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ABSTRACT

Tidal stream energy as a new type of marine renewable
energy attracts more and more attention of coastal engineers
due to its advantages of great power density, long-term pre-
dictability and low environment impact. The radial sand ridge
(RSR) system is located in the southern Yellow Sea off the
Jiangsu coast, China, and it is characterized by a radial current
field. The exploitation of tidal stream energy in the RSR
system means great significance to the local industry and eco-
system of this region. In this study, a two-dimensional depth-
averaged hydrodynamic model was established to predict
one-year tidal hydrodynamics in the RSR system. The nu-
merical results including water elevation and tidal current
(speed and direction) were validated by the measured data,
showing a reasonable agreement between simulation and meas-
urement. Then, the validated model was applied to evaluate
the tidal stream energy resources of the whole region with a
concept consisting of total operating time (TOT), dispersion of
operating time (DOT) and mean operating time (MOT), aim-
ing to reveal the periodic interrupted working condition of
tidal stream turbine. The distributions of TOT, DOT and MOT
around the RSR system in one-year period are investigated,
providing useful guide maps for the exploitation of tidal
stream energy in this coastal area.

I. INTRODUCTION

In response to the enormous consumption of fossil fuel
energy and its resulted environmental pollutions, marine re-
newable energy are favored by many countries as a great po-
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tential solution to offer clean and sustainable energy. Ocean
makes up 71% of the earth’s surface, and it supplies different
forms of renewable energy with a total amount more than
2*%10° TW, including tide, wave, tidal stream, thermal, salinity
gradients and biomass (Charlier and Finkl, 2009). Among
these, tidal stream energy (water movements caused by forces
of gravity between the sun, the moon and the earth) catches
more and more attentions due to its advantages of the high
energy density, long-time predictability and potentially large
resource. Nowadays, tidal stream energy is yet a largely un-
tapped resource with no commercial size application, although
some demonstration projects are very close.

Energy potential needs to be accurately determined prior to
the exploitation of tidal stream energy, and many efforts have
been devoted to this challenge all over the world in recent
years. For example, numerical simulations or direct meas-
urements have been carried out for the estimation of tidal
stream resources around the UK (Easton et al., 2012; Draper et
al., 2014), USA (Define et al., 2012; Yang et al., 2013), Spain
(Carballo et al., 2009; Ramos et al., 2013), Portugal (Pacheco
et al., 2014), New Zealand (Stevens et al., 2012) and Iran
(Rashid, 2012). As reviewed by Liu et al. (2011), the mainland
China, with over 18000 km shorelines and thousands of is-
lands, has abundant tidal stream energy resources, and the
large-scale distribution of tidal stream energy was investigated
by the Coastal and Rural Ocean Energy Resource Investiga-
tion (Wang et al., 2011). However, such a large-scale inves-
tigation cannot provide accurate details for energy assessment
when an engineering project of tidal stream farm is designed in
specific coastal area.

The radial sand ridge (RSR) system is located in the south-
ern Yellow Sea off the Jiangsu coast, China. Significant rec-
tilinear currents are formed in the northern RSR area, whereas
rotary currents prevail in the southern RSR area. The transi-
tion between these two different currents is dominated by a
locally generated trapped wave (Chen et al., 2009; Xing et
al., 2011; Zhang et al., 2013a). The previous studies show a
maximal tidal current velocity around the RSR system to be
more than 2.5 m/s, indicating a promising potential of tidal
stream energy in this coastal region. The assessment of tidal
stream energy in this coastal area is still very limited. For
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example, Zhang et al. (2013b) proposed a new concept with
three parameters (total operating time (TOT), dispersion of
operating time (DOT) and mean operating time (MOT)) and
applied their methods to analyze the TOT, DOT and MOT at
three water channels during a relatively short period (72-hour).
This study is to apply a two-dimensional depth-averaged hy-
drodynamic model with a more recent bathymetry to nu-
merically evaluate the distribution of tidal stream resource
around the whole RSR system mainly based on the concept of
Zhang et al. (2013b) in one-year period.

II. HYDRODYNAMIC MODEL

1. Governing Equations

A two-dimensional depth-averaged model, based on the
MIKE21 FM package, is developed to simulate the tidal hy-
drodynamics around the RSR system in the southern Yellow
Sea. The incompressible Reynolds-Averaged Navier-Stokes
(RANYS) equations can be written as below:
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where (x, y) are horizontal Cartesian co-ordinates; ¢ is time; 7
is surface elevation; d is still water depth; 2 = 7 + d is total
water depth; u and v are velocity components in x and y di-
rections; f'is the Coriolis parameter (f'= 2Qsing, in which Q is
angular rate of revolution and ¢ is geographic latitude); g is
gravitational acceleration; p is density of water; Sy, Sk, Syx,
and S), are components of radiation stress tensor; p, is at-
mospheric pressure; p, is reference density of water; S is
magnitude of discharge due to point sources; (i, v;) is velocity
by which water is discharged into the ambient water; 7}; are
lateral stresses including viscous friction, turbulent friction
and differential advection; and over-bar indicates a depth-
averaged value.

2. Computational Domain and Conditions

In the study, a computational domain covering the Jiangsu

coast and its adjacent ocean areas is adopted with a distance
of 394 km in longitude from east (123°29'35"E) to west
(119°12"11"E) and a distance of 503 km in latitude from south
(31°0'47"N) to north (35°29'48"N). The Beijing geodetic
coordinate system 1954 is used in this study. A set of non-
overlapping unstructured triangular grids are implemented
in the domain, with a great ability to capture the complex
coastline. Various grid sizes are carefully tested and the in-
dependency of numerical solutions on grid size is achieved in
the simulation. The final mesh adopted in the simulation has
146603 nodes and 289674 elements, and the smallest grid in
the coastline is about 20 m.

Time-dependent water surface elevation is clamped along
open-sea boundaries (southern, eastern and northern bounda-
ries of the computational domain), which is imposed as the
main driving force of the hydrodynamic model. Flow dis-
charge from the Yangtze River is provided by a long-term
averaged discharge at the Xuliujing Station. At sea bottom,
bottom shear stress induced by bottom friction is non-
uniformly specified, and the coefficient of bottom roughness
varies from 0.015 to 0.02. At sea surface, wind stress, surface
net heat and moisture flux can be imposed but they are not
considered in the simulation. Initial surface elevation is set
as 0 m with zero velocity, and a spin-up period of 2-day is
adopted to avoid the influence of initial conditions. The
hydrodynamic model runs from 01/November/2009 to 31/
October/2010 with a time step as 30-second.

ITII. ASSESSMENT METHODS OF TIDAL
STREAM ENERGY

In the past years, traditional method of kinetic energy den-
sity was extensively used to assess the tidal stream energy.
However, in the practical engineering application, the extrac-
tion of tidal stream energy is highly dependent on the opera-
tion abilities/parameters of tidal stream turbine, such as, cut-in
speed, rated output flow speed and cut-out speed. The speed at
which the tidal stream turbine starts to rotate and generate
power is called the cut-in speed. As the flow speed rises above
the cut-in speed, the level of electrical output level of tidal
stream turbine rapidly rises and may reach the output limit.
When the limit of turbine output is achieved, the flow speed at
which it is reached is referred as rated output flow speed of
turbine. Even though the flow speed is further increased, the
output power remains this maximum level. There is a risk of
damage to the turbine due to the extremely large force on the
turbine structure when the flow speed increases above the
rated output flow speed. When the cut-out speed of turbine is
reached, a braking system is applied to bring the turbine rotor
to a standstill. In this study, the cut-in speed, rated output flow
speed and cut-out speed are taken as 1.3 m/s, 3.5 m/s and 4.5
m/s for an example (Benelghali et al., 2010).

The concept proposed by Zhang et al. (2013b) is employed
to consider the influences of the operation ability of tidal
stream turbine on the assessment of tidal stream energy in
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Fig. 1. Locations of stations for the measurement of water elevation.

terms of TOT, DOT and MOT. TOT is defined as the sum of
operating time over a given period, indicating the duration of
effective operation of tidal stream turbine:

0,7,<1.3
T
TOT = [ PU)dt, P(V,) ={1,1.3<V, <45 (7)
0,V,>45

where V, is magnitude of current velocity and 7 is a given
period. DOT is used to account the interruption number of
turbine performance during a given period, which is calculated
by counting the status shift from power-off (with a current
velocity below 1.3 m/s or above 4.5 m/s) to power-on (with a
current velocity between 1.3 m/s and 4.5 m/s) of tidal stream
turbine:

DOT =) O(V,,))(0<t<T)
1, hrnP(V ) <lmP¥,,5)

o, 0= ®)
0, others

MOT is defined as the ratio of TOT to DOT, indicating the
average operating time of turbine in one continuous operation
duration. It is noted that TOT is the most important indicator
within this new concept concerning the operation process of
tidal stream turbine as it is directly related to the total amount
of electricity output.

IV. RESULTS AND DISCUSSION

1. Validation of Hydrodynamic Model

The numerical results of hydrodynamic model are com-
pared with data of field measurement around the RSR system
in the southern Yellow Sea, aiming to check numerical accu-
racy of the model. During November-December/2009, water
surface elevation were measured by the WFH-2 Absolute
Machinery Code water level meter at the Dafeng station
(121°7'32"E, 33°22'49"N) and three temporary stations, CW,
(121°7'32"E, 33°22'49"N), CW; (120°40'33"E, 33°34'35"N)
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Fig. 2. Comparisons of simulated water elevation and measured data.

and CW; (120°50'18"E, 33°46'14"N) (Fig. 1). Fig. 2 shows
the comparison between simulated water elevation and
measured data at these four stations. As listed in Tablel, the
maximal values of mean absolute error (MAE = 0.21 m) and
root mean square error (RMSE = 0.26 m) can be identified at
station CW,, with a relatively small coefficient of determina-
tion (R* = 0.972).
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Table 1. Statistical error of the difference between simu-
lated and observed water elevation.

Dafeng CW, CW, CW;
MAE (m) 0.16 0.21 0.17 0.12
RMSE (m) 0.19 0.26 0.23 0.15
R 0.986 0.972 0.979 0.987

Note: MAE = mean absolute error, RMSE = root mean square error,
R%: coefficient of determination.
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Fig. 3. Locations of stations for the measurement of tidal current.
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Fig. 4. Comparisons of simulated and measured depth-averaged current
at P, station.

The flow currents were also measured by the ADCP
(Acoustic Doppler Current Profiler) at six temporary stations,
P, (120°55'44"E, 33°20'4"N), P, (120°53'50"E, 33°24'41"N),
P; (120°46'44"E, 33°29'35"N), P4 (120°57'34"E, 33°7'12"N),
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Fig. 5. Comparisons of simulated and measured depth-averaged current
at P, station.
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Fig. 6. Comparisons of simulated and measured depth-averaged current
at Pg station.

P5(120°51'4"E, 33°31'11"N) and Py (120°50'18"E, 33°46'14"N)
between 12:00 25/November/2009 and 7:00 2/December/2009,
and locations of these stations are shown in Fig. 3. Figs. 4-6
demonstrate the comparisons of depth-averaged tidal current
between numerical simulation and field measurement at P»,
P, and Py stations, respectively. Table 2 lists mean absolute



J. Zheng et al.: Evaluation of Tidal Stream Energy around Radial Sand Ridge System in the Southern Yellow Sea 955

Table 2. Statistical error of the difference between simu-
lated and observed tidal current.

Py P, Ps P, Ps Ps
Current Velocity
MAE (m/s) 0.13 0.15 0.19 0.19 0.17 0.11
RMSE (m/s) 0.16 0.2 0.24 0.23 0.21 0.14
R? 0.880 0.830 0.766 0.819 0.820 0.885
Current Direction
MAE (°) 24.8 27.7 24.2 26.3 18.2 18.7
RMSE (°) 534 68.6 49.6 45.1 47.9 44.9
R* 0.860 0.765 0.841 0.868 0.855 0.884

Note: MAE = mean absolute error, RMSE = root mean square error,
R?: coefficient of determination.

error, root mean square error and coefficient of determination
at each station. It can be seen from the comparisons that the
current peak and phase were faithfully reproduced by the
model, although there are still some discrepancies in flow
speed and current direction.

The differences between numerical simulation and field
measurement are due to several reasons. The bathymetry
around the RSR system consisting of tens of radial tidal
channels is extremely complex, and it is difficult to be exactly
presented in the computational domain. Meanwhile, a large
amount of suspended sediment supplied by the Yangtze
River to the RSR system (especially in the southern RSR
area) may lead to a significant deposition (or erosion) within
one tidal period, which is not considered in the hydrodynamic
model. Although the coefficient of bottom roughness varies
in space in the simulation, it does not change during the
tidal cycle. The ignore of the impacts of flow acceleration
and non-constant stress in tidal estuary on the specification of
bottom shear stress may also be one of the reasons.

2. Assessment of Tidal Stream Energy

In this study, the numerical results between 01/November/
2009 and 31/October/2010 (one-year) from hydrodynamic
model are taken for the evaluation of tidal stream energy
around the RSR system. Owing to the existence of cut-in
speed, rated output flow speed and cut-out speed, tidal stream
turbine will be periodically interrupted during its operation
process. Such a kind of discontinuous operating condition
obviously affects the power output of tidal stream turbine in
practical application.

Figs. 7-9 show the distributions of TOT, DOT and MOT
around the RSR system in one-year period, and the values of
these three parameters in southern RSR area are generally
greater than those in northern RSR area. It can be seen from
Fig. 7 that the values of TOT in the vicinity of Huangshayang
Channel, Xiaoyangkou Channel and Lanshayang Channel are
between 2500-hour and 5000-hour. High values of TOT (more
than 5000-hour) can also be identified at the Xiaomiaohong
Channel and the entrance of North Branch of the Yangtze
Estuary. As one can expect, the coastal area with a higher

3950000
3900000
3850000 -
3800000
3750000
3700000 |
3650000

Unit hour

3600000 -
1 Above 6048
4 5616 - 6048
3550000 -

3500000

3450000 |

Below 0

200000 300000 400000 500000 Undefined

Fig. 7. Distribution of total operating time (TOT).
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value of TOT is normally with more chance to be dispersed
during the turbine operation (see Fig. 8). As shown in Fig. 9,
the mean value of operation time, MOT, is generally in a range
between 1.5 hour and 3.5 hour. It means that the tidal stream
turbine with a cut-in speed being 1.3 m/s may averagely con-
tinue to work for 1.5-3.5 hour after it is switched-on by the
tidal current.

Asite (121°3921"E, 32°9'29"N) with promising energy at
Xiaomiaohong Channel is taken as an example to demonstrate
the exploitation potential of tidal stream energy. The values of
TOT, DOT and MOT in one-year period are 6336-hour, 1416
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and 4.47-hour at this site. If the generator SeaGen S (with a
diameter of 16 m and a swept area of 402 m?) was adopted to
convert tidal stream energy to electricity power, the average
power and annual energy output in the Xiaomiaohong would
be roughly 566.7 kW and 4.96 GWh. It is worthy to mention
that site selection for large-scale tidal stream farm is also
dependent on the large-scale ocean space-use plan around
the RSR system which aims to achieve a well balance be-
tween exploitation of ocean resources and environmental
protection.

V. CONCLUSIONS

A two-dimensional depth-averaged hydrodynamic model
was developed to simulate tidal hydrodynamics, and the con-
cept of Zhang et al. (2013b) is adopted to evaluate tidal stream
energy in one-year period around the RSR system in the
southern Yellow Sea. The numerical results from hydrody-
namic model generally agree with the data from field meas-
urement during November-December/2009, indicating that
this model well predicts tidal hydrodynamics around the RSR
system. The detailed distributions of TOT, DOT and MOT
between 01/November/2009 and 31/October/2010 around the
RSR system are given, showing that the tidal stream energies
within the southern RSR area are generally greater than those
within the northern RSR area. If a tidal stream turbine with a
cut-in speed being 1.3 m/s is installed in the southern RSR area,
it can be expected to work 2500-5000 hours per year. The
final site selection for large-scale exploitation of tidal stream
energy is also dependent on the large-scale ocean space-use
plan around the RSR system.
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