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a b s t r a c t

Offshore wind resource assessment seems to be urgently needed due to the rapid development of
offshore wind energy in the coming decades. Technical potential of offshore wind energy over the sea
area shallower than 250m along China coast is investigated. To avoid erroneous estimation of wind
power density, a statistical model considering sea state effect is proposed. Long-term CCMP wind field
data are examined using that model to reduce uncertainties. Further, influential factors including wind
power density, water depth, wind turbine size, wind farm layout and various spatial constraints are
analyzed on the GIS platform. Technical potential under different scenarios are presented and discussed.
It shows that wind resource at Taiwan Strait is particularly abundant, where wind power density at 70m
height can be above 900W/m2. Technical potential is quite sensitive to the size of wind turbine. Taking
the layout S1 (8� 15 turbines in each farm, 8 rotor diameters apart between wind turbines, 20 km buffer
region between neighboring farms) as an example: the total technical potential of the study area is
613 GW for rotor radius 60m, and that for rotor radius 90m is 1264 GW; the growth rates of technical
potential with rotor radius is 19.3 GW/m roughly. Spatial constraints has significant impact on the region
with water depth less than 50m, where only 48.1% of area is available for developing wind energy and
the technical potential there is about 23% of that of the study area.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Offshore wind energy experienced a recordable period and ex-
hibits great growth potential in the coming years because of its
advantages in larger wind speed, lower wind shear, fewer noise
constraints and less land occupation. By the end of 2017, the global
cumulative capacity reached 18.81 GW, in which 15.73 GW was
newly installed during 2011e2017 according to Global Wind En-
ergy Council (GWEC) [1]. The new intermediate scenario by Euro-
pean Wind Energy Association (EWEA) claimed that 66 GW
offshore capacity is expected to be added in EU by 2030, and those
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of the high/low scenario is 45 GW/98 GW [2]. National Renewable
Energy Laboratory (NREL) predicted 38 GW of installed capacity is
expected to be commissioned by 2020 in US, whichwould bring the
cumulative installed capacity to 47 GW [3]. Recently, a plan “The
Electric Power Development Planning in 13th Five-Year
(2016e2020)” was released by the National Energy Administra-
tion of China (CNEA), which sets a goal of offshore wind capacity by
2020: 5 GW under commercial operation and 10 GW under con-
struction [4].

Offshore wind resource assessment plays an important role in
developing offshore wind energy. It can be usually classified into
two scales, i.e. wind farm and regional scales. As for the wind farm
scale, the accuracy of prediction of the annual energy production is
the overriding concern, which is fluctuated by various uncertainties
such as wind measurement, thermal stability of marine boundary
layer and climate change. While the regional scale wind resource
assessment is aimed to obtain the technical wind energy potential
which will be helpful for the future offshore wind energy planning
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and the development of the offshore wind turbines. In this work,
the regional scale wind energy potential over the sea area shal-
lower than 250m along China coast are investigated.

China's pilot offshore wind farm right nearby the Donghai
Bridgewas built in 2005 and the cumulative offshorewind capacity
has hit 2.79 GW by the end of 2017. Wind energy potential over the
coastal and tidal regions of Bohai Sea, Yellow Sea and East China Sea
were firstly investigated by China Meteorological Administration
(CMA) using the numerical model WERAS/CMA [5]. With the aid of
MM5model, Qin et al. [6] evaluated the offshore wind energy along
the China coast at 100m hub height. Hong et al. [7] investigated
available offshore wind energy over the exclusive economic zone
(EEZ) of China considering technical, spatial and economic con-
straints. Li et al. [8] investigated the climatology, variability, and
extreme climate of winds over Bohai Sea and Yellow Sea using a
regional climate model COSMO-CLM. And they also reviewed the
other works related to wind resource over the seas of China before
2016, e.g. Refs. [9e11]. The geographical distribution of wind power
density (WPD) over the seas of China has been uncovered pre-
liminary owing to those works. However, the offshore wind energy
potential over the seas of China are not complete yet. The major
limitations of the previous works are: 1) most of the wind energy
potential are at a few low heights which seems to be incompetent
for the large-size modern wind turbines; 2) theoretical wind en-
ergy potential over China Seas such as 883 GW [12] (water depth
0e50m, height 10m), 660 GW [13] (region 10 km offshore, height
10m) and 2000 GW [5] (water depth 5e25m, height 50m) are
seldom available even seem to be contradictory; 3) technical wind
energy potential have been discussed scarcely.

Three kinds of wind speed data are often used for wind resource
assessment. One is from the in-situ measurement platforms such as
meteorological masts, weather stations, ships and buoys. However,
offshore observation platforms are quite rare due to the high costs
of installation and maintenance. Additionally, the in-situ measured
wind speed data are always point measurement with low spatial
coverage limiting their application in regional scale wind resource
assessment. Wind field data from numerical models with high
temporal and spatial resolutions have also been using for offshore
wind resource assessment. Ulazia et al. [14] estimated the wind
energy potential in the Bay of Biscay relied on the mesoscale model
WRF with/without 3DVAR data assimilation. They concluded that
wind data obtained with data assimilation has better accuracy than
that without data assimilation. Mattar [15] estimated the offshore
wind energy potential for the central coast of Chile by WRF and
wind speed data from in-situ stations and ERA-Interim reanalysis.
Amirinia et al. [16] evaluated the wind and wave energy potential
over Caspian Sea using the ECMWF wind data in which the
QuikSCAT data are assimilated. Other numerical models such as
MM5 [17,18], PROTHEUS [19] and COSMO-CLM [8] have also been
relied on for offshore wind resource assessment. Ocean surface
responds to wind forcing on many wavelengths providing a
mechanism for the microwave remote sensing of ocean surface
wind from space, which is competent to offshore wind resource
assessment as well. Capps et al. [20] evaluated global offshore wind
energy potential using 7 years QuikSCAT wind speed data. Hasager
et al. [21] mapped the wind resource over Baltic Sea using the data
from Advanced SAR on-board Envisat satellite. Gadad et al. [22]
investigated the offshore WPD at 10m and 90m over Karnataka
state in India using Oceansat-2 scatterometer wind data. Those
satellite based wind field data have high spatial coverage. And their
quality can be highly improved with the help of the aforemen-
tioned traditional in-situ measured wind data [23,24]. Since the
regional scale wind resource assessment has lower requirement of
temporal and spatial resolutions than that of the wind farm scale, it
seems that using satellite based wind field data directly rather than
numerical products may gain a more accurate estimation of
regional offshore wind resource. Because the analysis and rean-
alysis datasets based on satellite observations are often used as
inputs for the numerical models, which means deviations of nu-
merical products come from the numerical model itself and the
observations.

As we know, the satellite based wind field data are often
adjusted to a common reference height, say 10m. To obtain an
adequate estimation of WPD at hub height of modern wind tur-
bines, say 90m for 5MW [25] even 120m for 10MW [26], precise
vertical extrapolation of wind speed is a key problem to be solved.
The logarithmic law and power law are the most commonly used
wind profile during extrapolation. As for the logarithmic law wind
profile, a constant sea surface length is usually assumed for the
study area in literature, say 0.2mm, e.g. Refs. [7,12,13,22]. In the
power law wind profile model, the power index has also been
regarded as a constant neglecting the influence of sea state, e.g.
Refs. [27,28]. However, sea surface roughness length can vary in
several decades due to the evolution of wave height and shape [29].
Inaccurate estimation of sea surface roughness will certainly
introduce deviation of wind speed at hub height. Even worse, the
deviationwill be further enlarged in WPD, which is proportional to
cube of wind speed. To estimate the sea surface roughness length
considering sea state effect, recently, Amirinia et al. [16,30] used the
wave parameters simulated by wave model SWAN. Since the ma-
rine boundary layer has been extensively studied with a lot of
achievements available, developing a statistical model filling the
gap between the present understanding of marine boundary layer
and the requirement of regional scale offshore wind resource
assessment may be another way out. However, in the authors'
knowledge, such a statistical technical wind energy potential
model is still blank yet.

In this work, a statistical model considering sea state effect is
proposed and discussed for calculating technical potential in Sec-
tion 2; based on that, influential factors related to developing
offshore wind energy such as wind power density, water depth,
wind farm layout and various spatial constraints are examined on
the GIS platform; regional scale technical potential of offshore wind
energy over the sea area shallower than 250m along China coast
under different scenarios are presented in Section 4; finally, Section
5 brings this study to a few conclusions.
2. Technical potential model considering sea state effect

2.1. WPD at reference height

The available wind energy potential per unit area perpendicular
to the air flow, i.e. WPD, is expressed as

P ¼ 1
2
rv3; (1)

where r and v are air density and wind speed, respectively. P is
usually regarded as a scalar though v is a three dimensional vector,
since the wheel of horizontal axis wind turbines can always be
adjusted to oriented perpendicular to wind direction.

The random single-site wind speed series at reference height v0
can be regarded as

v0 ¼ V þ DV : (2)

Where, mean wind speed V is almost stable in the lifecycle of
wind turbines; deviation DV can be treated as a random series
reflecting the influences of short-term weather pattern and tur-
bulent fluctuation. Then, the corresponding mean WPD at
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reference height can be estimated by Eq. (3).

E0 ¼ 1
2
r0V

3 þ 3
2
r0VE

�
DV2

�
þ 1
2
r0E

�
DV3

�
: (3)

Where Eð:Þ denotes mathematical expectation, r0 is air density
at reference height. The geographical distribution of WPD at
reference height can be obtained via Eq. (3) when the appropriate
wind field data are given. Areas with relatively high wind energy
potential can be singled out for optimal site selection of wind farms.
However, hub height of large multi-MW wind turbine can be as
high as, say 90m for 5MW, WPD at hub height need to be
examined.

2.2. WPD at hub height considering sea state effect

Marine atmospheric boundary has profound impact on wind
Table 1
Results on relationship between friction velocity and wind speed.

Ref. u2� Effective range (m/s)

[32] ð0:61þ 0:063v0Þv20 � 10�3 6< v0 <22

[36] 1:14v20 � 10�3 4< v0 <10

[36] ð0:49þ 0:065v0Þv20 � 10�3 10< v0 <26

[37] ð0:50þ 0:071v0Þv20 � 10�3 6< v0 <26

[38] ½�0:00018v20 þ 0:051ðv0 � 8Þ þ 0:027�2 8< v0 <30

f
�
DV ;V
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�
f�
�
V
��

�
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�
z0�f�

�
V þ DV

��
g
�Þ��lnð10Þ � ln

�
z0�f�

�
V
��

g
�Þ�: (10)
speed profile mainly by its thermal stratification state and under-
lying surface, i.e. sea state. Diurnal cycles of SST and atmospheric
stability are nearly absent due to the large heat capacity of sea
water [29]. The Obukhov length scale is usually used as the stability
parameter of the atmospheric boundary layer. The stability of the
atmospheric boundary layer can be classified into very stable, sta-
ble, near neutral/stable, neutral, near neutral/unstable, unstable
and very unstable. Most of the time, the marine atmospheric
boundary layer is neutral or near neutral stratified [31]. As a result,
wind speed at height z can be extrapolated from v0 using the log-
arithmic wind profile under the neutral stratification assumption as

vðzÞ
v0

¼ lnðzÞ � lnðz0Þ
lnð10Þ � lnðz0Þ

: (4)

The well-known Charnock formula suggests that sea surface
roughness length z0 can be expressed as

z0 ¼ z0�u2�
.
g: (5)

where g the gravity acceleration and u� the friction velocity. z0�, the
so-called Charnock parameter, equals to 0.011 for open seas [32].

Friction velocity u� is dependent on the wind speed v0 and drag
coefficient CD. In the previous decades, both experimental and
numerical observations have been carried out for the drag coeffi-
cient CD (see the review [33]). For example, Li et al. [34] obtained
the two-parameter-dependent drag coefficient relation based on
Maat's work of regression analysis of HEXMAX data [35]. It
confirmed that CD increases with wind speed with slight variations
due to wave age. That is to say, sea surface roughness length mainly
related to the wind speed and wave age, which can be generally
written as

z0 ¼ z0�
g
,Func:

�
cp
�
u�; v0

�
: (6)

However, it is still hard to obtain the real-time distribution of
wave age over regional scale sea surface by now. A practical way is
to seek the statistical relation between u2� and v0 as written by Eq.
(7) based on the in-situ observation, in which wave age effect is
considered statistically.
u2� ¼ f�ðv0Þ: (7)

Then, the wind speed adjustment factor in Eq. (4) can be
decomposed as

vðzÞ
v0

¼ 1þ x
�
z;V

�þ lnðz=10Þf�DV ;V�: (8)

Where xðz;VÞ expressed as Eq. (9) reflects the influence of long-
term mean wind speed; fðDV ;VÞ reflects the impact of short-term
wind speed deviation as shown in Eq. (10).

x
�
z;V

� ¼ lnðzÞ � lnð10Þ
lnð10Þ � ln

�
z0�f�

�
V
��

g
�: (9)
To determining xðz;VÞ and fðDV ; VÞ, we shall found out the
expression of u2� i.e. Eq. (7), which turns into figuring out the sta-
tistical relation between drag coefficient CD and v0. Relied on the
experimental results by Smith [32], Large and Pond [36], Yelland
and Moat et al. [37] and Foreman and Emeis [38], f�ðv0Þ can be
obtained as listed in Table 1.

From Table 1, we can say u2� have the same form as Eq. (11) with
the unknown coefficients A, B, C, D and E. And those coefficient are
evaluated by polynomial fitting as indicated by the solid line in
Fig. 1 quantitatively: A ¼ � 4:347� 10�6, B ¼ 2:732� 10�4, C ¼ �
2:760� 10�3, D ¼ 2:042� 10�2, E ¼ � 0:03576. Consequently,
xðz;VÞ can be figured out using Eqs. (9) and (11).

f�ðv0Þ ¼ Av40 þ Bv30 þ Cv20 þ Dv0 þ E: (11)

fðDV ;VÞ in Eq. (10) is further depicted as shown in Fig. 2 using Eq.
(11) to seek a reasonable simplification. It shows that fðDV ;VÞ is in
fact insensitive to V for the common long-termmean offshore wind
speed 5e8m/s. Moreover, it is straightforward that fð0;VÞ equals
to zero according to Eq. (10). Thus it is reasonable to approximately
evaluate fðDV ;VÞ by a linear function of DV as

f
�
DV ;V

� ¼ kDV : (12)

Where constant coefficient k is taken as 0.0019 (m/s)�1 in this
work as suggested by the linear fitting, that is the solid line in Fig. 2.
From Fig. 2, the bias of f due to simplification is less than 0.005 in
general. According to Eq. (8), the simplification of f can introduce
deviation 1% maximal for wind speed for wind turbine hub height,



Fig. 1. Relationship between u2� and v0. The solid line is the polynomial fitting result of
Eq. (11), and the others are from Ref. Smith [32], Large and Pond [36], Yelland and Moat
et al. [37] and Foreman and Emeis [38].

Fig. 2. Plot of function fðDV ;VÞ. The solid line is the linear fitting result of Eq. (12) with
k ¼ 0:0019ðm=sÞ�1, and the other lines are results according to friction velocity from
references Smith [32], Large and Pond [36], Yelland and Moat et al. [37] and Foreman
and Emeis [38] when V equals to 5m/s, 6m/s, 7m/s and 8m/s.
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say 100m. That is to say the deviation of WPD at a single site due to
the simplification of f will be about 3% maximal.

Finally, inserting Eq. (12) into Eq. (8), we have the velocity at
height z as Eq. (13), in which xðz;VÞ is already known using Eqs. (9)
and (11).

vðzÞ
v0

¼ 1þ x
�
z;V

�þ klnðz=10ÞDV : (13)

Based on Eqs. (1), (2) and (13), WPD at height z can be written in
the form of the central moments of wind speed at reference height
as

Ez ¼ 1
2
r0ð1� hÞ

	
a3V

3 þ c2VE
�
DV2

�
þ c3E

�
DV3

�
þ c4kE

�
DV4

�

þc5k
2E

�
DV5

�
þ b3k3E

�
DV6

�i

(14)

The non-dimensional coefficients, related to height z and mean
wind speed V only, are expressed as Eqs. (15)e(20).
a ¼ 1þ x
�
z;V

�
: (15)

b ¼ lnðz=10Þ: (16)

c2 ¼ 3a3 þ 9a2bkV þ 3ab2k2V
2
: (17)

c3 ¼ a3 þ 9a2bkV þ 9ab2k2V
2 þ b3k3V

3
: (18)

c4 ¼ 3a2bþ 9ab2kV þ 3b3k2V
2
: (19)

c5 ¼ 3ab2 þ 3b3kV : (20)

hðzÞ the air density adjustment factor can be estimated by Eq. (21)
for dry air under the assumption of standard pressure and tem-
perature profiles [39], which is of order of 1% (for example,
hð100Þ � Oð0:8%Þ).

hðzÞ ¼ 1� 101:29� 0:011837zþ 4:793� 10�7z2

288:15� 0:0066z
1
r0
: (21)

The statistical model Eq. (14) considering sea state effect is
consisted of the central moments of wind speed at reference
height, whichmeans the vertical structure ofWPD can be evaluated
handily once wind speed at reference height are recorded. When z
equals to 10m, we have a¼ 1 and b¼ 0 resulting in vanishing of the
terms of fourth- to sixth- orders of central moments and c3 ¼ 1,
c2 ¼ 3 and h¼ 0. Consequently, Eq. (14) degenerates to Eq. (3).

Now, it is necessary to examine the magnitudes of the terms in
Eq. (14), so that inconsequential terms can be discarded reasonably.
There are six totally non-dimensional coefficients a, b, c2, c3, c4 and
c5 in Eq. (14), and they are all monotone increasing functions when
V or z increases. As for the usual situation: V ranges from 5m/s to
8m/s and z varies over 50e140m, a3 and c3 are Oð1Þ, c4 and c5 are
Oð10Þ, while b3 and c2 are intermediate. On the other hand, k is
Oð10�3Þ and DV is Oð10Þ maximal. Therefore, we can roughly say
b3k3EðDV6Þ is about 1% of c5k2EðDV5Þ; c5k2EðDV5Þ could not be
larger than 1% of c4kEðDV4Þ; and c4kEðDV4Þ is about 10% of
c3EðDV3Þ. That means dropping c5k2EðDV5Þ and b3k3EðDV6Þ only
introduces errors less than one thousandth.

Therefore, truncations of WPD under different precisions can be
carried out as Eq. (22) and Eq. (23), inwhich Oðε1Þ and Oðε2Þ are less
than 1% and 10%, respectively. In this work, Eq. (22) is adopted.

Ez ¼ 1
2
r0ð1� hÞ

h
a3V

3 þ c2VE
�
DV2

�
þ c3E

�
DV3

�
þ c4kE

�
DV4

�

þ Oðε1Þ
i
:

(22)

Ez ¼ 1
2
r0

h
a3V

3 þ c2VE
�
DV2

�
þ c3E

�
DV3

�
þ Oðε2Þ

i
: (23)

2.3. Technical potential model

Technical potential here is the wind energy potential with the
influential factors such as WPD, geographic constraints, wind tur-
bine size and layout considered. The on land technical wind energy
potential is usually calculated by introducing the influences of
terrain slope, installed capacity of wind turbines and local WPD
class into the theoretical potential [40], which seems unsuitable for
the offshore situation. In this work, the offshore technical potential
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is examined based on the following model:

WPT ¼ AS

AT
,ET,

16
27

,ð1� CwÞ: (24)

AS is the geographic area available for developing wind energy with
the spatial constraints such as marine reserves, shipping lanes,
cables and pipelines excluded. AT is the averaged area of per wind
turbine occupied, which depends on the layout of offshore wind
farm, i.e. the space between wind turbines and that between
neighboring wind farms. ET is the kinetic energy of air flowing
through the disk swept by the blades, which is estimated by inte-
grating WPD over the disk. The coefficient 16/27 is the well-known
Betz limit, and Cw is the loss rate due to wake effect, say 8% [7].
3. Study area and methodology

3.1. Study area

There are five seas along China coast, i.e. Bohai Sea, Yellow Sea,
East China Sea and South China Sea from north to south. The area of
the five seas with water depth less than 250m as shown in Fig. 3 is
about 9.5� 105 km2. It is noteworthy that area around reefs outside
the continental shelf was neglected due to their slim contribution
to the total technical potential and significant difficulty of devel-
opment. There are intense shipping traffic and lots of marine re-
serves located in the study area. The region where water depth
larger than 250m corresponds to the continental slope or deep seas
which implies more technical challenges when developing wind
farms such as power transmission and suppression of structural
motion. As we know, water depth 50e100m is commonly consid-
ered as the transition depth when floating platforms are econom-
ical with respect to the bottom fixed turbines [41], and the critical
water depth varies for different types of floater and specific sites.
Thus, wind resources over regions of water depth 0e50m (R1),
Fig. 3. Overview of the study area. Three regions R1 to R3 marked in purple, incar-
nadine and blue, respectively, are divided according to the water depth: R1 water
depth 0e50m, R2 water depth 50e100m and R3 water depth 100e250m. The dash
lines are the exclusive economic zone boundaries. The dots are the marine reserves.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
50e100m (R2) and 100e250m (R3) as indicated in Fig. 3 are
investigated separately.

3.2. Data source

The wind field data comes from the NASA's Cross-Calibrated,
Multi-Platform Ocean Surface Wind Velocity project [23,24]. It
combines data from radiometers instrument platforms including
SSM/I, SSMIS, AMSR, TMI, Windsat and GMI, and data from scat-
terometer instrument platforms such as QuikSCAT, Seawinds and
ASCAT. Those data are further validated against conventional data
including ship and ocean moored buoys observations from the
Scientific Division of the National Center for Atmospheric Research
(NCAR) and Pacific Marine and Environmental Laboratory (PMEL).
Carvalho et al. [42] compared the ocean surface wind data derived
from several widely used QuikSCAT products and the CCMP project.
They concluded that CCMPwind data has significant improvements
in terms of wind direction temporal variability and wind speed
mean state, and CCMP wind field data have mitigated some of
QuikSCAT's known problems related to QuikSCAT systematic ten-
dency to overestimate the wind speed and land masking effects. To
reduce the uncertainties as much as possible, 28 years of wind data
from July 1987 to June 2015 with temporal resolution 6 h and
spatial resolution 0.25+� 0.25+ are adopted in this work.

The bathymetric data is retrieved from the National Centers for
Environment Information, which belongs to National Oceanic and
Atmospheric Administration (NOAA). In this study, ETOP01, a 1 arc-
minute global relief model of Earth's surface were utilized.

Though offshore region is independent of land slope constraint,
spatial constraints such as biodiversity protection area and ship-
ping lanes are still involved. In this work, spatial constraints
including shipping lanes, cables and pipelines, bird path and visi-
bility from Ref. [7], exclusive economic zone boundaries database
from Marine Regions and marine reserves from Ref. [43] are
considered.

3.3. GIS-based assessment

The main steps of the assessment are as follows.

Step i. Based on the assumption of Weibull distributed wind
speed, the shape and scaling factors are calculated by the
maximum likelihood estimation of the CCMP wind speed series
at every grid.
Step ii. WPD at various hub height are estimated according to Eq.
(22).
Step iii. Influential factors including WPD, marine reserves,
shipping lanes, cables and pipelines, bird path, visibility and
exclusive economic zone boundaries are analyzed on the GIS
platform.
Step iv. Technical potentials of the study area under different
scenarios are obtained according to Eq. (24).

4. Results and discussion

4.1. Influence of sea state effect on WPD

To demonstrate the influence of sea state effect on WPD quan-
titatively, sixty-seven sites uniformly located in the study area are
selected to observe the difference of WPD with sea state effect
considered/discarded. The 95% confidence intervals of shape and
scaling factors of wind speed series at those sites are presented as
shown in Fig. 4. The upper and lower limits of shape factors are in
red, and that of scaling factors are in blue. Scatter plot Fig. 4 shows
that scaling factors of wind speed series over the study area range



Fig. 4. Shape and scale factors of wind speed series over the study area. The colored
crosses with limits are 95% confidence intervals of shape and scaling factors at the
selected 67 sites. The black circles, triangle, cross and triangle are shape and scaling
factors based on the 10min averaged wind speed series from FINO1 at eight heights
from 30m to 100m [44].

Fig. 5. Relative error of PWD between situations sea state effect discarded and
considered. Four constant roughness lengths 0.005m, 0.01m, 0.05m and 0.1m are
chose for the situation of sea state effect discarded.

Fig. 6. Geographical distribution of wind power density. (
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between 4.5 and 8.5, while shape factors range between 1.7 and 2.5.
As a comparison, the shape and scale factors of in-situ measured
wind speed series from FINO1 research platform located 45 km
north of the island Borkum in the German Bight are presented in
Fig. 4 as well. The scaling factors of the study area are smaller than
that of FINO1 is due to the different observation height: 10m for the
study area, while 30e100m for the FINO1.

The relative error (RE) between situations sea state effect dis-
carded and considered is examined for scaling factor a2½4:5;8:5�
and shape factor b2½1:7;2:5�. As for the sea state effect discarded
situation, i.e. a constant sea roughness length is assumed for the
study area, four constant roughness lengths are chose: z0n ¼ 0:005
m, z0n ¼ 0:01 m, z0n ¼ 0:05 m and z0n ¼ 0:1 m. REs of WPD at
height 70m are presented here as shown in Fig. 5. It shows that REs
ofWPD at some locations will be as large as 40%, see situation z0n ¼
0:005 m, a¼ 8.5 and b¼ 1.7. z0n ¼ 0:05 m seems to be the best one
out of the four sea roughness lengths considered, however, 16%
discrepancy is also observed. According to Fig. 5, using just one
constant roughness length, even the optimized one, significant
deviation in WPD will be introduced for some locations. That's
because it is impossible to capture the sea states at different loca-
tions by only one constant roughness length, especially for regional
scale wind resource assessment where remarkable disparity of sea
state encounters.
4.2. Distribution of wind power density

The geographical distribution of WPD at height 70m and 110m
are presented in Fig. 6. It demonstrates that the southeast domain
including the East China Sea, Taiwan Strait and South China Sea
around Northern Guangdong Province are endowedwith rich wind
resources. Bohai Sea, Yellow Sea and South China Sea around
Hainan Island are less windy regions. For 70m height, WPD ranges
from 294W/m2 to 1113W/m2 (see Fig. 6 (a)). The wind resource in
the Taiwan Strait is particularly abundant, where WPD is above
900W/m2. WPD at height 110m is ranging between 349W/m2 and
1270W/m2, which is about 100W/m2 larger than those at 70m
roughly.

The vertical variation of spatial-averaged WPD for region R1 to
R3 are presented in Fig. 7. Spatial-averaged WPD here refers to the
WPD averaged over the concerned area in the geographic coordi-
nate system, which means the spherical effect of the earth is
considered. From Fig. 7, WPD grows rapidly with height. As for R1,
a) and (b) are at height 70m and 110m, respectively.



Fig. 7. Vertical variation of the spatial-averaged wind power density. The horizontal
axis is the height, and the vertical axis is the spatial-averaged wind power density. The
solid, dash and dot-dash lines are for regions R1, R2 and R3, respectively.

Table 3
Scenarios of wind farm layout.

Scenario Turbine spacing Row Column Buffer of neighboring farms

S1 8D� 8D 8 15 20 km
S2 10D� 5D 8 15 20 km
S3 10D� 10D 8 15 20 km
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WPD ranging from 456W/m2 to 706W/m2 turns out to be much
less than that of deeper water depth area, i.e. R2 and R3. WPD of R2
is 634e949W/m2, and difference between R2 and R3 is about
60e80W/m2. That is quite straightforward because wind speed at
offshore regions trends to be larger and more steady than the
nearshore regions. Literature shows that the critical distance for
wind speed transiting from rising to steady stage over the seas of
China is about 30e100 km from the coast [5].

4.3. Spatial constrains

There are more than 200 marine reserves which mostly located
in the nearshore region as marked by the red dot in Fig. 3. The total
area of those marine reserves is about 135,500 km2 [43]. The
buffers of shipping lanes, cables and pipelines, bird path and visi-
bility considered here are 1 km, 500m, 3 km and 8 km, respectively.
Relied on the GIS platform, geographic area available for developing
offshore wind energy are calculated as Table 2. It demonstrates that
area suitable for developing offshore wind energy are
1.99� 105 km2, 3.25� 105 km2 and 1.91� 105 km2 for regions R1 to
R3, respectively. We may observe that the spatial constraints have
significant impact on the nearshore regions, i.e. only 48.1% of area
of R1 is free of spatial constraints. As for the regions of deeper water
depth, R2 and R3, the influences of spatial constraints are obviously
minor only about 4.4% and 1.8%, respectively.

4.4. Technical potential

Hub height H and rotor radius R (or rotor diameter D) affect the
technical potential via the kinetic energy of air through the disk
area ET and the average occupancy area of per wind turbine AT .
Rotor radius and hub height depend on the specific type of wind
Table 2
Available area for developing offshore wind energy considering spatial constraints
(103 km2). Other spatial constraints here includes shipping lanes, cables and pipe-
lines, bird path and visibility.

Regions Total area Marine reserves Other constraints AS

R1 414.7 111.2 104.2 199.3
R2 340.4 0 15.1 325.3
R3 194.7 0 3.5 191.2
turbine, for example, that of 5MW wind turbine are about 63m
and 90m [25], while that for a 10MW wind turbine are 75m and
120m [26]. In this study, the rotor radius 30m� R� 110m and hub
heights R þ 10m�H� R þ 30m are analyzed. The layout of
offshore wind farm also has significant impact on the technical
potential, which is usually related to the rotor diameter D. Mentis
et al. [45] used the layout that turbines are spaced 10D apart in the
prevailing direction and 5D apart in crosswind direction, which is
also the layout of Denmark's Tuno Knob offshore wind farm. Two
wind farm layouts 10D� 10D and 10D� 5D are examined by Li [46].
Hong et al. [7] used the layout that each offshore wind farm is
consisted of 8 turbines a row and 15 turbines a column, the distance
among wind turbines are 8D, and a 20 km buffer region is arranged
between neighboring wind farms. Accordingly, three wind farm
layouts, S1-S3, as given in Table 3 are produced to examine their
influence on technical potential.

Technical potential of the study area for layouts S1-S3 are pre-
sented as shown in Fig. 8. It shows that technical potential increases
with rotor radius increases. Taking layout scenario S1 as an
example: for rotor radius 60m, the technical potentials for R1 to R3
are 139 GW, 308 GW and 166 GW, respectively; while that for rotor
radius 90m are 288 GW, 635 GW and 341 GW, respectively. That is
to say technical potential is quite sensitive to the size of wind tur-
bine. Roughly speaking, the growth rates of technical potential with
rotor radius are: 4.6 GW/m for R1 (see Fig. 8(a)), 9.3 GW/m for R2
(see Fig. 8(b)) and 5.4 GW/m for R3 (see Fig. 8(c)). Hub height has
minor influence on the technical potential as indicated by the red
error bar.

Comparing Fig. 8(a) with (b) and (c), we can see that the tech-
nical potential of R1 is only about 23% of that of the study area.
Thus, developing economical wind turbine capable of harvesting
wind energy at water depth above 50m, e.g. floating wind turbine,
seems worthy of consideration. As we know, most of the floating
wind turbine projects are in the conceptual design phase at present
except for a very few projects such as Hywind, WindFloat,
Fukushima [41]. Fig. 8(b) and (c) demonstrate that technical po-
tential of R3 is much smaller than that of R2, thoughWPD over R3 is
larger than that of R2. That's because the geographic area available
for developing wind energy of R3 is only 59% of R2, see Table 2.

The technical potential for layouts S1, S2 and S3 are provided by
different linetype as shown in Fig. 8 as well. It demonstrates that
technical potential is significantly influenced by the wind farm
layout. As for the three layouts considered in this study (see
Table 3), technical potential of layout S1 and S2 have negligible
difference, while that of layout S3 is about 4.8%e13.9% less. Besides
the spacing between wind turbines, buffer between neighboring
wind farms may also considerably affect the technical potential.
Actually, the area of the buffer regions is far more larger than that
occupied by the wind farm itself. That opens the possibility to
eliminate the influence of spatial constraints to a certain degree by
careful arrangement of spatial constraints in the buffer regions.
Under this circumstances, the technical potential of R1 can be
doubled at most. Taking layout S1 as an example, the total technical
potential could probably be enhanced up to 752 GW and 1522 GW
maximal for rotor radius 60m and 90m, respectively.



Fig. 8. Technical potential for different rotor radii, hub heights and layouts. The solid,
short dash and dash lines are technical potential for layouts S1, S2 and S3, respectively
(see Table 3). The red error bar is introduced by the variation of hub heights. (a), (b)
and (c) are for regions R1, R2 and R3, respectively. Since technical potentials for layout
S1 and S2 have minor difference, the short dash and solid lines are almost overlapped.
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5. Conclusions

Technical potential of offshore wind resource over the sea area
shallower than 250m along China coast is investigated using 28
years CCMP wind field data. To avoid erroneous estimation of wind
power density due to sea state effect, a statistical technical wind
energy potential model filling the gap between the present un-
derstanding of marine boundary layer and the requirement of
regional offshore wind resource assessment is proposed firstly.
Influential factors related to developing offshore wind energy such
as wind power density, water depth, wind farm layout and various
spatial constraints are examined on the GIS platform. Technical
potential for different scenarios are presented as shown in Fig. 8.

The main results are:

� Neglecting sea state effect by assuming a constant roughness
length for the study area, even the optimized one, can imple-
ment significant deviation in the wind power density during
regional scale offshore wind resource assessment.

� The Southeast domain including the East China Sea, Taiwan
Strait and South China Sea around Northern Guangdong Prov-
ince are endowed with rich wind resources. Bohai Sea, Yellow
Sea and South China Sea around Hainan Island are less windy
regions. Wind resource in the Taiwan Strait is particularly
abundant, where wind power density at 70m height can be
above 900W/m2.

� Technical potential is quite sensitive to the size of wind turbine.
Taking layout scenario S1 (see Table 3) as an example: for rotor
radius 60m, the technical potential for regions water depth
0e50m, 50e100m and 100e250m are 139 GW, 308 GW and
166 GW, respectively; while that for rotor radius 90m are
288 GW, 635GW and 341 GW, respectively. Roughly speaking,
the growth rates of technical potential with rotor radius for the
aforementioned three regions are: 4.6 GW/m, 9.3 GW/m and
5.4 GW/m, respectively.

� Only 48.1% of area for water depth 0e50m is free of spatial
constraints. Optimizing the macro-siting of wind farms by ar-
ranging the spatial constraints in the buffer region between
neighboring wind farms may eliminate the influence of spatial
constraints markedly.

Those results are expected to provide valuable information for
the future offshore wind energy planning and the development of
new wind turbines.
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