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Abstract
According to the Chinese "Twelfth Five-Year Plan", two large scale wind farms are planned to be
built in the shore of Shandong province and Guangdong province to meet the increasing electricity
demand with economic development. Before the construction of wind farm, it is necessary to evaluate the wind potential and its temporal variation along the coast of Shandong province, Guangdong province and Zhejiang province that have been studied in this paper. The data used were
obtained from Goddard Earth Observing System (GEOS) Data Assimilation System. The results
showed that there is rich wind supply in Zhejiang province with small annual variation. Further
away from shore, the wind energy will increase fastest in Guangdong area. The yield of wind
energy in Shandong province is not as rich as in the other two provinces as predicted in the study.
Furthermore, the layout of wind turbines in wind farm was also investigated to absorb wind
energy at the highest efficiency by wind farm. Our results provide a reference for the future construction of wind farms.
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1. Introduction
In recent years, the Chinese economy is growing at a high speed of 8%. Energy demand also has been correspondingly increased to satisfy this development, especially in the east coastal advanced area. Oil, coal, and gas are
the traditional energy sources. However, the availability of these sources is limited. Many researchers have estimated that the oil resource will run out and the coal resource will be depleted. Thus, energy issues will be an
expected challenge for China in the future and have far reaching impact for the sustainable development.
Nowadays, more and more scientists are making an effort to explore the renewable energy, including solar,
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geothermal and wind energy [1]-[3]. Among these, wind energy is clean and has promising exploitation prospect.
According to investigations, China has abundant wind power resources with great potentiality for exploration.
Wind power resources mount to app. 0.6 - 1 bil kW on land, app. 0.2 bil kW on sea [4]. At height of over 50 - 60 m,
the wind resource is even greater. If 1/2 of this energy is exploited, app. 0.5 bil kW will be provided. It may significantly compensate the energy demand gap in 2050 power demand.
In the present condition, most wind farms were built in Gansu, Heilongjiang provinces which are far away from
the high electricity consumption area. The charge for long distant electricity transmission is high. CNY 1
cent/KWh when the distant is less than 50 KM; CNY 2 cent/KWh when the distant is longer than 50 KM and less
than 100 KM, CNY 3 cent/KWh when the distant is longer than 100 Km. So, building wind farm in East China
Sea can save far distant transmission fee and prevent the energy loss during the electricity transmission. Therefore,
the China government has announced the policy of development of offshore wind farm plan and has written the
construction of wind farm in Shandong and Guangdong provinces in the 12th five-year plan [5].
The cost is the main factor needing to be considered before construction of wind farm in developing country.
Wind farm should be built depending on its availability, and also affordability needs to be considered. Any inefficiency of electricity usage will cause higher costs, which the grid company will transfer to the consumer. The
wind energy potential and its fluctuation need to be researched before construction of offshore wind farm. This
will benefit for planning electricity generation at given time and electricity distribution network. The Carbon
Dioxide Mechanism (CDM) could also be a method of reducing the cost for building wind farms in developing
countries with financial and technological help from developed countries [6]. The accurate prediction of wind
potential and temporal variation of wind energy is one of the dominant factors for the registration of CDM. If the
favorable costs of generating electricity of wind energy can be reached, investments will be easily attracted in
wind energy.
Xu Jingwei etc. have done the research of the potential China Offshore Wind Energy Resources based on the
data from Sea Winds scatter meter on board the National Aeronautics and Space Administration (NASA)
QuikSCAT satellite which is remote sensing data [7]. Xiang Fang has studied the offshore wind potential and
compared the result with results based on data from the boat observation [8]. However, current researches are not
sufficient to guide the exploration of the rich offshore wind resource, much more research needs to be done to
improve the accuracy of wind resource and how it varies in different places and different seasons.

2. Introduction of the Data Used in the Study
Very few wind measurement masts are in the sea, and most of them are set up in near shore areas. Because of
that very few measured wind speed are available to assess the wind energy off shore, especially at the latitude of
80 m or above which is the hub height of modern wind turbine for making use of offshore wind power. This lack
of data is the reason why the accurate offshore wind potential could not have been fully and completely studied.
Instead of meteorological observation data, reanalysis data provide another way of researching the wind potential and variation.
The data was provided by the Goddard Earth Science Data and Information Service Center of National Aeronautics and Space Administration, which a retrospective analysis for the satellite era using a major the Goddard
Earth Observing System (GEOS) Data Assimilation System [9]-[11]. The data comes from reanalysis of observational data measured by aircrafts, balloons, ships, buoys and satellites. Ten years data from 2001 to 2011 was
used in this paper. The spatial resolution of the data is 0.5 degree in latitude direction and 0.67 degree in longitude direction. The wind speed at altitude of 71 m was used for this analysis. The four-hours averaged wind
speed data was employed in this study.
Comparison of GEOS data and measured data in Liaoning area (inland area) have been done to test the tendency of the daily changes of wind speed by monitoring the output of wind turbine, and the result shows that
GEOS data have good consistency with measured data [10]. The accuracy of wind speed in the sea needs to be
tested to make clear the error of the assessment. Different data resources did its analysis to find their advantages
and disadvantage separately.
Observational data can be obtained from China Meteorological Administration’s Observations Station Data.
One of the data set which was measured in Bohai Sea (38.45˚N, 118.42˚E) was chosen for comparing because
the Bohai Sea area of Shandong province is less suffering the strike of the strong storm than other two places
researching in this paper. Other compared data sources are QuikSCAT Data, Numerical Weather Product Data.
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Although there are other three data resources available, which are Japanese 25-year reanalysis data of wind
speed from JMA Climate Data Assimilation System (JCDAS), ERA-40 provided by European Centre for Medium-Range Weather Forecasts and JRA-25. The resolutions are not as detailed as the kinds of data used in our
study. The QuikSCAT Data is product of Jet Propulsion Laboratory of California Institute of Technology (Caltech) and National Aeronautics and Space Administration (NASA). Its spatial resolution is 12.5 km (0.1˚) both
in latitude direction and longitude direction with an accuracy of 0.1 m/s. QuikSCAT Data provides two different
results by two inversion methods which are Ambiguity Removal algorithm (A.R.) and DIRTH Algorithms
(DIRTH). The data of Numerical Weather Product was from National Center for Environmental Prediction
(NCEP).
The parameters compared are closely related with predicting the output of electricity from wind energy,
which are speed standard deviation, mean speed, shape parameter k of Weibull distribution, scale parameter c of
Weibull distribution.
The Table 1 depicts that data from the GEOS fits well the observational data and can be used to do assess the
wind potential in offshore area with smaller error than other data resources.

3. Methodology
In this paper, average daily wind speed was calculated first, and then calculation of monthly wind energy was
done based on average daily wind speed. After that we obtained potential wind energy changes with distance
away from coast after averaging twelve month wind energy in research area.
The wind speed data is at an altitude of approximately 71 m [11]. High-power wind turbine quipped for the
offshore wind farm is designed to be more than 5 MW. Recently 6 MW and 7.5 MW have been manufactured.
And research institute in the world are investigated in 10 MW. Currently, 3 MW wind turbine is widely used in
offshore wind farm whose hub height is approximately 80 m.
By interconnecting wind farm in some area, output of array of wind farms can be taken as similarly to a single
farm [12]. Then the output of one turbine of this area was calculated to predict the characteristics as a representative for the output of the wind farm in an area.
The wind energy that can be converted into electricity can be calculated by the Equation (1)

1
P = αρ πD 2V803
8

(1)

where, P refers to wind energy converted into electricity, ɑ is the efficiency of the wind turbine, ρ is the density
of the air, D is the diameter of the wind turbine, V80 is wind speed at 80 meters height, π is 3.14.
− c5

c

=
α c1  2 − c3 − c4  e λi + c6 λi
λ


(2)

The efficiency ɑ of the wind turbine can be derived from Equation (2). Where, c1, c2, c3, c4, c5, c6 are parameters of wind turbine, λ is tip speed ratio which is a value of blade tip velocity divided by wind speed. The values
of ɑ often range from 0.45 - 0.5 depends on wind turbines and λ conditions. Within our study, ɑ we choose a
value of 0.5.
The annual energy E can be converted from wind energy into electricity and can be expressed as:
E=

vcut out

∫

Pf ( v ) 8760dv

(3)

vcut in

Table 1. Comparison parameters from different data sources in the year of 2005.
Speed standard deviation (m/s)

Mean speed

K of Weibull

A.R.

4.09

9.91

3.4

11.03

Model

5.38

11.2

3.35

12.47

DIRTH

4.12

9.94

3.38

11.07

DAS

2.19

5.66

2.8

6.36

Observation

None

5.87

2.95

6.58
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When the wind speed v is greater than rated speed, the output of wind turbine no longer increases. Hence, the
values were taken as rated speed when the wind speeds of data exceed the rated speed.
Because the data is inconstant but a four-hour averaged data, the Equation (3) can be changed as:

=
E

vcut out

∑ Pf ( v ) 8760∆v

(4)

vcut in

where, vcut out is the cutout speed of the wind turbine, vcut in is the cut in speed of wind turbine; f is the frequency
of wind speed v.
=
f (v)

kv
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exp  −     
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(5)

where, k is shape parameter and c is scale parameter. The values of k and c can be obtained with the following
method [13],

k=
c=

ρ −1.086
µ

(6)

µ

(7)

 1
Γ 1 + 
 k

where µ is the expectation of the wind speed data of a certain place, ρ is standard deviation of the wind
speed data of a certain place, Γ is function of Gamma. Γ is very hard to calculate directly, therefore, it can
be calculated by the empirical Equation (8) .
1

0.434  k
 1 
Γ 1 + =
  0.568 +

k 
 k 

(8)

The Equation (8) can be approximated the real equation with very high resolution when k is larger than 1 and
smaller than 3. The error is no larger than 0.3%.
Based on empirical power law relationship, the wind speed of 80 meter height can be obtained as following

Z 
U 80 = U 71  80 
 Z 71 

n

(9)

U80 is the wind speed at 80 meter height above the sea level, n is the power law exponent, as for the ocean, n
is 0.11, Z80 and Z71 are the height above the sea level [14].

4. Result Discussion
4.1. Annual Fluctuations of Power and Total Electrical Output from Wind Power
In order to prevent the influence to landscape, radio and radar transmission and other human activities like shipping, fishing, wind farms should be built further away than 10 km off the coastline. According to research of
Musial et al. [15], less than 33% can be developed within the area between 9.3 and 37 km offshore, expanding
67% of offshore wind energy in the area further than 37 km. In this paper, the wind energy distribution of distance from 0 to 250 km off the shore were studied and analyzed.
The Figure 1 and Table 2 show that:
Zhejiang area enjoys most wind energy resource in Chinese ocean area, more than 1.4 MW energy can be
converted into electricity by the wind turbine and one wind turbine can generate an average of 1.8 × 104
KWh/year. Wind energy increases until 50 kilometers away from shore with distance, then decreases when the
distance further away than 100 kilometers. The reason which causes this phenomenon is the Taiwan Strait. It’s
like a narrow tube which can increase wind speed when monsoon pass through narrow Taiwan Strait. Hence, the
area which is 50 kilometer to 100 kilometer away from coast is preferable for wind farm sites.
The encircled Shandong peninsula and Korea peninsula prevent large variation of wind speed. Therefore,
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Figure 1. Potential wind energy changes with distance away from coast in
three planning wind farm base.
Table 2. The annual output of electricity per wind turbine (KWh).
Distance (km) Place

0

50

100

150

200

250

Guangdong

1.36E+7

1.13E+7

8.89E+6

6.44E+6

3.15E+6

1.37E+6

Zhejiang

1.75E+7

1.76E+7

1.84E+7

2.05E+7

1.94E+7

1.37E+7

Shandong

5.79E+6

6.24E+6

6.28E+6

5.9E+6

4.45E+6

3.8E+6

Wind energy varies slowly along the distance to coast with apparently less wind energy resource potential than
Zhejiang area. Although there is an increase of up to 1 MW from near shore areas to fares shore areas，
considering building and maintaining cost , wind farms are recommended to build near coast areas.
Combination of near shore wind farm and far shore wind farms is most suitable for Guangdong area. The
energy is increasing linearly with distance further away from the coast.

4.2. Monthly Fluctuation in Three Places
The electricity consumers measured their consumption monthly. Monthly wind energy potential is calculated to
predict the electricity obligation of wind farm. Then the power grid company can determine the energy supply
for every wind farm unit.
Chinese off shore monthly fluctuation characteristics are showed as Figure 2 and Figure 3, Zhejiang sea area
is located in East Chinese Sea and near Taiwan Strait. During October and January, maximum wind energy,
about more than 4 MW per wind turbine, can be extracted when north wind is prevailing affected by the Siberia
high pressure center. Least wind energy value as approximately 1 MW appears from May to August. There is a
sharp increase of wind energy from September to October, at that time north wind begin to prevail in China. On
the contrast, if the north wind prevailing stop in February, the wind energy potential decrease very fast from 4.5
MW to 2 MW. Different sites show same varying tendency of fluctuation of wind energy. Wind energy potential
of coastline changes least in Zhejiang sea area than other places, average wind energy potential is around 1.5
MW in this area with amplitude of variation of less than 1.5 MW. Wind energy resources are rich in winter season while poor in summer and changes are dramatically in spring and autumn.
Amplitude of wind energy of off-coast of Guangdong area covers a range from less than 0.5 MW to 2 MW.
During September, wind turbines extract most wind energy in most of the researching area, far shore area even
can obtain energy of 2.5 MW from the wind. From June to July, least energy, only about 0.5 MW, can be converted into electricity. The fluctuation changes differently in near shore area and far shore area. The further from
coastline, more drastically vary of wind energy potential. The characteristic in this area is caused by open sea
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Figure 2. Monthly fluctuations in Zhejiang area.

Figure 3. Monthly fluctuations in Guangdong area.

without large islands or continent which would decrease wind speed.
The wind energy potential is unstable in all the area of Bohai Sea of Shandong area as show in the Figure 4.
Lowest value of wind energy appears in February. During the following month, wind energy potential increases
from 0.2 MW to more than 0.5 MW in near shore area. Far shore wind energy is more firm or stable than that of
near shore area, average of wind energy potential changes around 0.8 MW.

116

L. T. Ge et al.

Figure 4. Monthly fluctuations in Shandong area.

5. Layout of Wind Turbines
In order to prevent the interaction of downstream and lateral wind turbines performance, a certain distance
should be kept between ambient wind turbines. Previous research showed that less than 10 percent of energy
loss is economically accepted for building a wind farm [16]. Robert-Zoltán Szász etc. proved that the lateral
distance should be larger than 1 rotor diameter [17]. Experiments show that downstream distance should be set
to at least 10 rotor diameters of wind turbine. For preventing the influence between wind turbines, a distance
should be kept downstream-wisely and laterally, 10 D and 3 D separation are preferred [16].
For further increasing the efficiency of wind turbines, latest technology should be applied. Using wind-lens
wind turbines can increase the number of wind turbines to convert more energy into electricity in a certain area
because of reduced diameter of rotor of wind turbine. Wind lens-wind turbines can be set up much closer together with of factor of 2.25 compared with other kinds of wind turbine in area which is suitable for building
wind farms. The increased power output of wind farm using wind-lens technology is a research topic to be evaluated in the future. Wind-lens wind turbines with property of wind concentration and accelerating the wind
speed. That means that under the same rated power, the shape of wind lens type is smaller than ordinary ones.
The research showed that the wind lens wind turbine has the advantage that the diameter of the wind turbine is
only two third compared with of the common type [18].

6. Concluding Remarks
In this paper, the retrospective analysis data of GEOS-DAS were used to assess the Chinese offshore wind resources. Retrospective analysis data can be more effectively used for the assessment of spatial and temporal
variation in offshore wind resource than remote sensing data when direct measured data are hard or extreme expensive to get. There is rich wind resource supply in Zhejiang offshore area while Shandong area is not rich in
wind energy as the other two places.
Wind lens-type wind turbines with shorter diameter of wind turbine than other type wind turbine can cut
down the transport and assembling cost resulting from decrease of weight of wind turbine.
Further development of the technology of wind energy is expected to reduce the cost of the offshore wind
farms in the near future. Due to its advantages in offshore farms, it is significant for construction of offshore
wind farms. The research can be applied in the scope of siting wind farm and predict the wind energy change
within a year.
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