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In china, Bohai Sea and Yellow Sea are major shallow water areas. There are many regions with high current velocities 

which are potential sites for tidal energy development. In this paper, a 3D numerical model, verified by the measured data, 

was built to quantify the extractable current energy along the coast of the Bohai Sea and Yellow Sea. By using tidal 

harmonic analysis method, 4 major constituents’ harmonic constants and ellipse parameters, including M2, S2, K1, O1, were 

calculated. The tidal currents’ characteristics in Bohai Sea and Yellow Sea were analyzed and their maximum probable 

velocity could be obtained. The FLUX method was applied to calculate the kinetic energy flux through the front cross-

sectional area of the flow channel. Based on numerical simulation results, the tidal current energy in three regions, including 

Shandong Peninsula, Bohai Strait and Liaodong Bay, was evaluated. The results showed that the maximum tidal current 

energy density, 6.2 kW/m2 and 5.5 kW/m2, might occur at mid-ebb in the east of Shandong Peninsula and in the northeast of 

Bohai Strait, respectively. In addition, Tidal Stream Exploitability (TSE) method was used to find optimal areas of tidal 

farm in Chengshan Cape. The detailed results about power density distribution in Bohai Sea and Yellow Sea would be given 
by further analysis. 

[Keywords: Bohai Sea, Current, Numerical model, Tidal energy, Yellow Sea] 

Introduction 

In response to the crisis caused by global climate 

change and fossil-fuel energy pollution, extracting 

power from ocean draws increasing attention. The tidal 

current energy, which is regarded as carbon-free 

renewable energy, has advantages of predictability and 

relatively less environmental interference
1,2

. In recent 

years, extracting tidal current energy has become the 

focus of research in coastal countries such as the 

United Kingdom
3
, the United States

4
, and Canada

5
.  

Generally, two approaches can be applied to 

calculate the amount of tidal current energy resources, 

including extensively current measurement and 

numerical modelling
6
. Nowadays, most research focus 

on far-field fluid dynamics. One-dimensional (1D), 

two-dimensional (2D), and three-dimensional (3D) 

numerical models of hydrodynamics have been 

employed
7
. Blunden et al.

8
 applied a 2D tidal-driven 

hydrodynamic model to analysis the available tidal 

current energy resources at Portland Bill, UK. Sena et 

al.
9
 developed a 2D depth-averaged shallow water 

model of the natural tidal dynamics in the 

southwestern UK and Irish Sea to assess the 

extractable power; Wang et al.
10

 studied the 

possibility of obtaining tidal energy from Agate Pass 

and Rich Passage, meanwhile they used the 3D model 

FVCOM with an embedded MHK module to quantify 

the power production rates; Scott et al.
11

 applied DG-

ADCIRC to build a numerical model for estimating 

the maximum power. Their results showed that the 

tidal energy could be extracted by placing tidal stream 

power devices on the Pentland Firth and/or the 

individual sub-channels formed by Swona, Stroma 

and the Pentland Skerries islands. 

The tidal current energy resource in china is 

abundant along Bohai Sea’s and Yellow Sea’s 

offshore waters
12

. There are long coastlines and many 

of the high velocity sites are suitable for energy 

extraction
13,14

. In order to find waters with greatest 

potential and to evaluate the tidal energy production, a 

3D hydrodynamic numerical model of Bohai Sea and 

Yellow Sea, verified with measured data, was built by 

FVCOM. This model could predict the changes of the 

tidal current both in space and time, thus it would 

become a useful tool for evaluating tidal current 

energy resources. The remainder of the paper is 

presented as follows. First, the numerical simulation 

of tidal flow, model setting and the method of tidal 

current energy extraction were presented followed by 

validation of the model results. Next, the 
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hydrodynamics and physical characteristics of the 

tidal current characteristics in Bohai Sea and Yellow 

Sea were analyzed. The following section dealt with 

the distribution of probable maximum velocity using 

harmonic analysis method. Third, high tidal velocities 

could be found in several locations in Bohai Sea and 

Yellow Sea, notably around Shandong Peninsula, 

Bohai Strait and Liaodong Bay. The corresponding 

power energy density in these regions was computed. 

Finally, Tidal Stream Exploitability (TSE) method 

was used to find optimal areas of tidal farm in 

Chengshan Cape. 

 

Materials and Methods 
In this work, the unstructured-grid, finite-volume, 

coastal ocean model (FVCOM)
15

 was used to simulate. 

FVCOM controls the flux between volumes by 

calculating non-overlapping horizontal triangles, and 

simulates water surface elevation, velocity, salinity, 

temperature, sediment, and other scalar components in 

an integral form. By adopting unstructured triangular 

elements in horizontal plane and the sigma stretch 

coordinate system in vertical direction, the model is 

particularly suitable for representing complex 

coastlines and bottom topography
10

. 

The main governing equations in this paper are 

given as: 
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where, x, y and z stand for east, north, and vertical 

axes in the Cartesian coordinate system; u, v  

and w represent velocity components of x, y, z; T, S,  

ρ and P are water’s temperature, salinity, density  

and pressure, respectively; f and g are the Coriolis 

parameter and the gravitational acceleration; Km is the 

vertical eddy viscosity coefficient; and Kh is the 

thermal vertical eddy diffusion coefficient. Fu, Fv, FT, 

and FS represent the horizontal momentum, thermal 

and salt diffusion terms. 

Furthermore, the drag coefficient Cd is influenced 

by matching a logarithmic bottom layer to the model 

at a height Zab above the bottom. The Cd formula is 

given as: 

)0025.0),ln(/(max 2

d

o

ab

z

z
kC   … (8) 

where, k is the von Karman constant and this value 

equals 0.4; Zab represents the bottom roughness 

parameter. 

The methods of tidal current energy extraction have 
developed rapidly in the recent years. Chen et al.

16
 

reported that they used the momentum sink method to 
calculate the tidal current energy in Zhaitang Island. 
Neill et al.

17
 conducted a model to estimate tidal 

resource between the island of Alderney and the Cap 
de la Hague. In this study, the turbine array was 
represented by an additional bed roughness term in 
the control flow equations. Draper et al.

18
 and Adcock 

et al.
19

 studied the power distribution of the idealized 
headland, and regarded the influence of turbine arrays 
as line sinks of momentum, which was related to the 
Linear Momentum Actuator Disk Theory. These 
above studies incorporate the tidal device into ocean 
model to evaluate the extraction of tidal energy. 
Furthermore, in term of Tidal Assessment System

20
 

which was published by European Ocean Energy 
Center (EMEC) in 2009, Flux method was also widely 
used to estimate tidal current energy. Liang et al.

21
 and 

Jiang et al.
22

 used this way to assess Shandong 
Peninsula’s and Zhaitang Island’s tidal energy 
resource in China, respectively. In present work, the 
tidal current energy resource was estimated by Flux 
method. The kinetic power density from the tidal 
current can be given as: 

3

2

1
VP     … (9) 

3

2

1
VPm     … (10) 

Where, V and V are the tidal current velocity and the 

average tidal current velocity, respectively. 
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Flux: 

APP mFlux    … (11) 

APPFlux    … (12) 

SIFPP FluxAvailable   … (13) 

where, PFlux stands for total energy resources; Pm 

represents the average tidal current power density; A 

is cross-section area of the channel; SIF is an 

important impart factor which represents the 

percentage of the total tidal energy resource that can 

be extracted with small economic or environment 

effects. The values of SIF which refer to article
23

 are 

20 %, 15 % and 10 %. In this paper, SIF was defined 

as 20 %. 

An unstructured computational mesh was used for 

the domain and this covered the region 35.5 °N ~ 41° N 

and 117.5° E ~ 127° E (Fig. 1). Five sigma layers 

were set to get the structure of tidal flows in vertical 

direction. The model’s open boundary was forced by 

sea surface elevation consisting of eight dominant 

constituents (M2, S2, N2, K2, K1, O1, P1, Q1), which 

were obtained from the global tidal model TPXO7.2. 

The river inflows, density-induced as well as wind-

driven circulation were not considered because this 

work mainly focused on barotropic tidal circulation, 

and the salinity and temperature of this model were 

set as constants: 32 and 20 °C, respectively.  

 

Results and Discussion 

The verification data was obtained from the Tide 

Tables
24

 for ensuring the accuracy of tidal elevations’ 

results at different sites, whose locations are showed 

in Table 1. The model started running for 35 days 

since 27/05/2013. As spin-up period was essential to 

make the initial conditions have small effects on the 

numerical results during the validation period. 

Finally, 3 days was selected as a spin-up period for all 

simulations. The comparisons of the modeled tidal 

elevations and available elevations at tide gauges are 

showed in Figure S1. It can be seen that there is a 

good agreement between the simulated results and the 

observations no matter in amplitude or phase. The 

RMSE (root-mean-square error) of tidal elevations 

over these gauges are 0.27 m, 0.13 m, 0.14 m, and 

0.16 m, respectively.  

In addition, the measured current velocities 

obtained at two sites which are listed in Table 2 were 

compared with the model’s results. The tidal currents 

at different layers were validated. Owing to lack of 

the measured current data of 2013, the model, 

however, was run for 3 days since 8/12/2010 and the 

spin-up period for all simulations was set as 1 day. 

The time series comparisons of current velocity  

are plotted in Figures S2 & S3. The RMSE of 

velocities at different layers are presented in Table 3. 

It can be seen that the current predictions are close to 

measured data. 

The model results provided a sufficiently long time 

series for harmonic analysis with four main 

components (M2, S2, K1, O1). Table S1 shows the 

comparisons between observed harmonic constituents 

which are obtained at 20 gauging stations (Fig. S4) 

and the model’s M2, S2, K1 and O1 constituents for 

tidal elevations. The results show that the average 

absolute deviations in amplitude of these constituents 

are 4.57 cm, 4.62 cm, 3.84 cm, and 4.86 cm, 

respectively, and those of phase are 6.78°, 4.6°, 3.81°, 

and 6.02°, respectively. Analysis of the harmonics 

reveals that a close agreement is found between the 

simulated results and observations, and their errors 

are within acceptable ranges. 

Table 1 — Coordinate of measurement point 

Measurement point Longitude (E) Latitude (N) 

Bayuquan 122.08° 40.30° 

Dalian 121.68° 38.87° 

Yantai 121.38° 37.55° 

Tsingtao 120.30° 36.08° 
 

Table 2 — Coordinate of measurement point 

Measurement point Longitude (E) Latitude (N) Depth (m) 

No. 1 site 122°42.56' 37°23.75' 30 

No. 2 site 122°43.06' 37°23.74' 50 
 

Table 3 — Error analysis 

Layer RMSE (m/s) Site No. 1 site No. 2 site 

Shallow layer 0.1 0.27 

Middle layer 0.13 0.28 

Bottom layer 0.14 0.26 

 
 

Fig. 1 — Computing grid distribution in Bohai Sea and the 

northern part of the Yellow Sea 
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Figure 2 plots the results of the surface tidal current 

ellipses of M2, S2, K1 and O1. The ellipse charts 

provide the magnitudes of the tidal currents by using 

major and minor axes to represent maximum and 

minimum velocities, respectively. The pattern of 

semi-diurnal ellipse shows similar characteristic in 

Bohai Sea and Yellow Sea, while the M2 tidal 

current’s value is bigger than that of S2. The M2  

semi-diurnal currents are high on east coast of 

Shandong Peninsula and on west coast of Korea,  

and their maximum values are over 1.5 m/s. 

Furthermore, the distribution of K1 tidal current is 

similar to that of O1 in study waters. Figure 2  

shows that the strong K1 diurnal currents occur in the 

Bohai Strait and Liaodong Bay where maximum 

velocity could reach 0.4 m/s. 

When evaluating the energy of the power flow, the 

current speed is very important, because the power of 

the power flow will change with the cube of its 

velocity. According to paper by De et al.
25

, the 

maximum probable velocity can be estimated as the 

large values given by equations: 

1122
23.129.1max OKSM WWWWV    … (14) 

1122
46.168.1max OKSM WWWWV    … (15) 

Where, W is the length of the major axis of the 

respective components. 

The distribution of maximum probable current 

velocity in Bohai Sea and Yellow Sea is shown in 

Figures 3. The strong currents occur in Shandong 

Peninsula, the Bohai Strait and the Liaodong Bay. 

The strongest currents are found at the eastern cape of 

Shandong Peninsula (where named Chengshan Cap) 

and in the north of the Bohai Strait (where named 

Laotieshan channel), where the current velocity could 

both exceed 2 m/s. According to measured current 

data which had been published, the flow velocities 

were over 2.3 m/s 26 in Chengshan Cap and those 

were about 1.8 m/s 27 in Laotieshan channel. These 

above measured data verified the waters where we 

had chosen accurately. Furthermore, the strongest 

current is on order of 1.5 m/s in the Liaodong Bay. 

Also accounting for regional planning and offshore 

 
 

Fig. 2 — The results of tidal current ellipse 

 



YUAN et al.: ASSESSMENT OF TIDAL CURRENT ENERGY 
 

 

449 

distance, these three regions were potential sites for 

tidal current energy exploitation. 

The distribution of maximum (Fig. 4a) and mean 

(Fig. 4b) tidal current velocity within 30 days 

surrounding Shandong Peninsula reveal some 

differences in the model results. Generally, maximum 

velocities are under 1 m/s, mainly associated with 

flow around Chengshan Cap, where the current 

exceed 2.0 m/s. The maximum mean velocities 

occurring in Chengshan Cape are also much higher 

than other water areas, and those could reach 1m/s at 

the peak ebb. 

The power density in this work is calculated to 

choose the locations with abundant tidal current 

energy. In previous studies, various mean power 

density thresholds were employed in Chengshan Cape 

to determine promising tidal energy extraction locations. 

These included 0.93 kW/m
2(ref. 13)

, 1.1 kW/m
2(ref. 26)

. 

 In this paper, the distribution of maximum and  

mean power density (Fig. 5) are got by using 

Equations (8) and (9). The magnitudes of maximum 

power density are generally smaller than 1 kW/m
2
 for 

study waters, and high values primarily occur in 

Chengshan Cape where the largest value is about  

6.3 kW/m
2
. By contrast, the maximum value of mean 

power density is about 0.5 kW/m
2
.  

Based on the model-computed mean power density 

and the cross-section area of channel that can be 

defined as 80500 m
2
 referring to article 28, Equations 

(11) and (13) gave an estimated total and available 

 
 

Fig. 3 — The distribution of maximum probable velocity in Baohai Sea and Yellow Sea 

 

 
 
Fig. 4 — The distribution of maximum velocity (a), and mean 

velocity (b) 
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tidal current energy in Chengshan Cape of 40.3 MW 

and 8.1 MW, respectively. 

The mid-flood and mid-ebb flow patterns of 

Chengshan Cape are presented in Figure 6. A tidal 

asymmetry of velocities is apparent: during the flood, 

the tidal wave propagates southward, and the peak 

velocity can reach 2.3 m/s. While during the ebb, the 

tidal wave propagates southward, and the velocity can 

reach 1.9 m/s. The tidal asymmetry may be induced 

by changes in the geometry of the region at different 

tidal levels
29

. 

The site with the largest mean power density  

(Fig. 7), with a peak value of 0.8 kW/m
2
, is 

Laotieshan channel. The water depth over this patch, 

which is marked on NoAA charts, ranges from 50 to 

60 m, and is suitable for turbine emplacement. In the 

eastern part of Liaodong Bay, the maximum mean 

power density (Fig. 8), which is higher than other 

waters areas is about 0.7 kW/m
2
.  

Figure 9 plots the variation of instantaneous power 

density time series during 30-day simulation period. 

The power density time series show intense temporal 

variations in spring and neap tidal cycles. The power 

density during spring tides is nearly an order of 

magnitude greater than during neap tides; the reason of 

 
 

Fig. 5 — The distribution of maximum power density (a), and 

mean power density (b) 
 

 
 

Fig. 6 — Mid-flood (a), and mid-ebb (b) tidal flow field of 

Chenshan Cap 
 

 
 

Fig. 7 — The distribution of mean power density in Laotieshan 

channel 
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this is that the power density is proportional to the cube 

of tidal current velocity. The maximum instantaneous 

power density calculated with Equation (8) reaches 

approximately 5.5 kW/m
2
 and 1.7 kW/m

2
 in Laotieshan 

channel and Liaodong Bay, respectively. 

In many waters, strong currents can appear with 

limited water depth, so more attention must be paid to 

water depth in the analysis. In this work, Tidal Stream 

Exploitability (TSE) index, which was proposed by 

Iglesias
29

, is used to find optimal areas to place tidal 

devices. It is based on the available power per unit 

width of the tidal current, which is determined by 

combining the possible tidal asymmetry at the 

maximum speed during flood and ebb tides
30

. The 

Equation for estimating the TSE index is given as: 

hVV
hV

TSE ef )(
2

33

0

3

0




  … (16) 

where, V0 and h0 stand for characteristic velocity and 

characteristic water depth, respectively. The interest 

of these characteristic magnitude lies in its 

dimensions rather than their numeric values, which 

only reflect the magnitude of each variable; Vf and Ve 

represent the depth-mean velocities at mid-flood and 

 
 

Fig. 8 — The distribution of mean power density in Liaodong Bay 

 

  

 

Fig. 9 — Instantaneous power density of maximum velocity grid in Laotieshan channel (a), and Liaodong Bay (b) 
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mid-ebb tides, respectively; and h is the water depth; ξ 

is the penalty function of the tidal current energy, it 

can be written as: 

2
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where, Δh is the maximum tidal range, and h1 and h2 

are the lower and upper limits of the penalty range, 

respectively.  

As shown in Figure 4, the surrounding waters  

of Chengshan Cape (37.3° N ~ 37.5° N, 122.6°  

E ~ 122.8° E) are chosen to calculate the distribution 

of TSE index and several areas marked as A  

(37.43° N, 122.7° E), B (37.33° N, 122.77° E) and  

C (37.35° N, 122.62° E) in this region are selected  

for tidal current farm. In this paper, the values are  

V0 = 1.0 m/s and h0 = 26.66 m. 

The TSE index was calculated in terms of Equation 

(15). Figure 10 indicates that the quality of tidal 

energy resources in most areas is below the reference 

value. However, near the area A, the quality of tidal 

current energy is about 4.5 to 5 times the reference 

value. Area A has a water depth of more than 32 m 

and is a potential place to develop tidal energy.  

By contrast, due to the weak flow (Table 4), area  

B is not suitable for the tidal power station in the  

TSE graph. On the other hand, area C (Table 4)  

shows the opposite situation: strong flow, but 

insufficient water depth. 

In summary, the TSE index used in this work is 

based on water depth and flow information. Where 

the water depth is sufficient but the flow is weak or 

the flow is large but the water depth is insufficient, 

showing low TSE values. 
 

Conclusion 

In this paper, a 3D numerical ocean model was built 

up and successfully validated to study the tidal waves 

occurring in Bohai Sea and Yellow Sea. The results 

showed that the velocity of M2 tidal currents were high 

on the western coast of Korea, and its maximum value 

was about 1.5 m/s. Strong K1 tidal currents were found 

in the Bohai Strait. The pattern of M2 is similar to that 

of S2. The pattern of K1 is similar to that of O1.  

In term of the distribution of maximum probable 

current velocity, the waters surrounding Chengshan 

Cape, Laotieshan channel and the east of Liaodong 

Bay were potential sites for extracting tidal current 

energy. The greatest flow velocities for ebb tides  

of these three regions were about 2.3 m/s, 2.1 m/s  

and 1.5 m/s, respectively; and the corresponding 

values of power density were 6.5 kW/m
2
, 5.5 kW/m

2
 

and 1.8 kW/m
2
, respectively. 

A study in Chengshan Cape has been developed to 

demonstrate the TSE method. Three different areas 

emerged in this region. Area C had a higher power 

density, while its TSE values were penalised by shallow 

water, which may cause significant restrictions on the 

development of tidal resources. The TSE values of area B 

with sufficient water depth were low due to weak flow. 

Only area A has potential for a tidal current farm because 

of its large power density and appropriate water depth. 
 

Supplementary Data 

Supplementary data associated with this article is 
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