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Abstract: This study examines the wind shear coefficient (WSC) values at three coastal wind sites located in
the southern region of Balochistan, Pakistan: Pasni, Ormara, and Jiwani. These WSC values were obtained
using 10-minute measured wind speed data at heights of 20, 40, and 60 meters above ground level (AGL). Since
wind measurements are typically recorded at lower heights due to cost and resource constraints, extrapolation
techniques were employed to estimate wind speeds at higher altitudes. However, using a constant WSC value
for extrapolation may lead to significant errors between extrapolated and actual wind speed measurements,
impacting the energy output of wind turbines. To evaluate the effect of WSC on energy yield, the study
employed power curves and frequency distributions for 2MW and 1.5MW wind turbines. Additionally, wind
power density was calculated using air density derived from measured air temperature and surface pressure
data, covering two years period from November 2016 to August 2018. The overall mean WSC values were
found to be 0.076 at Pasni, 0.094 at Jiwani, and 0.053 at Ormara. The study further investigated the seasonal,
monthly, and diurnal variations of WSC. For assessing wind resources at a height of 60m, the study utilized
Wind Roses, wind power density, and Weibull parameters. Comparing the actual WSC values presented in
this paper with those obtained using the 1/7 power law and measured data at 60m AGL, the energy yield from
the wind turbines showed reduced output and capacity factor.

Keywords: wind Energy; wind turbine; wind shear; wind power density

1. Introduction

The optimum goal of wind resource assessment is to accurately predict energy performance. For
power generation forecasting, information on wind speed near the wind turbine wave height and
power curve is required because the external environmental conditions at the wind farm
development site directly impact the annual energy production (AEP) calculations [1]. The wind
turbine's power curve relative to the external environmental conditions should be calculated as
accurately as possible to reduce prediction errors in the energy production calculation process [2].
Environmental factors affecting wind turbines' performance can be broadly classified into terrain
influences, surface friction, obstacles, atmospheric conditions, and wakes from nearby wind turbines
[3]. Among them, atmospheric conditions can be classified into turbulence intensity (TI), wind shear
exponent (WSE), and atmospheric stability. Several studies have been conducted to investigate the
effects of these atmospheric conditions on the performance of wind turbines [4,5].

Actual sites mostly present a wide variety of atmospheric conditions. Although the degree of
variation may vary within each site, strong diurnal fluctuations caused by solar radiation energy are
generally experienced [6,7]. In fact, atmospheric stability shows stable, unstable, as well as neutral
states due to thermal factors during the day. This atmospheric stability influences the formation and
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dissipation of air mixing and Wind shear vertically and horizontally. This effect ultimately flows into
the swept area and reflects the wind field affecting the wind power output and the performance of a
turbine [8,9]. Therefore, the manufacturer's performance curve (MPC) varies from the performance
curve of the wind turbine actually installed on the site which usually leads to errors in the calculation
of AEP [10,11].

In most of the data collection stations in the world, wind speed is measured at only one specific
height due to which wind shear values are hardly available [12]. Several studies have been conducted
to examine wind shear and other related atmospheric conditions to show stable, unstable, and neutral
states of stability due to thermal factors in diurnal variation, which influences the production of
energy [13]. This difference generally results to show errors in the annual energy production (AEP)
calculation [14]. One study was conducted in Jeju Island, South Korea to analyze atmospheric factors,
stability, and wind shear exponent on the wind power performance and annual energy production
(AEP) of wind turbines, which revealed variation of 1.4-4% due to a difference in Wind shear
exponent [15]. The wind shear and its effects on annual energy production for Phagan Island were
collected at 65m and 120m above ground level with the help of Weibull parameters, which showed
up to 35% difference in Wind energy production due to variation in wind shear coefficient [16].
Another study was conducted in southern Namibia where the hub height and energy yield were
found to be dependent on wind shear coefficient. The mean wind shear coefficients were found to be
0.197 and 0.132 with maximum values during winter and minimum in the month of summer while
the diurnal values were maximum in night stable hours and minimum in daylight hours [17].
Furthermore, measurement of Wind shear coefficient variability was conducted at three coastal sites
of Malaysia at a height of 55m to 70m from ground level by using the Power law equation. The results
showed wind shear values larger than the 1/7 power law (0.143) which confirms the variation in wind
energy potential with the change in Wind shear coefficient accordingly [10].

Wind data for one year was collected in Balikesir by using power law and Weibull parameters
to show the effect of wind shear coefficient on energy production. The difference in wind energy
production from collected data at hub height and extrapolated data was up to 49.6% due to wind
shear coefficient influence [18]. Another study was conducted in Dhahran Saudi Arabia from the data
20, 30, and 40m above the ground level to find the effect of wind shear coefficient on energy yield
from a wind farm of 60MW. Higher values of wind shear coefficient were observed during nighttime
and smaller in daylight hours. The energy yield achieved was around 11-12% more for the actual
wind shear coefficient compared with the obtained using the 1/7 power law [19]. The wind shear
coefficient was also calculated for three coastal locations in southern Italy by using power law for
diurnal, monthly, and annual variation. Furthermore, Wind resources were assessed to study the
effect and compare it with the energy yield of extrapolated data at 50m from 10m using wind roses,
wind speed frequency distribution, and Weibull's parameters [13]. The wind shear coefficient was
determined using wind energy resources for scale-up contribution to renewable energy in rural, pre-
urban, and urban areas by using power law and wind velocity profile. The effect of diurnal wind
shear resulted to be maximum at nighttime and a minimum in daytime hours, which suggested
cooling of the ground surface and air above it [12]. Annual mean wind shear was calculated on 4-
year data in a location in the South of Pakistan with elevation of 10m and 30m above ground level.
The value of wind shear was reported at about 0.269-0.318[20].

This study utilized the wind measurements made at 20, 40, and 60m above ground level in three
different coastal sites Pasni (PS), Jiwani (JW), and Ormara (OR). The power performance of different
suitable turbines was analyzed with the variability of vertical and horizontal wind speeds. The site-
specific air density was calculated with the help of local temperature and pressure measurements
available at ground level. The main aim of the study is to analyze the effect of wind shear on the
distribution and measurements of the differences in the power curve and annual energy production
with the variation in atmospheric factors.
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2. Data Collection and Site Description

This study was conducted in the coastal area of Mekran in the Balochistan province of Pakistan
along a stretch of semi-desert coastline connected with the coast of Iran and the Gulf of Oman, as
shown in Fig. 1. It stretches west from Sonmiani Bay in the northwest to Karachi (Pakistan's largest
city) in the east. Mekran's coastline is about 750 km long and has a dry climate with little rainfall. The
main port cities are Ormara, Pasni, Gwadar, Ganz, Pishukan, and Jiwani. Mekran coastline offers
great potential for a wind power project in the near future where there are currently no wind turbines
installed. Pasni is a city located at 25 © 15" 47" N, 63° 28' 9" E, 7m (20 ft.), with a hot arid/desert
subtropical climate at low latitudes [21]. The average annual temperature is about 25.5 degrees
Celsius with an average of 98.2 mm rainfall. Another city, Jiwani is located in the northern
hemisphere at a latitude 25°3'1" N, 61° 44' 48"E, 10m above sea level. The annual average temperature
of the coast is 27°C. Jiwani has a much lower annual rainfall of around 13.66mm and winters here are
short, pleasant, and dry, with mostly clear skies of temperature 23°C, while summers are relatively
warm with temperatures reaching 32°C [22]. Jiwani also has an airport with a weather forecast
system, just 10 km from the city center. Furthermore, Ormara is also a coastal city in Balochistan,
Pakistan at 25° 12' 38" North, 64° 38' 15", 4m with a hot desert climate [23]. The maximum annual
average temperature here is 29°C (from 24°C in January to 33°C in May) with annual precipitation is
75 mm. Like Pasni and Jiwani, Ormara City has also its own domestic airport flight forecast system.
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Figure 1. Location of the three coastal sites of Mekran: PS, JW and OR.

The data used for this research was collected between November 2016 and August 2018 at three
stations and is provided by the Meteorological Department of Pakistan. Temperature, barometric
pressure, and humidity measurements are taken at 5m AGL, while average wind speeds were
recorded at 20m, 40m, and 60m, and wind direction at 58.5m AGL. Each measurement was recorded
with duration of ten minutes.

Due to the small population size, it was possible to conduct the study on the whole population.
The data collection tools/questionnaires were developed and tested. The questionnaires were
distributed to all the individual companies involved in the study. The quantitative data was collected
using questionnaires and then collated and fed into MS Excel. The MS Excel generated various
statistics, which were used to inform the discussion, conclusion, and recommendations.
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3. Materials and Methods

3.1. The Power Law

Wind shear profile is determined by using the power law proposed by Hellmann in 1916, which
is used to transfer the recorded data by an anemometer at a certain height for other desired heights
[24]:

h a
V2 =1 (h_j) 1
where Vi (m/s) and V2 (m/s) are the wind speeds at height hi (m) and h2 (m) respectively, Eq (1) and
"a” is the Hellmann exponent also known as wind shear coefficient (WSC). The exponent is highly
dependent and can be expressed as [25-29]:

_ In(v,/v,)
=y /Ry @

3.2. The Logarithmic Law

This is another commonly used method to calculate wind profile (Eq.3) reported by [26-30]:

vy /vy = (Z_j)a @3)

3.3. Air Density

Air density is known as one of the important parameters when calculating wind energy profile
from a site, as it is directly proportional to power density. It depends on ambient air temperature and
atmospheric pressure and may be calculated using Eq. 4 reported by [27-29]:

p

=77 @

P

where p (kg/m?) is the air density, p (mbar) is pressure, R is the specific gas constant for air [287.053
J/Kg K], and T is the air temperature [K].

4. Results & Discussion

4.1. Frequency Distribution and Wind Roses

The wind direction was recorded at 57.8m for a period of two years shown in Figs 2 along with
annual wind speed frequency distribution at 20m and 60m in Figs. 5-7 have been studied for all three
coastal locations. At the PS site, the annual wind speed frequency distribution in Fig. 5 showed wind
speeds higher than 4m/s occur about 48% at 20m meanwhile they come up with about 65% at 60m,
which is a great increase with an increase in the sensor height. Furthermore, wind direction at the PS
site for two years behaved to be appearing from SW and WSW with about 53.9% shown in Fig. 2(a)
while the strongest winds also appeared from the same directions SW and WSW.

At the JW site, the annual wind speed frequency distribution shown in Fig. 6 shows wind speed
higher than 4m/s occurred about 45% at 20m while at 60m, it was about 62% which was also a great
increase with the increase in the sensor height. The wind direction at the JW site for the selected
period behaved to be from WSW, SW, and SSW with 15-33 % in Fig. 2(b), while the strongest winds
are also from SW and SSW respectively.

At the OR site, the annual wind speed frequency distribution in Fig. 7 shows wind speeds higher
than 4m/s occurred at about 39.5% at 20m meanwhile at 60m, they come up with about 48% which is
a great increase with an increase in the sensor height beside those two stations. Furthermore, wind
direction at the OR site behaved to be similar with PS appearing from SW and WSW with a value of
about 13-32 % in Fig. 2(c). The strongest winds seemed to be emerging from SW.

doi:10.20944/preprints202310.1067.v1
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Figure 2. Comparing the two-year wind rose diagram for three cities of Baluchistan (a). Pasni (b)

Jiwani (c) Ormara.

4.2. Air Density Characteristics

The mean monthly values appear to be higher during winter, and lower in the months of
summer, however, the change is negligible. The mean density of the three stations is reported in Table
2. with the values 1.134-1.210kg/m3 at PS, 1.141-1.201kg/m3 at JW, while OR with a range from 1.148-
1.203kg/m3. The real value of air density of 1.225 kg/m3 was nearly reached in January and December
by all three stations. This monthly density on the coast of Balochistan, Pakistan shows clear
agreement with the past literature [12,13].

Table 1. Wind shear coefficient values of various terrains [16].

Terrain Type o
Lack, ocean and smooth hard ground 0.1
Foot-high grass on level ground 0.15
Tall crops, hedges, and shrubs 0.2
The wooded country with many trees 0.25
Small towns with some trees and shrubs 03
City area with tall buildings 0.4

Table 2. Annual mean air density (kg/m?) variation by all three stations.

Month Stations

PS W OR
Jan 1.210 1.201 1.203
Feb 1.200 1.197 1.196
Mar 1.174 1.181 1.180
Apr 1.148 1.160 1.162
May 1.134 1.146 1.148
Jun 1.137 1.141 1.148
Jul 1.141 1.146 1.149
Aug 1.140 1.154 1.159
Sep 1.151 1.162 1.162
Oct 1.151 1.164 1.170
Nov 1.190 1.183 1.183
Dec 1.207 1.199 1.198

Mean 1.166 1.170 1.173
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4.3. Wind Shear Characteristics

The wind shear based on 10 min wind speed data measured at different heights from 20, 40, and
60m AGL for three selected sites is calculated using Eq. 2. It is noted that generally height is neglected
and wind shear is considered constant using a value from 0.1 up to 0.4 depending upon the terrain,
however, it significantly varies with height.

The Annual variation of wind shear Fig. 3 generally shows the highest values in winter months
(November- January) for all three stations where PS shows winter range 0.102- 0.1110 WSC, JW
ranging 0.128 -0.119 and OR representing 0.063-0.075, while the lowest values of WSC occur in
summer months (June-August) where for PS, the values range between 0.010-0.029, JW 0.028-0.016
and OR 0.015-0.003 respectively. This is due to higher air mixing above the ground level in the
summertime while the ground experiences less air mixing in winter instead, as suggested by different
authors [14,17].

The diurnal WSC variation Fig. 4 is significantly correlated with the daily heating/cooling cycle
of the air above the ground level where higher values are experienced during the nighttime (00:00-
06:00 h) while significantly decreasing after the sun starts heating the air near the ground. These
values remain stable and low in the daytime and start to increase from about (16:00) onward, when
the air above the ground level starts to cool down resulting gradual turn in stable conditions as
suggested by literature [14,18].
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Figure 3. Annual variation of wind shear coefficient of the three sites PS, JW, OR.
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Figure 4. Diurnal variation of wind shear coefficient of the three sites PS, JW, OR.
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Figure 5. Annual wind speed frequency distribution measured for PS site at 20m and 60m.
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Figure 6. Annual wind speed frequency distribution measured for JW site at 20m and 60m.
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Figure 7. Annual wind speed frequency distribution measured for the OR site at 20m and 60m.

4.4. Wind Energy Yield Estimation and Comparison

The wind shear coefficient has a significant role while measuring wind speed at a given height
as mentioned above. Most of the time, wind speed for a higher altitude is extrapolated from lower to
obtain the required energy yield assessment using a specific constant value of wind shear coefficient
for a site Table 1, however, a slight change in wind shear can affect the wind speed at a height greatly
as discussed in literature [13,15]. Based on 60m data, wind resource analysis was carried out for three
sites, PS, JW, OR, and results values are summarized in Tables 3-5. The aim was to assign a suitable
turbine for the sites and compare the different related functions using three composition options (i)
measured data at 60m, (ii) extrapolated from 20m using a=0.143 and (iii) extrapolated from 20m data
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using site-specific mean WSC values. Wind resource analysis based on 60m measured data, PS site
in Table 3, is classified as a nearly marginal location with mean values of v and power density (P),
5.33 m/s and 142.33 W/m?. Furthermore, site JW is shown to be a poor location with a mean value of
wind speed of 4.96 m/s and power density of 115.65 W/m2 in Table 4. The third site OR also indicates
to be a poor location with mean v 4.31 m/s and P is 117.49 W/m2 in Table 5.

Wind energy yield parameters were calculated at 60m for the PS site using a single 2-MW Wind
power (Vistas-V90) turbine showing CF (24.8%) and AF (89.7%) in Table 3. Comparing 60m measured
data with the data extrapolated with a= 0.143, an underestimation of (10.4%) is detected in the mean
V result with 21.5% for CF and AF 2.2%. Similarly, by using the overall mean value of WSC (0.076),
an exceptional underestimation occurred with CF (81.9%) and AF (7.2%).

Table 3. Wind resources, energy yield parameters for the PS site calculated at 60m using 2MW rated
power Vistas-V90 Table.

Wind Data
Measured at 60m

Parameter

Extrapolated from 20m Extrapolated from 20m
using o =0.143 using a =0.076

Wind Resources

No. of Valid Data 39906 39790 39790
Valid Data % 95.6 95.3 95.3
Mean 5.33 4.8 4.17
Stdv 2.87 2.64 2.27
C 5.99 5.51 4.7

K 1.95 1.95 1.93
Mean P (W/m2) 142.33 125.80 98.90
Turbine Converted

Energy

AEY (MWh/y) 4358.8 3575.4 2387.1
CF (%) 24.8 20.41 13.63
FLH (h/y) 2179.4 1787.7 1193.5
AF (%) 89.77 87.82 83.69

Table 4. Wind resources, energy yield parameters for the JW site calculated at 60m using 1.5MW
rated power GE15sle

Wind Data
Measured at 60m

Parameter

Extrapolated from 20m  Extrapolated from 20m
using a =0.143 using a =0.094

Wind Resources

No. of Valid Data 39786 39790 39790
Valid Data % 95.3 95.3 95.3
Mean 4.96 4.50 4.24
Stdv 2.68 2.43 2.32

C 5.59 5.07 4.78

K 1.95 1.95 1.92
Mean P (W/m?) 124.25 104.73 87.65
Turbine Converted Energy

AEY (MWh/y) 30144 2435.3 2105.6
CF (%) 22.94 18.53 16.03
FLH (h/y) 2009.6 1623.5 1403.7
AF (%) 89.28 86.34 84.42
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Table 5. Wind resources, energy yield parameters for the OR site calculated at 60m using 1.5MW
rated power GE15sle.
Parameter Wind Data
Measured at 60m Extrapolated from 20m  Extrapolated from 20m
using a =0.143 using a =0.053

Wind Resources
No. of Valid Data 39786 39790 39790
Valid Data % 95.3 95.3 95.3
Mean 4.31 4.23 3.83
Stdv 2.33 2.28 2.07
C 4.86 4.77 4.32
K 1.95 1.95 1.95
Mean P (W/m?) 115.65 86.78 63.87
Turbine Converted Energy
AEY (MWhly) 2166.8 2098.6 1607.9
CF (%) 16.49 15.97 12.24
FLH (h/y) 1444.54 1399.12 1071.99
AF (%) 84.24 83.12 83.12

In Table 4, Wind energy yield parameters were calculated at 60m for the JW site using a single
1.5-MW, power (GE15sle) turbine provided a value CF (22.9%) and AF (89.2%). Compared to 60m
measured data with the data extrapolated with a=0.143, an underestimation of (10.2%) is detected in
the mean V result with 23.7% for CF and 3.4% for AF. Moreover, by using the overall mean value of
WSC (0.094), a remarkable underestimation occurred with CF (43.1%) and AF (5.7%).

Wind energy parameters were calculated in Table 5 at 60m for OR site using a single 1.5-MW
power (GE15sle) turbine showing CF (16.4%) and AF (84.2%). Comparing 60m measured data with
the data extrapolated with a= 0.143, an underestimation of (1.8%) is detected in the mean V result
with 3.2% for CF and 1.3% for AF. Furthermore, by using the overall mean value of WSC (0.053), a
similar underestimation occurred as in other sites with CF (34.7%) and AF (1.3%). These results
showed that the site OR has the lowest values as compared to the other two sites correspondingly.

5. Conclusion

In this study, the Wind shear coefficient and its impact on electrical energy generation was
investigated in three coastal locations of Pakistan by estimating the shape and scale factors of the
Weibull distribution function using the empirical method. The parameters are used to calculate the
wind power density and annual energy yield using two years (2016-2018) wind speed data with ten-
minute intervals to predict the behavior of wind more accurately. Different models of wind turbines
are proposed for electricity generation considering the possibility of installing wind farms at these
locations. Using power law, the wind shear coefficient was calculated using available and
extrapolated measurements of wind speed at three different levels, 20m, 40m, and 60m above ground
level. The results of this study can be summarized as:

e  The value of wind shear varies with height where higher values appear at lower heights, while
lower values are found at higher altitudes.

e  The diurnal WSC was highest in all three sites at nighttime 00:00, for PS 0.620-0.670, JW 0.641,
and OR 0.186-0.556 while lower in mid-day 2:00, for PS 0.118, JW 0.006 and 0.016-0.097 for OR,
which is certainly due to the heating and cooling cycle of the air during 24 hours of the day,
which is shown in the WSC curve.

e  Annual wind variation of WSC was higher in the winter season (November to January) up to
0.105 for PS, 0.122 for JW, and OR 0.063 while lower in summer (May to July) up to 0.010, 0.016,
and 0.003 for PS, JW and OR sites respectively.

e  PSsite is a marginal location as the mean v is 5.33 m/s for the data measured at 60m AGL with
CF (24.8%) and while AF (89.7%) for a suitable 2MW wind power Vistas-V90, where the WSC
a= 0.143 shows a significant effect extrapolated from 20m, an underestimation of (10.4%) is


https://doi.org/10.20944/preprints202310.1067.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2023 doi:10.20944/preprints202310.1067.v1

10

detected in mean V result with 21.5% for CF and AF 2.2%. Similarly, by using the overall value
of WSC a= 0.07, an exceptional underestimation occurred with CF (81.9%) and AF (7.2%).

e JW site is a poor location where a suitable 1.5MW wind power Vistas-V90 is used with 60m
measured data AGL giving a value of the mean v is 4.96 m/s with CF (22.9%) and AF (89.2%).
The WSC a= 0.143 shows an underestimation of (10.2%) in mean v with 23.7% for CF and 3.4%
for AF. Moreover, by using the overall mean site suggested value of WSC a=0.09, a remarkable
underestimation occurred with CF (43.1%) and AF (5.7%).

. OR site is also a poor location with data measured at 60m AGL, the mean value of v is 4.31 m/s
with CF (16.4%) while AF (84.2%) for a suitable 1.5-MW wind powerGE15sle turbine. The value
of WSC a=0.143 is Compared to 60m measured data, an underestimation of (10.2%) is detected
in mean V with 23.7% for CF and 3.4% for AF. Moreover, by using the overall mean value of
WSC a=0.05, a remarkable underestimation occurred with CF (43.1%) and AF (5.7%).

To conclude, this study confirms that there is a rapid change in wind shear coefficient value even
with locations of the same type of terrain. In fact, the default value of 1/7 WSC should be carefully
used to extrapolate wind speed values of higher altitudes from lower neglecting which can cause a
huge error in the estimation of wind power yield.

Abbreviations

List of Variables

MW  Mega Watt

P Wind Power (W)

P (V)  Wind Turbine’s Power Curve
W/m2 Watt Per Meter Square

C Weibull Scale Parameter
K Weibull Shape Parameter
Km Kilometer

Km2  Kilometer Square

In Natural Logarithm

MWh Megawatt hour
h/yr hour Per Year
KWh  Kilo Watt-hour

K Kelvin

J/Kg  Joule per Kilogram
Mm Millimeter

M Meter

sec Second

v Wind Velocity (m/s)
p Air density

List of Abbreviations

WSC  Wind Shear Coefficient
AEP  Annual Energy Production
CF Capacity Factor

AF Availability Factor

FLH  Full Load Hour

AEY  Annual Energy Yield
STDV  Standard Deviation

AEP  Annual Energy Production
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