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Abstract

Pakistan has been facing an energy crisis for many years. Techno-economic analysis of wind power generation is carried
out to meet energy demand. Wind data from 2016 to 2018 has been selected for a coastal site of Sindh, Pakistan. For this
purpose, four distribution functions, namely Weibull, Gamma, Rayleigh, and Lognormal are used. These distribution func-
tions are compared using the coefficient of determination (R?) and root mean square error tests. Wind potential on a daily,
monthly, yearly and seasonal basis is evaluated. In this regard, various turbine models are selected to estimate their power
generation capacity. The assessment results for a hub height of 100 m shows the average wind speed for three years is 7.9 m/s
with direction dominated between the West and Southwest. The most probable wind speed is 9.5 m/s having a maximum
energy density of 455 kWh/m? in May. The maximum mean wind speed of 8.55 m/s is in the spring. The Weibull distribu-
tion function (k=2.92 & C=8.86 m/s) performs the best. The maximum capacity factor for Fuhrlander LLC WTU 3.0-120
is 55.49% and for Siemens SWT-3.15-142 is 55.22%. Likewise, the estimated lowest LCOE ($/1kWh) for Fuhrlander LLC
WTU 3.0-120 and Siemens SWT-3.15-142 is $0.04016 and $0.04035 respectively. Thus, this site contains suitable technical
and economic characteristics of the wind power plant.

Keywords Annual energy generation - Capacity factor - Cost of energy generation - Cumulative and probability distribution
functions - Wind power and energy densities
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r Gamma 1 Introduction
P Air Density
z Standard Deviation Electrical energy is one of the primary inputs for the socio-
c? Variance economic development of any country. This means Energy
v Average Wind Speed consumption reflects the development of a country [1].
P, Air Pressure Electrical energy is very vital for the industrial growth of
At Period a country having a large population [2]. The increase of
Abbreviations energy requirement and its low supply slows the industrial
. development of any country [3].
AEP Annual Energy Production . o
. Especially where the limited and costly non-renewable
ARE Alternative Renewable Energy . . . .
. energy resources are major share in its energy mix. Like
AEDB Alternative Energy Development Board . . . . .
. R . fossil fuels, which contribute to air pollution and cause
CDF Cumulative Distribution Function . . . .
. global warming. Besides this the renewable energy like
CF Capacity Factor . . . .
. wind energy which has been increasingly used for energy
GoP Government Of Pakistan . . ! .
generation because of eco-friendly attention and the rising
IPPs Independent Power Producers . L .
. . cost of fossil fuels [4, 5]. This utilization of wind power
KESC Karachi Electric Supply Company . .
. s . production is advantageous for the environment. The global
NTDC National Transmission And Dispatch . . .
wind energy production has added 50 GW of size each year
Company . . .
. . .. since 2014. As compared to 2017, wind energy generation
PAEC Pakistan Atomic Energy Commission . .
. e . has been increased by 9.6% and has reached 591 GW in
PDF Probability Distribution Function . .
. . 2018 [5]. Moreover, the International Energy Association
PMD Pakistan Meteorological Department - .
. of World Energy Outlook forecasts that wind power will
PPIB Private Power And Infrastructure Board . . . .
remain the outstanding share of electric power in 2040 [6].
RE Renewable Energy . .
But for that energy corporations are facing the huge cost of
RMSE Root Mean Square Error . .
) this technology. There is another problem faced by them the
USD United States Dollar . . . S C
. delivery uncertainties owing to the rising rivals within the
WAPDA  Water And Power Development Authority . . .
. ) electric power market. Hence there is a significant need for
WPD Wind Power Density . . .
. LT attention to risk management. As a result, energy generation
WSD Wind Speed Distribution . . ..
structures require them to allow the production of electricity
Units based on mutual agreements [7].
GW Gigawatt Due to the energy crisis in Pakistan, people have to face
GWh/year Gigawatt Hours Per Year severe difficulty like load shedding for prolonging times [8].
J/kg Joule Per Kilogram Pakistan has got plenty wind power potential in renewable
kg/m? Kilogram Per Cubic Meter energy sources [9]. It has enough wind energy density to
kW Kilowatt meet its electrical power demand, which can be used through
kWh/m? Kilowatt Hours Per Square Meters proper planning. Furthermore, it can also solve energy secu-
M Meter rity [10]. As many countries set a Renewable Energy (RE)
m/s Meter Per Second electricity generated targets based on the global energy
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landscape [11]. The GoP plans to use 30% more renewable
energy in total power generation by the year 2030, espe-
cially in the wind, small hydro, solar and biomass [12].
In Pakistan, there exists four power producers, i.e., Water
And Power Development Authority (WAPDA), the Paki-
stan Atomic Energy Commission (PAEC), Karachi Electric
Supply Company (KESC) and Independent Power Producers
(IPPs). WAPDA and PAEC are state-controlled institutions,
whereas IPPs are private sectors. The IPPs sell the energy
to the National Grid. The efficiency of the power sector of
Pakistan can be enhanced by improving its structural design
[13]. The structural diagram of the power sector of Pakistan
is presented in Fig. 1.

The process of wind resource evaluation includes col-
lecting the wind data and processing it into MATLAB pro-
gram. The data is collected through wind mast which has
sensors installed for the measurements of wind speed, direc-
tion, air pressure, humidity, and air temperature. This data
is recorded either for a minimum of ten minutes or hourly
based mean for at least a year. Processing of data involves
the following steps: At first, the data provide wind speed
distribution (WSD). The distribution functions are applied
to the measured WSD. Then, the wind power density (WPD)
is calculated which varies from one site to another site, and
it widely depends on wind speeds. The highest wind veloc-
ity yields more wind power density and vice versa [14]. In
the next step, the wind turbine power curve helps in the
estimation of its wind energy generation [15]. Moreover,
the wind speed shear model is considered for the annual
energy production (AEP). Therefore Authors [16] estimated
the monthly mean air density (p) and temperature (T) for
Germany and concludes that air density is significant for
the assessment of wind resources of a site. The increase in

Institution

hub height of a turbine gives more electricity generation.
As, the more hub height means more rotor diameter, which
means more power output. But an increase in hub height
(Hp) also increases the overall cost of energy generation.
Thus, it is essential to select the most optimal hub height in
wind resource estimation [17].

Authors of [18] have used distribution functions like
Rayleigh Cumulative Distribution Function (Rayleigh-
CDF) and Rayleigh Probability Distribution Function
(Rayleigh-PDF) to estimate wind potential for the Hamir-
pur in Himachal Pradesh, India. They have also calculated
Rayleigh scale parameter (c), the standard deviation (o),
monthly and annual mean wind speeds. Similarly, Authors
of [19] selected Rayleigh Probability Distribution Function
(Rayleigh-PDF) to estimate the average wind speed and
AEP for Cleveland, the Ohio area. In which it is discussed
that wind power is stochastic because the wind parameters
are unpredictable and are time-varying from place to place.
Authors [20] selected Weibull Probability Density Function
(PDF) to measure wind speed distribution, including model-
ling of wind power. In [21], the work focuses on the Eastern
part of Niger Delta using Weibull PDF. The Authors con-
cluded that wind energy generation is economically feasible
in Umudike (Umuahia), Nigeria. So, wind energy can be
utilized there. The wind resource assessment for the coastal
region (Tripoli, Beirut and Sidon) of Lebanon was analyzed
using various distribution functions. Further, the authors use
the Power-law method for the estimation of wind power den-
sity at higher altitudes [22]. Authors [23] have investigated
the wind energy of Kati Bandar, Jhimpir, Multan, Gujran-
wala, Khanewal, Sialkot and Islamabad Capital Territory
in Pakistan. They have selected different distribution func-
tions for wind speed data which is recorded a height of 10m
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Fig. 1 Shows the power sector in Pakistan [13]
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and it is concluded that increasing the hub height of tower
yields more energy density. Because higher altitudes have
more prospects of higher wind speeds. While, the Authors
of [24] have used wind data of three years to estimate wind
potential Gwadar, Lasbela and Ormara sites in the Southern
province of Pakistan. Further, the extrapolation of wind data
is carried out at the height of 60m and 80m. Which helps in
the prediction of wind speed at a higher altitude by using the
selected sample of wind speed of lower altitudes. Moreover,
the Weibull CDF and PDF are applied to the data, and the
numerical performance test is also done using two statistical
tests, namely; Coefficient of Determination (Rz) and Root
Mean Square Error (RMSE) tests. In [25], the authors have
selected Hawksbay location near Karachi (Sindh province
of Pakistan), and calculated WPD, C.F and AEP at three
heights. In addition to this, the feasibility study is carried
out for a wind turbine, and it is suggested that the site has
the lowest cost of energy generation. It implies that the site
can be used for the installation of a wind farm. Authors
[26] have evaluated the wind energy in the Northern region
of Pakistan and computed the seasonal wind parameters,
including wind power density. The Pakistan Meteorologi-
cal Department (PMD) has indicated that the coastal belt of
Baluchistan and Sindh Provinces of Pakistan has massive
potential for the wind projects. Therefore, in this work, wind
resource estimation is carried out to the coastal site of Sindh
province, Pakistan. The proposed site with the Sea breeze
represented by yellow lines is shown in Fig. 2.

The data from 2016 to 2018 is used for the wind resource
estimation for the selected site to obtain wind characteristics
[27]. Along with this, the technical analysis involves the esti-
mation of wind power density (W/m?), energy density (kWh/
m?), the power output of a turbine (kW), annual energy gen-
eration (kWh/year), and a capacity factor of a turbine (%).
On the other hand, the economic analysis yields the cost of
energy generation ($/kWh) of turbines selected in this study.
In Fig. 3, the general research flow chart is illustrated.

So, the site characteristics are evaluated by fitting the proba-
bility and cumulative distribution functions over the measured
data. Next, the above distribution functions are validated with
the help of some statistical tests. These statistical tests give the
best distribution function to obtain the technical parameters
like wind power and wind energy densities of the site. The
hourly average wind speeds, wind power and energy densities
with the technical specification of each turbine will help in the
estimation of annual energy generation. In the economic analy-
sis, the cost of energy generation for each turbine model can
be calculated through the estimated annual energy generation.
Also, the data quality test can help in the validation of errors
in measured data. The collected data successfully passed the
data quality assurance test, except the data recorded in March
2018 because of some missing values. Which were replaced
by average values of March 2016 and 2017. The result of the
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Fig.2 Shows the coastal site in the Sindh province of Pakistan
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data quality assurance test of different sensors used to measure
wind characteristics is shown in Fig. 4.
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Fig.4 Shows the results of the data quality assurance test

2 Wind Resource Estimation
2.1 Wind Speed Distribution Functions

The knowledge of WSD provides an understanding of
wind resource estimation. It helps to analyze the perfor-
mance of any Wind Turbine. Thus, estimation of the wind
power potential and the economics of the system can be
done [28]. The distribution function that is more accurate
and fits nicely over the measured data gives better results
in wind power density [29]. It is important to note that the
PDF gives the probability of wind speed at measured data.
While the CDF gives the probability of the wind speeds
less than and higher than the measured data or is within
the measured data. For this purpose, there are many wind
speed distribution functions used among which Rayleigh,
Weibull, Lognormal and Gamma distribution functions
are worth notable.

2.1.1 Rayleigh Distribution

Rayleigh-PDF and Rayleigh-CDF are the most specific
distribution functions with shape parameter (k) equal to
2. The Rayleigh PDF and CDF are given by Eq. (1) and
(2), respectively [14, 30]:

v -2
f(v,a)=a—26><p <ﬁ> ey

fv,a)=1—exp [—%(Z)Z] @)

where v is wind speed, a is the Rayleigh scale parameter,
and exp is the exponential function.

2.1.2 Weibull Distribution

The Weibull distribution function is widely used for poten-
tial wind estimation in many works. Eqs give the Weibull
PDF and CDF. (3) and (4), respectively [31-34]:

roka=£(2) e |-(2)]

f,k,c)=1—exp [—(‘g)k]

where v, k and c are the wind speed, Weibull shape param-
eter and Weibull scale parameter, respectively. Eqs give the
Weibull two parameters. (5) and (6), respectively [35-37]:

3

“
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where v, is the ith, wind speed in observed data.

The Average and variance of wind speed through the
Weibull parameters can be obtained from Egs. (7) and (8),
respectively:

1

=ar(ie)
v=c +k

#=elr(1+3)-r(1+ )

)

®)
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The wind power density (W/m?) and energy density (KWh/
m?) can be calculated by using Eqs. (9) and (11), respectively
[38,39]:

o0

P_[1, (143
Z—/zpvf(v)dv—zl“pc <1+k) )
0

where (p) is the air density, which can be obtained by using
Eq. (10):

P

P=RXT (10)

In Eq. (10), P, is air pressure, T is the air temperature in
kelvin (C+273%), and R is the specific gas constant (287 J/kg).

E (P | 3< 3)
A (A)” prre Mt an

where n is the total number of observations of data for the
period A t.

2.1.3 Lognormal Distribution

The Lognormal PDF and CDF can be calculated by using Egs.
(12) and (13), respectively [40, 41]:

1 I ln(v)—u>2
expy —=| — 12
ve\/2x { 2< 4 } (12

11 In(v) — u
fv.p,0) ==+ —erf l—] (13)
272 V2
o2

where u, o, and erf are log means, log standard deviation
parameter and the error function. The error function calcu-
lated using Eq. (14):

SO, u,0)=

v

2
erf(v) = —/exp (=) dt (14)
v

2.1.4 Gamma Distribution

The Gamma PDF and CDF are obtained by using Eqgs. (15)
and (16), respectively [40, 41]:

“wra” 0 () a9

exp (—%)dv (16)
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where a, b and I'(a) are the Gamma shape parameter,
Gamma scale parameter, and gamma functions.

2.2 Goodness of Fit Tests

The performance of wind speed prediction techniques plays
an important role and affects the efficiency of the wind energy
system [42]. Which can be achieved by using different good-
ness of fit tests. For this purpose there are two tests, namely:
root mean square error (RMSE) and coefficient of determina-
tion (R?).

2.2.1 Root Mean Square Error

The RMSE is the rate of the real variation in the observed and
predicted probabilities. It shows the best fit of a distribution
function over the measured data when it is nearer to zero. The
RMSE is calculated using Eq. (17) [43, 44]:

T (v-x) a7

RMSE =
N-—-n

2.2.2 R*test

This test is used to measure the correlation in the predicted and
observed cumulative probabilities of a distribution function.
It shows the best fit when R2 is nearer to 1, and it is calculated
using Eq. (18) [43, 45]:

2 (yi - Zi>2 -2 (i — xi)2
i1 (Yi - z,-)2

R =

18

2.3 Capacity Factor and Annual Energy Production

The capacity factor (C.F) of an energy conversion system is
defined as the ratio of the average power produced, and maxi-
mum power production (rated power) of the generating system,
as in Eq. (19). The average power can be calculated from Eq.
(20). However, the CF of the WT depends on its specification.
These specifications are given in Table 1. Mathematically, in
terms of the specification of wind turbine that are: rated wind
speed, cut-in wind speed and cut-out wind speed, the capacity
factor for the actual wind speed at the proposed site are calcu-
lated using Eq. (21) [46, 47]:

average power output
CF= gep P

x 100
peak power output 19)
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Tablg 1 Specifications of wind Tg oo Py (kW) H,, (m) v.(m/s) v.(m/s) ve(mls) Ry, (m)

turbines P
WT, 3000 90/100/120/120/140/160 3 12 25 120
WT, 3150 109/129/165 4 11 22.5 142
WT, 3000 99/114/134 3 11.5 20 131
WT, 3000 136/139 3 11.5 22 122
WT; 3000 90/100/140 3 12 25 120.6
WTg 3000 90/98.3/140 3 11.5 22 120
WT, 3000 67/87/92/122/135/149 2.5 12.8 34 115.7
WTg 3000 93.5/143 3 15 25 101

Vout

average power = [ p(v) * f(v)dv

(20)

@

The annual energy production of a wind turbine is the

power output of a wind turbine multiplied by the number of

hours in a year. The AEP can be calculated using Eq. (22)
[43, 48]:

AEP = P, X 8760 kWh/year (22)

out

2.4 Wind Turbines Specification

The proper selection of wind turbines for wind resource esti-
mation plays an important role. For the large-scale commer-
cial purpose wind farms, their minimum hub height should
be 80 m or above. In this paper, Authors select eight different
wind turbine models, namely; Enercon E-115 EP3 3.000,

Fuhrlander LLC WTU 3.0-120, FWT 120/3000, Leitwind
LTW101 3000, Nordex N131/3000 Delta, Senvion 3.0M 122,
Siemens SWT-3.15-142, and Vensys 120/3000. Specifica-
tions of above wind turbines are given in Table 1.

3 Results and Discussions
3.1 Air Density vs Temperature

The air pressure and temperature data are collected at the
physical location of mentioned site. The air pressure sensor
recorded data is used to obtain the air density of the site by
using Eq. (10). Then the calculated air density and recorded
temperature values are used to calculate monthly average
values, as shown in Fig. 5. From Fig. 5, it is evident that
both have an inverse relation. Moreover, the air density is
an essential variable in the calculation of wind power den-
sity, which is required for energy density. The temperature
value is in °C, and air density is given in kg/m®. The high-
est monthly average value of temperature and the lowest
monthly average value of air density in May 2018 are 31 °C
and 1.1559 kg/m®, respectively. The highest monthly mean
value of air density (p) and the lowest monthly mean value
of temperature in Jan 2016 are 1.2092 kg/m*® and 17.59°C,

32
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Y N % w
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I
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20
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Fig.5 Shows air density vs temperature graph

2017
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respectively. The yearly average values of air density for
2016, 2017 and 2018 are 1.1750 kg/m?, 1.1762 kg/m> and
1.1734 kg/m?, respectively. The yearly average values of
temperature for 2016, 2017 and 2018 are 26.07 °C, 25.80°C
and 26.50°C, respectively. The three years’ average values of
air density and temperature are 1.1749 kg/m> and 26.12°C,
respectively.

3.2 Diurnal, Monthly, Seasonal, and Yearly Average
Wind Speeds

The wind speed data can be used to predict the availabil-
ity of the wind potential hourly, monthly, yearly and on a
seasonal basis as wind power depends on the cubic value
of wind speed. The diurnal winds velocity behavior helps
in the understanding of the availability of the wind veloc-
ity potential through the hours of a day. From the analysis,
it is observed that for the hub height of 100 m and 80 m,
the maximum wind speed remained 8.43 m/s and 7.85 m/s
from 8 pm and 3 pm, respectively. Also, the minimum wind
speeds remained 7.23 m/s and 6.94 m/s during 10 am, and 6

am, respectively. Whereas for the three years, daily average
values of wind speeds are 7.92 m/s and 7.45 m/s, respec-
tively. So, Fig. 6 shows the diurnal wind velocity for the hub
heights of 100 m and 80 m. The diurnal wind speed pattern
suggests that the site has the highest wind speeds throughout
the 24 hours.

The monthly average wind speed helps to find the avail-
ability of the wind potential in any month of a year. Through
this, months during which the highest and the lowest wind
speed is recorded will provide an estimation of the genera-
tion of higher and lower wind energy in those months. For
the proposed site at the height of 100 m, the highest value
of wind velocity for the years 2016 and 2017 is 10.54 m/s
and 9.74 m/s in May respectively. For 2018, the highest wind
speed observed is 9.52 m/s in Jun. The lowest values of wind
speed for the years 2017 and 2018 are 6.43 m/s and 5.65 m/s
in Oct, and for 2016, it is 6.02 m/s in Dec. However, for 80 m
height, the highest values of wind speed for the years 2016
and 2017 are 10.08 m/s and 9.38 m/s in May. For 2018, the
highest wind speed observed is 9.14 m/s in Jun. The lowest
values of wind speed for the years 2016, 2017, and 2018 are

diurnal (m/s)
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| | | | | | | | |
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Fig.6 Shows the diurnal wind velocity for the hub heights of 100 m and 80 m
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Fig.7 Shows the monthly wind speed for the hub heights of 100 m and 80 m
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5.5 m/s, 5.96 m/s and 5.22 m/s in Dec, Nov and Oct, respec-
tively. The monthly average values of wind speed for the two
hub heights are shown in Figure 7.The monthly wind speed
pattern suggests that the site has prospects of higher wind
speeds for the three years measured data.

The seasonal average wind speed also helps in the predic-
tion of the availability of more wind power in a season. In
Fig. 8, the seasonal and diurnal (Day & Night) average wind
speeds are given. Also, the highest and lowest wind speeds
in a season for different hub heights are indicated. So, in
the summer season, when the demand for electrical energy
is high in Pakistan, this site has wind speeds of 8.59 m/s
and 8.22 m/s at hub heights of 100 m and 80 m. The lowest
values are during the autumn season.

3.3 Wind Power Density and Energy Density

Wind power density and energy density of a site are two
other crucial characteristics. The wind power density of the
proposed site is high. The monthly wind power densities of
three years are given in Fig. 9. From the calculations, it is
found that the wind power density at a hub height of 100

T T
/ 8.598 m/sec

9 —=—80m
8 7/ / 6.296 m/sec
_ 7 8.225 m/sec J/
<
§ 6
E st i 1
o0 5.771 m/sec
= 4+
>
3L
2
1+
0 | L
Winter Spring Summer Autumn Da ight
Seosonal m

Fig.8 Shows the seasonal, day and night time average wind speeds

m and the highest values 795.48 W/m? and 612.89 W/m?
occurs in the month of May in 2016 and 2017. The highest
value of 634.78 W/m? of 2018 in June. At the same time,
the lowest values of WPD are 206.57 W/m? and 177.19 W/
m? in Oct of 2016 and 2018. For the year 2017, the lowest
value is 201.36 W/m? in Sept. The yearly average values for
the year 2016, 2017 and 2018 are 417.76 W/m?, 409.36 W/
m? and 399.51 W/m?, respectively. Moreover, the three years
average WPD is 408.88 W/m?. There is a prospect of more
WPD in all months except Oct 2016 and 2018.

Similarly, wind energy density is also calculated. The
monthly average wind energy densities are given in Fig. 10.
From the results is found that the highest wind energy densi-
ties of 2016 and 2017 are 591.84 kWh/m? and 455.99kWh/
m?, respectively. For the year 2018, it is 457.04 kWh/m? in
Jun. Whereas the lowest monthly average energy densities
for 2016 and 2018 are 153.68 kWh/m” and 131.83 kWh/m®
in Oct. For 2017, the lowest energy density is 144.98 kWh/
m? in Sept. The yearly average wind energy densities for
2016, 2017 and 2018 are 305.58 kWh/m?, 299.2 kWh/m?
and 292.54 kWh/m?, respectively. The three years average
energy density is 299.11 kWh/m?.

3.4 Wind Rose Diagram

The wind rose diagram represents the percentage of wind
speed according to its direction. Fig. 11 shows the wind
rose diagrams of the proposed location. The wind domi-
nates the west and south-west, As it is mostly in one direc-
tion. Hence the site is excellent with greater prospects of
the wind energy. A wind turbine will rotate less and capture
more wind energy.

3.5 Wind Speed Distribution Functions

Wind speed distribution (WSD) determines the percent-
age of wind speed recorded in the data set. The wind

0
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Fig.9 The monthly average WPD (W/m?) for the hub height of 100 m
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Fig. 10 The monthly average wind energy density (kWh/m?) for the hub height of 100 m
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speed, frequency shifted to higher wind velocities pro-
poses higher WPD and wind energy density. Therefore,
in Fig. 12, the WSD of the proposed site is shown, which
has a higher WSD, and the proposed location has a greater
possibility of higher WPD.

Fig. 11 Wind Rose diagrams for the hub heights of 100 m and 80 m
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Fig. 13 Wind speed probability distribution functions for the hub
heights of 100 m and 80 m

The probability and cumulative distribution functions
of Rayleigh, Weibull, Gamma, and Lognormal distribu-
tion functions are provided in Figs. 13 and 14, respec-
tively. The PDFs and CDFs are fitted over the measured
data and provide the best proper distribution function.
These curves help in the assessment and verification
of the best distribution function to select for the wind
resource estimation.

In this study, the Weibull PDF and CDF fitted best over
the measured data, followed by Gamma, Rayleigh, and
Lognormal distribution functions. The parameters of all
distribution functions along with mean and variance are
given in Table 2. In addition to this, the two performed
goodness tests also revealed that the Weibull distribution
function is best for the wind potential estimation. The
details of RMSE and R? tests are provided in Table 3.
Thus, the Weibull distribution is used to measure the
wind characteristics for the power production of wind
turbines.
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Fig. 14 Wind speed cumulative distribution functions for the hub
heights of 100 m and 80 m

Table 2 Results of distribution functions

H;; (m)  DFs Parameters Mean Variance
A B

100 Weibull 8.8625  2.923 7.90527 8.64863
Gamma 5.3688  1.4752 7.92017  11.684
Rayleigh 5.9806 2 7.4956 15.351
Lognormal 19734  0.49134 8.11821  17.9956

80 Weibull 8.3364  2.9372 7.43749 7.58916
Gamma 5.5794 13353 7.45017 9.94819
Rayleigh 5.6206 2 7.04439  13.5591
Lognormal  1.9159  0.47801 7.61563  14.8887

3.6 Wind Turbine Energy Generation

In this work eight different wind turbines are considered
with their CF (%) and AEP (GWh/year), system payback
period (years), rate of return on investment (%), net present
value ($) and cost of energy generation ($/kWh) calculated.
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Table 3 The goodness of fit tests

Hy (m) DFs RMSE R?

100 Weibull 0.009616 0.958804
Gamma 0.019599 0.828954
Rayleigh 0.023782 0.755519
Lognormal 0.026362 0.694169

80 Weibull 0.009339 0.965793
Gamma 0.019455 0.852085
Rayleigh 0.02485 0.766993
Lognormal 0.026339 0.731335

The rating of the turbines to characterize technical as well as
economic factors is given in Table 4. From the turbine mod-
els considered in this study, Fuhrlander LLC WTU 3.0-120,
Siemens SWT-3.15-142, Nordex N131/3000 Delta, Senvion
3.0M122, FWT 120/3000, Vensys 120/3000, Enercon E-115
EP3 3.000 and Leitwind LTW101 3000 ranked highest to
lowest from left to right. Fuhrlander LLC WTU 3.0-120,
Siemens SWT-3.15-142, Nordex N131/3000 Delta, Senvion
3.0M122, FWT 120/3000, Vensys 120/3000, Enercon E-115
EP3 3.000, and Leitwind LTW101 3000, each has a capac-
ity factor of 55.49%, 55.22%, 52.03%, 47.92%, 47.15%,
46.79%, 45.64% and 35.84%, respectively. Similarly, the
cost of energy generation (1kWh) in USD ($) by Fuhr-
lander LLC WTU 3.0-120, Siemens SWT-3.15-142, Nor-
dex N131/3000 Delta, Senvion 3.0M122, FWT 120/3000,
Vensys 120/3000, Enercon E-115 EP3 3.000, and Leitwind
LTW101 3000 is $0.04016, $0.04035, $0.04283, $0.04650,
$0.04726, $0.04763, $0.04883, and $0.06218, respectively.
From the above analysis, it is clear that the highest capacity
factor gives the lowest cost of energy generation and vice
versa. Hence, all turbines considered in this study are feasi-
ble for the proposed site. Figure 15 shows the annual energy
generation vs cost of units generated by each turbine with a
hub height of 100 m.

T T 10.07
Il Annual energy generation
—+—Cost of energy generation | 65

0.06

0.055

GWh
$/kWh

0.05

0.045

0.04

0.035

WT WT. WT WT WT_ WT WT. WT,
2 3 4 5 6

1 5
Turbine Models

Fig. 15 Shows annual energy generation vs cost of unit generation by
each turbine for the hub height of 100

4 Conclusion

Pakistan has a tremendous resource of wind energy in its
Southern coastal belt stretching from the Sindh and Balu-
chistan provinces. In this paper, the techno-economic anal-
ysis is provided for the proposed site in a coastal region
of Sindh province of Pakistan, and three-year wind data
have been used for the wind resource estimation. For the
technical purpose, four distribution functions are used,
namely; the Weibull, Gamma, Rayleigh, and Lognormal.
The statistical performance tests are performed to ensure
the selection of the best distribution function. The esti-
mation of wind potential is carried out on daily, monthly,
yearly and seasonal basis. The economic analysis is done
over eight turbines of different manufacturers. The results
are summarized as below:

e The air pressure (p) and temperature (7) have an inverse
relation. The three years’ average values are 1.1749 kg/
m? and 26.12 °C, respectively.

e From the diurnal analysis of wind data, it is observed
that for the hub height of 100 m and 80 m, the mini-

Table 4 The rating of all turbines in terms of different technical and economic factors

Results Wind Turbines

WT, WT, WT, WT, WT; WT, WT, WT,
W, (%) 95% 95% 95% 95% 95% 95% 95% 95%
TC;,s ($) $4.5MM $4.7MM $4.5MM $4.5MM $4.5MM $4.5MM $4.5MM $4.5MM
Py 10% 10% 10% 10% 10% 10% 10% 10%
$/kWh 0.04016 0.04035 0.04283 0.04650 0.04726 0.04763 0.04883 0.06218
Spp (years) 3 3 4 4 4 4 4 5
Rrae (%) 37% 37% 35% 32 31% 31% 31% 24%
PV (NPV) $58.85MM $61.48MM $54.9MM $50.21MM $49.34MM $48.92MM $47.60MM $36.41MM
AP,,, (GWh) 14.582 15.238 13.673 12.593 12.392 12.295 11.993 9.418
CF 55.49% 55.22% 52.03% 47.92% 47.15% 46.79% 45.64% 35.84%
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mum wind speeds remained 7.23 m/s and 6.94 m/s dur-
ing 10 am, and 6 am, respectively.

e At 100 m, the highest wind speeds for the three 2016
and 2017 are 10.54 m/s and 9.74 m/s in May, and for
2018 is 9.52 m/s in Jun. The three years mean wind
speeds are 7.9 m/s and 7.4 m/s for heights of 100 m and
80 m, respectively.

e During the summer season and in the night time, there
is an enormous potential for wind power density.

e The WSD is tilted to higher wind speeds, suggests
greater WPD and ED.

e The WPD at 100 m, for 2016 and 2017 is highest
(795.48 W/m? and 612.89 W/m?) in May, and for
2018 (634.78 W/m?) in Jun. The three year average is
408.88 W/m®.

e Similarly, ED at 100 m, for 2016 and 2017, is highest
(591.84 kWh/m? and 455.99kWh/m?) in May, respec-
tively, for 2018 (457.04 kWh/m?) in Jun. The three year
average is 299.11 kWh/m?.

e Another factor like a wind rose diagram suggests that
this site has a wind direction in between west and
southwest direction. Hence the site is excellent in terms
of wind rose characteristics.

e At 100 m and 80 m, the Weibull PDF and CDF fitted
best over the measured data with shape (2.92 and 2.93)
and scale (8.86 m/s and 8.33 m/s) parameters.

e From the turbine models, Fuhrlander LLC WTU
3.0-120 and Siemens SWT-3.15-142 have the highest
CF, lowest cost of energy generation ($0.04016 and
$0.04035), the shortest payback period and, highest
annual energy generation.

From this study, it is observed that the site has prospects
of higher wind power density and energy density. Weibull
distribution function performed best as compared to other
distribution functions. All turbines considered in this work
give higher capacity factor and lower cost of energy gen-
eration and are feasible for the proposed site. As a result,
eight turbine models used in this study show that this site
has suitable technical and economic characteristics. It is
evident that this site has a vast potential of wind energy
generation, and commercial purposes wind farms can be
installed there to meet Pakistan’s energy demand.
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