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During the R&D of marine renewable energy converters, scale models are usually used in
the early stages of development of marine renewable energy converters. China’s National
Ocean Integrated Test Site (NOITS) is being developed by the National Ocean Technology
Center (NOTC) in Weihai, Shandong Province, to facilitate testing of scaled wave and
tidal energy converters in an open sea environment. This research aims to gain a detailed
understanding of the wave characteristics and the wave energy resource at this site.
A nested modeling system has been implemented using Simulating WAves Nearshore
(SWAN) to provide a 10-year high-resolution wave hindcast between 2009 and 2019 with
an approximately 60 m resolution covering the test site. Analysis of the spatio-temporal
distribution of wave energy resource in NOITS reveals its strong seasonality, with the
mean wave power density of >1.5 kW/m during winter and <0.2 kW/m during summer.
We also performed a statistical analysis of the high and extreme wave conditions and their
occurrence. By applying scaling methods to wave resources, four WECs were selected
to demonstrate the testing at different scale ratios in NOITS. The results of this study
provide engineering references for the design of scale wave energy converter models
which target to perform open sea trials in NOITS.

Keywords: wave energy, test site, SWAN, site scaling, WEC

1 INTRODUCTION

Wave energy has been recognized as a promising renewable energy resource and has gained
more interest during the past decade (López et al., 2013). Compared to other forms of marine
renewable energy (e.g., tidal energy), wave energy hasmuch global interest because the geographical
distribution of the resource is more diverse (Neill and Hashemi, 2018). It is also a potential solution
for coastal regions and remote islands that face a shortage of electricity.

Upon deploying wave energy converters (WECs) in the desired site, it is essential to
clarify the wave characteristics and wave energy resources in this area. Due to the high
variability of the wave energy resources, the current IEC technical specification 62600-101
(International Electrotechnical Commission, 2015) suggests using a minimal of 10-year wave data
for the assessment. Much effort has been devoted to wave resource characterization from global
to regional scales. Zheng (2021) built a global dataset for long-term planning, site selection, and
operation of wave energy projects; Rusu and Rusu, (2021) evaluated the global distribution of
wave energy resources based on the ERA5 reanalysis data; Gunn and Stock-Williams, (2012)
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calculated global wave energy resource reserves. On the shelf
sea-scale, Neill and Hashemi, (2013) quantified the variability
of the wave energy resource over the Northwest European
shelf seas, and a correlation was found between the winter
resource and the North Atlantic Oscillation; Besio et al. (2016)
produced a 35-year wave hindcast in the Mediterranean Sea for
wave energy resource assessment; Akpinar et al. (2017) simulated
31 years of wave data for the Black Sea and performed an
analysis of the variability of the resource at different time
scales; Zheng et al. (2019) studied the spatio-temporal variability
of wave energy along the Maritime Silk Road. For regional
assessments, van Nieuwkoop et al. (2013) characterized the wave
resource of Cornwall, UK, from a 23-year hindcast dataset;
Veigas et al. (2014) carried out the optimal site selection for the
Seawave Slot-Cone Generator in Galicia, Spain. In recent years,
many studies have been conducted on wave energy in regional
and nearshore areas using high-resolution numerical models.
Yang Z. et al. (2020) conducted a 32-year simulation of the West
Coast of the US, with a resolution of 200 m in nearshore areas,
and analyzed the potential, variability, and extreme conditions
of the wave resource; García-Medina et al. (2021) evaluated the
wave resource of the southern coast of Alaska following IEC TS
62600-101, using a 32-year simulation with a resolution of 300 m
within 30 km from the shoreline.

Characteristics of wave energy resources in China seas
have been previously studied by several researches using
different sources of data and approaches. The wave field of the
East China Sea and South China Sea was simulated by the
third-generation wave spectral model WAVEWATCH-III and
investigated the trend of the wave energy and significant wave
height in the China seas (Zheng et al., 2012; Zheng and Li, 2015).
Wan et al. (2015) performed a wave energy resource assessment
in China’s seas based on multi-satellite altimeter data from
AVISO. Wang et al. (2016) studied wave energy resources in the
Bohai Sea by using wave fields produced by the SWAN wave
model from 1985 to 2010. Jiang et al. (2019) gave guidance on
site selection for wave energy power plants in the South China

Sea (SCS) using wave statics from the ERA-Interim reanalysis
dataset. Kamranzad and Lin, (2020) revealed the long-term rate
of change of wave energy in the SCS by analyzing 55 years of
SWAN wave simulation. A recent study by Yang S. et al. (2020)
analyzed the spatial and temporal distribution of wave energy in
the China seas based on a 30-year numerical modeling result.
Multiple technologies and data sources have been adapted, and
these studies provide an outlook of wave energy resources along
the coastline of China. However, most of the researchers focused
on the regional scale, while little investigation has been conducted
at a site-specific scale for China’s coastal areas.

After the laboratory test phase, the development of WEC
requires sea trails to verify the effectiveness and reliability of the
technology under real ocean conditions and refine the estimation
of the levelized cost of energy (Pecher, 2017).With the increasing
demand for R&D of marine energy converters, the need of a
test facility in well-understood ocean environments has been
increasing. Several test sites have been constructed or planned
in many locations with different wave conditions all over the
globe. The first of its kind is the European Marine Energy Centre
(EMEC), which has awave test facility located at Billia Croo to the
west of Orkney, officially opened in 2003 (Lawrence et al., 2013).
Another wave energy test site in the UK is Wave Hub
in Cornwall, which provides grid-connected infrastructure
for testing and development of wave and offshore wind
(South West of England Regional Development Agency, 2006).
Portugal has built a test site for the research and demonstration
of floating offshore wind and wave energy technologies (TRL
6-8) at Agucadora, north of Porto (Silva et al., 2018). Ireland
has set up a 1/4 scale wave energy testing facility in Galway
Bay (Atan et al., 2018) and the Atlantic Marine Energy Test
Site for full-scale devices with much more energetic in terms
of wave energy, as it is directly exposed to the Atlantic Ocean
(Atan et al., 2016). Spain built an offshore infrastructure named
Oceanic Platform of the Canary Islands (PLOCAN) off the
coast of Gran Canaries, aiming to provide test facilities for
marine energy converters during the final stages of development

FIGURE 1 | (A) Location of NOITS, with a dotted line and red box indicating outer and inner grid, respectively. (B) Bathymetry near Chudao Island, with a yellow box
indicating the boundary of NOITS. The red dot is the deployment location of the wave buoy which collected validation data.
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FIGURE 2 | Guohaishi No.1 floating platform at the NOITS.

(González et al., 2011). In the US, two grid-connected test
sites at Oregon State University and the University of Hawaii
at Manoa are available to full-scale WECs (Lehmann et al., 
2017).

In recent years, with more than 30 organizations participating
in wave energy conversion technology research, China has built
49 wave energy demonstration projects, 10 of which have over
100 kW rated capacity (Qiu et al., 2019). Given the growing
interest in the MRE sector, a number of test sites have been
built or planned in China. One of these is the National Ocean
Integrated Test Site (NOITS), a public-available test bed for
marine technologies including tidal stream and wave energy
converters. It is being built by the National Ocean Technology
Center, located approximately 5 km off the coast of Weihai City,
Shandong Province. Along with two other planned full-scale
test sites for tidal stream and wave technology in Zhejiang and
Guangdong provinces, NOITS is designed to provide facilities
and environmental conditions for sea trail testing of scalemodels.
The site is located north of Chudao Island, occupying 5 km2 of the
sea area with a water depth ranging from 40–80 m (Figure 1).
Two berths and a two-body floating platform (Guohaishi No.1,
Figure 2) are provided for installation and mooring of MRE
devices.

This research focuses on understanding the characteristics
of wave energy resources at the NOITS site, with the aim of

providing useful information for those who want to conduct
sea trails at this test site. For this purpose, a nested numerical
wave model is developed to simulate wave conditions at the site.
Based on the modeled 10-year wave data, the spatio-temporal
distribution of wave energy resources is studied. In addition,
extreme waves and testing conditions of WECs under different
scaling factors are discussed.

2 METHODS

2.1 Model Description
The third-generation wave model SWAN developed by
Delft University of Technology was adopted in this study.
SWAN has been widely used in the field of wave energy
resource characterization and assessment (Akpinar et al., 2017;

TABLE 1 | Froude scaling ratios between full-scale and model for wave
quantities.

Parameter Dimension Scale ratio

Wave height L λ
Wave period T λ0.5

Power density L2T λ2.5
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TABLE 2 | WECs selected to demonstrate testing in the NOITS.

WEC Type Dimensions Rated power Power matrix limit

Hs (m) Te (s)

AquaBuOY Point absorber 3m (diam) 250 kW 1-5.5 5-17
Pelamis Attenuator 120m (L); 3.5m (diam) 750 kW 1-8 5-13
Wave Dragon Overtopping 390 × 220m 7 MW 1-7 5-17
Sharp Eagle II Duck-type 36 × 24m 120 kW 0.5-4.5 4-11

FIGURE 3 | Quantile plots (QQ plots) for modeled and observed significant wave height (A) and mean wave period (B), and scatter plot of modeled wave direction
against observed (C) at NOIST between February and March 2015. Validation metrics are in the upper left of each sub-figure.

Silva et al., 2018). The model solves the action balance equation
rather than the energy balance equation, which includes
terms from wave generation by wind, wave breaking, white-
capping, nonlinear wave–wave interactions, and bottom
friction. In Cartesian coordinates, the equation may be
written as:

∂N
∂t
+ ∂ ̇xN

∂x
+
∂ ̇yN
∂y
+ ∂ ̇zN

∂z
+ ∂θN

θ
= S
θ′
, (1)

where S is the total source term and ̇x, ̇y, ̇z and ̇θ are the
velocities of the wave energy propagation in spatial and spectral
spaces, respectively. In shallow water, six processes contribute
to S:

S = Sin+ Snl3+ Snl4+ Sds,w + Sds.b+ Sds,br, (2)

where the terms on the right-hand side denote the wind input
to wave growth, nonlinear three-wave and four-wave interaction,
wave dissipation due to white-capping, bottom friction, and
depth-introduced wave breaking, respectively.

SWAN accepts both structured and unstructured grids.
Generally, structured grids are simpler in terms of pre-/post-
processing, but in order to balance the desired resolution
and computational expense, a nest grids method is required;
unstructured grids can accommodate different scales within a
single grid making it easy to achieve higher resolution in the
target area, but more effort is required for meshing, as the
model result will highly depend on the quality of the mesh. Both

methods are widely used in modeling of wave energy resources.
For instance, Morim et al. (2016) and Rusu (2018) adopted the
nesting method for high-resolution simulation of wave resources
on the South Coast of Australia and the Iberian Nearshore in
Portugal, respectively, while Ahn et al. (2021) and Li et al. (2021)
used unstructured grids of the East Coast of the US andHawaiian
waters in SWAN.

2.2 Wave Power
As Te in the study area is mostly in the range of 3–7 s
(Wan et al., 2018), the ratio between water depth of NOIST
(40–80 m) and wavelength (15–75 m) is usually greater than 0.5;
therefore, the wave power can be calculated using the deep-water
expression:

P =
ρ/g2

64π
H2

s Te, (3)

where P is the wave power in kilowatts per unit of crest length,
Hs, the significant wave height, Te, the energy period, and g,
the gravitational acceleration. Taking ρ, the seawater density, as
1025kg/m3, the wave power can be calculated as Eq. 4:

P ≈ 0.49H2
s Te, (4)

and Te is defined as moments of the wave spectrum:

Te =∫
∞

0
fz−1S (f )/∫

∞

0
S (f )df , (5)

Frontiers in Energy Research | www.frontiersin.org 4 June 2022 | Volume 10 | Article 883553

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Fang et al. China’s Wave Energy Test Site

FIGURE 4 | Ten-year seasonal means of Hs(m), Tm01(s), and power density (kW/m) at NOITS. Arrows in the power density diagrams are the main wave directions.
White boxes are the boundary of NOITS.

FIGURE 5 | Box-plot of the monthly means of wave power density at the
NOITS derived from 10-year wave data. Lines inside box and upper and
lower box boundary are median and 75th and 25th percentiles, respectively.
Error bars indicate 95% confidence intervals, and diamonds are data falling
outside 95% confidence intervals.

where f is the frequency and S( f) is the density of the wave
spectrum.

Temporal variability of the wave energy is described and
qualified by the annual variability index (AV) and thecoefficient

of variation (CV). AV is given by:

AV =
Pamax − Pamin

Pmean
, (6)

where Pamax − Pamin is the difference between the maximum
and minimum annual averaged wave power of individual
years and Pmean is the mean wave power over the 10
years.

CV is defined as the ratio of the standard deviation (δ) to the
mean(μ) of wave power:

CV = δ
μ
. (7)

2.3 Scaling Method
To correctly project the performance and behavior of the WEC
from a scaled model and to record sufficient data during the test,
choosing the appropriate scaling ratio is essential for sea trails.
For wave energy applications, the Froude similarity is widely used
in the design of WECs, and its applicability has been proven by
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FIGURE 6 | Annual and seasonal wave rise of wave power density at NOITS from the 10-year wave data.

previous research (Schmitt and Elsäßer, 2017; Sheng et al., 2017).
The Froude number (Fr) is defined by:

Fr =
U

√gL
, (8)

where U is the velocity of the fluid and l is the characteristic
length. Here, the ratio (λ) between the full-scale device and the
model is defined as:

λ =
Lf

Lm
, (9)

where Lf and Lm are the characteristic length for the full-scale
device and model, respectively. The Froude similarity can be

written as:

Fr =
Um

√gLm

=
Uf

√gLf

. (10)

If g is constant and taking Lf = λLm,Eq. 10 yields the following:

Uf = λ
0.5Um. (11)

Since the dimensions of U can be written as:

[U] =
[L]
[T]
, (12)

where [U], [L], and [T] are the dimensions of velocity, length, and
time, respectively. This yields the Froude scale ratio of time as
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FIGURE 7 | Scatter plot of Hs and Te at the NOITS from the 10-year data, with curves indicating 50, 90, and 99 percentiles of wave power. The number represents
the occurrence (%) of the corresponding wave condition.

λ0.5. A list of the Froude scale ratios of wave height, wave period,
and power density is shown in Table 1. Applying the Froude
similarity to wave quantities, the wave conditions at a test site can
be upscaled for full-scale usage.

3 IMPLEMENTS

3.1 Model Setup
In this study, a nested wave model for NOITS has been set up to
produce the wave hindcast at the study area.The outer grid covers
the entire Bohai Sea and Yellow Sea, extending from 117.2°E to
126°E and 35.8°N to 42.3°N, with a spatial resolution of 0.01°.The
inner grid covers approximately 80 km2 sea area around NOITS
(122.03°– 122.13°E, 37.52°– 37.62°N) at 55 m × 55 m resolution.
Two-dimensional wave spectrum files were generated 3 h by the
coarser outer model and interpolated to the grid points at the
boundary of the high-resolution inner grid. Since the Bohai Sea

and Yellow Sea are semi-enclosed marginal seas with a modest
wave climate and the inner grid is sufficiently far away from
the ocean boundary of the outer grid, no wave components
were applied to the boundary of the outer grid. Breaking, white-
capping, JONSWAP bottom friction, and quadruplet wave–wave
interactions were activated in the simulations. The driven wind
field was produced from the CCMP (Cross-Calibrated Multi-
Platform) V2.0 ocean surface wind vector (Mears et al., 2019),
which provides 6-hourly wind data at a grid resolution of
0.25°.

The model was simulated for a 10-year period from January
2009 to December 2019. A total of 25 bins were set in the
frequency domain between 0.05 Hz and 1 Hz, with a time step of
60 min for the outer and inner grids. For the spectral direction,
a bin of 10° was chosen for the full 360°. Modeling results of
significant wave height (Hs), mean period (Tm01), energy period
(Te), and the mean wave direction (θm) were generated at 1-h
intervals and stored in NetCDF files.
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FIGURE 8 | Wave spectral variation (frequency (Hz) on the x-axis and energy density (m2/Hz) on the y-axis) binned by Hs and Tm01. Red curves are the mean
spectrum, and blue areas are the upper and lower bounds of the spectrum.

3.2 Model Validation
The model was validated against the observed wave data from
a buoy deployed to the north of NOITS between February and
March 2015. To evaluate the model performance, differences
between the modeled results and observations were quantified
by computing the root-mean-square error (RMSE), scatter index
(SI), and relative error (RE). The RMSE is defined as:

RMSE = √
∑Nn=1 (Sn −On)

N
, (13)

where N is the number of observations, Sn is the simulated value,
and On is the observed value corresponding to Sn. The scatter

index (SI) is the RMSE normalized by the averaged observation
values, defined as:

SI = RMSE
O
, (14)

whereO is the mean of the observation values. RE is the absolute
error normalized by the averaged observation values, defined as:

RE = S−O
O
, (15)

where S,O denotes the averaged values from simulation and
observation, respectively.
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FIGURE 9 | Estimated significant wave height (left) and energy period (right) with 95% confidence intervals (blue shadows) against the return period at NOITS.

The model result was validated against wave observation
data collected by a buoy deployed in the NOITS (122°4′44″E,
37°35′2″N) between February and March 2015 (Figure 1). The
comparison results of the modeled and observed Hs, Tm01, and
θm are provided in Figure 3. The model results indicated that
the model was able to simulate the significant wave height with
reasonable accuracy, with 0.16 m RMSE, 18.5% scatter index, and
-17.1% RE. Hs below 2.7 m, while some values around 3 m were
overestimated. The mean wave period was underestimated by
about 10%, which was in accordance with other modeling results
of SWAN and documented in SWAN’s scientific and technical
documentation The SWAN Team, (2020). θm showed a general
agreement between the modeled and observed wave directions.
However, there are some discrepancies around the observed
direction of 60°where the model predicted 180°, probably due
to incorrect wind forcing. Based on the validation metrics, this
model provides reliable data for the analysis of wave energy
resources for further studies.

4 RESULT

In this section, wave parameters from the 10-year simulation at
the NOITS are discussed. To provide necessary information for
the design and testing ofWECprototypes, the assessment of wave
energy resources involves:

• Spatial-temporal distribution of seasonal means;
• Variation of wave resources at different temporal levels;
• Joint occurrence analysis;
• Scatter plot of spectral variation

4.1 Spatial-Temporal Distribution
The spatial distribution of seasonal-averaged wave power at
NOITS was calculated based on Eq. 4. Seasonal analysis was
conducted on a three-month basis: December–January–February
(DJF), March–April–May (MAM), June–July–August (JJA),
and September–October–November (SON). Contour maps

(Figure 4) show the seasonal mean Hs, Te, and wave power
density (P) within the NOITS from our 10-year simulation
results. Overall, no obvious spatial variation was observed in
the NOITS and its surrounding waters. The decrease of wave
power happens only in areas very close to the shoreline. An
evident seasonal varying trend of the wave energy resource is
distinguished, with the most energetic sea state (>1.5 kW/m)
occurring during winter (DJF) and then gradually decreasing
until summer (JJA). In terms of Hs and Te, the highest seasonal-
averaged values correspond to DJF (1 m and 4 s), followed by
SON (0.6 m and 3.4 s), MAM (0.3 m and 2.5 s), and JJA (0.2 m
and 2 s).

4.2 Resource Variability
For the deployment and testing of a WEC, detailed wave
characterization matrices such as directional wave power
spreading and occurrence of certain wave conditions (that is,
wave height and period) are required. As previously shown in
Figure 4, little spatial change of wave characteristics can be seen
within the site, and considering that the area of the site (5 km2)
is small, the center point of the NOITS is selected for detailed
analysis.

Generally speaking, this site has a relatively strong variation
in wave power density, with AV = 0.386 and CV = 1.23. Figure 5
illustrates the monthly variability of the wave energy resource
from the 10-year simulation result. The monthly mean power
density data have a clear trend that it rises during winter and
falls during summer. For the most energetic month (December),
the median power density is 4.9 kW/m with a 95% confidence
interval lying between 3.2 kW/m and 6.4 kW/m. In contrast, the
less energetic months (May, June, and July) have very low mean
power density (<0.2 kW/m). It is also noticeable that highermean
power density months experienced more intra-annual variations
than months with lower mean power density, as the 95% error
bars suggested.

Annual and seasonal wave rises are given in Figure 6, showing
the directional distribution (22.5° bins) of thewave power density.
Annually, most of the wave energy transfers into the NOITS from
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FIGURE 10 | Joint occurrence of Froude-scaling Hs and Te at NOITS, with isobaths indicating 50th, 90th, and 99th wave power density. Numbers in each cell
represent the occurrence (%) of the corresponding wave condition. Scale ratio and percentage of data presented are in the upper left corner of each sub-figure.

SWW to NW direction, which corresponds to the propagation
direction of the two most energetic seasons (i.e., DJF and SON).
The occurrence of the >3 kW/m wave power density during DJF
and SON is 30.3% and 18.0%, respectively. Mean wave directions
in DJF and SON are within the 90° interval from SW to NW,
due to the East Asian Monsoon in these seasons. No major wave
direction was observed for MAM and JJA.

The bivariate scatter plot of Hs and Te (Figure 7) shows the
occurrence of binned sea states from the 10-year data. Mostly,

waves in this area are mild as the 50, 90, and 99 percentiles of
wave power density are 0.37 kW/m, 3.46 kW/m, and 9.64 kW/m,
respectively. The largest portion of sea states is in the bins
of 0–0.5 m in Hs and 1–4 s in Te. These wave conditions are
not applicable to the molarity of existing full-scale WEC, and
therefore NOITS has been designed as a scale prototype test site.

Figure 8 presents the energy spectrum under different
significant wave height and energy period conditions. For each
subplot bin, the x-axis is the frequency and the y-axis is the
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FIGURE 11 | Annual hours of operation for four WECs under different scale ratios at NOITS. Stacked bars represent seasonal hours.

energy density, with N denoting the occurrence of a certain wave
condition. The red curves indicate the mean spectrum for the
bin, and the upper and lower bounds are shown as shadows.
Since most WECs are designed to be narrow-banded, that is,
they have a high energy conversion efficiency only in a narrow
frequency range Prendergast et al. (2020); this information can
help designers understandwhether their device is suitable for this
site.

5 DISCUSSION

5.1 Extreme Wave
For a better understanding of the extreme wave conditions that
can be encountered and to guide the design of the prototype and
its moorings, extreme wave condition estimations are required.
Maximum likelihood estimate (MLE) fitting is applied to Hs and
Te, and extreme values are sampledwith the peaks-over-threshold
(POT) approach. Here, the thresholds for Hs and Te are set at

99th percentiles for both time series (i.e., 3.16 m and 6.32 s,
respectively). Peaks exceeding these thresholds were extracted
from the time series, and a minimum time interval of 24H was
applied to ensure the independence of peak events.

Figure 9 shows the estimated return values of Hs and Te with
the associated 95% confidence intervals (CIs). The difference
between the 10-year and 50-year extremes is not substantial,
with Hs and Te of the two differing by 0.57 m and 0.18 s,
respectively. Compared to the seasonal mean Hs, the 10-year
extreme wave height is approximately four times the mean Hs of
DJF (0.93 m). In general, wave conditions at the test site are mild,
with 10-year and 50-year wave extremes within the operating
conditions of many WECs and most full-size mooring systems
are able to cope with these conditions. Designers may consider
lowering the specification of the mooring system to reduce test
costs. It should be noted that the extreme values analyzed here
are based on the statistically averaged wave height and period,
which would underestimate the extreme values of the individual
waves.
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FIGURE 12 | Normalized annual energy production for four WECs under different scale ratios at NOITS. Stacked colors represent normalized seasonal production.

5.2 Scaled Resource
Here, the Froude similarity is used to upscale the 10-year NOITS
wave data at scale ratios of 2, 4, 6, and 8. Figure 10 is the
annual bi-variate scatter plots of Hs and Te which present the
distribution of wave conditions at different scales.The percentage
of data presented in the figure is shown in the upper left corner
because some extreme wave incidents are too far away from
most of the data and therefore cannot fit into the scatter plot for
demonstration. At scale ratio = 2, most of the upscaled waves are
in the cells of Hs less than 1 m and Te between 1 and 6 s. With
an increasing scale ratio, some unnatural “strong wind waves”
(small period with large wave height) appear due to the square
root relation between λ and Te.

5.3 WEC Testing
Four WECs are selected to demonstrate testing statics in
NOITS at different scale ratios. The considered WECs are
AquaBuOY (Weinstein et al., 2004), Pelamis (Henderson, 2006),

Wave Dragon (Kofoed et al., 2006), and Shape Eagle II
(Sheng et al., 2017), with rated power ranging from 120 kW to
7 MW and different types and dimensions, details of selected
WECs are in Table 2. Two metrics are proposed to quantify the
performance of the test and the suitability of the scale ratio.These
are hours of operation, defined as how many hours of scaled wave
conditions of a year or a season that fall within the working cells
in theWEC’s powermatrix; normalized energy production (NEP),
defined as:

NEP =
EPn

EPmax
× 100%, (16)

where EPn is the annual- or seasonal-equivalent full-scale
energy production at different scale ratios and EPmax is the
maximum of EPn. Note that the NEP values here only reflect
the correspondence between the full-scale WEC power matrix
and upscaled wave resource at a certain ratio and do not
directly relate to the energy production of the WEC. The power
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FIGURE 13 | Breakdown of “off-time” for four WECs at scale ratios with maximum operation hours. Stacked bars represent over/under wave condition hours.

matrices of AquaBuOY,WaveDragon, and Pelamiswere obtained
from Silva et al.( 2013), and Sharp Eagle II’s power matrix was
provided by the Guangzhou Institute of Energy Conversion,
Chinese Academy of Sciences.

Figure 11 shows the hours of operation for these four WECs
under different scale ratios at NOITS. Overall, for most WECs,
averaged annual testing time increased with an increasing scale
ratio until it peaks at a scale ratio around 8–11, except for Sharp
Eagle, where the maximum test time is seen at a scale ratio
between 5 and 6. However, the trend is inconsistent for seasons.
All four WECs have less than 2000 h of operation at full-scale,
withAquaBuOY and Pelamis having less than 1000 h.The longest
testing time is available in DJF, followed by SON. This varies
with an increasing scale ratio, and the testing time in MAM and
JJA increases with the increasing scale ratio. Within the range of
scale ratios we used, the spring and summer testing times for all
four WECs are maximized at the smallest scale used here (scale
ratio = 12). Hours of operation during DJF for WECs reach their
maximum at different scales and then decrease as the scaled wave
conditions become too harsh for the device. The optimal scale
ratio in terms of testing time during winter is 4–5 for AquaBuOY,
3–4 for Wave Dragon and Pelamis, and 2–3 for Sharp Eagle II.

Compared to hours of operation, NEP focuses on the length
of time that the upscaled wave resource meeting or close to rated
power conditions of the WECs. As shown in Figure 12, the trend
of NEP is similar to that of hours of operation, with the annual
NEPof SharpEagle reaching itsmaximumat a scale ratio between
6 and 7, while the rest of WECs’ NEP peaks ranging at 12–16.
NEP of DJF also has a tendency to increase with the increasing
scale ratio and then decrease. The scale ratio for each WEC to
reach themaximumNEP inwinter ranged from2 to 6, with Sharp

Eagle, which has the lowest rated power (100 kW), reaching the
maximum winter NEP at the smallest scale ratio value, followed
by AquaBuOY, Pelamis, and Wave Dragon. A similar trend can
also be observed in SON. However, NEP increased with the
increasing scale ratio for all WECs in both MAM and JJA.

Another important aspect is how wave conditions are
distributed during “off-time”—where wave conditions exceed
power matrix limits or fall in cells with no output in the power
matrix. Wave conditions may be too mild for the WEC to start
operating or too harsh that it goes into the survival mode.
Hours with Hs and Te lower than the lower limits are defined
as “under” conditions; hours with wave conditions exceeding
the upper limits of the power matrix and with no output in
the power matrix are defined as “over” conditions. Here, scale
ratios of each WEC which can reach their maximum hours of
operation are selected to dissect the “off-time,” which are 11,
10, 8, and 6 for AquaBuOY, Wave Dragon, Pelamis, and Sharp
Eagle, respectively. Breakdown bars are shown in Figure 13. For
Pelamis and Sharp Eagle, a similar pattern has been observed,
where over condition dominates in DJF and SON and switches
to under-dominance in MAM and JJA. Wave Dragon also shares
this pattern, except that the two conditions take comparable
hours in MAM. For AquaBuOY, most seasons are over-condition
dominated except for JJA, probably due to its high requirement on
Te, that is, ⩾ 6s. These results indicate that the season chosen for
the test should correspond to the purpose of the test. For example,
testing of survival mode reliability should be carried out during
winter.

On the basis of the aforementioned findings, for the prototype
to be tested at NOITS, a suitable scale ratio should be selected
according to the operating wave conditions of the full-scale
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WEC, planned test season and duration, and test target (for
example, efficiency or reliability). In general, in order to achieve
sufficient testing hours, WECs with high-rated power need to be
scaled down further compared to lower-rated power like Sharp
Eagle. It is also advisable to examine whether the upscaled wave
conditions at the test site can reproduce thewave conditions at the
target area where the full-scale WEC may be deployed as carried
out by Atan et al. (2018).

6 CONCLUSION

A nested SWAN model was used to obtain 10 years of high-
resolution wave data at NOITS—an MRE test site in Weihai,
China. We have investigated the spatio-temporal distribution of
wave energy resources in NOITS and showed possible scenarios
for WECs tested here. This assessment, including a thorough
evaluation of wave resource variability and the analysis of
extremewave conditions, providesWECdeveloperswith detailed
information on wave resource characteristics on the test site.

Our analysis reveals a clear seasonal trend of wave resource,
as the mean wave power density of NOIST is approximately
1.5 kW/m during DJF, less than 0.2 kW/m during JJA, and
0.37 kW/m throughout the year. Annually, the wave conditions
with the highest occurrence are 0–0.5 m Hs with 1–4 s Te. Inter-
annul uncertainty is much greater in months with high power
density. For a 50-year extreme event, the significant wave height
and energy period at NOIST are 4.86 m and 7.54 s, respectively.

FourWECswere selected to demonstrate the testing at NOIST
at different scale ratios and quantified by hours of operation and
normalized energy production. The maximum operation hours
for the selected WECs are in the range of 3500–5000 h at their
optimal scale ratios. Sharp Eagle’s normalized annual energy

production peaks are in the range of 1:5–1:6 scale, whereas other
WECs need further scale down to 1:12–1:18 to maximize NEP.
The results suggest that the ideal scale factor for WEC testing is
dependent on the WEC’s specifications at full scale, the season in
which the test is planned to be carried out, and the purpose of the
test. Overall, NOIST is suitable for testingWECswith lower-rated
power or early-stage prototypes of higher-rated-power WECs.
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