Pw(Ui)) (12)

Equation (12) may be used to determine the mean power output of a wind machine,
which can then be used to estimate the total yearly energy harvested by a wind turbine
through the operating time period ∆t [27]:

Ew = Pw × N × ∆t (13)

If PR represents turbine rated power and CF denotes the capacity factor, the turbine
annual energy production EI is:

EI = 8760 × PR × CF (14)

The CF is the mean power production relative to its rated power. The capacity factor
is the most accurate metric that reflects the power-generating efficiency [12].

4.8. DistanceHeight Constraints

In this study, hub heights of 40, 80, and 100 m were chosen to reflect typical wind
turbine configurations and assess the impact of hub height on wind characteristics and
energy production at Nasiriyah Airport. The permitted turbine setback distances shown
in Table 2 and airport operational safety restrictions also played a role in the selection of
these heights. The 40 m hub height was specifically taken into consideration to evaluate
lower-height turbine configurations within shorter permitted setback distances, while the
80 m and 100 m hub heights were examined to look into the possibility of an increase in
wind energy production with elevation. A comparative evaluation of turbine performance
under both aerodynamic and aviation safety constraints is made possible by this multi-
height approach. The height limitations for wind turbines next to Nasiriyah Civil Airport
are listed in Table 2.

Table 2. Height restrictions for wind turbines adjacent to the Nasiriya civil airport [28,29].

Proximity to Runway Allowed Turbine Height

<3 km Not permitted
3–6 km ≤30–45 m

6–15 km ≤100 m
>15 km Up to 150–200 m

Heights in Table 2 refer to maximum blade tip height above ground level [30].
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5. Results and Discussion
Wind data were extracted from the European Reanalysis (ERA-5), collected over

approximately 40 years from 1985 to 2025, at 60 min intervals at a height of 100 m, and
analyzed using Windographer version 4 software. Wind data at heights of 80 m and 40 m
were estimated using vertical extrapolation in Equation (7).

5.1. Wind Speed Patterns

Figure 6 shows the mean hourly wind speed for each month. Generally, wind speeds
are higher in the warmer months (May, Jun., Jul., Aug., Sep.) than in the colder months. The
highest mean wind speeds are recorded in July (8.1 m/s, 9 m/s, and 9.4 m/s) at altitudes
40 m, 80 m, and 100 m, 8:00 PM (Figure 7), respectively. The lowest mean wind speeds are
recorded in November (5.3 m/s, 5.8 m/s, and 6 m/s) at altitudes of 40 m, 80 m, and 100 m,
respectively. Tables 3–5 provide the monthly mean wind speeds, minimum and maximum,
standard deviations values, as well as Weibull parameters for Nasiriya Airport at altitudes
of 40, 80, and 100 m.

Figure 6. Hourly mean wind speed for whole months.
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Figure 7. Monthly mean wind speed.

Table 3. Wind speed statistics at 40 m height.

Month Mean Wind Speed (m/s) Min Max σ (m/s) k c (m/s)

Jan 4.841 0.035 16.220 2.296 2.217 5.457
Feb 5.215 0.017 16.097 2.437 2.254 5.879
Mar 5.423 0.080 17.065 2.582 2.206 6.114
Apr 5.293 0.043 17.838 2.524 2.206 5.968
May 5.666 0.043 15.763 2.442 2.483 6.376
Jun 7.278 0.043 15.929 2.623 3.086 8.124
Jul 7.490 0.071 15.437 2.481 3.406 8.319

Aug 6.853 0.035 14.699 2.485 3.070 7.652
Sep 5.917 0.052 14.699 2.410 2.659 6.639
Oct 4.947 0.043 14.364 2.261 2.316 5.572
Nov 4.725 0.026 13.678 2.164 2.306 5.323
Dec 4.781 0.052 13.045 2.244 2.245 5.389

All 5.708 0.017 17.838 2.595 2.331 6.428

Table 4. Wind speed statistics at 80 m height.

Month Mean Wind Speed (m/s) Min Max σ (m/s) k c (m/s)

Jan 5.334 0.039 17.873 2.530 2.217 6.013
Feb 5.746 0.019 17.737 2.686 2.254 6.478
Mar 5.976 0.087 18.803 2.845 2.206 6.737
Apr 5.832 0.048 19.656 2.782 2.206 6.577
May 6.243 0.048 17.369 2.691 2.483 7.025
Jun 8.020 0.048 17.553 2.891 3.086 8.952
Jul 8.254 0.078 17.010 2.733 3.406 9.166

Aug 7.552 0.039 16.196 2.739 3.070 8.431
Sep 6.520 0.058 15.828 2.656 2.659 7.315
Oct 5.451 0.048 15.091 2.491 2.316 6.140
Nov 5.207 0.029 15.072 2.385 2.306 5.865
Dec 5.268 0.058 14.374 2.473 2.245 5.938

All 6.290 0.019 19.656 2.859 2.331 7.083

Figure 7 shows the hourly mean wind speed. This figure indicates the times of day
with favorable wind speeds throughout the year. Wind speeds are optimal between 7:00
and 11:00 PM at all elevations, while mean wind speeds are weak between 5:00 and 7:00 AM
at all elevations. Therefore, it can be concluded that strong winds often blow during the
night at elevations between 40 and 100 m.
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Table 5. Wind speed statistics at 100 m height.

Month Mean Wind Speed (m/s) Min Max σ (m/s) k c (m/s)

Jan 5.503 0.040 18.440 2.611 2.217 6.204
Feb 5.929 0.020 18.300 2.771 2.254 6.683
Mar 6.165 0.090 19.400 2.935 2.206 6.951
Apr 6.017 0.050 20.280 2.870 2.206 6.785
May 6.441 0.050 17.920 2.776 2.483 7.248
Jun 8.274 0.050 18.110 2.982 3.086 9.236
Jul 8.516 0.080 17.550 2.820 3.406 9.457

Aug 7.791 0.040 16.710 2.826 3.070 8.699
Sep 6.727 0.060 16.330 2.740 2.659 7.548
Oct 5.624 0.050 15.570 2.570 2.316 6.334
Nov 5.372 0.030 15.550 2.461 2.306 6.051
Dec 5.435 0.060 14.830 2.551 2.245 6.126

All 6.489 0.020 20.280 2.950 2.331 7.308

At 40 m above the ground (Table 3), the greatest mean wind speed reached 7.49 m/s
in July, accompanied by a Weibull k of 3.40 and a Weibull c of 8.31 m/s. The peak standard
deviation was recorded in June at 2.62 m/s. The monthly mean wind speed varied from
4.7 m/s in November to 7.4 m/s in July (Figure 8). The minimum mean wind speed
monthly is around nil, and the highest surpasses 17 m/s in April. It can be noticed that the
largest mean wind speed is in June and July, signifying that wind turbines may capture
more wind energy at those months. From April to July, the Weibull k parameter increases
from 2.20 to 3.40, as seen in Table 3. The Weibull c value fluctuates from 5.45 in January to
8.31 in July.

Figure 8. Hourly mean wind speed for the whole year.

In July (Table 4) the greatest mean wind speed reached 8.254 m/s, accompanied by a
Weibull k of 3.40 and a Weibull c of 9.16 m/s at an elevation of 80 m. The peak standard
deviation was recorded in June, at 2.891 m/s. The monthly mean wind speed varied from
5.20 m/s in Nov to 8.254 m/s in Jul. The minimum mean wind speed monthly is around
nil, and the highest surpasses 19 m/s. In June and July, the mean wind speed surpasses
8 m/s, signifying that wind turbines may capture more wind energy. From May and April
to July, the Weibull k parameter increases from 2.20 to 3.40. The Weibull c value fluctuates
from 5.86 m/s in January to 9.1 m/s in July.

In July (Table 5), the highest mean wind speed was 8.516 m/s with a Weibull k of
3.40 and c of 9.457 m/s at 100 m. June had the highest standard deviation, 2.982 m/s. The
mean wind speed varies from 5.3 m/s in Nov to 8.5 m/s in Jul. The monthly mean wind
speed ranges from a minimum of 0 to a maximum of 20 m/s. The mean wind speeds over
the course of a year are 5.708 m/s, 6.290 m/s, and 6.489 m/s at heights of 40 m, 80 m, and
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100 m, respectively. The mean wind speed shows that Nasiriya is a good area to generate
wind energy.

Figure 8 shows similar patterns of the monthly mean wind speed at adopted heights
based on Tables 3–5. Also, this figure shows that the monthly speeds at 40 m, 80 m, and
100 m heights vary from 4.9 m/s, 5.2 m/s, and 5.4 m/s in November to 7.4 m/s, 8.2 m/s,
and 8.5 m/s in July, respectively. Table 3 indicates that at a height of 40 m, wind speeds
throughout winter, from December to February, vary from 4.7 to 5.4 m/s. During spring,
from March to May, wind speeds vary from 5.2 to 5.6 m/s. During the summer months of
June to August, wind speeds vary from 6.8 to 7.4 m/s. In the Autumn months of September
to November, wind speeds range from 4.7 to 5.9 m/s. Consequently, the summer season has
a greater possibility for wind at Nasiriya Airport. This truth is applicable to the additional
heights of 80 m and 100 m (Tables 4 and 5). Wind energy can be used to supplement the
electrical power used at the airport, whether for lighting, heating, or cooling. The speed
of wind for the cold and warm seasons is shown in Table 6 for Nasiriya Airport at three
elevations. The mean wind speed during the warm season exceeds that during the cold
season at 40 m, 80 m, and 100 m.

Table 6. Seasonal wind for Nasiriya Airport at 40 m, 80 m, and 100 m heights.

Height (m) Coled Season (m/s) Warm Season (m/s)

40 5.06 6.02
80 5.58 6.63

100 5.75 6.84

5.2. Wind Speed Distribution

Using the Weibull probability function, frequency distributions of wind speeds have
been computed. Graphs in Figures 9–11 demonstrate that the actual distribution data is
best represented by the Weibull distribution. Figures 9–11 show Weibull k and c statistical
parameters of the Weibull probability distribution function at heights of 40 m, 80 m, and
100 m, respectively.

Figure 9. Wind speed distribution at 40 m.

Figure 10. Wind speed distribution at 80 m.
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Figure 11. Wind speed distribution at 100 m.

5.3. Cumulative Probability Distribution

Used to estimate the relative of turbine working time above the starting speed, and
it reflects the probability of wind speed will be smaller than or equal to a certain value.
Figure 12 shows the cumulative distribution at three heights. Table 7 presents two criti-
cal wind energy parameters, k and c, at various altitudes. These characteristics provide
essential locational information. The shape parameter stays invariant with altitude since
it is independent of wind speed; however, the scale parameter varies with wind speed
(altitude) because it is a function on wind speed. It is clear that the speed of the wind at
40 m, 80 m and 100 m heights is more than 4 m/s for 75%, 80% and 81% (Table 7) within a
year, respectively. Numerous commercial turbines start operation around 3 to 4 m/s, often
4 m/s, serving as a typical upper limit rather than a universal standard [31]. According to
this data, the wind at 40 m, 80 m, and 100 m above ground is more than 5 m/s for 60%,
67%, and 70% of the year, respectively. Thus, it is evident that there is considerable wind
potential for wind turbine installation.

Figure 12. Cumulative distribution for three heights.

Table 7. Weibull parameters at 40 m, 80 m, and 100 m heights.

Height (m) Weibull Shape k Weibull Shape c (m/s) Time Fraction
4 m/s

Time Fraction
5 m/s

40 2.587 6.558 75% 60%
80 2.587 7.226 80% 67%

100 2.586 7.454 81% 70%

5.4. Wind Rose Representation of Wind Direction

When analyzing wind data, predicting the wind’s direction is crucial, particularly
when deciding where to put wind turbines or wind farms. One useful technique for show-
ing the wind direction during a site study is a wind rose. Wind rose at 40 m, 80 m, and 100 m
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for the examined location is shown in Figure 13. The winds are mostly blowing from the
northwest. Figure 14 shows the wind rose for each month, revealing the frequency of wind
speed patterns across different directions and altitudes (40 m, 80 m, 100 m). The summer
months (Jun, Jul, Aug, and Sep) exhibit the highest frequency of wind speed patterns at
varying altitudes, indicating that the highest energy levels are typically obtained during
this season. In addition, it can be observed that the prevailing wind direction throughout
the year is northwesterly for all months of the year and across the different seasons.

Figure 13. Wind rose at 40 m, 80 m, and 100 m heights.

Figure 14. Monthly frequency of speeds vs. directions at 100 m, 80 m, and 40 m heights.

5.5. Wind Power Density

Power density is a key parameter deliver supporting information for evaluating site
suitability [27]. Thus, the wind power density at Nasiriya Airport was computed. At 100 m,
maximum wind power density varies between 185 W/m2 in Nov and 525 W/m2 in Jun.
While at 80 m and 40 m heights the maximum wind power density varies between 164 and
478 W/m2 and between 123 and 357 W/m2 in Nov to Jun. Figure 15 illustrates that only
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months from Jun to Aug have wind power density more than 400 W/m2 at 100 m height.
The results indicate that the Nasiriya Airport possesses fair potential of power density and
may be suitable for large-scale wind turbines at 80 m between 6 and 15 km, provided that
the proposed installations comply with the ICAO obstacle limitation surface (OLS)and do
not affect airport systems. At 40 m above ground, the density of power is around 123 W/m2

in Nov to 357 W/m2 in Jun. Months of Mar, May, Jun, July, Aug, and Sep have mean power
density greater than 200 W/m2 (see Table 8).

Figure 15. Hourly mean power density for whole months.

Table 8. Monthly power density at 40 m, 80 m, and 100 m heights.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Height 100 m
Min 137 168 178 143 134 291 297 200 142 92 85 116
Max 228 261 331 288 320 525 515 428 338 253 185 203

Height 80 m
Min 125 153 162 130 122 265 271 182 129 84.3 77.4 106
Max 208 238 302 263 292 478 469 390 308 230 164 184

Height 40 m
Min 93.1 115 121 97.1 91.5 198 202 136 96.7 63 57.8 79.1
Max 155 178 226 196 218 357 350 291 230 172 123 138
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5.6. Turbulence Intensity

Topography causes ambient turbulence and wind turbines cause induced turbulence.
Woods, hills, and cliffs provide ambient turbulence. By avoiding key geographical features,
ambient turbulence may be reduced. Wake effects generate huge turbulence more than
ambient turbulence. Reducing the space will increase the turbulence from neighbor turbines’
wakes, suggesting turbine placement restrictions. Turbines in the prevailing direction of
the wind should be at least five rotor diameters apart [32]. Wind speed in flat terrain
increases logarithmically with altitude, but in the presence of obstacles, the intensity of
wind turbulence increases, which leads to high fatigue loads, especially on the yaw system.
Obstructions such as buildings may similarly influence the wind profile and should thus
be avoided. Figure 16 illustrates the hourly rate of variation throughout the year for
the monthly mean wind speed and corresponding turbulence intensity. The monthly
variation in turbulence intensity displays high values reaching 0.188 in November. The
high turbulence intensity values are mostly seen during daylight hours from 06:00 to 18:00,
especially in January, February, March, and October. Figure 16 shows an inverse relationship
between wind speed and turbulence intensity associated with surrounding atmospheric
disturbances. A decrease in wind speed corresponds to an increase in turbulence intensity,
and vice versa.

Figure 16. Variation in turbulence intensity with hourly mean wind speed in the study region
throughout the study period.
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Figure 17 shows the wind flower for the surrounding turbulence intensity values,
where there are two turbulence intensities, one in the northeast direction and the other in
the southwest direction. It is equal at different altitudes; therefore, these two directions
(northwest and southeast) should be taken into account when attempting to build a wind
farm on this site.

Figure 17. Mean turbulence intensity at (a) 100 m, (b) 80 m, (c) 40 m heights vs. direction sensor at
same heights, respectively.

From Table 9, the typical turbulence intensity at 15 m/s is around 0.14 at all measure-
ment heights (40 m, 80 m, and 100 m), according to the turbulence intensity study done
using Windographer 4. For this reason, the site is categorized as Turbulence Category A in
accordance with IEC 61400-1 (3rd edition). While the appropriate wind turbine Class for
the study site can be estimated from Table 1. Since the average wind speed vave does not
reach 7 m/s, the appropriate wind turbine class is the 3rd one (class III).

Table 9. Turbulence intensity (TI) analysis at multiple heights based on IEC 61400-3.

All Speed Bins 15 m/s Speed Bin

Data Std.-TI TI-Rep Data Std.-TI TI-Rep Category

WS_100 m 1,048,563 0.02 0.20 2394 0.001 0.140 A
WS_80 m 1,048,563 0.02 0.20 1548 0.001 0.140 A
WS_40 m 1,048,563 0.02 0.21 312 0.001 0.140 A

5.7. Energy Generation from Wind Turbine

This section of the research compares the energy output of ten wind turbines at various
heights from various manufacturers. It should be noted that vertical extrapolation is used
to determine the wind speed at various heights (Equation (7)). Table 10 displays each wind
turbine’s rated output and rotor diameter [33]. Figure 18 shows the power curve for each
wind turbine; the turbine has multiple power curves due to the multiplicity of air densities.
The cut-in wind speed varies across the examined wind turbine types. The proven 15 kW
exhibits the lowest cut-in velocity at 2 m/s. The EWT54_900 and Enercon101 function
at a cut-in speed of 2.5 m/s, but the Acciona77/1500, Endurance3120, Nordex117/2400,
Vestas100/1.8, and DeWind6_64 m exhibit a cut-in speed of 3 m/s. Mitsubishi92/2.4 and
Suzlon52/600 exhibit higher values, both needing 4 m/s to start power production.
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Table 10. Characteristics of wind turbine [33].

Turbine Symbol Wind Energy System Diameter of the Rotor (m) Rated Output Power (kW)

a Acciona77/1500 77 1500
b Endurance3120 19.2 35
c Nordex117/2400 117 2400
d Vestas100/1.8 100 1800
e EWT54_900 54 900
f DeWind6_64 m 64 1250
g Enercon101 101 3050
h Mitsubishi92/2.4 61.4 1000
i Proven15 9 15
j Suzlon52/600 52 600

Figure 18. Representative wind turbine systems analyzed in the present study: (a) Acciona77/1500
(1.5 MW); (b) Endurance3120; (c) Nordex117/2400 (2.4 MW); (d) Vestas100/1.8 (1.8 MW);
(e) EWT54_900 (0.9 MW); (f) DeWind6_64 m; (g) Enercon101; (h) Mitsubishi92/2.4 (2.4 MW);
(i) Proven15; and (j) Suzlon52/600 (0.6 MW) [33].
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Table 11 presents the hub height wind speed for each turbine. The wind speed at a
height of 100 m is measured at 6.4 m/s. Table 12 summarizes the annual mean net energy
yield and corresponding capacity factor for each wind turbine model. It indicates that
the maximum energy output attained was 7259 MWh/year for the “Nordex N117/2400”
at an elevation of 91 m. Table 12 demonstrates that energy generation from the wind
turbines Nordex117/2400, Vestas100/1.8, Enercon101 and Mitsubishi92/2.4, making them
appropriate for the advancement of wind energy at Nasiriyah Airport. Conversely, we note
that the capacity factor ranges between 20% and 35%.

Table 11. Turbine hub height and wind speed value of each turbine model.

Turbine Symbol Wind Turbine Hub-Height (m) Wind Speed (m/s)

a Acciona77/1500 80 6.2
b Endurance3120 42.7 5.7
c Nordex117/2400 91 6.3
d Vestas100/1.8 95 6.4
e EWT54_900 50 5.8
f DeWind6_64 m 65 6.0
g Enercon101 100 6.4
h Mitsubishi92/2.4 60 6.0
i Proven15 25 5.4
j Suzlon52/600 75 6.1

Table 12. Each wind turbine’s average net energy production and turbine capacity factor.

Turbine Symbol Wind Turbine Energy Output (MWh/yr) Capacity Factor (%)

a Acciona77/1500 3276 25
b Endurance3120 104 34
c Nordex117/2400 7259 35
d Vestas100/1.8 5356 34
e EWT54_900 1373 17
f DeWind6_64 m 1551 14
g Enercon101 6834 26
h Mitsubishi92/2.4 4209 20
i Proven15 47 35
j Suzlon52/600 1254 24

It is advisable to install commercial-grade wind turbines at Nasiriyah Airport to capture
wind power for energy production. The Nordex117/2400 and Enercon101 models are optimal
selections according to their high-power output and capacity factor, making them suited for
extensive wind energy development and electricity generation at Nasiriyah Airport.

6. Conclusions
This study analyzed wind data at different heights to assess the wind energy potential

at Nasiriyah Airport, Iraq, using the Weibull probability distribution function. The results
showed that the prevailing wind direction is from the northwest, suggesting that any
future wind farm development should preferably be oriented in this direction. Turbulence
intensity analysis indicated that a Class IIIA wind turbine may be suitable for the site
conditions. The mean annual wind speeds were found to be 5.708 m/s, 6.290 m/s, and
6.489 m/s at heights of 40 m, 80 m, and 100 m, respectively. The Weibull distribution
demonstrated strong agreement with the observed wind data, confirming its reliability for
wind resource assessment in the study area.
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Higher wind energy potential was observed during the summer months (June to
August), with wind speeds ranging from 6.8 to 7.4 m/s. During this period, the wind
power density at 100 m height exceeded 400 W/m2, indicating favorable conditions for
wind energy generation. The analysis of ten wind turbines revealed improved energy
production at higher hub heights, with estimated annual energy production exceeding
7000 MWh/year at 100 m height. The maximum annual energy output was estimated at
7259 MWh/year with a capacity factor of approximately 35%, suggesting that the site has
promising potential for utility-scale wind energy applications.

Furthermore, turbine placement should consider airport safety regulations, with
installations preferably located on the northern and southern sides of the airport away
from the runway. In addition, turbines lower than 50 m should be located at least 10 km
from the runway, while turbines below 150 m should be placed at a minimum distance of
15 km to support safe airport operations.
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Nomenclature
The definition of symbols

Symbol Description Unit Mathematical Representation
v Wind speed m/s v ∈ [0, ∞)
k Weibull shape parameter – k > 0
c Weibull scale parameter m/s c > 0
f (v) Weibull probability density function –

Wp Wind power density W/m2 or kW/m2 Wp =
1

2n

n
∑

i=1
ρ v3

i

U Mean wind speed m/s U ∈ [0, ∞)

P
A

Wind power density in terms of Weibull
distribution function

W/m2 or kW/m2 1
2 ρc3Γ

(
1 + 3

k

)
f (U)

Cumulative distribution function in Weibull
representation

– 1 − exp
[
−
(

U
c

)k
]

σ Standard deviation of wind speed fluctuations m/s σ =

√
1

N − 1 ∑N
i−1

(
Ui − U

)2
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Symbol Description Unit Mathematical Representation
U Mean wind speed m/s
Ui Instantaneous wind speed measurement m/s ith wind speed observation
U Average wind speed m/s
N Number of wind speed observations – Total sample size
Zref Reference height above ground level meter –
Z Target (hub) height above ground level meter –
α Wind shear exponent – Surface roughness parameter
vr Reference wind speed at reference height m/s Measured wind speed
TI Turbulence intensity – (or %) TI = σ/U

Iref
Reference turbulence intensity at a mean wind
speed of 15 m/s

– Ste specific parameter

Pw Mean wind turbine power output W or kW =
∞∫
0

P(U)P(U)dU

C.F Capacity factor – =
exp[−(vc/c) k

]
−exp[−(vr/c) k

]
(vr/c)k−(vc/c)k − exp[−(v f /c)k]

PR Rated power of the wind turbine kW or MW Manufacturer rated power
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