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ABSTRACT

The ten-year monthly mean data for wind speeds at 10, 50,100, 150 and
300 m heights over atypical year were statistically analyzed in this study
to determine the potential for wind power generation in Urumgi, China,
using the two-parameter Weibull distribution function. The shape factor
k and scale factor ¢ were estimated by the maximum likelihood method.
Eight small to medium-sized commercially available wind turbines were
selected for thisregion, and their mean energy outputs and capacity factors
were analyzed. Results showed that the highest monthly mean wind speeds
at the different heights occurred in November, and the lowest occurred in
June. The long-term monthly mean wind speeds were found to be higher
from September to May than in other monthsin atypical year. The Urumgi
siteindicated poor wind characteristics. The mean energy outputsfor the
selected wind turbinesranged from 2,062 to 79,968 kWh/yr. Their capacity
factorsranged from 5.2%to 15.9%. © 2016 Trade ScienceInc. - INDIA

INTRODUCTION

Wind is an abundant and inexhaustible nature
resourcethat can provide s gnificant quantitiesof energy
to support demands. However somestesexhibit strong
short-term and seasonal variations in their energy
outputs. The use of wind power generation has
expanded rapidly inthe past 20 years, and it isnow a
mature, reliableand efficient technol ogy for eectricity
production. Theapplication of wind power generation
isbased on an assessment of thewind energy asabasis
for wind farm project devel opment; however, wind
energy resource assessment isadifficult processthat
demands well-situated anemometer towers,

appropriately chosen measurement techniques and
modeling procedures, quality equipment, trained staff
and thorough dataanaysistechniques®3.

Wind power potential has been assessed and
studiedin many countries. For example, Ahmed Shata
and Hanitsch® conducted atechnical and economic
assessment of e ectricity generation usngwind turbines
at apromising sitein Hurghada, Egypt, for whichthey
used WASP software to calculate the wind speed
frequency from datarecorded over 23 years. Ucar and
Balo'® analyzed the monthly and yearly wind speed
distribution and wind power density for the period
2000-2006 at six locations in Turkey, and carried out
atechnica assessment of eectricity generationfor four
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wind turbines with 600, 1000, 1500 and 2000 kW
capacities. Fyrippiset d [ investigated thewind power
potentia a Koronosvillageinthenortheast of the Greek
island of Naxos, using observed wind data from a
measurement mast. They showed that theselected site
fallsinto Class 7 of theinternational system of wind
classification. The mean annual recorded wind speed
was 7.4 m/s, corresponding to an estimated annual

mean power density of 420 W/m?. They found that the
Weibull distribution model fitted the databetter than
Rayleighdistributionmodd. Ohunakinet a.® andyzed
the wind energy potential at seven locationsin the
northwestern geopoalitical zoneof Nigeriabased onthe
wind data from 1971 to 2007 using two-parameter
Weibull distributions, and carried out a technical

el ectricity generation assessment of four commercial

wind turbines. Dahmouni et al.[ estimated thewind
energy potentiad and optimal eectricity generationfor a
site in Borj-Cedria. The mean wind speed, wind
probakility distribution function and wind power density
werereported for each season at threedtitudes. Wu et
al "% assessed the wind energy potential for asitein
Inner Mongolia, China. They analyzed the two-
parameter Welbull, Logistic and Lognormd wind-speed
distribution modelsusing datameasured at the sitefor
thethree- year period 2009-2011. Theresultsshowed
that the areais suitable a wind farm. Dong et al.[*4

assessed thewind energy resourceat four locationsin
Huitengxile, Inner Mongolia, based onwind speed data
collected four timesaday for the past 63 years, which
wasfirgt collected for mutationtestsusngthediding T-
test andthediding F-test. Inaddition, somenew criteria,

such as matching index, turbine cost index and an
integrated matchingindex were proposed ascriteriafor
choosing the most suitable wind turbine for the
Huitengxilewind farm in accordance with the local

environment and economic cost. Tizpar et d . andyzed
thewind power potentid of theMil-E Nader region,Iran,

based on 10 min measured short-termwind data. This
analysis showed that 80m-high wind turbineshad the
highest production.

To date, few assessments have been conducted on
wind energy at different heightsin Urumaji. This paper
describes acomprehensive analysis of wind energy
resourcesat different hel ghtsbased on average monthly
wind speed data over 10 years, adopting the two-

parameter Weibull distribution. The suitability of a
selection of wind turbines for this region was aso
studied, providingatheoretica foundationfor locd wind
energy resources.

DESCRIPTION OFTHE LOCATION

Urumai(42°45°327-44°08°00”N,86°37°33” —
88°58°24”E) is the capital of the Xinjiang Uygur
AutonomousRegion, China Itislocated inthehinterland
of Euradainandluvid fan-shaped basinonthenorthern
dopeof the Tianshan Mountains, which opensinto the
Junggar Basintothenorth. Itisthelargest city between
thecapital of Gansu (Lanzhou) — the westernmost city
ontheYdlow River — and the countries of Uzbekistan,
Kyrgyzstan, and Kazakhstan. Urumgji, far from the
ocean, isinasemi-arid continental climatebelt of the
middletemperatezone, wheretheair isdry. Itsfeatures
include continual drastic weather changes, significant
temperature differences between day and night, and
scant andirregular rainfal. Thespringisshort and windy,
summersare hot, and wintersarelong and cold. A map
showing thegeographica position of Urumai isshown
inFigure 1043341,

Figurel: Location of urumgi, china[13]

MATHEMATICALANALYSIS

Wind speed probability distribution

The probability distribution of thewind speedis
fundamental to wind energy potential assessment. In
thespecidized literature, severd probability digtributions
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have been proposed*®*!, including Lognormal
distribution, Weibull distribution, Rayleigh distribution
and Gammadistribution. Howeveriithe two-parameter
Weibull ditributionisthemaost commonly used because
of itsflexibility to adjust the parametersto suit agiven
period of time—usually one month or one year!*.
Variationinthewind velocity, V, ischaracterized by
two parameter functions: the probability dengty function,
andthecumulativedistribution.

The two-parameter Weibull probability density
function (PDF) isgiven by thefollowing equation®:

V ik
_1e_(€)

f(V)= %(%)k : (V20, k>0, c>1) (1)

wherek isadimensionless shape parameter showing
how spiked the wind distribution is, and c is a
dimens onless scal e parameter showing how ‘windy’
thewind location under considerationis.
Thetwo-parameter Weibull cumulativedistribution
function (CDF) istheintegral of the probability density
function, whichisgiven by thefollowing equation®:
V ik
F(V)=1-e © )
The parameters k and ¢ may be determined by
variousmethods, such astheWelbull probability plotting
paper method, standard deviation method, moment
method, maximum likelihood method, or energy pettern
factor method. Of all these, the standard deviation
method iscommonly used because of itssmplicity. The
maximum likelihood method requires extensive
numerical iterations, but itisthemost accurate of these
methods. For that reason, it was adopted in this study.
The shape factor k and the scale factor ¢ are
estimated from thefollowing two equationg?®!:

. [Ziﬂvik In(vi) - Ziﬂln(vi)]_l

Zin=1vik n

=Y Vi @
Extrapolation of wind speed at different hub height

The available wind speed datawas collected in
Urumgji at different heightsabovegroundlevel. Since
wind speed increases with height, it is necessary to
extrapolate the wind speed to the hub height of the
turbine. According to the literature, the power law

(

3)

%jogecﬁnokyy C—

method ismost commonly used to adjust thewind speed
at onelevd tothat at another level. Thisisgiven by®:

Vy H

Vo, -y ®

whereV, andV,, arethewind speedsat heightsH and
H,; aisapower law coefficient representing the degree
of roughness of the ground surface. Thetypical value
for awide-plain area, a=1/7, wasused in this study.
Wind power density

The wind power density (WPD) is commonly
cons dered to bethe best indicator of thewind resource
at asite. The power of thewind that flowsat speed V

through aswept area A can be estimated by using the
following equation:

P(V)= %pAVS (6)

In addition to thewind speed and air density, the
WPD of a site also takes into account the Weibull
probability density function, and isgiven by!":

3
l"(1+E)

%pcsl"(1+§)=} pv°

k ™

13
[F(1+E)]
where p(V) isthewind power density (WPD) (W/nv),
P(V) isthewind power (W), p istheair density at the
site (kg/md), Ais the swept area of the rotor blades
(m?), and I" isthe gammafunction of x, givenin the
standard formulaby®:

r'(x)= j: eu*du ©)

Theair density at thesiteisof great importancein
the estimation of WPD, and it depends essentially on
the air pressure and the ambient temperature. At
standard sea level (temperature 288K, air pressure
1.01325 kPa) the air density is 1.225kg/m3. Most
studies have assumed thisto be aconstant valuewhen
calculating theWPD of alocation; however, thiscan
resultinan underestimation or overestimetion of thewind
power potentid of aloca wind regime. Accordingly, in
the present study, the air density was calculated from
the air pressure and temperature measured at the
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location, using thefoll owing equation®8;
P
p=3.4837— )

whereT istheambient temperature (K) and Pistheair
pressure (kPa).

Capacity factor

The WPD and the capacity factor (C,) areusualy
adopted asyardsticksto evaluate theenergy potential,
where C.isthe average power output over a period
stated asapercentage of therated eectrica power [1]:

C = Pave 1000
rated

where P_ _is the average power output of the wind
turbine (kW), and P__ istherated electrical power of
thewind turbine (kW).

The average power output of thewind turbineis
cdculated asfollows:

(10)

Pave = [ PV (V)aV (W

where P (V) isthe power output of thewind turbine
(kwW), whichiscaculated asfollows?:

00<V <Vin
1
EPACP (X,B)Vsﬂmgi Veut-in £V <Viated

Pe(V) =
1
EpACp (xrp)vrated3nlng; Vraled V< chl—out

oVv2V,

cut—out

(12)

WhereCp isthepower coefficient, 1 istherotor tip speed
ratio, #isthebladepitchangle(°), #, isthemechanical
tranamissonefficiency (%), 1, isthegenerator efficiency
(%), V,,,, isthecut-inwind speed (m/s), V_, . isthe
cut-out wind speed (m/s), Visthewind speed at the
height of thewindturbinehub (m/s), V__,isthenomina
wind speed (m/s).

Putting Egs.(11) and (12) into Eq. (10), the capacity
factor C, of awind turbineisgiven by:

C, =—Fave_x 1000
rated

[ P v (v)av

cut—in

1
5PACHAB)V e il

Vra(sd Vralsd
J'V PM(V)f(V)dV+J.V P, (V) (V)dV

1
5PaACH (B rares Mg
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Vrat
j “ V3 (V)dV

V Veut-out
e j f(V)dV
Vrated Vrated

Thepower output of atypica windturbineiswritten

(13)

ag:
0,0V < Vgisin
Vk _V(rut in
—raitein .y SV <V e
Pe(V) - Prated < Vrkaled _ Vckul_in cut—in rat >
1 Vrated V< cht—out ( )
OV > Veou—out

Thecapacity factor of atypica windturbineisgiven
by:
ef(vcul-m /C)k — ef(vrated /c)k

(Vrated /C)k _(cht—in /C)k

P
Cf = ave
rated

x 100% =

-(V l-out/ K
—e (Veu c) (15)

RESULTSAND DISCUSSION

Assessment of wind energy resourceat different
heights

The 10-year average monthly wind speed data at
different heights in Urumgi was obtained from the
National Aeronautics and Space Administrative
(NASA) database?. Thisrelatesto measurements at
10, 50, 100, 150 and 300m above the ground, taken
daily a 3-hourly intervas. Thedataisshown graphicaly
inFigure2, whereitisseen that themonthly meanwind
speedsincrease with theincreased height. It wasa so
observed that the vari ation showed asimilar tendency
throughout thisregion. Themaximum wind speed occurs
inNovember, and theminimumin June. Figure 2 shows

Jan Feb Mar Apr May Ju Jul Aug Sep Oct Nov Dec

n
Month

[ 10m m 50m 01 100m 0 150m m 300m]

Figure2: Monthly mean wind speed at different heightsina
typical year in Urumgqji
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that the long-term wind speeds are higher from
September to May than at other times.

Figure 3 showsthat both the annual WPD and the
mean wind speed in Urumgji increasewithincreasing
hub height. Theannud WPD wascd culated from Eq.(7)
to be 52, 106, 145, 174 and 237 W/m?at heights of
10, 50, 100, 150 and 300m respectively, and theannual
mean wind speeds were 3.61, 4.56, 5.06, 5.38 and
5.97m/srespectively.

250

0 1 1 1 1
10m 50m 100m 150m

Height(m)

Ay

g

Wind power density(W/m?)
8
an wind speed(m/s)

Annual me;

P L
[= I T R R S
1

300m

‘ B Wind power density (W/nr) === Annual mean wind speed(m's) ‘

Figure3: Annual wind power density and mean wind speed
at different heightsin atypical year in Urumgi

Wind characteristics and associated values have
been dlassified asfollowg?Y;
p(V)<100 W/m?
p(V) ~ 400 W/m?

poor
good

Probability Distribution Function

12

p(V) >700 W/m? excdlent

By these criteria, the WPD at Urumgi is amost
“poor”. It was concluded that the site is not suitable for
large-scal e el ectric wind-power application; however,
smd-scdewind turbinesor wind-hybrid power systems

might be a reasonable option for the site for
supplying power for lighting, eectricfans, chargersand
soon.

TheWeibull probability distributions of thewind
Speedsat thedifferent heights (Figure4) show that the
highest wind speedswere 12, 15, 17, 18 and 20 m/s,
and remained at 3.5 m/sor lessfor about 52.6%, 37.6%,
32.2%, 29.3% and 24.6% of the year, respectively.
Thusit would betheoretically possibleto exploit the
wind energy on 47.4%, 62.4%, 67.8%, 70.7% and
75.4% of the year with a cut-in-speed of 3.5 m/sor
more. It also suggeststhat the higher thewind turbine
hub height is, the greater its power output would be;
however, increasingtheheight of thewindturbinewould
aso meanincreasingthecost.

Theannual shapeand scale of Weibull parameters
were determined by the maximum likelihood method
(Figure5), which showsthe scdeparametersincreasing
with greater height, sincetheincreasing trend reflects

Probability Distribution Function
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Figure4: Typical annual wind-speed probability distributionsat different heightsin Urumaqi
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Weibull scale parameter ¢ (m/'s)
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Height(m)

300m

X
i
0 L
10m
[

Figure5: Weibull parametersat different heights (maxi-
mum likelihood method)
thevariation in annual mean wind speeds. Thehighest
and lowest values of ¢ (6.732m/sand 4.07 m/s) were
at 300m and 10m heights respectively. The shape
parameters (1.926 and 1.927) werefound to beamost
identical, suggesting that the shapes of thewind speed
probability distributions are similar at the different
heights

The cumulative probability distributions of wind
speedsat different heightsin atypica year in Urumqi
areshowninFigure®. Itisclear that thesehavesimilar
tendencies, but somedifferenceintherangeof variation
of wind speedsisevident.

Culative Frequeney (%)

Figure6: Wind speed cumulativeprobability distributions
at different heightsin atypical year in Urumgi

Wind turbinecharacteristics

Eight smd|- tomedium-9zed commercdly avalable
wind turbines (Endurance G-3120, Southwest
Skystream 3.7, Endurance E-3120, Fuhrlander 30,
Fuhrlander 100, Entegrity eW-15 50 Hz, Endurance
S-250 and Wind Matic WM 15s, with rated power
ranging from 1.8 to 100 kW) were selected for
assessment of their performance in Urumgji. Their
characteristicsand power curvesareshowninTable 1
and Figure 71221,

The mean energy outputs and capacity factors of
the sdected wind turbinesin Urumgi areshownin Fgure
8, whichindicatesthat their mean energy outputswould
range from 2,062 kWh/yr to 79,968 kWh/yr. The
Fuhrlander 100 seems to have the highest mean energy
output of 79,968 kWh/yr at ahub height of 35m. The
reasonsfor thismay beduetoitslow cut-inwind speed
(2.5m/s) and high rated output (100kW) compared to
theothers. The Southwest Skystream 3.7 hasthelowest
mean energy output of 2,062 kwWh/yr for a33.5mhub
height. Therefore, if aninvestment decisonwereto be
primarily based on annual mean energy output, the
Fuhrldnder 100 (or turbines with similar design

u 00
i Southwest Skystream 3.7
o Wind Matic WM 152

Pover oupuitkivy

5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Wind speed(m’s)

Figure7: Power curvesfor selected wind turbines
TABLE 1: Characteristicsof the selected wind turbines

) Diameter Hub height Rated output Veutiin V ated Veutout
Turbine model

(m) (m) (kW) (m/s) (m/s) (m/s)
Endurance G-3120 19.2 30.5 35 35 8 25
Southwest Skystream

3.7 335 1.8 35 9 25
37
Endurance E-3120 19.2 305 55 35 11 25
Fuhrldnder 30 13 30 30 3 12 25
Fuhrldnder 100 21 35 100 25 13 25
Entegrity ewW-15 50 Hz 15 31 50 35 145 25
Endurance S-250 55 36.6 5 4 14 24
Wind Matic WM 15s 155 24.4 66 35 15 25
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310 Skystream 3.7 .\120 100 50 x50 WM 135

Wind turbine model

—

[E=Mean energy ouputt:Wh/yr) ——Capacity factort’s) |

Figure8: Energy output and capacity factor for the selected
wind tur bines

35 ‘ —4— Veur-out/Vrated —l— Capacty factor(%) ‘ 116

Endurance G- Southwest Endurance E- Fubrknder 30 Fulrlinder Entegrity eW- Endurance S- Wmnd Matic
3120 Skystream37 3120 100 1550Hz 250 WM 155

Wind turbine model
Figure9: Valuesof CandV_, . /V.

o Viatea TOF thewind turbines
selected for Urumqi

LN | —4—Vor-m/Vrated —B Capacty factor (%) | |
05 S\

Endwrance G- Southwest  Endurance E-  Fuhrlinder 30 Fubrbinder 100 EnegntyeW-15 Endurance S- Wind Mate WM

3N Skystream 3. 30 Wind tbine model S0Hz 230 1%

Figure10: Valuesof CandV_ . /V,
selected for Urumgi

characteristics) would be best suited for thissite?,

The capacity factorsfor thesewind turbinesat this
location range from 5.2% to 15.9%. The Endurance
G-3120 hasthe highest capacity factor (15.9% at 30.5
m hub height). The Wind Matic WM 15s has the
lowest(5.2% at 24.4 m hub height).

Figure 9 showsthe capacity factor, CandV_, _ /

for theselected wind turbines, indi catl ngthat C,

[ ncreasesasth o V.aeg i NCrEBSES. Figure 10 showstht
C.asobasicalyincreasesasV,_,  /V __ increases.In
other words, awind turbine possessesahigher capacity
factor than other wind turbinesif it hashigher V_ . /
V_andV V. ratiog®,

cut-out

for thewind turbines

CONCLUSIONS

Inthisstudy, thewind energy resourcein Urumgji at

10, 50,100,150 and 300m above the ground, along

with the wind turbine characteristics, were anayzed

based on the 10-year monthly mean wind speed data,
using a two-parameter Weibull distribution. It is
concluded that:
The highest monthly mean wind speeds at these
different heights occur in November; the lowest
occur inJune.

e Thelong-term monthly meanwind speedsarehigher
from September to May than in other months.

e TheUrumqi Stepossessespoor wind characteritics
because of thelow monthly and mean wind speed
and wind power density over awholeyear.

o Thesdteisnot suitablefor large-scaedectricwind
generation, but small-scalewind turbinesor wind-
hybrid power systems might be asuitable option
for the supply of power for lighting, electric fans,
chargersand soon.

e Thehighest wind speedsreached were12,15,17,18
and 20 m/sin the course of ayear at heights of
10,50,100,150 and 300m, respectively.

e Thewind speed remainsat or below 3.5 m/sfor
about 52.6%, 37.6%, 32.2%, 29.3% and 24.6%
of the year at heights of 10,50,100,150 and 300
m, respectively.

e Thehighest and lowest valuesof ¢ (6.732m/sand
4.07 m/s) were observed at heightsof 300m and
10m, respectively, and the values of the shape
parameter (1.926 and 1.927) were found to be
amogt identica inUrumgj.

e The mean energy outputs for the wind turbines
selected for Urumgji ranged from 2,062 to 79,968
KWhyr.

o Thecapacity factorsfor thewind turbines selected
for Urumgi ranged from 5.2%to 15.9%.
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