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18  Abstract

19  There is an increasing interest in co-exploiting marine energies of various types, as it can reduce
20  grid connection and maintenance costs and enhance electricity production. A threefold objective of
21  this work is as follows: 1) to investigate offshore wind and wave energy potential, complementarity
22 & synergy, and correlation between the two resources in southern China’s coastal region using
23 long-term wind and wave data; ii) to analyze the benefits of wind-wave joint exploitation
24 considering specific offshore wind turbine (OWT) and wave energy converter (WEC); and iii) to
25  propose a new index to determine the suitability for co-developing wind-wave projects. The results
26  show that the Beibu Gulf and Taiwan Strait experience the highest correlation between the two
27  resources, in contrast to the Zhejiang coast that exhibits the lowest one. On the other hand, the east
28  waters of Taiwan and Zhejiang coast have the highest synergy. Moreover, quantitative and

29  qualitative analysis shows that the combined device generates less variable power output and zero
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production in the areas with low correlation and high synergy than the OWT/WEC operating alone.
The suggested best sites for future joint exploitation are along the Zhejiang coast, with the
potential of generating nearly 40 GWh/year per combined device of SWT-6.0-154 and 6 MW

Wave Dargon.

Keywords: Offshore wind; wave energy; southern China; correlation; complementarity and

synergy.

1. Introduction

As a result of increasing energy demand and climate change impacts, there has been significantly
growing interest in the development of ocean renewable energies [1,2]. Diversified ocean
renewable systems have emerged to enhance the competitiveness of ocean energy [3]. Offshore
wind and wave energies are the prospects of ocean renewable energies and can play an important
role in mitigating the climate change impacts through renewable electricity generation [2].
Offshore wind farms have expanded at an exponential rate over the last decade, owing to less
visual effect as well as greater power potential than onshore ones (e.g., [4—6]). Wave energy has
the potential to become a substantial contributor to ocean renewable energy because of the
considerably higher ocean energy flux than other marine energy, and wave devices can also be
employed for coastal protection and adapt to sea-level rise, compared to traditional coastal
protection measures (e.g., [3,7-9]). However, despite the advantages of electricity generation from
ocean renewable energies, they also have drawbacks. There are adverse effects on the stable
operation of the individual wind/wave power system due to their characteristics of randomness and
intermittence in time [1,10]. Moreover, as for wave resources, the extraction technology is still
immature and has a high Levelized Cost of Energy (LCOE) [11]. While offshore wind and wave
farms are generally developed separately, there are substantial engineering and commercial
benefits to deploying them together to i) reduce construction and maintenance costs and improve
efficiency by sharing grid connection and infrastructure [12,13], ii) enhance the reliability and
stability of the power system by reducing the variation of power output and downtime period

[14,15], iii) maximize spatial utilization [2,16], and vi) mitigate structural load and increase
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accessibility to the offshore wind power system [17,18]. Consequently, the wind-wave joint
exploitation has obtained increasing attention and has become an advanced research topic (e.g.,
[10,12,18-20]).

Resources evaluation is fundamental to develop novel energies and attract investors [19]. Many
types of research about joint assessments of offshore wind and wave resources have been
conducted in regions including America [21,22], Europe [21,23], Ireland [14,24], Denmark [25],
Italy [26] Mediterranean Sea [1], and North Sea [20]. Rusu et al. analyzed spatial distribution of
offshore wind and wave energy resources in Latin America and Europe and introduced a Total
Harmonic Distortion (THD) index to assess the wind-wave hybrid power smoothing [21]. Kalogeri
et al. investigated the wind-wave combined exploitation potential in Europe, and the results
indicated that the western offshore areas are the most attractive areas [23]. Ferrari et al. proposed
an Exploitability Index (ES-index) to assess the wind-wave joint development potential
considering both combined energy potential and their correlation [1]. Azzellino et al. assessed co-
locate wind and wave resources in the Italian seas and the results showed that the areas with lower
correlation are more interesting for the combined energy harvesting [26]. Although this review
concludes many benefits and potential areas of wind-wave joint development, the investigation of
that and the relationship between wind and wave in time and space are still insufficient in many
regions including China sea. In addition, the technological combination of wind energy with wave
energy is far from mature to commercial applications. There are few offshore wind-wave hybrid
systems in operation across the world. For example, Denmark’s Floating Power Plant AS has
developed the Poseidon Floating Power, which is the first successful offshore-tested combined
wind-wave device in the world [27], and the W2 Power, manufactured by Norway's Pelagic Power
AS, offers the first feasible solution for combining offshore wind and wave energy conversion
technology [28].

As China is a large marine country that has 18,000 kilometers of mainland coastline, it has
enormous potential in terms of its wave and offshore wind energy resources [29]. Several types of
analysis on estimations of wave (e.g., [3,30-37]) and offshore wind resources (e.g., [37-43])
around China have been carried out. Chen et al. investigated offshore wind and wave resources in

the nearshore areas of Shenzhen based on buoy observational data and the results revealed that
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wave energy development potential in the investigated sites is limited [34]. Wang et al. analyzed
annual, seasonal and monthly wind and wave resources characteristics in the South China Sea [35].
Zheng et al. [37] and Dong et al. [43] examined the wind and wave resources in the China sea,
finding that wind energy is greater in the southeast of the Yangtze River Delta than that in the
northwest [37,43]. Wan et al. assessed the joint development potential considering hybrid installed
capacity in the South China Sea for the first time, while the relationship between wind and wave
energy had not been considered [44]. In addition, many offshore wind power projects have now
been implemented along China’s coast [45], and a wave energy full-scale field has been tested in
Guangdong [46]. However, little work has been done in China when it comes to combined wind
and wave resource exploration. Wind-wave joint exploitation in China is a recent topic, and thus
very limited studies have been conducted [44]. Hence, it is essential to jointly analyze offshore
wind and wave resources in China to fill this fundamental literature gap, investigate how they
might interact, identify attractive areas for combined energy exploitation in the future, and estimate
the joint exploitation potential.

This study will depend on wind reanalysis and simulated wave data from the Japanese 55-year
Reanalysis (JRA-55) [47] and the authors’ previous work [48], respectively. The time scale from
1958 to 2012 will be used for wind and wave resources analysis. The energy potential of offshore
wind and wave resources will be analyzed on annual and seasonal scales, and the correlation and
complementarity & synergy between two resources in the southern China’s coastal region will be
investigated for the first time. In addition, given an OWT (SWT-6.0-154) and a WEC (6 MW Wave
Dragon), the improvement of co-exploitation of wind and wave resources over wind or wave
independent development will be evaluated by comparing energy production, capacity factor, zero
production and variability of power output. Finally, a new approach combining wind and wave
power potential, correlation and synergy between the two resources will be suggested. This study
aims to identify potential and suitable areas for future investments in wind-wave combined

systems and hence for offshore farm installations.

2. Materials and methods

2.1 Study area and data source
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This investigation is focused on the southern China (Fig. 1), which covers from the Beibu Gulf in
the east to the south of Hangzhou Bay in the west, and the coastal areas with depths below 60 m as
a recommended depth for many offshore devices [49—-51]. This domain has a long coastline that
opens up great opportunities for offshore energies [29], and abundant offshore wind and wave
resources have been demonstrated [40,48] and hence it makes the domain an excellent potential for
developing offshore renewable energy projects.

In this study, both the wind and wave data cover a 55-year period. The wind data applied for the
offshore wind resource analysis is obtained from JRA-55, which is the second atmospheric
reanalysis of the global climate produced by the Japan Meteorological Agency (JMA) [47]. This
dataset has been previously validated based on a great amount of measured data [47] and used by
other researchers (e.g., [3,40,48,52—54]). It has 0.56° and 6 hr spatial and temporal resolutions,
separately [55]. The simulated wave data is generated from the Simulating WAves Nearshore
(SWAN) model and has 0.05° and 6 hr spatial and temporal resolutions, separately [56]. Moreover,
available observations have been employed to validate the wave model. More information on the

model setup and verification has been previously given in Ref. [48].
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Fig. 1. The bathymetry and the locations of the selected sites of the study area.
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2.2 Selection of OWT and WEC

For the exploitation of wave energy resource, a 6 MW Wave Dargon is selected, which is a large-
scale, floating, slack-moored energy converter of the overtopping type [57]. It has also been
recommended for wave energy extraction in offshore areas due to the suitable performance in the
previous work [48]. Table 1 shows the power matrix and performance characteristics of the Wave
Dargon. The same capacity, i.e., 6 MW, is adopted for OWT as required to conduct a fair appraisal
of the energy output from the two resources. Hence, the SWT-6.0-154 developed by Siemens Wind
Power A/S, a manufacturer from Denmark (designs for onshore and offshore wind conditions), is
selected. This kind of devices has also been widely installed in the China Sea [58]. The details of
the power curve and main characteristics of the SWT-6.0-154 are shown in Table 2. Given the

power curve of OWT and the wind speed at hub height, the ultimate power output can be estimated

[59].
Table 1. Power matrix of the 6 MW Wave Dargon and the main characteristics.
(Source: www.wavedragon.co.uk)
Rated power 6000 kW
6000
Classification Terminator
_; 4000
é 2000 Matrix resolution
E 0.5mx0.5s
0l (Hs x Te)
10
Installation depth >20m
Table 2. Power curve of the SWT-6.0-154 and the main characteristics.
(Source: https://en.wind-turbine-models.com/turbines/657-siemens-swt-6.0-154)
7000 Rated power 6000 kW
6000
5000 | 1 Cut-in wind speed 4 m/s
i 4000
5 2000 Cut-out wind speed 25 m/s
2000
Rotor diameter 154 m
1000
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Swept area 18,600 m?

2.3 Analysis methodologies
Wind energy potential is estimated through wind power density (WPD), and it is calculated as
follows [60]:

WPD = % p,U’ (1)

where p, is the air density (1.225 kg/m? in this study) and U is the wind speed at hub height. Since

the JRA-55 model only includes wind field at 10 m, the wind speed extrapolation formula is used
in this study [47]. However, previous studies have shown that the height of available wind
resources for OWTs is usually between 70 and 100 m (e.g., [6,60]). Therefore, 100 m and power
law are chosen as the reference height and wind speed extrapolation, respectively [39,40,61]. The

power law applied reads [62]:
U-=v, (5] @)

where U and U, are the wind speed at raw height Z and reference height Z,, respectively. a is the
wind shear exponent, and a=0.11 is applied in this study ([63]).
The wave power flux (WPF) is employed to estimate wave energy potential. It can be determined

by [3,48]:
WPF =0.49H T, 3)

where H, and T. are the significant wave height and energy period.

The correlation is used to assess the potential of resource diversity to reduce power variability [21—
23]. The sites where the correlation between the two resources is medium to low are more
attractive, as indicates that the peaks in the two resources do not coincide [23]. The correlation

coefficient is calculated as follows [23]:
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where Puing and Puae are the mean values of WPD and WPF, respectively, and o, and o, are

the standard deviation of WPD and WPF, respectively.

The correlation coefficient has been previously used to assess the complementarity between
different resources, such as wind and solar [64—68], hydro and wind [60], offshore wind and wave
[24]. In this study, a method based on the occurrence rate of offshore wind and wave resources
above their respective electrical generation threshold (EGT) is applied to evaluate the
complementarity and synergy between the two resources in southern China. A similar method has
been employed in previous studies for wind and solar resources (e.g., [69,70]). In this study, the
power curve/matrix of many widely used OWTs/WECs are investigated, and the EGT for
wind/wave resource is defined according to max starting wind speed/pairs of Hs and Te of
OWTs/WECs. When the value of WPD/WPF is less than the EGT, the availability and persistence
of the resource could not meet the development of the resource [69]. For offshore wind resource,
when wind speed is higher than 5 m/s, i.e., the WPD is higher than 80 W/m?, it is considered as
available for most modern offshore wind turbines [6,40,71]. Therefore, 80 W/m? is applied for
wind EGT in this study. Similarly, for wave resources, it is worth exploitation when the WPF is
greater than 2.5 kW/m (corresponding to Hs >1 m and T. >5 s) after investigating many WECs and
hence the EGT for wave resources is set 2.5 kW/m [50,71-73].

The different indices are defined as follows:

(1) Wind complements wave (WICWA):

Number of hours (P, , >80W/m” and P,

ave

<2.5kW/m)

WICWA = (5)

Total number of hours

This index indicates the occurrence of wind resources complementing wave resources. A high
value of WICWA denotes strong wind to wave complementarity and hence only wind farms are
suggested in the specific area.

(i)  Wave complements wind (WACWI):

Number of hours (P, , <8OW/m* and P, >2.5kW/m)

wave

WACWI = (6)

Total number of hours

This index indicates the occurrence of wave resources complementing wind resources. A high
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value of WACWI denotes strong wind to wave complementarity and hence only wave farms are
suggested in the specific area.

(ii1))  Wind and wave synergy (WIWAS):

Number of hours (P, , >80W/m* or P,

ave

>2.5kW/m)

WIWAS = (7)

Total number of hours

This index indicates the occurrence of wind and wave resource synergy. A specific area with high
values of WIWAS indicates less intermittency of power output and hence the wind-wave project is
highly recommended here.

The power output (P;) and capacity factor (CF) for each OWT and WEC are examined to
determine the electricity generation and energy conversion efficiency of these resources. The
actual energy production is equal to power output times the number of available hours for the
OWT or WEC, and the power output of OWT (WEC) can be estimated according to the power
curve (matrix) and the wind speed (Hs and Te pairs). Moreover, the CF employed in this study

reads [6]:

CF=-L (8)

where P, is the rated power of the OWT or WEC, and Ft is the mean values of power output.

The coefficient of variation (Col) primarily indicates energy stability, which is important to
evaluate resources since it is linked to energy output, conversion efficiency, and the longevity of

offshore devices [40,50]. It can be calculated as follows:

Op
CoV = ? (9)

where o, is the standard deviation of power output from offshore OWT or WEC.

Several indices have been suggested to detect the favorable locations for combined energy
exploitation in previous studies (e.g., [1,21,74]). In this study, a new index, i.e., wind and wave
joint exploitation (WWIJE), is developed based on the previous method [1] but taking synergy into

account. The WWIJE can be calculated as the following equation:
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(China i Chove _P%)WJWAS
wind wave
W PPJE = max eR max (10)

in which, C

. and C  are weighted factors of WPD and WPEF, respectively, and the sum of

wave

C

win

, and C is 1. The determination of C

wave win

, and C _depends on the weightage of wind and

wave

wave power usage and it will be further discussed in Section 3.5 through sensitivity analysis. Prina

and Py are (55-year) mean values of wind and wave power, respectively. The dimensionless

forms of average wind and wave power are applied by dividing them by their corresponding
maximum value in the domain and given different weights due to different conversion efficiency
of the resources [1]. Theoretically, the values of R ranges between -1 and 1. Hence an exponential
function is used to ensure the output values are always positive with the same monotonicity.
Overall, the value of WWIJE ranges between 0 and e, and a large value of WWIJE indicates a strong

recommendation for developing wind-wave combined projects.

3. Results and discussion

3.1 Wind and wave power potential

This section provides a univariate investigation of the domain's offshore wind and wave energy
potential. As illustrated in Fig. 2, wave and offshore wind energy have a great potential in southern
China, especially in the eastern areas. In Fig. 2a, the largest values of mean WPD are depicted in
the Taiwan Strait (above 1200 W/m?), whereas the southeast waters of Taiwan Island have a very
high wave resource (around 25 kW/m) (Fig. 2b). According to this figure, the offshore wind energy
potential exhibited in the present study is not much different from that published by Nie and Li.
[75] and Wan et al. [44]. The map of wave power potential in the domain showed in this study is

also in line with the ones found by Mirzaei et al. [30] and Lin et al. [36].

10
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Fig. 2. The spatial distribution of 55-year mean values of (a) WPD at 100m (W/m?) and (b) WPF

(KW/m).

In order to obtain preliminary estimates of the wind and wave potential stability throughout a year,
the seasonal mean values of wind and wave potential are obtained (Figs. 3 and 4, respectively). As
shown in Figs. 3 and 4, offshore wind and wave potential show significant seasonal variability.
Winter has the highest potential for offshore wind and wave resources extraction, with WPD and
WPF reaching above 2000 W/m? and 38 kW/m, respectively. In contrast, the lowest potential for
both resources is encountered during summer. The results are consistent with that of Wang et al.
[35] and Wan et al. [76]. Moreover, due to the geographical barrier Taiwan island, the Taiwan
Strait is the most promising part of wind energy exploitation throughout one year, whereas it is not
the case for wave energy. The least energetic waves occur in the Beibu Gulf in all seasons (less

than 5 kW/m), and developing the wave energy is not suggested there.

11
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2 Fig. 3. Seasonal mean values of WPD (W/m?) in (a) spring (MAM), (b) summer (JJA), (c) autumn
3 (SON), (d) winter (DJF).
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5 Fig. 4. Seasonal mean values of WPF (kW/m) in (a) spring (MAM), (b) summer (JJA), (c) autumn

12



10
11
12
13
14
15
16

17

18
19

20
21
22
23

Joint exploitation potential of offshore wind and wave energy along the south and southeast coasts of China

(SON), (d) winter (DJF).

3.2 Correlation between wind and wave resources

The joint exploitation of different offshore resources can increase energy yield [1,77] and reduce
the power output variability, especially when the resources have a low or negative correlation
[22,23,69], thereby contributing to better use of diverse resources and more stable electrical output.
Hence, the correlation coefficient R in Eq. (4) on annual and seasonal scales is calculated and
shown in Figs. 5 and 6.

As shown in Fig. 5a, a high correlation can be found in most offshore regions, as expected for
wind-generated waves. However, there is a relatively moderate correlation (0.6-0.7) between wind
and wave resources in the nearshore areas of Zhejiang and on the southeast coast of Taiwan. The
reason is the dominance of swells traveling from the Northwest Pacific Ocean [3]. On the other
hand, in the sheltered areas, such as the Beibu Gulf and Taiwan Strait, the wave resource is chiefly
generated by local wind growth, and hence, it is strongly linked to the wind environment.

The correlation on the south and southeast coasts of China is highlighted in Fig. 5b, the lowest
correlation along China’s coastlines meets on the Zhejiang coast, closely followed by the

Guangdong coast, which makes these regions suitable candidates for wind-wave joint exploitation.

30 l
Py _ Jiangxi I i 7 N
| 0.8
24 Guangxi Guangdong N
o 30
| : 0.6
2014
0.5
18|
04

110 115 120 110 115 120

Fig. 5. The spatial distribution of the correlation between wind and wave power in the whole

period in (a) the entire domain and (b) the nearshore areas with depths below 60 m.

The seasonal correlation in the domain is reported in Fig. 6. According to this figure, the

correlation varies with season, with summer and winter showing the highest and lowest levels,

13
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respectively. A relatively low correlation (0.4-0.6) can be found in spring and winter in most areas.
It is because that the wave climate in the those areas is usually impacted by the swells originating
from the Northeast Pacific Ocean [48]. In autumn, the correlation is relatively high in the southern
coasts of China but moderate in the central part of the domain and southeast waters of the Taiwan
Island because the wave climate is mainly affected by swells propagating from the southern South
China Sea and Northeast Pacific Ocean [48]. In most areas, it is worth noting that the high value of
correlation reported during summer corresponds to the low values of both wind (Fig. 3b) and wave
power potential (Fig. 4b).

30
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26

24 dong
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227

110 115 120 110 115 120

Fig. 6. The spatial distribution of seasonal correlation between wind and wave power in (a) spring

(MAM), (b) summer (JJA), (c) autumn (SON), (d) winter (DJF).

3.3 Complementarity and synergy

Three different indices for the complementarity and synergy between the two resources in the
domain are depicted in Fig. 7. According to Fig. 7a, the Beibu Gulf is the area where wind
complements wave resources in a high degree (around 0.5), which indicates that a wind farm could
supply around 4380 h of power per year lost due to loss of wave generation in this area. Besides,

some coastal areas such as Zhujiangkou, Fujian coast, and Zhejiang coast meet high WICWA, and

14
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hence wave farms are not suggested in those areas. However, the central and east parts mostly
show weak and moderate WICWA (< 0.2). Interestingly, an opposite regional distribution with the
WACWI can be seen from Fig. 7b. Most of the central and eastern parts, except the Taiwan Strait
and Guangdong coast, show relatively high WACWI (around 0.3), indicating a wave farm could
generate around 2826 h of power per year lost due to loss of wind generation in this area. However,
low WACWI (nearly 0) occurs in the Beibu Gulf and Taiwan Strait.

As shown in Fig. 7c, the temporal synergy between wind and wave resources becomes stronger
from west parts to east parts and meets the highest value (nearly 1) in the areas close to the western
border of the domain. Clearly, the southeast coast of Fujian, Zhejiang coast, and east coast of the
Taiwan are significantly synergetic, and thus, they are attractive areas for wind-wave projects.
However, from the perspective of technology, the areas characterized by low values of WIWAS,
such as the nearshore areas of the Beibu Gulf and Qiongzhou Strait, are not recommended for
further consideration as regards wind-wave projects, since neither wind nor wave source satisfies

the effective energy production.

- " (YZhejliang 2
S)Guizhou Hoiis Jiangxi /\/\/\»
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Fig. 7. Complementarity and synergy aspects for (a) WICWA, (b) WACWI, (c) WIWAS.

3.4 Practical wind-wave joint exploitation considering actual OWT/WEC devices
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The previous section has investigated the theoretical power resource. On this basis, the possible
improvements of wind-wave joint exploitation are assessed considering the single OWT/WEC and
their hypothetical combination in terms of energy production, capacity factor, intermittency, and
variability. The regions with depths between 20 and 60 m are investigated due to technological
restrictions in the installation and operation of the OWT and WEC [49,57,78]. Moreover, a
quantitative analysis is done for six candidate sites in order to clarify the differences and
advantages of the combined devices compared to the individual ones. The sites are selected from
the authors’ previous work [40,48], representing the most suitable locations considering both short-
term fluctuation and long-term change in climate in the sustainability of resources, and named after

the nearest city to them (Table 3).

Table 3. Characteristics and locations of the selected sites.

‘ Water Distance to
Sites name Lat Long WPD (W/m?) WPF (kW/m)
depth (m) coast (Km)

Hong Kong (HK)  21.85 1145 55.2 47 627.24 7.85
Shanwei (SW) 22.25 115.65 57.7 46.5 819.74 7.82
Quanzhou (QZ) 246 119.25 582 41.7 1489.2 9.66
Fuzhou (FZ) 25.75 120.1 415 49.4 976.6 10.28
Wenzhou (WZ) 27.15 121.05 36 46.6 801.54 10.07
Zhoushan (ZS) 29.5 12277 46.5 46.1 984.98 11.76

The annual energy production (AEP) is estimated for the single OWT, WEC, and their
combination (Fig. 8). As Fig. 8 demonstrates, the wind has higher AEP than the wave due to the
higher conversion efficiency of the OWT compared with the WEC. As WEC designs advance,
higher conversion efficiency is expected. The results show that wind energy production increases
from the western parts to the eastern parts of the domain and reaches the highest value (above 35
GWh/year) in the Taiwan Strait and then slightly decreases. However, the wave energy production
increases toward the eastern parts and encounters the maximum on the Zhejiang coast. The
combined energy production considerably increases in most areas in Fig. 8c, especially in the areas
with high synergy, such as the Zhejiang coast. The AEP values in the six candidate sites are

highlighted in Table 4 to clarify the improvements. As shown in Table 4, the energy production

16
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1 using the combined wind and wave resources is increased 22—-36% and 374-549% compared to the
2 single OWT and WEC, respectively. The high AEP (nearly 40 GWh/year) is in the sites FZ, QZ,

3 and ZS, while the largest contribution of wave energy is in ZS.
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5 Fig. 8. AEP (GWh) for (a) the OWT, (b) WEC, and (c) their combination in the areas with depths
6 between 20 and 60 m.
7
Table 4. AEP for the OWT, WEC, and their combination in the selected sites.
Sites name OWT WEC Combined Increase rate compared to OWT
only Only (GWh) /WEC only
(GWh) (GWh)
HK 25.41 7.75 33.16 30.49% 427.92%
SW 28.17 7.20 35.36 25.55% 491.27%
QZ 33.52 7.46 40.98 22.25% 549.48%
FZ 31.02 9.38 40.40 30.22% 430.81%
wZ 26.87 9.52 36.40 35.44% 382.12%
ZS 28.75 10.47 39.22 36.41% 374.67%
8
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In Fig. 9, the results of the monthly energy production for the single OWT, WEC, and their
combination in the candidate sites are reported. The temporal variability of the energy production
on the monthly scale for the single OWT (blue bins), WEC (orange bins), and their combination
(grey bins) for all considered sites is indicated in Fig. 9. According to Fig. 9, the highest combined
variability is found in QZ, with the monthly energy production fluctuating between 2 and 4.7 GWh,
in agreement with the high correlation between the two resources that characterizes the site in Fig.
5. In addition, the monthly energy production in the site is mainly dominated by wind resources,
and the combined variability is upper than that for the single OWT. The lowest fluctuation of
combined monthly energy production is recorded in ZS, ranging from 2.4 to 3.7 GWh, in
agreement with the moderate correlation between the two resources that characterizes the site in
Fig. 5. Furthermore, there is the highest wave contribution to the total energy production in ZS
compared to other sites. Overall, it shows that with moving towards the eastern parts, the

variability of combined devices on the monthly scale is reduced.
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Fig. 9. Monthly energy production (GWh) for the OWT, WEC, and their combination in the

candidate sites.

The annual mean values of CF for the single OWT, WEC, and their combination are displayed in
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Fig. 10, and the quantitative analysis in the candidate sites is shown in Table 5. The patterns of CF’
are similar to that of AEP. According to Fig. 10, the CF for the OWT is about three times larger
than that for the WEC. However, from a long-term perspective, the areas with high wave
contribution are more attractive since OWTs technology has been mature and widely employed in
the world, while it is not the case for WECs and hence, there is great potential for improvement in
conversion efficiency in the future [23]. The CF for the combined devices is larger than that for the
single WEC but lower than that for the OWT. However, the value is between 30% and 40%, which
is still a satisfactory value on the coasts of Guangdong, Fujian and Zhejiang [23]. According to
Table 5, QZ experiences the highest CF for both the OWT and combined device, while the

difference between CF values is considerably high for the OWT and WEC.
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Fig. 10. Annual mean values of CF for (a) the OWT, (b) WEC, and (c) their combination in the

areas with depths between 20 and 60 m.
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Table 5. Annual mean values of CF (%) for the OWT, WEC, and combined OWT and WEC in

the different candidate sites.

Sites name OWT only WEC Combined
only
HK 48.34 14.74 31.54
SW 53.59 13.69 33.64
QZ 63.78 14.19 38.98
FZ 59.03 17.84 38.43
wZ 51.13 18.12 34.63
ZS 54.70 19.92 37.31

One of the most considerable improvements from the joint exploitation of the available resource
should be reducing intermittency, i.e., the possibility of periods of zero power output [51,69]. The
zero production (the percentages of the hours with zero power output) for the OWT, WEC, and
their combination are represented in Fig. 11. According to Fig. 11, the zero production of the OWT
is low (less than 20%) in most areas except the Beibu Gulf and areas around Hainan, while the
zero production of the WEC decreases with longitude along the south and southeast coasts of
China. In addition, the zero production of the combined device can be reduced slightly compared
to the individual devices on the Zhejiang coast. To clarify the reduction of intermittency for the
combined device compared to the individual devices more clearly, the zero production (%) for the
OWT, WEC, and their combination in candidate sites are highlighted in Table 6. In QZ, joint
exploitation does not significantly reduce the zero production (it is nearly 1%). In contrast, in WZ
and ZS, the zero production of the combined device is dropped nearly 7% compared to that of the
OWT operating individually. It results from the high synergy of the two resources (Fig. 7d).
Meanwhile, it is also noticeable that only 4% of zero production can be found in the site ZS using

the combined approach.
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2 Fig. 11. Zero production for (a) the OWT, (b) WEC, and (c) their combination in the areas with

3 depths between 20 and 60 m.
4
Table 6. Zero production (%) for the OWT, WEC, and their combination in the different
candidate sites.
Sites OWT WEC Combined Reduction compared to OWT
name only only /WEC only
HK 14.035 34.613 11.664 2.371 22.949
SW 13.866 35.062 11.878 1.988 23.184
Qz 12.646 39.443 11.534 1.112 27.909
FZ 11.909 24.29 8.4259 3.4831 15.8641
wZ 14.946 18.022 7.4857 7.4603 10.5363
ZS 11.766 11.808 4.0486 7.7174 7.7594
5

6  Another crucial consideration for joint exploitation should be reducing the variability of resources

7 in line with sustainability criteria. The variability of power output is quantified using ColV of
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power output, and shown in Fig. 12. The results indicate that the combined device generates less
variable power than the OWT on the coasts of Guangdong and Zhejiang, and less variable power
than the WEC in the Beibu Gulf, Taiwan Strait, and Fujian coast. Detailed analysis in the candidate
sites is reported in Table 7. The variability related to the combined concepts decreases for all sites
with respect to those evaluated considering the single OWT or WEC (with the exception of the site
QZ, in which the variability of the combined device is slightly higher than that of the OWT).

The areas with high potential for planning the development of wind and wave resources should
have high energy potential and low variability [3]. Hence, based on the results, Zhejiang coast
should be introduced as a priority for joint wind-wave projects due to the high energy production
(Fig. 8c), low variability (Fig. 12¢) and low zero production (Fig. 11c).
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Fig. 12. CoV of power output for (a) the OWT, (b) WEC, and (c) their combination in the areas

with depths between 20 and 60 m.
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Table 7. CoV of power output for the OWT, WEC, and their combination at the different

candidate sites.

Sitesname  OWT WEC OWT and Reduction compared to OWT
only only WEC /WEC only
HK 0.80135 0.88241 0.73721 0.06414 0.1452
SW 0.75255 0.95237 0.71009 0.04246 0.24228
QzZ 0.63851 1.2011 0.65382 -0.01531 0.54728
FZ 0.67425 0.84202 0.6168 0.05745 0.22522
WZ 0.7858 0.72207 0.66069 0.12511 0.06138
ZS 0.72295 0.74772 0.61583 0.10712 0.13189

3.5 WWIJE index considering both wind and wave correlation and synergy

Previously, wind and wave energy potential and their correlation have been applied to the
investigation of the joint exploitation potential (e.g. [1,74]). However, the synergy has not been
adequately considered in these studies. In addition, according to the analysis in the previous
section and Refs. [24,25,69,70], the joint exploitation in the areas with low correlation and high
synergy can reduce the variability and intermittency of power output. Hence, in order to include
the synergy in the long-term to detect suitable areas for wind-wave joint exploitation, the new
index called WWIE including energy potential, correlation, and synergy is defined in Eq. (10). The
WWIE can be used for any other region and different resources combination after adjusting the
weights and EGT.

The distributions of WWIJE for both the whole domain and the nearshore areas are shown in Fig.

13, by setting C, ., =C _=0.5. The result shows that the southeast waters of Taiwan Island, which

wind — Swave
are characterized by high wind and wave power (Fig. 2), low correlation (Fig. 5), and high synergy
(Fig. 7), experience the highest WWIJE values. However, the continental shelf in the area is very
narrow, which causes difficulty in developing wind-wave projects. Fig. 13b displays the WWIJE in
the nearshore areas of the domain, indicating the highest value on the Zhejiang coast. It is
consistent with the results of qualitative analysis based on the specific combined device (Section
3.4). In addition, it is interesting to note that the areas, such as the southern part of the Taiwan

Strait with very high wind (Fig. 2) and wave power potential (Fig. 6 in Ref. [48]), do not appear to
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be the best one for the combined exploitation due to the very high correlation and relatively

moderate synergy between the two resources.
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Fig. 13. The spatial distribution of WWIJE index in (a) the entire domain and (b) the nearshore

areas with depths below 60 m.

Finally, the influence of the different weighs of WPD and WPF is discussed. In the sensitivity tests,

the selection of C,,, is from 0.1 to 0.9 with an interval 0of 0.2, and C,,, is from 0.9 to 0.1 with the

same interval. The results of the sensitivity tests in the domain are shown in Fig. 14. According to
the figure, there are similar spatial distributions by using different weights of WPD and WPF,
while relatively large differences can be detected in the Taiwan Strait. It is because that there is a
wide gap between wind and wave energy resources (Fig. 2) in the Taiwan Strait and hence it is
sensitive to the choices of the weights. A large value of WWIJE can be found in the Taiwan Strait
when the weight of WPD is larger than that of WPF, while the value of WWIJE is underestimated

when the weight of WPF is larger than that of WPD.
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Fig. 14. The values of WWIE for different weight pairs for WPD and WPF : (a) (0.1, 0.9), (b) (0.3,
0.7), (¢) (0.7, 0.3), (d) (0.9, 0.1) in the domain.

4. Summary and Conclusion

In this study, the 55-year offshore wind and wave datasets were employed to analyze the relation
between two resources and to evaluate the joint exploitation potential along the south and
southeast coasts of China. The correlation, complementarity and synergy of wind and wave energy
were investigated. Moreover, the benefits of using combined devices were further analyzed in
terms of enhanced energy production, reduced intermittency and variability. Finally, a new index
was presented to help identify the most prospective sites for wind-wave combined exploitation
based on the WPD, WPF, correlation, and synergy between the two resources.

The analysis indicated that the two resources are abundant in the domain, although with a slightly
different spatial distribution. The Taiwan Strait is a golden area for offshore wind resources, while
the hotspot area of wave resources is in the southeast waters of Taiwan Island. The correlation

analysis indicated that the southern part of the Taiwan Strait has a very high correlation between
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wind and wave, whereas moderate correlation can be found in the southeast waters of the Taiwan
and Zhejiang Coast. Moreover, the Zhejiang coast and east waters of Taiwan Island experience
considerably high synergy between wind and wave.

The significant benefits of the wind-wave joint exploitation include higher energy production rate,
lower variability of power output and less zero production. The results indicated that the AEP
value increases by 22~35% with the use of the combined concepts, as compared to the single wind
turbine in most areas, and the high AEP (nearly 40 GWh/year) appears in the offshore sites near FZ,
QZ, and ZS. Besides, the reduction of variability and zero production can be found mainly on the
Zhejiang coast characterized by relatively low correlation and high synergy.

Furthermore, based on the proposed WWIJE index, the Zhejiang coast and northern part of the
Taiwan Strait are the most attractive regions for wind-wave combined exploitation. On the other
hand, the Beibu Gulf, with low energy potential and synergy and high correlation, is not
recommended for further consideration for joint wind-wave projects. The WWIJE index also
suggests that the highest wind and wave energy potential should not be the determining factors. In
contrast, the areas with moderate combined energy potential but lower correlation and higher
synergy are more suitable for further assessment for development. The proposed index can be a
useful tool for the decision-makers and investors of wind-wave projects, and the sensitivity
analysis can provide different choices for investors considering relative importance of wind and
wave development. Nevertheless, additional considerations such as economy, topography and
environmental impacts should also be taken into account for future planning of wind-wave
combined projects. The results of this study highlighted the importance of diversity in the

renewable energy mix.
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