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Abstract
Received: Surface roughness is a critical parameter in wind resource assessment, which determines the
21 January 2026 vertical wind speed profile and has a significant impact on the intensity of turbulence and
Accem?d: extrapolation of energy yield estimates. Unlike in the preceding studies that have overlooked
;ﬁtﬁ‘iz:;joze the terrain roughness aspect in the estimation of the wind resources in Iraq, this study provides
30 June 2626 a rigorous and systematic evaluation that directly incorporates surface roughness parameters

in the determination of the site suitability as well as the prediction of potential wind farm
energy output. A key feature of this approach is the use of the Wind Atlas Analysis and
Application Program WASP methodology integrated with the Global Wind Atlas dataset. The
impact of surface roughness on wind characteristics and energy production from wind
turbines was analyzed at three sites in Anbar Province, namely Al-Nukhayb, Al-Qa‘im, and
Al-Haglaniyah, western Irag. Wind shear, mean wind speed, power density, the Weibull
parameters, and the sensitivity of these parameters to surface roughness variations were
evaluated. The results indicate that changes in surface roughness led to changes in mean wind
speed, Weibull scale parameter, and shear coefficient, which showed a logarithmic increase
with respect to surface roughness. It observed that the prevailing wind direction originates
maunly from the northwest, and the study succeeded in determining the various capacity
factors for wind turbines according to different surface roughness. The capacity factors
reached 30.5% at the first site, 19.2% at the second and 31.7% at the third. This highlights the
substantial influence of surface roughness on evaluating the suitability of wind turbines sites.
The results provide useful insights for accurately assessing wind resources and efficiently
installing turbines in the initial planning stage.

Keywords:  Wind energy; Land surface; Surface roughness; Arid terrains; Iraq

1. Introduction

Most of the greenhouse gases that trap heat in the Earth's atmosphere come from burning fossil
fuels to produce energy, mainly for electricity and heat. This energy transition is critical to tackling the
climate crisis, as fossil fuels still provide 80 percent of the global energy supply. Therefore, the
transition to renewable energy is essential (Asif, 2022; Li et al., 2022; Ezekiel et al., 2024; lbrahim et al.,
2025). Renewable energy is a significant component in the fight against climate change, reducing
reliance on fossil fuels that release carbon dioxide (Ezekiel et al., 2024; Bandoria et al., 2025). Energy
production is responsible for approximately 72% of total global artificial greenhouse gas emissions,
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making the energy sector a critical focus for decarbonization (Lee et al., 2021). Across the Middle East
and North Africa (MENA), the expansion of solar photovoltaics and wind power has become a strategic
priority in energy policy. The Global Wind Energy Council’s (GWEC ) flagship global wind report
shows that 2024 was a record year for new capacity, with 117 GW of wind energy installed across the
world. A transition toward renewable energy is underway, driven by the implementation of strategic
policies by regional governments. Several high wind sites in MENA have been identified for
development, including Egypt’s Gulf of Suez, Morocco’s Atlantic coast, northwestern Saudi Arabia,
and southern Oman, all of which exhibit excellent wind conditions (with typical wind speeds well above
7-8m/s and peaks over 10m/s) (Dourian,2023). Saudi Arabia has recently completed its first
utility-scale wind farm, and new projects are on the way (Dumat Al Jandal, 400 MW), which is the
largest in the Middle East and began feeding electricity into the grid in 2021 (Jazeera, 2021). Wind
installations have been launched in Jordan and Oman, and several Gulf states are in the process of
planning their initial wind projects (Coleman, 2024).

Irag is a prime example of a country with promising wind energy but still lacks development on a
national scale. Irag's energy sector relies on oil and gas for 80% of its electricity generation, and the
country faces chronic power shortages and unmet peak demand. Iraq announced plans to add roughly
10-12 GW of renewable capacity by 2030 ( Kapoor, 2025), aiming to reach about 20% of generation
from clean sources. Accurate wind resource assessment is essential for wind energy projects, as it
identifies suitable turbine sites, suitable turbine characteristics such as blade design (Kadhim et al.,
2022), and supports early economic evaluation of the required capital investment (Ucar & Balo, 2010;
Kucukali & Dingkal, 2014; Ayik et al., 2021). Several peer-reviewed studies assessing wind energy
potential in Iragq have demonstrated substantial spatial and temporal variability in wind speed and energy
density. It is noted that wind speeds tend to be highest in the middle of the day, which is when we also
see peak values between 5 to 10 m/s. Also, wind speeds in summer exceed those of winter, which at the
same time sees greater electricity demand for cooling in the hot months (Darwish et al., 2019). Iraq can
be divided into three wind speed regions: 2—-3 m/s, 3.1-4.9 m/s, and above 5 m/s, with about one-sixth of
the country experiencing annual wind speeds greater than 5 m/s, making these areas suitable for wind
farm development (Hasan & Geng, 2022). The potential for wind energy increases from the north to the
center and southern parts of Irag, especially at heights of 30-50 m, where wind speeds can exceed 8 m/s
(Resen,2024). Surface roughness is a critical factor in wind resource assessment because it directly
affects the wind speed at the turbine hub height (Drobinski, 2026). Inaccurate estimation of surface
roughness can introduce errors in wind speed measurements, which in turn affect energy output
calculations. For instance, even a small 1% error in wind speed may result in nearly a 2% deviation in
the estimated energy production (Rehman et al., 2007). Therefore, studying surface roughness in wind
energy projects is critically important. Existing literature on wind assessments has received
comparatively limited attention (Nassif et al, 2024), and systematic investigation of surface roughness
effects on wind resource characterization is often overlooked, particularly in desert and semi-arid
environments with heterogeneous terrain. Irag has diverse terrain even within a single geographical
area. In western Irag (the study area), there are open desert areas as well as agricultural areas with
residential areas, which we present as a representative case study for looking at roughness effects.

This study makes three principal contributions to wind resource assessment methodology and
renewable energy development in arid regions. First, it takes into account the effect of surface roughness
on the assessment of wind energy resources. Second, it studies the effect of roughness on the power
output of turbines and calculates the capacity factor. Third, it employs the WASP programme as a
working method and integrates data from the Global Wind Atlas as a data source. This work represents
an original contribution to a region with untapped wind energy potential.
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2. Study Area

The analysis within Al Anbar Governorate, as shown in Fig. 1, the largest governorate in Irag. This
region also covers most of the western border of the country and borders with Syria in the Northwest,
Jordan in the West, and Saudi Arabia in the Southwest. Al Anbar, like the other places in Irag's western
deserts, has a dry continental climate, and much of the governorate lies within the Syrian Desert
ecosystem, characterized by steppe and desert landforms, low annual precipitation, large diurnal
temperature variation, and low humidity. The temperature rises in summer to 52°C, and decreases to
approximately 9°C in winter. The winds are northwesterly and southwesterly (Muslih and Abbas,2024).
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Fig.1. Map of the study area

Three geographically close sites that differ in surface roughness were selected to study the effect of
varying surface roughness on evaluating wind energy potential, and consequently, wind power
generation, as shown in Table 1.

The first site is located in the Al-Nukhayb Subdistrict of Al-Rutba District, at coordinates
32.971804°N, 41.616211°E, defined by a roughness length of zo = 0.0050 m. This site presents very
smooth terrain typical of unvegetated desert surfaces with minimal surface obstacles. The second site is
located in Al-Qa'im, specifically within the Al-Qa'im Central Subdistrict of Al-Qa'im District, at
coordinates 34.402604°N, 41.02858°E, with a roughness length of zo = 0.10 m. This intermediate
roughness classification applies to agricultural land with scattered windbreaks and dispersed built-up
areas. The third site features located in the Al-Haglaniyah Subdistrict of Haditha District at
34.197037°N, 42.046738°E, roughness length zo = 0.03 m (Davis et al., 2023). It is open terrain
characterized by scattered grassland vegetation. There are marginal surface obstacles, and only a few
isolated structures.
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Table 1. Coordinates of study area sites

Roughness

Site coordinates Name length zo (M)

N:32.971804°, Al-Nukhayb  Subdistrict, Al-Rutba District,

! E:41.616211° Al-Anbar Governorate, Iraq 0.0050

) N:34.402604°, Al-Qa'im, Al-Qa'im Central Subdistrict, Al-Qa'im 0.10
E:41.02858° District, Al-Anbar Governorat '

3 N:34.197037°, Al-Haglaniyah  Subdistrict, Haditha District, 0.03

E:42.046738° Al-Anbar Governorate, Iraq

3. Data and Methodology

3.1. Data Acquisition and Processing

The assessment of wind resources in this work is based on the Global Wind Atlas GWA database.
This data was then used as the basis for assessing the wind resource potential within sites under study. It
combines multi-year data sets of atmospheric reanalysis (ERA) and sateliate observation which provides
long-term estimates for wind resources that are regarded as reliable. The wind resource data extracted
from GWA and exported as WASP library file format (.lib).

3.2. Wind Resource Characterization

Mean wind speed (WS), power density and Weibull distribution parameters have been obtained at
five height levels (10 m, 50 m,100 m, 150 m, 200 m, and 250 m) and used to conduct a wide-ranging
evaluation of available wind resources. The vertical resolution was selected to resolve unique wind
profile development across the lower atmospheric boundary layer and span the current hub height of
modern commercial wind turbines. A two-parameter Weibull probability distribution was fitted to each
site’s wind speed data. The Weibull distribution is expressed as (Shi et al., 2021):

Fo =5 ew[- ()] ®

where: A is the scale parameter, and k is the shape parameter of the Weibull distribution. x
represents the wind speed (m/s).

3.3. Terrain Surface Characteristics and Surface Roughness Classes in WASsP

The classification ranges from perfectly smooth surfaces (roughness class 0), such as water bodies
like seas, fjords and lakes to rougher terrain zo = 0.40 metres. Surface roughness length values applied in
the Global Wind Atlas 4.0 (GWA 4.0) were derived systematically from a globally available
high-resolution land cover product, specifically version 200 of European Space Agency’s WorldCover
dataset, which is one of the newest global products available for land cover classification and mapping
based on satellite observations The dataset combines remote sensing from different types, from optical
sensors and synthetic aperture radar (SAR) data of the Sentinel-1 and Sentinel-2 missions to reach an
overall classification accuracy level up to 76.7% for a version used in this application. WorldCover
detects 11 different land cover classes at a native spatial resolution of around 10 metres (Davis et al.,
2023).

To integrate it into the GWA framework, the original WorldCover data was resampled to a finer
horizontal grid spacing of 1/2400 degrees (approximately 50 metres at the equator) using nearest
neighbour interpolation techniques, while maintaining the WGS 1984 geographic coordinate system
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(European Petroleum Survey Group, EPSG: 4326). Taking into account physical properties related with
each surface type, the processed from explicit land cover classes to continuous roughness length values
required precise study (Davis et al., 2023). The correlation between roughness length, terrain
characteristics, and roughness class is described in Table 2 (Pefia et al., 2016).

Table 2. Roughness length values (Pefia et al., 2016)

Roughness . - Specified in
length 2o (m) Terrain surface characteristics Roughness class zo WASP (m)
15 15
51 Tall forest 4(1.5) m -1
1 city 1
0.80 forest 0.80
0.50 suburbs 0.50
0.40 Villages / suburban terrain 3(0.4) m 0.40
0.30 Shelter belts 0.30
0.20 Many trees and/or bushes 0.20
01 Farmland with a closed 2(010) m 01
appearance
0.05 Farmland with an open 0.05
appearance
Farmland with very few
0.03 buildings/trees 1(0.03) m 0.03
0.02 Airport areas with buildings 0.02
and trees
0.01 Airport runway areas 0.01
0.008 Mown grass 0.008
0.005 Bare soil(smooth) 0.005
0.001 Snow surfaces (smooth) 0.003
0.0003 sand surfaces (smooth) 0.003
Used for the water surface
0.0002 in the Atlas 0(0.0002) m 0.0
0.0001 Water areas(lakes, fjords, 0.0
open sea)

3.4. Wind Shear Coefficient

Wind shear, a quantitative indicator for describing how the speed of the wind changes with height
in an atmospheric boundary layer, is also a key parameter in wind resource assessment and turbine
performance evaluation. Wind shear is mainly influenced by surface roughness, atmospheric stability,
and thermal stratification, with surface roughness often acting as the dominant factor under neutral
atmospheric conditions (Emeis, 2013; Gualtieri, 2019).

Numerous empirical and theoretical studies have demonstrated a strong positive relationship
between zo and the wind shear exponent a for neutral conditions as expressed by (Counihan, 1975;
Wieringa, 1992).

o= 0.096 10g1¢(29)+0.016(log1(20)%+0.24

In ()

(2)
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a is the wind shear exponent (dimensionless), zo is the surface roughness length (m), and z is height
above ground level (m).

Other expressions for o in terms of roughness length have been suggested by several authors,
demonstrating the local nature of the wind shear relationship and the intricate details of boundary layer
physics (Hsu et al., 1994). Precise characterisation of wind shear is critical to many considerations of
wind energy project development, since spatial variations in shear coefficients lead to uncertainty in
wind resource mapping and require careful consideration in optimizing turbine siting (Wharton and
Lundquist, 2012).

3.5. Turbine Selection Methodology

The Vensys V100-2.5 MW wind turbine was chosen since it has International Electrotechnical
Commission IEC Class HIA certification, which is suitable for the moderate wind regime observed at
the study sites (average wind speed of 6.5 m/s at a height of 100 m). The turbine's relatively low start-up
speed (3 m/s) also enables power generation under low wind speed conditions typical of the region.
Fig. 2 shows the power curve for the Vensys V100-2.5 MW wind turbine.

o Wind speed AEP [MWh]
Power (kW)
m/s VENSYS 100 - LM 48.8
3000
5.0 38705
2500
5.5 4,897.2
2000
6.0 5,950.8
6.5 6,997.7 150
7.0 80129 L)
15 89785 500
A Pie % 2 4 & 8 W 12 1w 18 18 2 2 »
8.5 10,7173 Wind speed (m/s)

Fig. 2. Power curve of Vensys V100-2.5 MW wind turbine

3.6. Annual Energy Production Estimation

Annual energy production (AEP), usually expressed in MWh/year or GWh/year, is defined as the
total electrical energy generated by wind turbines over a one-year operating period (Pryor et al., 2018).

AEP = 8760 %X [ P(v) X f(v)dv (3)
where 8760 represents the total number of hours in a standard year, v denotes wind speed, f(v) is the
probability density function (PDF) of wind speed, and P(v) is the turbine power output at wind speed

v(kW).

3.7. Capacity Factor Determination

The wind turbine capacity factor shows the ratio of actual energy output to maximum possible
energy output. This parameter is mathematically defined as (Jung & Schindler, 2023).

CF = AEP/(P — rated X 8760) (4)
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where P-rated denotes the turbine's nameplate capacity in megawatts, and annual energy
production AEP is expressed in MWh/year. The wind turbine capacity factor is a standard indicator of
turbine performance efficiency.

4, Results and Discussion

4.1. Regional Wind Climate for Site 1: Extract energy

Fig. 3a illustrates the relationship between mean wind speed and height for different values of
surface roughness length (zo). It is revealed that height-wise wind speed monotonically grows in all of
the cases. The reasons for this behavior are the decrease of frictional actions right over the ground and
obstacles like buildings or terrain features that influence lower at given levels.

The appearance also shows the large effect of surface roughness. This airflow resistance causes
more drag, such that as the roughness length (zo) rises, wind speed to ground drops. Fig. 3b reveals that
wind power density shows a strong vertical gradient and reaches about 496 W/m? at 250 m above ground
over a smooth landform, which represents a significant increase in wind power potential. Surface
roughness has a wide-ranging effect on the distribution of power density; smooth surfaces (very low
roughness) have much higher power densities than highly roughened terrains (zo equal to 3.00 m),
especially in the region of the lower atmospheric boundary layer. Nevertheless, higher surface
roughness increases turbulence and reduces wind speed near the surface, leading to lower power
density; however, these effects progressively weaken with height, as is seen at 250 m above ground
level. Concurrently, the Weibull shape parameter (k) increases both with elevation and with surface
roughness magnitude as shown in Fig.4a, indicating a shift toward a more uniform and temporally
consistent wind speed distribution at higher levels, where flow in the atmosphere is decoupled from
surface drag effects. Mean wind speed is directly proportional to the height and inversely proportional to
the roughness of the surface. Fig.4b illustrates the relationship between Weibull (k) and height for
different surface roughness.

Mean Wind Speed vs Height Power Density vs Height

@

Fig. 3. a) The relationship between mean wind speed and height for different surface roughness across
study site 1, Al-Nukhayb — Anbar Gov., western Irag. b) The relationship between power density and
height for different surface roughness across study site 1, Al-Nukhayb, Anbar, Iraq
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Weibull A Parameter vs Height

Weibull k Parameter vs Height
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Fig. 4. a) The relationship between Weibull (A) and height for different surface roughness, b) The
relationship between Weibull (k) and height for different surface roughness

The wind rose indicates that the prevailing wind direction is northwest (Fig. 5).

Fig. 6 reveals a strong relationship between the shear coefficient and surface roughness; The shear
coefficient increases significantly with increasing surface roughness. For smooth terrain (zo = 0.00 m),
the power law exponent has a minimal value of a = 0.1207, indicating very low wind shear and
consequently a relatively uniform vertical wind speed profile throughout the atmospheric boundary
layer. In contrast, extremely rough terrain ( ze = 3.00 m) generates a markedly elevated power law

exponent of a = 0.4797, representing the highest degree of wind shear, which increases significantly
with increasing height above the surface.

Shear Coefficient Trend
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e Surface Rouahness za (m)
Fig. 5. Wind rose for site 1 Fig. 6. Relationship between the shear coefficient and surface

roughness for site 1

4.2. Energy Production and Performance Analysis for Site 1

The selected Vensys V100-2.5 MW wind turbine is expected to generate 6.69 GWh/year (gross),

with a capacity factor of 30.5%, placing it at the lower bound of the ‘good’ category and indicating
moderate-to-good wind resource quality and commercial viability.

4.3. Regional Wind Climate for Site 2

Fig. 7a illustrates the relationship between mean wind speed and height for different surface
roughness across study site 2. Fig. 7-b illustrates the relationship between power density and height for
different surface roughness. Fig. 8 -a depicts the relationship between Weibull A and height for different
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surface roughness across study site 2, while Fig.7-b reveals the relationship between Weibull K and
height for different surface roughness.

Mean Wind Speed vs Height Power Density vs Height

)

Fig. 7. a) lllustrates the relationship between mean wind speed and height for different surface
roughness across study site 2, Al-Qa'im, Anbar, Irag. b) illustrates the relationship between power
density and height for different surface roughness across study site 2, Al-Qa'im, Anbar, Irag.

Weibull A Parameter vs Height Weibull k Parameter vs Height

Fig. 8. a) The relationship between Weibull A and height for different surface roughness across study
site 2, Al-Qa'im, Anbar, Iraq b) The relationship between Weibull K and height for different surface
roughness across study site 2, Al-Qa'im, Anbar, Iraq

Both Weibull parameters and mean wind speed increase with height and decrease with surface
roughness. Smoother surfaces show less variation with height. Weibull k peaks around 50 m height for
all roughness values, then gradually decreases. Increased surface roughness is associated with a slight
increase in the Weibull shape parameter (k), while smoother surfaces generally exhibit higher wind
power density due to reduced frictional effects. The results clearly indicate that wind resource
assessment is highly strongly influenced by surface roughness, with smoother surfaces generally
supporting higher wind speeds, although they do not always yield the highest power density at all
heights.

Fig. 9 illustrates the wind roses in site 2; there is a northwest direction of the prevailing wind. Fig.
10 represents the correlation between the shear coefficient and surface roughness.
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Shear Coefficient (a) vs Roughness Length
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Fig. 9. Wind rose for site 2 Fig. 10. Relationship between the shear coefficient and

surface roughness for site 2

The shear coefficient rises from a=0.136 for smooth surfaces to 0=0.485 for very rough terrain.
This correlation is in line with physical principles, as small percentage of surface roughness states
produce differences between shear coefficient a. The shear coefficient is log-dependent on surface
roughness.

4.4. Energy Production and Performance Analysis for Site 2

The overall performance evaluation of the Vensys V100-2.5 MW wind turbine installation has
shown that the anticipated rate of the generation of energy is about 4.22 GWh/year. The resulting
capacity factor of 19.2% places the installation at the low range of the commercially viable range of
wind energy projects, which indicates a mediocre quality of wind resource in the site under
consideration.

4.5. Regional Wind Climate for Site 3

Fig. 11a illustrates the relationship between mean wind speed and height for different surface
roughness across study site 3, Al-Haglaniyah — Anbar Gov., western Irag. Fig. 11b depicts the
relationship between power density and height for different surface roughness. It seems that, in lower
heights (less than 100 m), smooth surfaces have a greater wind speed and power density. However,
beyond 150 m, a medium roughness (zo=0.03m) is the best. The maximum power density of 717 W/m?
at 250 m, out of all other roughness values, in this case of (z=0.03m). Fig. 12a illustrates the
relationship between mean wind speed and height for different surface roughness. It is clear that the
Weibull A parameter increases with height and decreases with surface roughness. Fig.12-b depicts the
relationship between Weibull K and height for different surface roughness across study site 3. It is
evident that increasing surface roughness systematically elevates the Weibull shape parameter (k),
reflecting a more uniform wind distribution, with k values spanning roughly 1.7 to 2.4 across the
roughness range. In cases of hub height 150 m or greater, locations with zo of 0.03-0.10 (open
grassland/farmland) have the best potential to exploit the wind resource. The (zo=0 m) case shows
non-standard behaviour, and for the very smooth surface, the wind turbine shows improved performance
at higher elevations. This is due to the increase in wind speed with height, as predicted by the wind shear
profile. Local surface characteristics, such as smooth water bodies, can reduce near-surface turbulence
and modify the wind velocity profile, which influences the turbine’s energy output. Consequently,
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turbines operating at higher hub heights over smooth terrain can achieve higher energy production
compared to lower elevations.

Mean Wind Speed vs Height Power Density vs Height
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Fig. 11. a) The relationship between mean wind speed and height for different surface roughness across
study site 3, Al-Haglaniyah — Anbar Gov., western Irag. b) The relationship between power density and
height for different surface roughness across study site 3, Al-Haglaniyah — Anbar Gov., western Irag.

Weibull A Parameter vs Height Weibull k Parameter vs Height
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Fig. 12. a) lllustrates the relationship between Weibull A and height for different surface roughness
across study site 2, Al-Haglaniyah — Anbar Gov., western Irag. b) lllustrates the relationship between
Weibull K and height for different surface roughness across study site 3, Al-Haglaniyah — Anbar Gov.,
western Irag.

Fig. 13 shows that the dominant wind direction is northwestern. The results in Fig. 14 indicate a
strong positive relationship between shear coefficient and surface roughness, whereby the former rises
logarithmically with the latter (a: 0.121 — 0.457).
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Fig. 13. Wind rose for site 3 Fig. 14. Relationship between the shear coefficient and surface
roughness for site 3

4.6. Energy Production and Performance Analysis for Site 3

Assessment of the wind turbine installation of Vensys V100-2.5 MW wind turbine reveals that the
expected annual energy output of the installation is estimated to be around 6.94 GWh of energy. With a
calculated capacity factor of 31.7%, it is possible to categorize this installation as a good performance
segment of onshore wind energy developments.

5. Conclusions

This paper presents a detailed assessment of wind potential and the corresponding energy
generation at three locations in Al Anbar Governorate, western Irag: Al-Nukhayb, Al-Qa'im, and
Al-Haglaniyah. The study particularly focuses on analyzing the effect of surface roughness on wind
patterns and turbine performance. The results of this study have conclusively shown that surface
roughness has a significant effect on all the basic parameters of wind resources. Mean wind speed and
Weibull scale parameter (A) have a systematic negative correlation with the roughness length. Wind
speed on smooth terrain (zo = 0.00- 0.03 m ) is 15-30% above the wind speeds on very rough terrain (zo
= 3.00 m) at typical turbine hub heights. The power density is more sensitive to the change in the surface
roughness. The power density of smooth surfaces is two to three times that of very rough terrain at
elevations less than 100 m. However, the effect of surface roughness weakens with height due to the
decreasing influence of ground friction. A wind shear study shows that there is a high positive
correlation between wind shear and surface roughness, which shows observed consistency and
alignment of data points. Directional analysis indicates that the prevailing wind comes from the
northwest (around 300°), with 33.6-38.9% of observed wind speeds occurring from this direction under
the specified surface roughness conditions. Computations of energy yields at the Vensys V100-2.5 MW
wind turbine show high variation across the tested locations; the value of capacity factors was within the
range of 19.2-31.7%. The study confirms that the parameterization of surface roughness is one of the
most important determinants for characterizing wind energy potential and assessing the future viability
of wind energy projects.
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