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Abstract

Wave energy resources assessment is a very important process before the exploitation and utilization of the wave
energy. At present, the existing wave energy assessment is focused on theoretical wave energy conditions for
interesting areas. While the evaluation for exploitable wave energy conditions is scarcely ever performed.
Generally speaking, the wave energy are non-exploitable under a high sea state and a lower sea state which must
be ignored when assessing wave energy. Aiming at this situation, a case study of the East China Sea and the South
China Sea is performed. First, a division basis between the theoretical wave energy and the exploitable wave
energy is studied. Next, based on recent 20 a ERA-Interim wave field data, some indexes including the spatial and
temporal distribution of wave power density, a wave energy exploitable ratio, a wave energy level, a wave energy
stability, a total wave energy density, the seasonal variation of the total wave energy and a high sea condition
frequency are calculated. And then the theoretical wave energy and the exploitable wave energy are compared
each other; the distributions of the exploitable wave energy are assessed and a regional division for exploitable
wave energy resources is carried out; the influence of the high sea state is evaluated. The results show that
considering collapsing force of the high sea state and the utilization efficiency for wave energy, it is determined
that the energy by wave with a significant wave height being not less 1 m or not greater than 4 m is the exploitable
wave energy. Compared with the theoretical wave energy, the average wave power density, energy level, total
wave energy density and total wave energy of the exploitable wave energy decrease obviously and the stability
enhances somewhat. Pronounced differences between the theoretical wave energy and the exploitable wave
energy are present. In the East China Sea and the South China Sea, the areas of an abundant and stable
exploitable wave energy are primarily located in the north-central part of the South China Sea, the Luzon Strait,
east of Taiwan, China and north of Ryukyu Islands; annual average exploitable wave power density values in these
areas are approximately 10–15 kW/m; the exploitable coefficient of variation (COV) and seasonal variation (SV)
values in these areas are less than 1.2 and 1, respectively. Some coastal areas of the Beibu Gulf, the Changjiang
Estuary, the Hangzhou Bay and the Zhujiang Estuary are the poor areas of the wave energy. The areas of the high
wave energy exploitable ratio is primarily in nearshore waters. The influence of the high sea state for the wave
energy in nearshore waters is less than that in offshore waters. In the areas of the abundant wave energy, the
influence of the high sea state for the wave energy is prominent and the utilization of wave energy is relatively
difficult. The developed evaluation method may give some references for an exploitable wave energy assessment
and is valuable for practical applications.
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1 Introduction
Petroleum, natural gas and coal are all conventional fossil energy which are necessities for human being survival and will be
rapidly exhausted in the coming decades. For the national sustainable development, the development of a renewable energy
has become an important strategic decision for solving an energy
crisis for various countries in the world. There are abundant

ocean renewable energy sources in the oceans which cover approximately 71% of the earth’s surface in which a wave energy is a
most widely studied ocean energy all over the world (Wang and
Lu, 2009). The wave energy is a type of an inexhaustible green renewable energy. The development of the wave energy resources
can effectively ease the energy crisis. For the wave energy to become a fully-fledged renewable energy, work along two lines is
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necessary. First, efficient and reliable wave energy converters
must be developed. Second, the spatial and temporal distributions of wave energy resources must be properly assessed (Iglesias and Carballo, 2011). In these two lines, the wave energy assessment is an important work before development. Researchers
in Europe, North America and Asia have assessed the wave energy for national and global sea areas respectively based on
buoys data and some wave models data such as WAM, WAVEWATCH-III and SWAN. Pontes (1998) evaluated the wave energy
in European coastal waters of the Atlantic and the Mediterranean Sea by using wave model WAM. Cornett (2008) investigated the global wave energy resources based on a third-generation model WAVEWATCH-III which is one of the earliest global
ocean wave energy assessment and indicated the reserves and
the temporal and spatial distributions for the global wave energy.
Iglesias et al. (2009) assessed the wave energy potential for the
sea area around Galicia (NW Spain) based on 3 h interval WAM
and SWAN wave model data from 1996 to 2005 and choose an
optimal location for a wave farm. Iglesias and Carballo (2010)
studied some cases for the wave energy during a storm, winter
and summer in the offshore and inshore areas of Asturias (N
Spain) based on 44 a hindcast data and choose an optimal location for the wave farm too. Iglesias and Carballo (2011) presented a method for choosing the site for the first wave farm in a region based on a case study in the Galician Southwest (Spain) by
using SWAN model data. Stopa et al. (2011) provided a quantitative assessment of the regional wind and wave patterns as well as
the wave energy along the Hawaiian Island chain based on two
hindcast cases using the wave model WAVEWATCH-III. LeneeBluhm et al. (2011) described and evaluated the characteristics of
the wave energy for nearshore waters in the American northwest
Pacific (Washington, Oregon and California nearshore waters) by
using ten wave buoys spectrum archived data supplied by NDBC
and CDIP (coastal data and information project). Kim et al.
(2011) assessed the wave energy for the offshore waters around
the Korea Peninsula by using the hindcast data from 1979 to 2003
and studied nearshore wave energy around Hongdo based on the
SWAN model data. Arinaga and Cheung (2012) employed 10 a
wave fields data from WAVEWATCH-III to evaluate the global
wave energy. Zheng et al. (2011) analyzed the wave energy in the
South China Sea synthetically by using 1999 to 2009 SWAN model data and found the wave energy is abundant in the South
China Sea. Zheng et al. (2012) and Zheng, Pan et al. (2013) assessed the wave energy resources for the China’s Seas based on
high resolution wave fields from WAVEWATCH-III wave model.
Liang et al. (2014) assessed the wave energy for two offshore and
nearshore key areas in the China east adjacent seas based on the
SWAN model data in recent 22 a. Zheng et al. (2014) evaluated a
wind wave energy and a swell energy for the global ocean in detail based on global wind wave fields and swell fields from ECMWF (European Centre for Medium-Range Weather Forecast)
ERA-40 reanalysis data in recent 45 a. The above research works
will improve the wave energy assessment greatly.
The purpose of the wave energy assessment is to provide a
scientific decision basis for the development of the wave energy
and planning and siting of the wave farms. With respect to the
theoretical wave energy resource, decision makers of the wave
energy project care more about the condition of the exploitable
wave energy. At present, the existing wave energy assessment are
focused on the theoretical wave energy conditions for interesting
areas. While the evaluation for the exploitable wave energy conditions are scarcely ever performed. Folley and Whittaker (2009)
presented a net wave power and studied the relationship

between a gross wave power and the net wave power when investigating the wave energy for coastal shallow water in the North
Atlantic coast of Scotland. Zheng, Pan et al. (2013), Zheng, Su et
al. (2013), and Zheng, Lin et al. (2013) presented wave energy effective time and effective reserves and performed preliminary
study for the exploitable wave energy when assessing the wave
energy resources for the China’s seas. Because the capacity of
preventing a wave destruction for the wave farms and the wave
energy convertors (WECs) is limited, in order to prevent being
destroyed and reduce cost of operation and maintenance, the
wave farms and the WECs must be closed when the high sea state
occurred. In this situation, although the wave energy is abundant
but is unusable. In addition, under the lower sea state, the efficiency of the WECs is poor because of lower wave and the developing value for the wave energy is lower. So in order to acquire
the exploitable wave energy conditions and provide a more accurate and valuable basis for the wave energy utilization, we
must eliminate the influence of the high sea state and the low sea
state when evaluating the wave energy. In this study, we selected
the East China Sea and the South China Sea as an example and
studied on the distributions of the exploitable wave energy.
Firstly, a division basis between the theoretical wave energy and
the exploitable wave energy was studied. Next, based on recent
20 a ERA-Interim wave field data, some indexes for the theoretical wave energy and the exploitable wave energy were calculated
and compared; the difference between them was studied; the distributions of the exploitable wave energy were assessed. The
method presented in this paper would provide references for the
exploitable wave energy assessment in other sea areas.
2 Data sets and verification
2.1 ECMWF ERA-Interim datasets
The ECMWF is one of main data reanalysis centers. The ERAInterim is the latest global atmosphere numerical reanalysis data
set and is a new product after ERA-15 and ERA-40 that has been
provided by the ECMWF for global users. In ERA-Interim data, a
new 4D-var assimilation technology is employed; materials are
improved and some key problems are solved for ERA-40; forecast accuracy improved than ERA-40. In this paper, the data sets
from the ECMWF ERA-Interim reanalysis materials are high resolution wave field data (0.125°×0.125°) including significant wave
height (Hs, m) and energy period (Te, s). At present, the ERA-Interim reanalysis materials have been used widely (Zheng et al.,
2014; Zhou et al., 2011; Zheng et al., 2013). The wave field data selected for this study were from January 1st, 1993 to December
31st, 2012 and encompassed 10°–34°N and 105°–130°E; the spatial and temporal resolutions were 0.125°×0.125° and 6 h, respectively.
2.2 Data verification
In this study, buoys data are selected as accurate values of
wave field to verify the accuracy of the wave field from the ERAInterim reanalysis data. The significant wave height and the energy period are two basic parameters for calculating a wave energy characteristic quantity. The accuracy of these parameters is
very important for the energy assessment. In this paper, the accuracy of the wave fields by the ERA-Interim is verified from
buoys significant wave height and energy period from the GHME
project in 2012 in the East China Sea and South China Sea (the
buoys data specifications are shown in Table 1). Accuracy evaluation indexes are mainly including bias (b), root mean square error (RMSE, erms), correlation coefficient (CC, r) and scatter index
(SI, is) which can be calculated as follows:
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where xi denotes the wave parameters from the buoys; yi denotes
the wave parameters from the ERA-Interim; x¹ and y¹ denote the
mean value of the wave parameters from the buoys and the ERAInterim respectively; and n is the number of samples. These indexes are mainly used to express the degrees of deviation and

145

correlation between the ERA-Interim results and the buoys results and can express the accuracy of the wave fields by the ERAInterim well.
The comparison results between the significant wave height
from the ERA-Interim and the significant wave height from
Buoy_PY30-1 and Buoy_006 are shown in Fig. 1. As shown in Fig.
1, number of samples collocated with Buoy_PY30-1 is 2 883; the
RMSE is 0.36 m, the CC is 0.95 and the SI is 0.21. The number of
samples collocated with Buoy_006 is 19 957; the RMSE equals
0.31 m, the CC equals 0.90 and the SI equals 0.24. The comparison results between the energy period from the ERA-Interim and
the energy period from Buoy_PY30-1 and Buoy_006 are shown in
Fig. 2. As shown in Fig. 2, the number of samples collocated with
Buoy_PY30-1 is 2 652; the RMSE equals 0.76 s, the CC equals 0.78
and the SI equals 0.11. The number of samples collocated with
Buoy_006 is 22 906; the RMSE equals 0.56 s, the CC equals 0.78
and the SI equals 0.09. The results show that the wave field data
from the ERA-Interim are accurate in the East China Sea and
South China Sea.

Table 1. Buoys data specifications
Buoy ID
Buoy_PY30-1
Buoy_006

Location or range
20.244 7°N, 114.941 3°E
30.717 0°N, 123.070 0°E

Water depth/m
240
46

3 Division criterion for exploitable wave energy
The primary purpose in this study is to obtain the distributions of the exploitable wave energy in the East China Sea and the
South China Sea. So we must study and establish a division criterion between the theoretical wave energy and the exploitable
wave energy. The establishment of the division criterion is based
on the practical application need of WECs, so we mainly consider two aspects including operational safety and running requirement which are as follows.
(1) In the high sea condition, wave is rough and disruptive

Data period
Mar. 2012 to Jul. 2012
Apr. 2012 to Dec. 2012

Time interval
1h
10 min

General location
South China Sea
East China Sea

which will seriously threaten the safety of wave power plants and
the WECs or destroy the WECs. Therefore, in the high sea condition, for safety, at this time the WECs must be closed although the
wave energy is abundant but is un-exploitable because the energy can’t be collected by the WECs. In addition, the stronger
wind wave resistance is, the higher the cost for establishment and
maintenance is. So for economical efficiency, we need to limit the
maximum wave which can be absorbed by the WECs. For this
purpose, we should study and determine a criterion to judge the
high sea condition weather. In an international sea condition

Fig. 1. Plots of significant wave height from Buoy_PY30-1 (a), Buoy_006 (b) versus significant wave height from ECMWF ERAInterim.
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Fig. 2. Plots of energy period from Buoy_PY30-1 (a), Buoy_006 (b) versus energy period from ECMWF ERA-Interim.

table, the ocean wave in the Level 6 sea condition and the Level 7
wind is defined as a rough wave. The destructive power of the
rough wave is higher and some wave power plants and the WECs
will be destroyed by the rough wave. At present, there is not an
agreed definition for the high sea condition. In this paper, considering WECs, we stipulate the Level 6 sea condition as high sea
condition (for rough wave). So the wave energy above Level 6 sea
condition is un-exploitable which is a same opinion with Zheng
et al. (2011). In this situation, according to the international sea
condition table, the minimum significant wave height is 4 m for
Level 6 sea condition which will be a criterion for deciding the
high sea condition. At last, for the exploitable wave energy, we
must eliminate the influence by the high sea condition from the
theoretical wave energy.
(2) For the exploitable wave energy, except eliminating the influence by the high sea condition, according to the running requirement , we also need to consider the minimum running condition of the WECs and eliminate slight wave which can not be effectively utilized by the WECs. Zheng et al. (2013) indicated that
some excellent WECs can well absorb the wave energy when the
significant wave height is higher than 0.5 m for the China’s Seas.
Zheng et al. (2013) indicate wave energy is exploitable when significant wave height is higher than 1.3 m for the global ocean. In
order to determine the more suitable minimum running condition of the WECs for practical application, the National Ocean
Technology Center , the State Oceanic Administration, China has
organized several experts who are specialized in the WECs and
are from some research institutes including the Guangzhou Institute of the Energy Conversion of the Chinese Academy of Sciences, Ocean University of China, the National Ocean Technology Center, etc. who are interesting in the WECs. Through the
investigation on the experts, at present the minimum running
condition of various WECs built by various institutes generally is
significant wave height being greater or equal to 1 m. In other
word, the wave energy is un-exploitable when significant wave
height is less than 1 m which had been used in Ocean Renewable
Energy Special Fund Project of the State Oceanic Administration,

China (GHME) in 2011 (information comes from cooperator: the
National Ocean Technology Center). In this paper, the criterion
significant wave height being 1 m is used as an exploitable minimum significant wave height which is more suitable for engineering practical application. At last, for exploitable wave energy,
we must eliminate the energy which can not be utilized effectively from the theoretical wave energy.
Overall, the theoretical wave energy denotes the wave energy
including all parts of wave, and the exploitable wave energy denotes the wave energy including the part of the significant wave
height being not less than and greater than 4 m wave. Subsequent studies in this paper are all based on this standard.
4 Comparisons of theoretical and exploitable wave energy resources
In this study, we selected the East China Sea and the South
China Sea as an example. And some indexes including spatial
and temporal distributions of the wave power density, the wave
energy exploitable ratio, the wave energy level, the wave energy
stability, the total wave energy density, the seasonal variation of
total wave energy and the high sea condition frequency were calculated. And then the theoretical wave energy and the exploitable wave energy were compared each other; the distributions of
the exploitable wave energy was assessed; the regional division
for the exploitable wave energy resources was carried out and the
influence of the high sea state was evaluated.
4.1 Calculation for wave power density
The wave power density (Pw) is one of the most important elements. The calculating method for the wave power density
(Wang and Lu, 2009) is as follows: the wave power density for all
water depth can be calculated by
P w = E¹

µ

¶
gTe
tanhkd P ¤;
2¼

(5)
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1
½gH s2 is the wave energy density (J/m2); ρ is the
where E¹ =
16

density (kg/m3) of sea water; g is the acceleration (m/s2) of gravity; k = 2¼ , is the wavenumber (m–1); λ is the wavelength (m); d
is the water depth (m); and P ¤ =

1
2

µ

1+

¶
2kd
.
sinh2kd

In deep water (i.e., d/λ ≥ 1/2, P ¤ =1/2 and tanh kd ≈ 1 were
included in Eq. (5) and rearranged), the wave power density can
be calculated as
Pw =

½g 2 2
H Te ¼ 0:5H s2 Te:
64¼ s

(6)

In shallow water (i.e., d/λ < 1/20, P ¤ = 1 and tanh kd ≈ 2πd/λ
were included in Eq. (5) and rearranged), the wave power density can be calculated as
Pw =

½g 2 p
H
gd:
16 s

(7)

For medium water depths (i.e., 1/20 ≤ d/λ < 1/2), we must
consider the shallow water correction. the wave power density
can be calculated as
P w = E¹

µ

¶· µ
¶¸
gTe
1
2kd
tanh kd
1+
:
2¼
2
sinh2kd

(8)

The water depth and the wavelength are necessary for determining the appropriate conditions and for calculating the wave
power density. The water depth data were obtained from the University of California San Diego (UCSD) website and have a spatial resolution of 1'×1' (Smith and Sandwell, 1997). The
wavelength is estimated using the mean wave period; in order to
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obtain accurate results, the wavelength is calculated by a relationship presented by Wen and Yu (1985) instead of athe relationship according to a sine wave theory. Thus, the wavelength
can be calculated using
= 0:87

g 2
T :
2¼ e

(9)

In order to improve the accuracy of the wave power density, the
above method was used to calculate the wave power density in
this study.
Parameters in Eqs (5) – (9) are shown in Table 2.
Table 2. Parameters for wave power density calculation
Parameter
Hs
Te
ρ/ kg·m–3
g/ m·s–2
E
k
λ
d

Source
ERA-Interim
ERA-Interim
1.025×103
9.81
calculated by the significant wave height
calculated by the wavelength
calculated by the energy period
UCSD

4.2 Temporal and spatial comparison of wave power density
The annual average and seasonal average wave power density distributions for the theoretical and exploitable wave energies
in the East China Sea and the South China Sea that were calculated from recent 20 a ERA-Interim data are shown in Figs 3 and
4. The annual average and the seasonal average theoretical wave

Fig. 3. The distributions of the theoretical wave power density. a. Annual average, b. winter average, c. spring average, d. summer
average, and e. autumn average.
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Fig. 4. The distributions of the exploitable wave power density. a. Annual average, b. winter average, c. spring average, d. summer
average, and e. autumn average.

power density are well consistent with those of the exploitable
wave power density for the spatial distributions. The exploitable
wave power density is obviously lower than the theoretical wave
power density. Except for the Changjiang Estuary, the Hangzhou
Bay, the Beibu Gulf and the Taiwan Strait, the annual average exploitable wave power density is lower than that of the theoretical
wave power density about 2–4 kW/m. Compared with the theoretical wave power density, the exploitable wave power density
decreases obviously in all seasons besides spring because of the
influence of the northeast monsoon in winter and autumn and
typhoons in summer. In these seasons, the influence of the high
sea state is prominent; a decreasing amplitude of wave power
density is 2–6 kW/m in winter and autumn and is 2–5 kW/m in
summer and is only 1 kW/m in spring. Regardless of all year or
each season, large exploitable wave power density areas are similar to those of the theoretical wave power density and decreasing amplitude in these large wave power density areas are larger.
As shown in Fig. 4, the areas with large annual average exploitable wave power density values (approximately 10–15
kW/m) are primarily located in the north-central part of the
South China Sea, the Luzon Strait, east of Taiwan, China and
Philippines. In the Changjiang Estuary, the Hangzhou Bay, the
Beibu Gulf and the Taiwan Strait, the annual average exploitable
wave power density is lower (below 6 kW/m). Pronounced seasonal variations in the exploitable wave power density are
present. The exploitable wave power density is larger in winter
and autumn and is smaller in spring and summer. And the exploitable wave power density in spring is a little more than that in
summer. This characteristic is different from that of the theoretical wave power density. In winter, the areas of the large exploitable wave power density values (18–24 kW/m) are located in the

central part of the South China Sea and southeast of Taiwan. In
spring, the areas of the large exploitable wave power density values (8–12 kW/m) are similar to those in winter. In summer and
autumn, the areas of the large exploitable wave power density
values (6–10 and 15–18 kW/m, respectively) move to near the Ryukyu Islands. In each season, the exploitable wave power density
is less than 8 kW/m in coastal waters. From the point of view of
the exploitable wave energy, an important development period
for the wave energy is still in autumn and winter.
4.3 Wave energy exploitable ratio
In order to study the difference between the exploitable wave
energy and the theoretical wave energy further, we defined the
wave energy exploitable ratio (WEER, rwee) to express the ratio of
the exploitable wave energy which can be calculated by
r wee =

P w;ex
£ 100;
P w;th

(10)

where P w,ex represents the annual average exploitable wave
power density; and Pw,th represents the annual average theoretical wave power density. The distributions for the WEER in the East
China Sea and the South China Sea that were calculated based on
recent 20 a ERA-Interim data are shown in Fig. 5. As shown in
Fig. 5, the WEER are totally higher (above 75 %) in most areas of
the East China Sea and the South China Sea. In the coastal areas
of the East China Sea and the South China Sea and the west and
east areas of Philippines, the WEER is relatively higher (above
80%). From the north part of the Ryukyu Islands, through the
Luzon Strait to the central part of the South China Sea (northeast
to southwest orientation), there are three small WEER areas
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Fig. 5. The distributions of wave energy exploitable ratio.

(below 80%) where the exploitable ratio are relatively lower. The
results show that large WEER value areas are primarily located in
coastal waters where the influence by the high sea state is obviously less than that in offshore waters. In addition, the difference
of the estimations between the theoretical and exploitable wave
energies will increase and the reference value for the estimation
of the theoretical wave energy will decrease with the WEER decreasing.
4.4 Comparison of wave energy level frequency
The richness of the wave energy resources is an important
factor in assessing the wave energy resources and is a siting basis
in identifying ideal locations for wave power plants. Several stud-
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ies have shown that the wave energy is available when the wave
power density is greater than or equal to 2 kW/m and is rich
when the wave power density is greater than or equal to 20 kW/m
(Zheng et al., 2013; Ren et al., 2009). In this paper, we define the
energy level frequency including the usable level frequency (ULF,
ful, the frequencies of the wave power density is greater than or
equal to 2 kW/m) and the rich level frequency (RLF, frl, the frequencies of the wave power density is greater than or equal to 20
kW/m) to express an abundant level for the wave energy. The
ULF distributions for the theoretical and exploitable wave energies in the East China Sea and the South China Sea that were calculated from recent 20 a ERA-Interim data are shown in Fig. 6. As
shown in Fig. 6, the ULF for the exploitable wave energy (exploitable ULF for short) is smaller about 10%–15% than the ULF for
the theoretical wave energy (theoretical ULF for short). The spatial distribution of the exploitable ULF is similar to that of the theoretical ULF. The areas with large exploitable ULF values are
primarily located in the north-central part of the South China
Sea, the Luzon Strait, the east sea areas of Taiwan, China and
Philippines and the surrounding sea areas of the Ryukyu Islands
where the exploitable ULF is above 70% and is 10% smaller than
the theoretical ULF. In coastal waters, the exploitable ULF values
are 20%–60%. The RLF distributions for the theoretical and exploitable wave energies in the East China Sea and the South
China Sea are shown in Fig. 7. As shown in Fig. 7, the spatial distribution of the RLF for the exploitable wave energy (exploitable
RLF for short) is similar to that of the RLF for the theoretical wave
energy (theoretical RLF for short). In offshore waters, the exploitable RLF is smaller 4% than the theoretical RLF; in nearshore waters, the difference between the exploitable RLF and the theoretical RLF (all below about 8%) is little. The areas with large exploitable RLF values (above 16%) are primarily located in the
north-central part of the South China Sea, the Luzon Strait, the
southeast sea areas of Taiwan Island. and the northwest sea areas
of the Ryukyu Islands. From the point of view of the exploitable
wave energy, the East China and the South China Sea are not

Fig. 6. Theoretical (a) and exploitable (b) wave energy usable level frequencies.
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Fig. 7. Theoretical (a) and exploitable (b) wave energy rich level frequencies.

abundant areas for the wave energy where the maximum RLF is
only about 22%. But in these areas, the exploitable wave energy is
still available for most period throughout the year and is valuable
for development.
4.5 Comparison of wave energy stability
Several studies have shown that when assessing the wave energy resources we need to consider the stability except for a rich
level. The stable energy is advantageous for exploitation and utilization (Cornett, 2008). The stability is an important factor for a
siting wave power plant. The wave energy stability is quantified
via several indexes, such as the coefficient of variation (COV, cv)
and the seasonal variability index (SV, isv) which denote the interannual variation and the seasonal variation, respectively. The
COV and the SV can be calculated as

cv =

s

1
N

N ¡
P

i=1

Pw ¡ Pw

Pw

i sv =

P s1 ¡ P s4
;
Pa

¢2

;

(11)

(12)

where Pw is the sample value of sequence, P w is the mean value of
sequence, N is the number of samples; Ps1 and Ps4 are the maximum and minimum seasonal mean wave power densities, respectively; and Pa is the annual mean wave power density. The COV
distributions for the theoretical and exploitable wave energies in
the East China Sea and the South China Sea that were calculated
from recent 20 a ERA-Interim data are shown in Fig. 8. As shown
in Fig. 8, the stability for the theoretical wave energy is relatively
poor. Except for the east sea areas of Philippines, the COV for the
theoretical wave energy (theoretical COV for short) is all above
1.2 in other areas. The stability in the north part of the South
China Sea, the Luzon Strait and the southeast sea areas of Taiwan
Island are superior to that in the East China Sea and the southcentral part of the South China Sea. The stability for the exploitable wave energy is obvious better than that of the theoretical

wave energy. In abundant areas including the north-central part
of the South China Sea, the Luzon Strait, the southeast sea areas
of Taiwan Island and the north sea areas of the Ryukyu Islands,
the wave energy is relatively stable. The COV for the exploitable
wave energy (exploitable COV for short) is below 1.2 because the
variation for the exploitable wave power density has decreased
when eliminating the influence of the high sea state weather. The
SV distributions for the theoretical and exploitable wave energies
in the East China Sea and the South China Sea are shown in Fig.
9. As shown in Fig. 9, the spatial distribution of the SV for the exploitable wave energy (exploitable SV for short) is similar to that
of the SV for the theoretical wave energy (theoretical SV for short)
because the decreasing amplitude for a seasonal difference and
annual of the wave power density is roughly same. The areas with
the stable wave energy for the exploitable wave energy are
primarily located in the south-central of the East China Sea, the
southwest small part of the Taiwan Strait, the Luzon Strait and
the east sea areas of Taiwan Island where the exploitable SV is
below 1. From the point of view of the exploitable wave energy,
the stable areas for wave energy are primarily located in the
south-central part of the East China Sea, the north part of the
South China Sea, the Luzon Strait and the east sea areas of
Taiwan Island.
4.6 Comparison of total wave energy density
When assessing wave energy resource we also need to consider the total reserves except for the distribution of the wave
power density, the rich level and the stability. The total reserve is
an important factor for siting the wave farm. In this study, we
define an annual mean total wave energy density (TWED, dt) to
denote reserves of the wave energy. The TWED is defined as the
mean of the sum of the wave power density multiplied by hours
every 6 h for many years . The TWED distributions for the theoretical and exploitable wave energy in the East China Sea and the
South China Sea that were calculated from recent 20 a ERA-Interim data are shown in Fig. 10. In Fig. 10, the spatial distribution of
the TWED for the exploitable wave energy (exploitable TWED for
short) is similar to that of the theoretical wave energy (theoretical TWED for short). The large areas for the TWED are consistent
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Fig. 8. Theoretical (a) and exploitable (b) coefficients of variation of the wave power density.

Fig. 9. Theoretical (a) and exploitable (b) seasonal variability indexes of the wave power density.

with those for the wave power density. In offshore waters, the exploitable TWED is obviously less than the theoretical TWED
about 20–30 MWh/(m·a). In nearshore waters, the exploitable
TWED and the theoretical TWED are all below 60 MWh/(m·a)
and the difference between them is little. From the point of view
of the total wave energy density, the difference between the exploitable TWED and the theoretical TWED are non-neglectable.
It is more constructive to assess the exploitable wave energy for
understanding the total reserves in interesting areas.
4.7 Comparison of seasonal variation for total wave energy
The total wave energy density is used to express accumulated
reserves for the wave energy in a unit wave crest length. In order
to study the total reserves for all potential areas further. In this

paper, the total wave energy is used to denote regional mean
total reserves for the wave energy. A method from Ma and Yu
(1983) was referenced and combined with the data in this paper
to calculate the total wave energy. The method for calculating the
total wave energy is as follows:
The wave energy density (E, J/m2) is calculated for each grid.
The wave energy density can be calculated using
E =

1
½gH s2 ;
16

(13)

then the wave energy is equal to the wave energy density multiplied area for each grid; and the total wave energy is the sum of
the wave energy for each grid.
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Fig. 10. Theoretical (a) and exploitable (b) annual average total wave energy density.

The total wave energy comparison for the theoretical and exploitable wave energies in the East China Sea and the South
China Sea that were calculated from recent 20 a ERA-Interim
data are shown in Fig. 11. In Fig. 11, compared with the theoretical total wave energy, the percentage of decline for the exploitable
total wave energy is the greatest in summer; decreasing amplitude for the exploitable total wave energy is greater in autumn
and winter and less in spring because the influence of the high
sea state weather is higher in autumn, winter and summer. From
the point of view of the exploitable wave energy, the total wave
energy (2.108–8.385 PJ) is large in each season in the East China
Sea and the South China Sea. And the pronounced seasonal variation is presented for the exploitable wave energy. The exploitable wave energy is most abundant in winter and are poorest in
summer. The potential is higher in all seasons.
4.8 Quantitative regional division for exploitable wave energy resources
The ultimate purpose for the wave energy assessment research is to provide a decision basis for siting the wave farm.
After acquired the reliable wave energy assessment, we also need
to perform a regional level division for the wave energy in interesting areas in order to determine key development areas. Zheng
et al. (2012) and Zheng et al. (2013) developed a criterion of the
regional division for the wave energy followed the criterion of the
regional division for the wind energy and carried out the regional
division for the theoretical wave energy for the China Sea. In this
paper, the studies from Zheng et al. (2012) and Zheng et al.
(2013) were referenced and combined with the situation of the
exploitable wave energy in the East China Sea and the South
China Sea to make a novel criterion of the quantitative regional
division for the exploitable wave energy (Table 3).
In this criterion, two important indexes including the annual
average wave power density and annual average effective wave
time (annual average wave power density and annual average
duration (TE) for wave when the significant wave height is not
less than 1 m and not greater than 4 m) were considered. And
then the quantitative coefficient (QC) was defined as

Fig. 11. Theoretical (a) and exploitable (b) total wave energy seasonal comparison.

QC = P wTE ;

(14)

which can be used as a reference value for regional division. The
results of the quantitative regional division for the exploitable
wave energy are shown in Fig. 12. As shown in Fig. 12, the rich
level for the exploitable wave energy is gradually increasing from
nearshore waters to offshore waters. The poor areas are primarily located in the nearshore waters of the Beibu Gulf, the Changjiang Estuary, the Hangzhou Bay and the Zhujiang Estuary; the
wave energy is available in other areas and the rich areas are
primarily located in the north-central part of the South China
Sea, the Luzon Strait, the east sea areas of Taiwan Island, China
and Philippines and the north sea areas of the Ryukyu Islands.
Need to notice, even though in the rich areas, the annual average
exploitable wave power density is only 11–15 kW/m which is obviously less than that in the global rich areas (Centre for Renewable Energy Sources, 2002). So the results in this paper can be as
references for the local wave energy exploitation.
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Table 3. Division criterion for wave energy resource
Grade
1
2
3
4
5

Annual average Pw
/kW·m–1
<2
2–5
5–8
8–11
>11

TE/h

QC

Rich level
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when siting wave power plant we must develop a balance
between the rich level and the difficulty of development and determine an optimal location for the wave power plant.

<1 500
<3 000
poor area
1 500–3 000 3 000–15 000 available area
3 000–5 000 15 000–40 000 medium area
>5 000
40 000–55 000 subrich area
>5 000
>55 000
rich area

Fig. 13. Distributions of high sea condition frequency (fh).

Fig. 12. Exploitable wave energy regional division.

4.9 High sea condition frequency
In this study, in order to discuss the influence of the high sea
condition for the wave energy in the East China Sea and the
South China Sea further, we define the high sea condition frequency (HSCF, fh) to denote an incidence by the high sea state.
The more affected by the high sea state, the more difficult the
utilization of the wave energy are. In this condition, the higher requirement for preventing wave is necessary for the construction
of the wave farm and the cost will increase also. Therefore it is
very important for the construction of the wave farm to study the
incidence from the high wave state. In this study, the HSCF is
defined as a frequency of wave with the significant wave height
being greater than 4 m in recent 20 a. The distributions of the
HSCF in the East China Sea and the South China Sea are shown
in Fig. 13. The areas with large HSCF values (above 2%) are
primarily located in the central part of the South China Sea, the
Luzon Strait, the southeast sea areas of Taiwan Island. and the
northwest sea areas of the Ryukyu Islands where the influence of
the high sea state is relatively prominent because of a cold swell
from the northeast monsoon in winter and rough sea from a
typhoon and a tropical storm in summer. In coastal waters the
HSCF is usually below 0.5% where the influence of the high sea
state is relatively small. The influence in coastal waters is less
than that in offshore waters. This result is consistent with that in
Section 4.3. Thus it can be seen that the influence of the high sea
state is prominent and the wave energy utilization is relatively
difficult in the abundant areas of the wave energy. Therefore,

6 Conclusions
In this study, we selected the East China Sea and the South
China Sea as an example and studied the distributions of the exploitable wave energy. First, a division basis between the theoretical wave energy and the exploitable wave energy was studied.
Next, based on recent 20 a ERA-Interim wave field data, some indexes for the theoretical wave energy and the exploitable wave
energy were calculated and compared; the difference between
them was studied; the distributions of the exploitable wave energy were assessed; the regional division for the exploitable wave
energy resources was carried out and the influence of the high
sea state was evaluated. The conclusions are as follows.
(1) According to an international sea state table, minimum
significant wave height is 4 m for Level 6 sea state which will be a
criterion for deciding the high sea state. In addition, for the efficiency of utilization, we stipulate that the wave energy with the
significant wave height being less than 1 m is un-exploitable. So
the theoretical wave energy denotes the wave energy including
all parts of wave and the exploitable wave energy denotes the
wave energy including the part of the significant wave height being not less than 1 m and not greater than 4 m wave.
(2) In the East China Sea and the South China Sea, the exploitable wave power density is obviously lower than the theoretical wave power density. In most areas, the annual average exploitable wave power density is lower than that of the theoretical
wave power density about 2–4 kW/m. Regardless of all year or
each season, the large exploitable wave power density areas are
similar to those of the theoretical wave power density and decreasing amplitude in these large wave power density areas are
larger. The areas with large annual average exploitable wave
power density values (approximately 10–15 kW/m) are primarily
located in the north-central part of the South China Sea, the
Luzon Strait, the east of Taiwan Island, China and Philippines.
Pronounced seasonal variations in the exploitable wave power
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density are present. The exploitable wave power density is larger
in winter and autumn and is smaller in spring and summer. And
an important development period for the wave energy is still in
autumn and winter. Large WEER value areas are primarily located in coastal waters where the influence by the high sea state is
obviously less than that in offshore waters.
(3) In the East China Sea and the South China Sea, the exploitable ULF is smaller about 10%–15% than the theoretical ULF.
The spatial distribution of the exploitable ULF is similar to that of
the theoretical ULF. The areas with the large exploitable ULF values are primarily located in the north-central part of the South
China Sea, the Luzon Strait, the east sea areas of Taiwan Island,
China and Philippines and the surrounding sea areas of the Ryukyu Islands where the exploitable ULF is above 70%. The spatial
distribution of the exploitable RLF is similar to the theoretical
RLF. In offshore waters, the exploitable RLF is smaller 4% than
the theoretical RLF; in nearshore waters, the difference between
the exploitable RLF and the theoretical RLF (all below about 8%)
is little. The areas with the large exploitable RLF values are similar to those of the exploitable ULF. From the point of view of the
exploitable wave energy, the East China Sea and the South China
Sea are not abundant areas for the wave energy. But in these
areas, the exploitable wave energy is still available for most period throughout the year and are valuable for development.
(4) In the East China Sea and the South China Sea, the stability for the exploitable wave energy is obviously better than that of
the theoretical wave energy. In the abundant areas including the
north-central part of the South China Sea, the Luzon Strait, the
southeast sea areas of Taiwan Island. and the north sea areas of
the Ryukyu Islands, the wave energy is relatively stable. The exploitable COV are below 1.2. The spatial distribution of the exploitable SV is similar to that of the theoretical SV. From the point
of view of the exploitable wave energy, the stable areas for the
wave energy are primarily located in the south-central part of the
East China Sea, the north part of the South China Sea, the Luzon
Strait and the east sea areas of Taiwan Island.
(5) In the East China Sea and the South China Sea, the spatial
distribution of the exploitable TWED is similar to that of the theoretical TWED. The large areas for TWED are consistent with
those for the wave power density. In offshore waters, the exploitable TWED is obviously less than the theoretical TWED about
20–30 MWh/(m·a). In nearshore waters, the exploitable TWED
and the theoretical TWED are all below 60 MWh/(m·a) and the
difference between them is little. The difference between the exploitable TWED and the theoretical TWED is non-neglectable. It
is more constructive to assess the exploitable wave energy for understanding the total reserves in interesting areas.
(6) In the East China Sea and the South China Sea, compared
with the theoretical total wave energy, percentage of decline for
the exploitable total wave energy is greatest in summer; the decreasing amplitude for the exploitable total wave energy is greater in autumn and winter and less in spring. From the point of
view of the exploitable wave energy, the total wave energy
(2.108–8.385 PJ) is large in each season. And the pronounced seasonal variation is presented for the exploitable wave energy. The
exploitable wave energy is most abundant in winter and is
poorest in summer.
(7) In the East China Sea and the South China Sea, the poor
areas are primarily located in the nearshore waters of the Beibu
Gulf, the Changjiang Estuary, the Hangzhou Bay and the Zhujiang Estuary; the wave energy is available in other areas and the
rich areas are primarily located in the north-central part of the

South China Sea, the Luzon Strait, the east sea areas of Taiwan Island, China and Philippines and the north sea areas of the Ryukyu Islands.
(8) The influence of the high sea state is prominent and wave
energy utilization is relatively difficult in the abundant areas of
the wave energy.
(9) The method presented in this paper would provide references for the exploitable wave energy assessment in other sea
areas.
Acknowledgements
The authors would like to thank the ECMWF for providing the
ERA-Interim data sets; the Ocean Renewable Energy Special
Fund Project of the State Oceanic Administration of China
(GHME) for providing the buoy data.
References
Arinaga R A, Cheung K F. 2012. Atlas of global wave energy from 10
years of reanalysis and hindcast data. Renewable Energy, 39(1):
49–64
Centre for Renewable Energy Sources. 2002. Wave Energy Utilization
in Europe. Greece
Cornett A M. 2008. A global wave energy resource assessment. In:
Proceedings of 18th International Conference on Offshore and
Polar Engineering. BC, Canada, Vancouver: The International
Society of Offshore and Polar Engineers
Folley M, Whittaker T J T. 2009. Analysis of the nearshore wave energy resource. Renewable Energy, 34(7): 1709–1715
Iglesias G, Carballo R. 2010. Offshore and inshore wave energy assessment: Asturias (N Spain). Energy, 35(5): 1964–1972
Iglesias G, Carballo R. 2011. Choosing the site for the first wave farm
in a region: a case study in the Galician Southwest (Spain). Energy, 36(9): 5525–5531
Iglesias G, López M, Carballo R, et al. 2009. Wave energy potential in
Galicia (NW Spain). Renewable Energy, 34(11): 2323–2333
Kim G W, Jeong W M, Lee K S, et al. 2011. Offshore and nearshore
wave energy assessment around the Korean Peninsula. Energy,
36(3): 1460–1469
Lenee-Bluhm P, Paasch R, Özkan-Haller H T. 2011. Characterizing
the wave energy resource of the US Pacific Northwest. Renewable Energy, 36(8): 2106–2119
Liang Bingchen, Fan Fan, Liu Fushun, et al. 2014. 22-Year wave energy hindcast for the China East Adjacent Seas. Renewable Energy, 71: 200–207
Ma Huaishu, Yu Qingwu. 1983. The preliminary estimate for the potential surface wave energy resources in the adjacent sea areas
of China. Marine Science Bulletin (in Chinese), 2(3): 73–81
Pontes M T. 1998. Assessing the European wave energy resource.
Journal of Offshore Mechanics and Arctic Engineering, 120(4):
226–231
Ren Jianli, Luo Yuya, Chen Junjie, et al. 2009. Research on wave
power application by the information system for ocean wave
resources evaluation. Renewable Energy Resources (in
Chinese), 27(3): 93–97
Smith W H F, Sandwell D T. 1997. Global sea floor topography from
satellite altimetry and ship depth soundings. Science,
277(5334): 1957–1962
Stopa J E, Cheung K F, Chen Y L. 2011. Assessment of wave energy resources in Hawaii. Renewable Energy, 36(2): 554–567
Wang Chuankun, Lu Wei. 2009. Analysis Methods and Reserves Evaluation of Ocean Energy Resources (in Chinese). Beijing: China
Ocean Press, 61–62
Wave Energy Resource Prospection and Division in Key Exploitable
Areas (OE-W01 Block) Assessment Report. 2013. The First Institute of Oceanography, SOA
Wen Shengchang, Yu Zhouwen. 1985. Ocean Wave Theory and Calculation Principle (in Chinese). Beijing: Science Press, 203–204
Zheng Chongwei, Jia Benkai, Guo Suiping, et al. 2013. Wave energy
resource storage assessment in global ocean. Resources Sci-

WAN Yong et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 9, P. 143–155

ence (in Chinese), 35(8): 1611–1616
Zheng Chongwei, Lin Gang, Shao Longtan. 2013. Wave energy resources analysis around Taiwan waters. Journal of Natural Resources (in Chinese), 28(7): 1179–1186
Zheng Chongwei, Pan Jing, Li Jiaxun. 2013. Assessing the China sea
wind energy and wave energy resources from 1988 to 2009.
Ocean Engineering, 65: 39–48
Zheng Chongwei, Shao Longtan, Shi Wenli, et al. 2014. An assessment of global ocean wave energy resources over the last 45 a.
Acta Oceanologica Sinica, 33(1): 92–101
Zheng Chongwei, Su Qin, Liu Tiejun. 2013. Wave energy resources
assessment and dominant area evaluation in the China sea
from 1988 to 2010. Haiyang Xuebao (in Chinese), 35(3):
104–111

155

Zheng Chongwei, Zheng Yuyan, Chen Hongchun. 2011. Research on
wave energy resources in the northern South China Sea during
recent 10 years using SWAN wave model. Journal of Subtropical Resources and Environment (in Chinese), 6(2): 54–59
Zheng Chongwei, Zhuang Hui, Li Xin, et al. 2012. Wind energy and
wave energy resources assessment in the East China Sea and
South China Sea. Science China: Technological Sciences, 55(1):
163–173
Zhou Lin, Zheng Chongwei, Li Jing, et al. 2011. Wave energy research
in global oceans with ERA-40 wave data for recent 45 years. In:
Proceedings of 2011 International Conference on Remote Sensing, Environment and Transportation Engineering (RSETE).
Nanjin, China: IEEE , 3760–3763

