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a b s t r a c t
In the background of global carbon reduction, wave energy can provide a sustainable energy source 
in many coastal areas. Water depth is one of the factors that cannot be ignored in the assessment of 
wave energy resources, and the present study develops a new formula for evaluating wave energy 
suitable for any water depth. The availability wave energy around Wanshan of Guangdong, was ana-
lyzed for the past 20 y (2000–2020) using SWAN (simulating waves nearshore) model. This included 
an analysis of the annual and seasonal average distribution characteristics of wave energy. The 20 y 
of annual average data analysis showed that most of the significant wave height (Hs) was less than 
1.2 m, and the annual average energy flux offshore can reach 4.0 kW/m. The available wave energy 
was most consistent in winter and least consistent in summer. The effective Hs occurred frequently, 
mostly over 50% of the year, in most of the research area except in the mouth of the Pearl River.
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1. Introduction

Energy needs and shortages have continued to grow in 
recent years, but environmental pollution caused by a lack of 
sufficient energy reserves and the excessive use of traditional 
fossil energy is becoming increasingly serious. Therefore, 
there is an urgent need to develop renewable energy tech-
nology designed to solve the shortcomings of and problems 
related to the use of traditional fossil energy [1]. Various 
kinds of renewable energy can replace traditional energy 
in many fields, helping to effectively alleviate the problem 
of insufficient reserves of traditional energy and to address 
environmental pollution. Among them, wave energy is 
considered the most likely alternative energy source that 
can be used to replace conventional energy in the next few 
decades [2]. Waves provide an energy resource with many 
advantages, such as the highest energy flux, limited negative 
impacts, and relatively high use factor [3–5]. A reasonable 
evaluation of the wave energy reserves in a study area is an 
important preparatory task that must be carried out before 

developing wave energy. Wave energy assessment for large-
scale sea areas in different regions has been studied in many 
countries. In terms of the total global wave energy resources, 
the Climate Change Group (IPCC) believed that the total 
global wave energy resource was about 29,500 TWh/a, 
the technical exploitable capacity was about 500 GW, and 
its annual power generation was about 146 TWh/a. Some 
other studies believed that the total global wave energy 
resources were between 2,000 and 4,000 TWh/a [6–8].

The wave energy in the whole world had been evalu-
ated to be in the range of 1–10 TW, which corresponds to 
the current level of energy demand globally [9]. So far, 
some studies on wave energy assessment have been con-
ducted in different regions of the world, such as Argentina 
Portugal, Sweden, the US, China and other regions [10–25]. 
According to the global results given by Mørk et al. [26], 
the coasts of Europe’s northernmost countries have one of 
the highest wave energy fluxes in the world, with a mean 
annual value of 70 kW/m [27,28]. China’s wave energy 
reserves are not particularly abundant, although wave 
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energy assessments have recently been conducted in some 
of China’s waters. Regional studies can be conducted to 
analyze the wave energy reserves of an area more precisely 
and can be used to filter areas and identify those with a 
greater potential for development. Wave energy resources 
around Chinese sea could be systematically assessed using 
datasets calculated using the wave model Wave Watch III 
(WWIII) [24,25]. Liang et al. [29] and Wan et al. [30] also 
evaluated wave energy resources in different areas of 
China. In general, wave energy resources in the East China 
Sea are the most abundant, while those in the Bohai Sea 
are the least abundant. At the same time, scholars also ana-
lyzed the suitability of wave energy resources exploitation 
in China’s sea, and generally concluded that China’s sea is 
not an ideal area for wave energy exploitation.

When evaluating wave energy, calculating wave energy 
density is the key point. The current wave energy evalu-
ation formula has a large error in the offshore area. Based 
on Eckart’s work, Beji [31] and You [32] both proposed an 
explicit method for calculating the wave dispersion rela-
tion. For China, no high-precision assessment of wave 
energy resources around Wanshan has been carried out. 
This paper aims to assess wave energy around Wanshan 
area by adopting the equation proposed by You [32].

2. Wave energy estimation

According to the Shi et al. [33] and Liang et al. [34], 
the wave energy flux can be expressed as [31]:
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where k is the wave number, h is water depth, ρ is the sea-
water density, g is the gravity acceleration, Hs is the signif-
icant wave height and T is the energy period. The value 
of k can be obtained by k = 2π/L.

In most research, wave energy flux can be expressed 
[35,36]:
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Eq. (2) has been widely adopted to evaluate wave energy. 
In shallow and intermediate water, the influence of water 
depth is not considered and that will cause error when 
assess energy in these area [33]. We take λ as the ratio of 
Eq. (1) to Eq. (2) that can be expressed as Eq. (3). The vari-
ation trend of λ with water depth is shown in Fig. 1. Few 
researchers have noted that in shallow water and some water 
of intermediate depth, Eq. (2) overestimates wave energy, 
but for some other water of intermediate depth, Eq. (2) 
underestimates the available wave energy.
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In this paper, a new equation applicable at any water 
depth is compiled based on the explicit two-step wave 

diffusion equation proposed by You [32]. Compared to 
Eq. (2), the new equation has further improved its accu-
racy for estimating wave energy at any depth, especially 
in shallow water. The key to wave energy calculation is to 
obtain the exact kh value. The equation used to approxi-
mate kh was defined as:
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where k0 and x0 are the deep-water wave number and is 
an initial estimate of kh, which can be calculated by Eq. (5):
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In this case, x0 can be obtained by Eq. (5), and kh can be 
then obtained by Eq. (4), so the value of kh can be calculated 
by combining Eqs. (4) and (5) at any depth without cum-
bersome iteration. Wave energy can be assessed by com-
bining Eqs. (1), (4), and (5).

3. Data

3.1. Research area and SWAN setting

The present study focused on the sea around Wanshan, 
administered by Zhuhai, Guangdong province of China. 
Zhuhai is adjacent to Macau and Hong Kong, and its econ-
omy is well developed. As an experimental sea area, wave 
energy resources needed to be assessed in this area. This 
paper only selected the region of 21.0–22.75°N, 112.5–115.5°E 
as the research area. Fish production is a very important 
industry for residents of Wanshan Island. Domestic and 
industrial activities, including fish production, require a 
massive amount of energy. According to the bathymet-
ric dataset from the China Hydrographic Bureau, the 
average depth of the seas adjacent to Wanshan Island is 
considered to be approximately 17 m (Fig. 2).

SWAN model is normally applied to simulate the 
characteristics of waves [37,38]. The 360° of a circle were 
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Fig. 1. Change in λ based on the change of kh.
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divided into 36 equal areas of 10° each. Next, 24 bins for 
the frequency were obtained, and the minimum frequency 
was set to 0.04 Hz. The frequency used in this model was 
set to 1.1. In the model, we selected the option for expo-
nential wind growth [39]. Wind fields were provided by 
ERA5 reanalysis datasets. The applicability of the ERA5 
wind datasets to Chinese waters has been studied and 
shown to perform well [40]. To accurately obtain the 
boundary conditions of the incident waves, WWIII was 
used that covered the entire Chinese water. The model 
started in January 2001 and ended in December 2020, with 
the time step set to 1 h. The larger model has 0.1° × 0.1° 
grids, which are not described in this paper. For SWAN 
model, the model domain (Fig. 3) had a maximum area 
of 0.05° × 0.05° grids, with 30,164 grids and 58,324 nodes. 
There were 75 points on the open boundary, with a bound-
ary scale of approximately 500 m. The grids in the near-
shore area were refined, with a minimum grid scale of 
approximately 10 m. The calculation time step in SWAN 
was set to 2 min with the output time step set to 1 h.

3.2. Model validation

Wave data from three buoy stations, namely QF301, 
QF302, and QF303 (Fig. 3), were adopted to valid the 
model. Each station was located in deep water where the 
wave parameters have been recorded hourly for 20 y. A 
time series comparison between the measured Hs and the 
simulated records used for the validation was shown in 
Fig. 4. The results showed that the model can simulate well 
in focused area. We calculated the covariances of the three 
groups of data, which were 0.2038 (QF301), 0.2264 (QF302), 
and 0.1620 (QF303), indicating that the measured data of 
the three sites were positively correlated with the simu-
lated data. In addition, some error metrics were adopted 
to quantitatively evaluate model. These included the rel-
ative error (δ) and correlation coefficient (R) in these three 
sites with 31.32%, 29.5%, and 28.1% for the relative errors 
and 0.86, 0.85, and 0.89 for the correlation coefficients, 
respectively. Based on relative error, the wave heights cal-
culated using SWAN agreed with the buoy-recorded data 

well. The Hs correlation coefficients were found to be above 
0.85 through the simulations, indicating that the model 
provided in this study can accurately simulate the wave  
parameters.

4. Results and discussion

4.1. Annual distribution of wave elements

The 20-y annual distribution of Hs, T , and Py were 
shown in Fig. 5a–c. Those (Hs, T , and Py) showed a grad-
ual decreasing trend from deep water (offshore) to shal-
low water (nearshore). The average Hs was in the range of 
0.2–1.2 m in most areas around Wanshan Islands and the 
maximum value occurred in the southern part of the study 
area. The T  and Py around Wanshan area were greater 
than 4 s and 5 kW/m in the same district, respectively.

The northeastern parts of the study area had greater 
wave height than that of the northwestern parts of the 
research area (Fig. 5c). Box plots of the annual mean val-
ues of the entire study area for Hs and Py are shown in 
Fig. 6, from which the distribution of annual wave charac-
teristics can be deeply understood.

a  b  

Fig. 3. Grid Settings for the computation area: (a) overview of the study area in general and (b) view of Wanshan area.

 

Fig. 2. Wanshan study area and the locations of observations 
at QF301, QF302, and QF303 along the coast of Guangdong, 
including Wanshan near Hong Kong.
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The visual statistical factors such as minimum, median, 
and third quartiles can be provided by box plots for sample 
data [41]. For example, Hs and Py did not change significantly 
year by year, with each parameter having considerable over-
lap from year to year; this indicates that Hs and Py did not 
change significantly over time (Fig. 6). The average Hs was 
relatively low (less than 1.6 m) for the entire research period 
(2001–2020), while the average Py was less than 11.5 kW/m. 
In the box diagram, a shorter or longer bar means the data 
discretization was lower or higher, respectively. Thus, the 
years with the higher data discretization for wave energy 
flux were 2003 and 2009. The years with the lowest and 
highest data discretization for wave energy were 2012 and 
2009, respectively. The significant wave height fluctuated 
in a small range in any study year. The mean value of Hs 
was the smallest in 2012 and the largest in 2003.

4.2. Distribution of seasonal wave energy

The 20-y seasonal mean spatial distributions of Hs, T
, and Py were presented in Figs. 8–10, respectively. The 

value of Hs peaked in winter (0.8–1.2 m) and reached the 
lowest values (0.5–0.7 m) in spring season in the research 
area (Fig. 7). That is, Hs was higher in winter and autumn 
seasons than that in other seasons. The T  values in the 
four seasons ranged from 2–3 s around Wanshan Islands 
with little change over time (Fig. 8). Winter and spring had 
the highest and the lowest values of Py, respectively, a pat-
tern that was the same as those of Hs and T  (Fig. 9). The 
Py values peaked in winter and decreased in spring and 
then increased gradually in summer and autumn. Among 
them, a higher wave energy flux in winter was mainly dis-
tributed in the southeastern part of Wanshan Islands with 
values between 2.0 and 4.0 kW/m, while the wave energy 
flux in the northwestern part was lower with values of  
0.5–2.0 kW/m.

The box plots of the seasonal means of Hs, T  and Py 
were presented in Fig. 10, which showed the seasons with 
the largest and least variations occurred in winter and 
spring, respectively. The box plots of Hs were shorter in 
spring compared to the other seasons indicating that the 
data were generally very consistent. The median (which 
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Fig. 4. Comparisons of the hindcasted Hs (red line) with the observational data (blue line) at: (a) QF301, (b) QF302, and (c) QF303.
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was generally close to the mean) gradually increased from 
spring to winter. The extreme variations of T  occurred in 
the same seasons as those of Hs. However, the medians of 
the mean T  had different distributions with T  in sum-
mer being higher than that in autumn, and less than that 
in winter. The box plots of mean T  are similar in the four 
seasons, indicating that T  varied little in the four seasons. 
The extreme variations of Py occurred in the same seasons 
as those of Hs and T . However, the medians of Py peaked in 
autumn, unlike those of Hs and T .

4.3. Stability of wave resource

In past studies, the researchers thought that it was nec-
essary to consider the stability of wave energy resources. 

Only stable wave energy resources can have real devel-
opment value. The stability of Py is related to wave energy 
conversion. The more stable it is, the more efficient the 
wave energy conversion will be; in addition, stable wave 
energy is beneficial to its full exploitation and use [42]. 
The efficiency of conversion will decrease as a result of 
discrete conditions. Therefore, we used to analyze the sta-
bility of wave energy. On this basis, the feasibility of devel-
oping wave energy resources was evaluated. The Cv is  
defined as:

C S
x� �  (6)

where x  is the average Hs and Py, and S is the standard 
deviation, Cv which can be expressed as:
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Fig. 5. The 20-y annual mean spatial distribution of Hs (a), T  (b) and Py (c).
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Fig. 8. Seasonal distribution of T  around Wanshan area (unit: s).

Fig. 7. Seasonal distribution of Hs around Wanshan area (unit: m).
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Fig. 10. Box plots of 20-y the seasonal means of: Hs (a), T  (b) and Py (c) in the study area.



229Z. Ye et al. / Desalination and Water Treatment 298 (2023) 222–232

S
x x n

n

i i
i

n

i

n

�
�
�

�
�

�

�
�

�
��
�� 2 2

11

1

/
 (7)

The annual distribution of Cv for Hs and Py are shown 
in Fig. 11. A smaller value of Cv, indicate smaller variability 
in the studied parameters. The nearshore regions had the 
highest Cv and it decreased toward the open sea (Fig. 11). 
This means that open sea areas are not only more energetic, 
but they can also provide more stable wave energy than 
nearshore area. Generally, for the area around Wanshan 
Islands, the highest temporal variability indices of Hs and 
Py can be less than 1 and 2, respectively. It is interesting that 
the coefficient of dispersion (Cv) of Hs was less than that of 
Py for the same points. The reason for this is that energy 
flux is a function of wave height squared, resulting in a 
higher rate of change.

The seasonal distribution of Cv for Hs and Py is shown in 
Fig. 12. According to Fig. 12, generally for each studied sea-
son, Cv peaked in summer and was the smallest in winter. 
This means that Wanshan Sea experiences greater variation 
in wave energy in summer. The values of Cv for Hs in spring, 
summer, autumn, and winter were in the range of 1.5–2, 
2.0–3.0, 1.5–2.0, and 0.5–1, respectively. In addition, the val-
ues of Cv around Wanshan Islands for wave flux in the same 
four seasons were in the range of 0.5–0.8, 0.5–1.0, 0.5–1.0, 
and 0–0.5, respectively. The above calculations reflect the 
low rate of change in Py in winter and spring in the study 
area. It is interesting that: (1) although the Py was lower in 
spring, it was more stable at the same time; (2) although 
the stability of Hs was poor in summer, the stability of Py 
was more stable. In terms of the distribution and stabil-
ity of Py, winter is considered the best season for exploit-
ing wave energy.

4.4. Frequency of effective Hs

As happens with any energy source, not all wave 
energy can be used by existing technology. By referring to 
current methods used in wind resources, this article intro-
duced a new concept of the effective Hs in the wave energy 
resource assessment (short as Hes). Based on existing tech-
nology, waves between 0.5 m and 4.0 m can be captured by 
some equipment. In this paper, an Hs (0.5 m ≤ Hs ≤ 4.0 m) 
is regarded as the metric to decide whether the available 
wave could be used and is called Hes. It is important to 

note that Hes is a dynamic value that changes with techno-
logical innovation.

In the utilization of wave energy resources, the fre-
quency of Hes in a region directly determines the develop-
ment and utilization time of wave energy resources in this 
region. This paper analyzed the frequency of Hes over 20 y, 
using hourly wave data collected during Jan. 1, 2000 start-
ing at 00:00 to Dec. 31, 2020 at 23:00. Fig. 13 showed the fre-
quency of the Hes in research area was high, usually more 
than 50% except in the mouth of the Pearl River. As for 
Wanshan Islands, Hes ranged from 50%–70%, meaning that 
wave energy can be used here to generate electricity for than 
more than half of the time in a year.

4.5. Long-term linear trends of wave energy flux

The Py at each node of the research area was averaged 
from 2001 to 2020, and the linear trend of Py was analyzed 
over the last 20 a. In order to control the updating speed 
of variables and prevent the overall impact of sudden 
changes of variables, a five-point weighted moving average 
was adopted as shown in Eq. (8):

Y
X X X X X

i Ni
i i i i i�
� � � �

� �� � � �2 2 1 22 4 2
10

2 3 2, , ,  (8)

where Yi is the target value and the Xi is the original value. 
This method will fully reflect the trend of wave resources 
in different areas, helping researchers to avoid the disad-
vantages of deriving the data from the method of obtain-
ing the trend by adopting the average value of the entire  
region.

The characteristics of the linear trend of the Hs are 
shown in Fig. 14a. During the last 20a, the Hs in most of 
the research area showed a slightly decreasing trend, with 
the ratio ranging from −0.005 to 0 m/a. The ratio was pos-
itive only in the northeastern area, indicating an increas-
ing trend for Hs.

The characteristics of the linear trend of the Py are shown 
in Fig. 14b. During the last 20a, Py in all of the research 
area showed a decreasing trend year by year. Its distribu-
tion was different from the distribution of the significant 
wave height, even though they both tended to decrease. 
The zones with strongly decreasing trends were located in 
the southwestern waters (approx. −0.06 to −0.8 kW/(m·a)). 
The nearshore area showed weakly decreasing tendency 
for Py (approx. −0.01 to 0 kW/(m·a)).
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4.6. Wave energy resource classification

In order to make better use of wave energy resources, 
it’s necessary to classify wave energy resources in research 
area. But a common standard for the wave energy clas-
sification has not yet formed. Most previous studies 
have been based on Py to determine suitability for devel-
opment, such as 2 and 20 kW/m are defined as available 
and abundant watershed, respectively [43]. This paper 
established a simple system that suitable for research area 
(Table 1), and 4 grades were divided (Fig. 15). From Fig. 15, 
the wave energy resources around Wanshan Islands basi-
cally belonged to grade 2 level except the nearshore area. 
In the study area, most of the nearshore area belong to 
grade 1, with the exception of the northeastern area, which 
belong to grade 2. Unfortunately, the grades in studied 
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Fig. 12. Seasonal distribution of Cv for Py (left) and Hs (right) in study sea area for: (a,b) spring, (c,d) summer, (e,f) autumn, and 
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area are all below level 4, and it proves that the resource 
condition is not very abundant for development.

5. Conclusion

During the research period (2001–2020), the annual aver-
age value of mean Hs was below 1.6 m, and Py was less than 
11.5 kW/m. The years with the larger variation for wave 
energy flux were 2003 and 2009. The largest range of wave 
energy flux occurred in 2009 and the smallest occurred in 
2012. As for Hs, all the studies years had the similar range. 
The mean Hs in the year 2012 had the smallest, while the 
year 2003 had the largest.

The higher wave energy in winter was mainly distrib-
uted in southeastern part of the Wanshan Islands with 

a flux of 2.0–4.0 kW/m, while it is lower in the northwest-
ern part with a flux of 0.5–2.0 kW/m. Maximum and mini-
mum variations of Hs and Py were presented in winter and 
spring, respectively. The Hs box plot was shorter in spring 
compared to the other seasons. This indicated that datasets 
in spring had a high consistency compared to those in other 
seasons. However, the medians of Py in autumn was the 
highest, that was difference compared to Hs and T.

The nearshore regions had the highest Cv and it decreases 
towards the open sea. It means that open sea parts were 
not only energetic, but also more stable. Seasonal Cv statis-
tics of wave energy showed that the wave energy in win-
ter was the most stable and that in summer was the most 
unstable, respectively.

The frequency of Hes in most of the research area except 
Pearl River mouth is very high, mostly more than 50%. As 
for Wanshan Islands, it ranges from 50%–70%. That means 
than more than half of the time in a year can generate 
electricity.

During the nearly 20a, the Py in all of the research area 
showed a decreasing trend. Its distribution was different 
from the distribution of the significant wave height, even 
though they both tended to decrease. The zones with high 
decreasing tendency were located in the southwestern 
waters (about –0.06~–0.8 kW/(m·a)). The nearshore area 
showed low decreasing tendency (about –0.01~0 kW/(m·a)).

In the study area, most of the nearshore area belonged 
to grade 1, with the exception of the northeastern area, 
which belonged to grade 2. Unfortunately, the grades in 
studied area were all below level 4, and there is no rich 
region for wave development. Although there is no optimal 
area for wave energy utilization in Wanshan Sea area, this 
paper proposes a wave energy evaluation method based 
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Fig. 15. Wave energy resource division in studied area.

Table 1
Criteria for wave energy resource division

Grade Annual average wave 
height (m)

Annual average wave energy 
flux (kW/m)

Annual hours of effective SWH 
(0.5~4 m)/h

Wave energy 
regionalized

1 0–0.5 <1 <4,000 Indigent area
2 0.5–1.5 1–5 4,000–6,000 Available area
3 1.5–2.5 5–20 6,000–8,000 Sub-rich area
4 >2.5 >20 >8,000 Rich area
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on EWSH and the duration of it and the stability of wave 
energy, which is also applicable to other sea areas.
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