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As a clean and highly valuable renewable energy, wind energy has gradually become an important
branch of energy technology. By means of measurement methods, the wind characteristics, energy
applications for distributed wind energy source (DWES) in six sites in Henduan Mountains and
economic evaluation are investigated. According to the results, the wind characteristics including wind
speed and wind direction in mountainous regions are affected significant by topography. Wind speed is
season-dependent, while the mean wind direction is not. The maximum wind speed occurs in spring,
the minimum wind speed occurs in summer. As for extreme value distribution, the wind data in
mountainous areas are more in line with Frechet distribution type. By using Weibull distribution
function, Weibull parameters are calculated and energy potential are estimated with five methods.
Estimation methods suitable for coastal areas can also be used for energy assessment in mountain
environments. The maximum wind power density is over 200 W/m?, occurred in Zanli site, while
the minimum value is less than 10 W/m? in Yimen-A. Similar to mean wind characteristics, wind
power density shows strong seasonality, with the maximum value in spring and the lowest value
in summer. In addition, power generation facilities should be built in valleys or on the top of the
mountain, and should not be built in the flat land surrounded by mountains. And the total cost of
1kWh wind-generated electricity is 0.305 CNY/kWh and 0.406 CNY/kWh with different type of wind

turbine.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

installed capacity has experienced two upsurges and has stabi-
lized at 52GW per year in the last three years. Top 10 countries

Renewable energy, which includes hydropower, solar, wind,
wave, geothermal, etc., is a kind of sustainable energy supply that
can meet the current energy demand without harming the en-
vironment. Among these energy sources, widely distributed and
with many policies support and financial incentives from govern-
ments, wind energy has received a lot of attention and undergone
rapid development including wind energy estimate method and
wind speed prediction (Fyrippis et al., 2010; Jiang et al., 2019;
Peng et al, 2017). Fig. 1 shows the cumulative installed wind
power capacity and new installed wind power capacity per year
from 2006 to 2018 (Global Wind Energy Council, 2019). By the
end of 2018, the cumulative installed wind power capacity in the
world has reached 591.5 GW. Over the past 13 years, the new
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in newly installed wind power capacity in 2018 is shown in Fig. 2.
As shown, developing countries contribute more than half of the
new installed capacity.

After decades of development, there have been many studies
on the wind characteristics and wind energy assessment of large
wind farms built in coastal areas and offshore areas. Aiming at off-
shore areas, Shu et al. explored the offshore wind characteristics
and estimated the wind power potential in Hongkong by cal-
culating Weibull parameters with different estimation methods
(Shu et al,, 2015a,b). Soon after, Shu et al. investigated the wind
energy potential at different height in different locations in Hong
Kong, and pointed that the Weibull shape parameter is height-
independent, whereas the Weibull scale parameters demonstrate
a power-law type in height in offshore region (Shu et al., 2016).
In Turkey, two wind masts with the height of 30 m were erected
in Kutahya, an inland area, and Izmir, a coastal area, respectively.
According to the data collected, the mean wind speed in Izmir
is 8.14 m/s while the mean wind speed in Kutahya is 4.62m/s,
which indicates that the wind characteristics is affected by the

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Fig. 1. Installed wind power capacity around the world from 2006 to 2018.
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Fig. 2. Top 10 countries in newly installed wind power capacity in 2018 (Unit: MW).

topography (Kose et al., 2004; Kdse, 2004). Besides, because the
relationship between wind energy density and wind speed is
cubic, assuming that under the same other conditions, the wind
energy density in Izmir is about five times that in Kutahya, it can
be seen that wind speed is very important for the location of wind
power stations. In recent years, with the progress of wind power
technology, miniaturized horizontal axis wind turbines (HAWTS)
and more advanced vertical axis wind turbines (VAWTSs) have
been developed, researches on distributed wind energy source
(DWES) are becoming a hot topic. DWES is a decentralized energy
supply mode built at the user end, which can operate indepen-
dently as well as in the grid. Although the power generation
of DWES is small, it can maximize the use of resources and
environmental benefits (Bayod-Rdjula, 2009; Kaundinya et al.,
2009). Lu and Ip (2009) investigated the feasibility of wind power
generation installed on high-rise buildings in Hongkong by CFD
method, and this assumption had also been proved theoretically.
Aiming at capital circle of Malaysia, a DWES system built on
the roof of high-rise buildings was proposed and discussed, the
results showed that the DWES system can cover a signification
portion of a building’s energy demand and helps to make the
building partially independent from the urban electricity grid
(Chong et al., 2013, 2011). Based on the assessment of wind
energy potential in different parts of Singapore, the feasibility of
wind energy in the city is further confirmed (Karthikeya et al.,
2016). In addition, a large number of scholars have discussed the
application of DWES system in the modern city (Chong et al,,
2011; Kumar et al., 2018; Pagnini et al., 2015).

Through the review of the above literatures, it can be found
that there are many researches on large-scale wind farms in
offshore areas or onshore area with open land and DWES systems
in large modern cities. But as we know, the complex mountainous
regions, such as Rocky Mountains in U.S., Henduan Mountains
in China, Zagros Mountains in Iran, etc., are widely distributed
in the world and a large number of people are gathering here.
And it is uneconomical to build power stations or transmission
lines specifically for these underdeveloped areas in such extreme
conditions (Ti et al., 2020, 2019; Zhang et al., 2019a). The expen-
sive power system does not match the level of local economic
development. Hence, DWES system can provide new ideas and
solutions to solve the energy demand of remote mountainous
areas. For some places with plenty of sunshine, DWES systems
and solar energy can be combined into a hybrid power system
to obtain more electricity (Allan et al., 2015; Khare et al., 2016).
Therefore, the assessment of wind energy potential in remote
mountainous areas can provide references for DWES. From the
perspective of solving the local energy supply problem in remote
mountain areas, four remote villages with six wind measurement
sites in Henduan Mountains are selected as the research objects
to investigate the wind energy application of DWES. The results
are expected to provide useful information for the development
of distributed energy resources and the application of DWES in
valleys. This paper is organized as follow: Section 2 gives detailed
information about the four places with six wind sites and the
methods used in this paper to analyze the wind data. Section 3
presents the analysis and comparison of the mean wind charac-
teristics, return level, Weibull characteristics, assessment of wind
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Fig. 3. Topographic maps for four measuring stations (Captured from Google Earth).

potential at different sites and economic evaluation. Section 4
summarizes the conclusions.

2. Methodology
2.1. Measurement sites

Hengduan Mountains, located in the southwestern China, is
the border mountain system of the Qinghai-Tibet Plateau and
Yunnan-Guizhou Plateau, covering an area of more than 600,000
square kilometers. It is the longest, widest, and most typical
north-south mountain system in China (Xing and Ree, 2017).
Elevations of most land in this region ranges from 1300 to 6000
meters above sea level, and the elevation difference between
mountains and adjacent valleys is generally over 1000 to 2000 m.
In this paper, a total of 4 stations including 6 weather monitor
stations were built to measure the wind data (see Figs. 3 and
4). The four stations are Zanli site, Jin’an site, Baoshan site and
Yimen site in turn. Zanli site and Jin'an site are U-shaped deep-
cut canyons situated on the eastern boundaries and central of
the Hengduan Mountains, respectively. Baoshan site is located
at the southwest boundary of Hengduan Mountains, where the
terrain is relatively flat. In order to investigate the influence of
topography on wind characteristics and energy potential assess-
ment, three sites, Yimen-A, Yimen-B and Yimen-C, were set up in
three adjacent areas of Yimen with different topography. Yimen-
A, Yimen-B, and Yimen-C are located on the flat land surrounded
by mountains, at the top of a low hillside near the flat land, and
in the valley nearby.

2.2. Wind data measurement mast

Each automatic weather station used in the observation is
a 10 m high mast (see Fig. 5). The mast is composed of steel
circular tubes, strengthened by serval guyed wires to enhance
the stability. In addition, the mast is equipped with lightning
protection equipment to maximize the service life of the instru-
ments. In wind field measurements, cup-anemometer is usually
selected as the standard acquisition instrument for its simple
installation and high accuracy (Khan and Tariq, 2018; Kristensen,
1999, 1998). Therefore, a 3-cup anemometer and a direction
sensor are equipped at the top of the mast. At the bottom of the
mast, a thermometer and a rainfall sensor are installed to record
the temperature data and rainfall data. All data will be recorded

in real time by the data logger and transmitted to the remote data
center via cellular data. Finally, a large capacity battery which
endurance is 72 h and charged by the solar panels is used to
power the entire automatic weather station. And the collection
duration of wind data is from December 2012 to December 2018.
The sampling frequency of each sensor is 1 Hz, and the recorded
data is 10 min mean wind speed. Due to the influence of climate,
instrument failure and other factors, missing data and distortion
data are inevitable. Therefore, the 30 principle is used to judge
the distortion data, and the interpolation method to complete the
missing and distortion data. After checking all the data used in
this paper, the data missing rate of all instruments is less than
5%.

2.3. Extreme value analysis

Extreme value analysis, also known as extreme value theory,
is a statistical method used to deal with the extreme deviation of
the median of probability distribution (Castillo, 1988). For a given
independent and identically distributed random variables, ex-
treme value analysis can evaluate the probability of more extreme
events from sample sequences than previously observed (Kruyt
et al., 2017). Supposed the length of the samples is large enough,
the probability can be obtained by the GEV distribution, whose
probability density function (PDF) and cumulative distribution
function (CDF) is given by Egs. (1) and (2) respectively (Jenkinson,

1955).
g(wipm, a,f)
:1(1—}-5(1)_“)) exp(— <l+$<v—,u>)€)
o o o
(1)

G (v; .. §) = exp (— <1+s (”;“))E) @)

where w, o and & are the location, scale and shape parameter,
respectively. Depending on the value of &, GEV can be divided
into three types (de Oliveira et al., 2011): Type I extreme value
distribution (Gumbel distribution, & = 0), Type Il extreme value
distribution (Frechet distribution, & < 0) and Type III extreme
value distribution (Reversed Weibull distribution, & > 0).

The return level, a value is defined as that is expected to be
equaled or exceeded on average once every interval of period

_&+t
3
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Fig. 5. The automatic weather station at Jin'an site (Photo by authors).

(Py), can be calculated to estimate the occurrence probability of
extreme quantiles. Here, the Py is called return period, the return
level can be obtained as the following equation (Perrin et al.,
2006):

1
c(x)=1—P—0 (3)

2.4. Weibull distribution of wind data

Wind is a random variable in time and space, so it is very
difficult to evaluate it and more reasonable to use statistical anal-
ysis method to evaluate the potential of wind energy, rather than
instantaneous wind data (Shu et al,, 2016). Therefore, the two-
parameter Weibull distribution, which is widely used in wind
energy potential assessment, is used to analyze and evaluate the
wind data (Carneiro et al., 2016; Cost Rocha et al., 2012; Lee et al.,
2015). The corresponding mathematical expressions of PDF and
CDF are presented as Eqs. (4) and (5) respectively.

w(v; k,¢) = IE( <§)k_1 exp (— (§>k> (4)
W (v; k,c) =1—exp (— (%)k) (5)

Where, w (v) and W (v) represent the PDF and the CDF, respec-
tively. k is the dimensionless Weibull shape parameter and c
is the Weibull scale parameter. Since the Weibull function is
used in the offshore field, in order to examine the applicability
of different estimate methods in complex mountain areas, we
introduce five numerical methods to estimate the two Weibull
parameters: empirical method, moment method, maximum like-
lihood method, energy pattern factor method and alternative
maximum likelihood method (Chang, 2011; Chaurasiya et al,,
2018; Cost Rocha et al., 2012).

Maximum likelihood method (Weibull-MLM) is the most
widely used method, it is usually necessary to determine the
parameters of Weibull distribution by numerical iteration (Fisher,
1915). Based on this method, Weibull shape and scale parameters
are calculated by:

k:[zgﬁmwg_zgmmq*
Z?=1 vik n

(6)
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1 1/k
I
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Moment method (Weibull-MM) is an alternative to the max-

imum likelihood method (Justus and Mikhail, 1976), and the
Weibull parameters can be obtained by the following expression:

vm = c(1+1/k) (8)
o =c[r(1+2/k)— r2(1+1/k)]" (9)

Where o is the standard deviation of the wind speed, vy, is the
mean wind speed, and I"() is the Gamma function expressed by:

I (x) = /oo t*~Lexp(—t)dt (10)
0

Empirical method (Weibull-EM) is a special case of the mo-
ment method, and the parameter k and ¢ can be determined by
the following equations:

o —1.086
k= () 11)
Um

c = _Um (12)
r(1+1/k)
In addition, the energy pattern factor method (Weibull-EPM)
is proposed. It is related to the mean values of the wind data, and
the expressions are as follow:

w3
Ey = U7'3" (13)
3.69
(Epf)
Um
(15)

C= —M—
r(1+1/k)

Where the Ey is the energy pattern factor.

Moreover, some scholar proposed alternative maximum like-
lihood method (Weibull-AM), this method modifies the estimate
of shape parameter.

b4 nn—1)

1/2
V6 [n(z;;] In(v2)) — (X1, ln(v))z]
n 1/k
_ 1 k
c= (n Evi> (17)

2.5. Evaluation of Weibull parameters

(16)

In order to check the suitable of Weibull distribution function
for the measured data, three methods are proposed to examine
the reliability of the data (see Table 3), the first is the root mean
square error (RMSE), the second is the R-square, and the third
is maximum absolute error (MAE) the expressions are defined as
follows:

n 1/2
_|1 2
RMSE = [n ;(y, ) } (18)

2 _ i i -y’ - Y i —x)?
Z?:l (yi - Zi)z

1 n
MAE = — le lyi — il (20)
1=

R (19)

Where n is the number of observations, y; is the frequency of
the observations, x; is the frequency obtained from the Weibull
distribution, and y is the mean value of the observations.

2.6. Wind power density

Once the Weibull parameters are determined, the wind power

density can be calculated by the related parameters. The wind
power density can assess the wind energy potential at a cer-
tain site for wind turbine, and the evaluation expression can be
obtained as follow (Jamil et al., 1995):
P 1 4 3
5= 5P+ ) (21)
Where p is the density of air. The wind power density is re-
lated to the density of the air and to the cube of wind speed
(Karthikeya et al., 2016). As we know, air density is sensitive to
the temperature and atmospheric pressure which are related to
the altitude. Therefore, the correction of air density should be
considered when assessing wind energy potential (Fyrippis et al.,
2010).

&0
TO )/Z W
=po— 1= 22 22
P poT( T0> (22)

Where g, is the gravitational acceleration and equal to 9.81 m/s?,
R = 287 Jdeg 'kg~! is gas constant, T is the atmospheric tem-
perature in Kelvin, Ty = 288 K, p, is the standard sea level air
density and equal to 1.225 kg/m>, and y is vertical temperature
gradient, in this paper, set y = 6.5 K/km as usual. In current
investigation, the mean value of temperature in sample time is
used as atmospheric temperature.

3. Results and discussion
3.1. Mean wind characteristics

Fig. 6 shows the mean wind characteristics, including wind
speed and wind direction rose diagram based on all wind data,
mean wind speed with error bar of standard deviation and its
corresponding mean wind direction in different seasons, and
diurnal mean wind speed profiles for four seasons, at six sites.
As mentioned above, the series are split into spring, summer,
autumn and winter, where spring is defined as March to May,
summer as June through August, autumn as September through
November, and winter as December to February. In general, the
wind direction is uniform for the sites located in the valley, such
as Baoshan site, Zanli site, Jin’an site and Yimen-C site, which
agrees with the previous study (Belu and Koracin, 2013). When
the sites are built in the flat area (Yimen-A site) or hilltop (Yimen-
B site) in the mountainous areas, the wind direction is very
chaotic, and the proportion of wind direction coming from all
directions is not low, and this point is similar to wind character-
istics in some coastal areas (Gualtieri and Secci, 2011; Oh et al.,
2012). Overall, the higher the wind speed, the more concentrated
the wind direction (Pérez et al., 2004). In order to better show
the state of wind speed in different seasons, the seasonal mean
wind speeds and mean wind directions are plotted, the error bar
indicates the standard deviation of seasonal wind speed data.
From the results, it is worth noting that although the four stations
selected are separated by hundreds of kilometers, the mean wind
speed in spring is always the largest, whereas the mean wind
speed in summer is the smallest in the four seasons. Terrain
can seriously affect wind direction and wind speed, so differ-
ent regions have different wind characteristics(Cheynet et al,,
2017; Huang et al., 2019; Mukut et al., 2008; Song et al., 2016;
Waulfmeyer and Janji¢, 2005). For the valleys where Zanli, Jin’an
and Yimen are located, the mean wind direction varies little from
season to season. Although Baoshan site is still located in the
mountain area, its terrain is relatively flat, so the mean wind
direction fluctuates greatly in different seasons, but the wind
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Fig. 6. Mean wind characteristics at (a) Baoshan site, (b) Zanli site, (c) Jin’an site, (d) Yimen-A site, (e) Yimen-B site and (f) Yimen-C site with (1) annual wind
direction and wind speed distribution, (2) seasonal mean wind speed and wind direction, and (3) diurnal wind speed profiles.

direction generally remains as the south. It is also pointed out in
some literatures that due to the influence of local topography, the
wind direction in mountainous areas has a dominant direction
(Zhang et al., 2020, 2019b). For diurnal wind speed profiles for
six sites, mean wind speed is closely related to the rise and
fall of the sun. The wind speed increases with the rise of the
sun and reaches maximum value in the afternoon, and then the

wind speed drops rapidly with the sunset. This is because the
winds in the valley, also called valley winds, are usually caused
by thermally induced pressure differences (Chow et al., 2013;
Stewart et al., 2002; Tieleman, 2008). According to the change
law of wind speed at night, there appears to be two types of
profiles. One is that the wind speed rapidly decreases after the
sun sets, and maintained at this wind speed with little fluctuation
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Fig. 7. Histogram of diurnal wind speeds observed at different sites.

until the sunrise of the next day. The measuring sites with this
characteristic are Baoshan site and Yimen site. The other is that
the wind speed slowly decreases after sunset, and the process can
even last until the sunrise of the next day, such phenomenon can
be found in Zanli site and Jin'an site. This phenomenon is related
to the difference in altitude of the valley. It is well known that
the temperature at the bottom of the valley is usually higher
than that at the top of the mountain (Danielson et al., 2003;
Kattel et al., 2013). As altitude difference of valley increases, the
insulation effect is better, so the pressure difference caused by
the thermal effect does not decrease immediately after the sunset,
which makes the wind speed in the high-altitude difference area
drop slower. In addition, the mean wind speed in different sea-
sons also have significant differences, and the mean wind speed
in spring is relatively large generally. In general, the mean wind
speed in most areas of the mountain is smaller than the cut-in
wind speed of modern wind turbines which is usually between
6 ~10 m/s. Therefore, small wind turbines with low cut-in wind
speed, such as AIRCON (small HAWT) or VAWTs (Dabiri, 2011) is
recommended to equipped the distributed wind farm.

3.2. Return levels

Based on the daily mean wind speed, this section focuses
on extreme value distribution characteristics of wind speeds of
different stations and calculates the mean wind speed for dif-
ferent return period. Fig. 7 shows the theoretical probability
density functions with the observed wind speed histograms for
six sites. Also, the corresponding cumulative distribution func-
tions are plotted in Fig. 7. In order to evaluate the correlation of
fitting, three methods including R-square, root mean square error
(RMSE) and mean absolute error (MAE) are introduced to exam-
ine the goodness of fit. Index of goodness and fitting parameters
are listed in Table 1. In order of Baoshan, Zanli, Jin’an, Yimen-
A, Yimen-B and Yimen-C, the shape parameters are —0.1076,
—0.1935, —0.0903, —0.1750, —0.2201 and 0.0416, respectively,
the scale parameters are 0.4335, 1.5813, 0.6245, 0.3911, 0.5955
and 0.4111, respectively, the location parameters are 1.7065,
4.0448, 2.6092, 1.5011, 2.5784 and 1.6937, respectively in the
corresponding site.
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Summary of GEV parameters and correlation of fit at six sites.

GEV Parameters

Goodness of fit

Site
3 o n R-Square RMSE MAE

Baoshan —0.1076 0.4335 1.7065 0.9978 0.0137 0.0104
Zanli —0.1935 1.5813 4.0448 0.9992 0.0080 0.0062
Jin'an —0.0903 0.6245 2.6092 0.9931 0.0239 0.0205
Yimen-A —0.1750 0.3911 1.5011 0.9988 0.0099 0.0078
Yimen-B —0.2201 0.5955 2.5784 0.9979 0.0131 0.0107
Yimen-C 0.0416 04111 1.6937 0.9958 0.0187 0.0157

According to the values of R-Square, RMSE and MAE, the GEV
distribution performs well for the total of six sites. The values
of R-Square, RMSE and MAE are 0.9978, 0.0137 and 0.0104 in
Baoshan, 0.9992, 0.0080 and 0.0062 in Zanli, 0.9931, 0.0239 and
0.0205 in Jin’an, around 0.9979, 0.0131 and 0.107 in Yimen. As
mentioned in Section 2.3, the shape parameter is very important.
For a total of five sites, the shape parameter is negative, indicating
a bound distribution, which that it is theoretically impossible
for the mean wind speed of the site to be above the upper
bound of the corresponding site (Castillo, 1988; Kruyt et al.,
2017). Therefore, for such dry-hot valleys affected by monsoon
season, the extreme value distribution is more in accordance
with Frechet distribution, also called Extreme distribution Type II.
Ayuketang Arreyndip and Joseph took west coast area of Africa as
an example, and the applicability of different extreme value dis-
tribution models was compared. The results showed that Frechet
distribution had better coincidence (Ayuketang Arreyndip and
Joseph, 2016). Also, similar cases were found in South America
(de Oliveira et al., 2011). Based on the results of extreme value
distribution, the mean wind speed with a return period of 5 years
and 10 years at 10 m high above the ground are given and listed
in Table 2. The predicted mean wind speed with return period
of 10 years is 4.07 m/s in Baoshan site, 10.54 m/s in Zanli site,
6.24 m/s in Jin'an site, 3.21 m/s in Yimen-A site, 4.85 m/s in
Yimen-Bsite and 5.72 m/s in Yimen-C site. For the three sites of
Yimen, supposed that the climatic conditions of the three sites are
the same for the close distance because the adjacent site. Observe
the predicted mean wind speed of the three sites, the difference is
very large. The site located in the valley (Yimen-C) has the largest
mean wind speed while the site on the flat terrain (Yimen-A) has
the smallest. This is because wind characteristics in mountainous
areas are significantly affected by the terrain. When the site is
in the valley, wind is constrained by the mountain, causing the
wind speed and wind direction to be relatively concentrated,
so it is accompanied by a higher wind speed. For flat areas in
mountainous areas surrounded by mountains, the wind is blocked
by the surrounding mountains, so the wind speed is low and
the wind direction is disordered. Compare four different places,
although these four places are located in mountainous areas, the
wind speed with same return period is quite different. For the
return period of 5 years, the minimum wind speed is 3.133 m/s
at Yimen-A site, the maximum wind speed is 10.301 m/s in Zanli
site. For the return period of 10 years, the sites of the maximum
and minimum wind speeds are the same as the return period
of 5 years. It can be seen that the influence of local topography
on wind environment is enormous. There is perennial snow on
the top of the mountain around the Zanli site, which leads to a
greater temperature difference, resulting in a large wind speed.
Contrarily, the temperature in Yimen site is relatively warm, so
the wind speed is relatively low. As the return period increases,
the wind speed increases slightly, which is consistent with the
trend of CDF.

3.3. Weibull distribution

Fig. 8 depicts the Weibull distribution to wind speed his-
tograms of all wind speed data with five estimate methods, and
statistical parameters with three types of goodness of fit criteria
at different sites are tabulated in Tables 3-8. As Fig. 8 showed,
all methods fit the observed data well except for Weibull-AM
(Alternative Maximum Likelihood Method). The performance of
Weibull-AM is not stable. For Zanli and Yimen-C, the estimation
values are close to those of other four methods, while for the
other four sites, the estimation values are much larger or smaller,
and the maximum deviation can even reach 30%. Therefore, the
following discussion mainly focus on other four methods. The
shape parameters (k) are derived from the well-fit methods are
centered with the values around 1.32 at Baoshan site, 1.41 at
Zanli site, 1.82 at Jin'an site, 1.37 at Yimen-A site, 1.60 at Yimen-
B site, 1.52 at Yimen-C site, whereas the scale parameters (c)
determined from the corresponding sites are with an average
value of 2.08, 5.31, 3.30, 2.11, 3.21, 2.17, respectively. As found,
the highest value of RMSE is calculated by Alternative Maximum
Likelihood method, 0.08899, occurred at Baoshan site. The corre-
sponding R-Square is also the smallest, with a value of 0.9050.
For the three sites in Yimen, Weibull parameters are different
as well. Compared with coastal open area, the values of Weibull
parameters are much smaller, especially for the scale parameters.
In Taiwan, the Weibull parameters in Dayuan, Hengchun and
Penghu are estimated, the scale parameters are between 8.5 to
11 which is much larger than those in this paper, while the shape
parameters are relatively close to those in this paper (Chang,
2011). For the urban area, the results are much closer. Taking
Singapore as an example, the Weibull parameters at the roof of
tall building in urban were estimated (Karthikeya et al., 2016).

Energy consumption is unevenly distributed over time. There-
fore, it is necessary to explore the Weibull parameters in different
seasons. The Weibull parameters obtained from spring, summer,
autumn and winter at six sites are listed in Table 9. Generally,
the shape parameters in summer is larger than that in other
seasons, whereas the corresponding scale parameters are smaller.
For different seasons and measuring sites, the Weibull param-
eters calculated by different methods are very close except for
Weibull-AM.

3.4. Wind energy assessment

According to Eq. (21), the wind power density can be ob-
tained by Weibull shape parameter and Weibull scale parameter.
Accurate assessment of wind power density can improve the
economy and applicability of wind turbines. Table 10 summarizes
the calculated wind power density at all measurement sites with
different estimate methods. In order to compare the influence
of air density, the data in parentheses is calculated with the air
density which is not corrected with altitude and temperature. As
found, except Weibull-AM, the wind power densities estimated
by the other four methods are close to each other. In addition,
comparing the wind power density of different sites, the differ-
ence of wind power density is huge. The wind power density at
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Fig. 8. Weibull distribution for wind speeds at different sites, five estimate methods compared.

Table 2

Mean wind speed at different sites with different return period.

Return period (years) Mean wind speed (m/s)

Baoshan Zanli Jin'an Yimen-A Yimen-B Yimen-C
5 3.935 10.301 6.007 3.133 4.758 5.301
10 4.070 10.541 6.237 3.208 4.850 5.719
Table 3
Statistical parameters of all wind speed data with five estimate methods (Baoshan site).
Estimate method Weibull parameters Goodness of fit
c R-Square RMSE MAE
Weibull-EM 1.322 2.078 0.9932 0.02379 0.02064
Weibull-MM 1.297 2.070 0.9940 0.02228 0.01945
Weibull-MLM 1.343 2.093 0.9917 0.02635 0.02236
Weibull-EPM 1317 2.076 0.9934 0.02345 0.02039
Weibull-AM 1.735 2.292 0.9050 0.08899 0.07489
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Fig. 9. Seasonal wind power density with different estimate methods at six sites.

Table 4
Statistical parameters of all wind speed data with five estimate methods (Zanli site).
Estimate method Weibull parameters Goodness of fit
k c R-Square RMSE MAE
Weibull-EM 1.423 5312 0.9755 0.04516 0.03798
Weibull-MM 1.393 5.295 0.9789 0.04192 0.03545
Weibull-MLM 1.378 5.292 0.9804 0.04041 0.03429
Weibull-EPM 1.444 5323 0.9730 0.04746 0.03983
Weibull-AM 1.323 5.227 0.9847 0.03567 0.03069
Table 5
Statistical parameters of all wind speed data with five estimate methods (Jin’an site).
Estimate method Weibull parameters Goodness of fit
k c R-Square RMSE MAE
Weibull-EM 1.855 3.300 0.9966 0.01687 0.01444
Weibull-MM 1.808 3.296 0.9962 0.01776 0.01468
Weibull-MLM 1.854 3312 0.9961 0.01809 0.01571
Weibull-EPM 1.745 3.290 0.9948 0.02090 0.01700
Weibull-AM 1.288 3.059 0.9190 0.08217 0.06958
Table 6
Statistical parameters of all wind speed data with five estimate methods (Yimen-A site).
Estimate method Weibull parameters Goodness of fit
k c R-Square RMSE MAE
Weibull-EM 1.363 2.104 0.9718 0.04850 0.04156
Weibull-MM 1.336 2.097 0.9739 0.04664 0.04007
Weibull-MLM 1.400 2.127 0.9669 0.05249 0.04429
Weibull-EPM 1.363 2.104 0.9718 0.04852 0.04158
Weibull-AM 1.656 2.252 0.9060 0.08851 0.07112
Table 7
Statistical parameters of all wind speed data with five estimate methods (Yimen-B site).
Estimate method Weibull parameters Goodness of fit
k c R-Square RMSE MAE
Weibull-EM 1.623 3.216 0.9804 0.04037 0.03404
Weibull-MM 1.583 3.208 0.9808 0.04002 0.03357
Weibull-MLM 1.659 3.241 0.9781 0.04272 0.03562
Weibull-EPM 1.546 3.201 0.9805 0.04035 0.03354

Weibull-AM 1.296 3.041 0.9529 0.06263 0.04604
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Table 8

Statistical parameters of all wind speed data with five estimate methods (Yimen-C site).

Estimate method Weibull parameters

Goodness of fit

k c R-Square RMSE MAE
Weibull-EM 1539 2.167 0.9668 0.05259 0.04593
Weibull-MM 1.503 2.162 0.9641 0.05469 0.04753
Weibull-MLM 1.623 2.196 0.9686 0.05113 0.04471
Weibull-EPM 1.404 2.141 0.9528 0.06270 0.05350
Weibull-AM 1.505 2.147 0.9650 0.05399 0.04665

Table 9

Summarization of Weibull parameters at six stations in different seasons and estimate methods.

. Weibull-EM Weibull-MM Weibull-MLM Weibull-EPM Weibull-AM
Site Season
k c k c k c k c k c
Spring 1.269 2215 1.247 2.207 1.297 2.236 1.288 2223 1.631 2434
Baoshan Summer 1.542 2.205 1.505 2.198 1.492 2.196 1.527 2.202 1.610 2.244
Autumn 1.359 1.927 1.332 1.920 1.368 1.936 1.348 1.925 1.931 2.186
Winter 1.207 1.942 1.190 1.934 1.281 1.981 1.221 1.947 1.882 2.230
Spring 1474 5.893 1.441 5.875 1.399 5.845 1.499 5.905 1.365 5.804
Zanli Summer 1.263 4393 1.241 4.376 1.244 4.389 1.309 4426 1.283 4437
Autumn 1.450 5.196 1.418 5.179 1414 5.187 1.475 5.207 1.321 5.084
Winter 1.472 5.170 1.439 5.154 1.448 5.169 1.470 5.169 1.324 5.037
Spring 1.837 3.855 1.790 3.850 1.842 3.871 1.721 3.842 1.285 3.576
Jiman Summer 1.773 2.948 1.728 2.944 1.773 2.959 1.698 2.941 1316 2.763
Autumn 2.026 2.968 1.974 2.967 2.007 2978 1.953 2.966 1.305 2.738
Winter 1.987 3.310 1.936 3.308 1.968 3.319 1.890 3.305 1.286 3.049
Spring 1.385 2.424 1.357 2415 1.385 2.435 1.405 2429 1.494 2.495
Yimen-A Summer 1.540 2.134 1.504 2.128 1.578 2.154 1.496 2.127 1.566 2.149
Autumn 1.387 1.881 1.358 1.874 1.437 1.905 1.375 1.878 1.873 2.088
Winter 1.299 1.866 1.276 1.859 1.355 1.894 1.309 1.868 1.958 2177
Spring 1.643 3.613 1.602 3.605 1.669 3.639 1.580 3.600 1.283 3.405
YVimen-B Summer 1.751 3.269 1.706 3.263 1.769 3.287 1.662 3.257 1.291 3.053
Autumn 1.674 2.842 1.632 2.837 1.702 2.861 1.587 2.830 1.329 2.689
Winter 1.576 3.098 1.538 3.090 1.623 3.127 1.503 3.082 1.305 2.950
Spring 1.477 2.679 1.444 2,671 1.550 2.716 1.405 2.66 1.361 2,614
Yimen-C Summer 2.075 1.678 2.022 1.678 2.043 1.682 1.956 1.676 1.912 1.657
Autumn 2.052 1.778 2.000 1.778 2.019 1.781 1.939 1.776 1.771 1.732
Winter 1.897 2.084 1.848 2.082 1.900 2.091 1.701 2.073 1.508 1.982

Zanli site is around 210 W/m?, which is almost 18 times that
of Yimen-A and Yimen-C sites. Clearly, the wind power density
associated with hilltop are higher than that in valley and on flat
terrain. Despite the wind power density reaches 210 W/m?, the
wind energy density in mountainous areas is still relatively low.
Moreover, the estimated wind power density will be larger if the
unmodified air density is used, but the effect is limited, and the
error caused by the unmodified air density is generally controlled
within 2%.

But it is worth noting that the electricity consumption is
different in each season, for example, due to heating and cool-
ing demand, electricity consumption in winter and summer will
increase significantly (Xia et al., 2014). Similarly, according to pre-
vious research results, wind energy density also shows a certain
seasonality (Kruyt et al., 2017). Hence to assess the wind power
density in different seasons, according to the Weibull parameters
listed in Table 9, the wind power densities of different sites are
also calculated and shown in Fig. 9. As can be found, whichever
measuring site and estimate method are adopted, the wind power
density in spring is the largest, followed by winter. Carneiro et al.
pointed that the wind energy density is Brazil has the same trend,
the power density reaches maximum in Spring (Carneiro et al.,
2016). Compared to the other four sites, the wind power densities
of Zanli site and Banshan site are relatively balanced in different
seasons. Analyzing the three sites at Yimen, the hilltop or the
valley is better for the location of small distributed wind farm
in mountainous area, because the wind energy obtained is the
most impressive. At the same time, small wind turbines with low
starting wind speed should be selected as the power source. Also,

it is necessary to avoid building wind turbines in the flat land
surrounded by mountains as far as possible.

3.5. Sociality and economy

Economic and social effects are an integral part. In the area
of sociality, the buffer zones should be considered. Construction
work, such as building dams, bridges, etc. does have an impact
on the environment, changes in the environment will not only
affect animals and plants in nature, but also humans themselves.
In order to minimize the impact of wind farms on humans and the
natural environment, many aspects of buffer zones, such as pro-
tected areas (including bird area, natural park, natural conversion
area, etc.), water bodies (river, lake, well, etc.), settlements, pro-
duction land, road, etc. For the research object in this manuscript,
due to the undulating geographic environment of the mountain
areas, the value and density of the population are much lower
than those of the cities, and the available land resources are
relatively limited, so the buffer zones of water bodies, settlements
and road could set to 200 m, 500 m, and 200 m, respectively,
while the buffer zone of protection areas should be set to a value
larger than 500 m (Ayodele et al.,, 2018; Barakat et al., 2017;
Enevoldsen and Permien, 2018; Mahdy and Bahaj, 2018).

In the aspect of economy, taking a family of 3 persons as an
example, each home is designed with a rated power of 3 kW. This
power can meet the daily use of the family and effectively load
household appliances such as TV, desktop, refrigerator, wash-
ing machine, microwave, etc. Thus, the wind turbine with rated
power of 10 kW is selected. In order to ensure the normal power



1054

Table 10

M. Zhang, . Zhang, Y. Li et al. / Energy Reports 6 (2020) 1043-1056

Comparison of wind power density with various Weibull parameters at six sites.

Power density (W/m?)

Site

Weibull-EM Weibull-MM Weibull-MLM Weibull-EPM Weibull-AM
Baoshan 14.10 (14.29) 14.58 (14.78) 13.90 (14.08) 14.19 (13.90) 11.51 (11.66)
Zanli 202.27 (203.36) 209.39 (210.52) 213.92 (215.07) 197.64 (198.70) 225.80 (227.02)
Ji'an 31.59 (31.88) 32.51 (32.81) 31.96 (32.25) 33.90 (34.21) 48.05 (48.50)
Yimen-A 10.79 (10.95) 11.14 (11.30) 9.92 (10.06) 10.70 (10.85) 6.27 (6.37)
Yimen-B 35.04 (35.59) 36.22 (36.79) 34.66 (35.20) 37.47 (38.06) 46.21 (46.94)
Yimen-C 11.74 (11.90) 12.16 (12.33) 11.17 (11.33) 13.50 (13.69) 11.88 (12.05)

Note: The data in parentheses are calculated using air density at standard sea level.

supply of a family, a distributed DWES of a family should contain
an inverter, a controller, a battery, cables and a wind turbine.
The entire system is uniformly controlled by the controller. The
wind generator generates electricity, and the excess electricity
will be stored in the battery. When the wind is reduced and the
electricity generated by the wind generator is insufficient, the
inverter will supplement electrical energy from the battery.

The total cost of a DWES for a family is composed of capital
cost and operation and maintenance cost. The capital cost consists
of wind power equipment cost and other expenses related to civil
works and material cost. The total cost of 1kWh wind-generated
electricity is as followed (Saeidi et al., 2013):

c_ G 1
T 8760n \ Pg-CF

—_—
capital cost

G 1 A+1r -1
+ . em- | —
8760n \ Pg - CF I(1+1y

operation and maintenance cost

Where, C; is the total investment, n is the useful life of the DWES,
Py is the rated power of wind turbine, CF is the capacity factor
which can be assumed as 21.3 (IEA, 2018), m is the percentage
that determines the annual cost of operation and maintenance of
the DWES, [ is the annual interest rate.

Unlike Europe and other countries, the operation and main-
tenance costs of power system are not calculated based on a
percentage of total cost, but are calculated based on per kilowatt-
hour (kWh). Therefore, the calculation items related to operation
and maintenance costs in the formula are not considered for the
time being, and only the equipment costs and installation costs
are calculated. For the small wind turbine, usually VAWTs and
HAWTSs can be selected. The price of a set of a distributed wind
energy system with VAWT is about CNY 65,000, while the price is
CNY 45,000 with HAWT. Other initial costs including installation,
transportation, and custom fee is assumed about 40% of the
system (Saeidi et al,, 2013). Useful life of the system is 15 years.
In addition, we assume that the average operational and mainte-
nance cost of the distributed wind farm is set as 0.10 CNY/kWh
(Tu et al, 2019). Thus, the price with VAWTSs is about 0.406
CNY/kWh, the price with HAWTs is 0.305 CNY/kWh. And the
market electricity price of China is around 0.56 CNY/kWh which
is depended on the location (Qiu and Anadon, 2012; Rodrigues
et al,, 2017).

4. Concluding remarks

Wind energy is a clean and highly valuable renewable energy.
With the development of wind energy technology, it has gradu-
ally become an important branch of energy technology. By means
of measurement method, the wind characteristics at six sites
in different seasons and different times of the day in complex
mountainous areas are investigated. Energy estimated methods

and potential assessment for distributed wind farm are carried
out.

Accurate estimation of wind characteristics is the basis of
wind energy potential assessment. Generally, affected by the
topography, the wind direction in the valley has directivity, while
the wind direction in the flat terrain surround by mountains is
chaotic. Wind speed is greatly affected by season. The maximum
wind speed occurs in spring, while the minimum wind speed
occurs in summer. In addition, the mean wind direction seems
to be season-independent. Driven by thermal effect, the diurnal
wind speed is related to the spatial position of the sun and
increases with a peak in the afternoon.

With negative shape parameter, wind data in mountainous
areas are more in line with Frechet distribution, also called Ex-
treme distribution Type II. Among measurement data from six
sites, the mean wind speeds for 5-year and 10-year return periods
range from 3.133 to 10.301 m/s and from 3.208 to 10.541 m/s,
respectively. The maximum wind speed with different return pe-
riod occurs in deep-cut canyon surrounded by mountains covered
with snow all the year round (Zanli site), while the minimum
occurs in flat terrain surrounded by mountains (Yimen-A site).

For energy application, Weibull parameters and estimated en-
ergy potential are calculated with five methods. In addition to
alternative maximum likelihood method, the other four methods,
namely empirical method, moment method, maximum likelihood
method and energy pattern factor method, are highly applicable
to mountain environments. Thus, estimation methods suitable for
coastal areas can also be used for energy assessment in moun-
tain environments. Wind energy potential affect by climate and
topography significant, the wind power density in Zanli is over
200 W/m?, while the power density in Yimen-A is less than
10 W/m?. Similar to mean wind characteristics, wind power
density shows strong seasonality, with the maximum value in
spring and the lowest value in summer. For wind power facilities
built in complex mountainous areas, power generation facilities
should be built in valleys or on the top of the mountain, and
should not be built in the flat land surrounded by mountains. Na-
tional policies are crucial for energy development. For the remote
mountainous areas mentioned in this paper, the development of
distributed wind power system is one of the ways to solve the
power shortage in such areas.

For the sociality and economy. A buffer zone should be set to
minimize the impact of wind farm on natural environment. Also,
the total cost of 1TkWh wind-generated electricity is calculated,
the cost of a DWES with VAWTs and a DWES with HAWTs is 0.406
CNY/kWh and 0.305 CNY/kWh, respectively.

In addition, the stability of the power system is very im-
portant. In the subsequent research, robustness research will be
carried out for the DWES system.

Nomenclature

See Table 11.
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Table 11

List of symbols

g(x) Probability density function of GEV distribution

G(x) Cumulative distribution function of GEV distribution
" Location parameter of GEV distribution

o Scale parameter of GEV distribution (m/s)

& Shape parameter of GEV distribution

Py Return period (yr.)

w(x) Probability density function of Weibull distribution
W(x) Cumulative distribution function of Weibull distribution
k Shape parameter of Weibull distribution

c Scale parameter of Weibull distribution (m/s)

Um Mean wind speed of wind sample (m/s)

o Standard deviation of the wind speed sample (m/s)
r( Gamma function

Epf Energy pattern factor

RMSE Root mean square error

R? Coefficient of determination

MAE Maximum absolute error

P/A Power density (W/m?)

P Density of air (kg/m?)

o Standard sea level air density (equal to 1.225 kg/m3)
T Atmospheric temperature in Kelvin (K)

To 15 Celsius degrees in Kelvin (equal to 288 K)

2o Gravitational acceleration (equal to 9.81 m/s?)

R Gas constant (equal to 287 Jdeg~'kg™')

y Vertical temperature gradient (equal to 6.5 K/km)

C Total cost of 1 kWh wind-generated electricity

G Total investment including capital cost and operation and maintenance cost
n Useful life of the DWES (year)

Pg Rated power of wind turbine (kW)

CF Capacity factor

m Ratio of operation and maintenance cost to the cost of DWES
1 Interest rate
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