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Abstract  An unstructured model FVCOM (The Unstructured Grid Finite Volume Community Ocean Model) with sink momentum 
term was applied to simulate the tidal current field in Zhoushan Archipelago, China, with focus on the region named PuHu Channel 
between Putuo Island and Hulu Island. The model was calibrated with several measurements in the channel, and the model perform-
ance was validated. An examination of the spatial and temporal distributions of tidal energy resources based on the numerical simula-
tion revealed that the greatest power density of tidal energy during spring tide is 3.6 kW m−2 at the northern area of the channel. Two 
parameters were introduced to characterize the generation duration of the tidal array that causes the temporal variation of tidal current 
energy. The annual average available energy in the channel was found to be approximately 2.6 MW. The annual generating hours at 
rated power was found to be 1800 h when the installed capacity of tidal array is approximately 12 MW. A site for the tidal array with 
25 turbines was selected, and the layout of the array was configured based on the EMEC specifications. Hydrodynamic influence due 
to the deployment of the tidal array was simulated by the modified FVCOM model. The simulation showed that the tidal level did not 
significantly change because of the operation of the tidal array. The velocity reduction covered a 2 km2 area of the downstream the 
tidal array, with a maximum velocity reduction of 8 cm s−1 at mid-flood tide, whereas the streamwise velocity on both sides of the 
farm increased slightly. 
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1 Introduction 

Ocean energy is promoted by governments as a form of 
renewable energy that will aid in the mitigation of climate 
change and contribute to energy security in the relevant 
countries. Many coastal countries are developing specific 
strategies and plans for extracting ocean energy and com-
mitting national funding toward ocean energy research 
and deployment (The Executive Committee of OES, 2019). 
As one form of renewable energy, tidal current energy 
extraction is a feasible energy source with the advantages 
of High Technical Readiness Level of Level 7–8 (Mofor 
et al., 2014), no land occupation, predictable, and rela-
tively low environmental impact compared to tidal range 
energy extraction (Brooks, 2006). Moreover, because the 
sites with much tidal energy potential are usually near 
large coastal cities with great electricity demand, trans- 
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mission loss is reduced.  
The Zhoushan Archipelago, located in the eastern Chi-

nese province of Zhejiang, contains hundreds of channels 
that are potential sites for tidal energy extraction. A fun-
damental method for tidal energy assessment is the meas-
urement of tidal current data. A comprehensive study 
assessed over 130 water channels at the national level in 
1989 based on the tidal data from a marine atlas; the re-
sults of the study showed that the power density of tidal 
energy in most of their water channels is 15–30 kW m−2, 
with particularly high power densities in Jintang Channel, 
Guishan Channel, and Xihou Channel in the Zhoushan 
Archipelago (Wang and Lu, 2009). Wang et al. (2010) 
discussed the characteristics of tidal current energy based 
on measured tidal current at 5 sites in the Gaoting Chan-
nel and 8 sites in the Guanmen Channel; he also used the 
Technical Available Resource method of Farm and Flux 
to reveal that the utilizable tidal power is 4.67–5.31 MW 
in the Gaoting Channel and 7.92–9.37 MW in the Guan-
men Channel. However, these results may overestimate 
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the energy potential because it is hard to correlate the 
level in the whole channel with the exited power density 
at a specific point. 

With the development of numerical simulation, ocean 
modeling based on the Navier-Stokes equations has been 
increasingly applied to the assessment of tidal energy in 
recent years as it can provide substantially more ‘field’ 
tidal current data to describe the elaborate and accurate 
spatial and temporal distribution of tidal energy. The tidal 
current energy levels of eight channels in this archipelago 
with maximum currents greater than 2.5 m s−1 were ana-
lyzed based on an ocean model. This study also showed 
that the total tidal current energy of the important water-
course can be 1400 MW (Hou et al., 2014). A more com-
prehensive assessment of tidal energy over this region was 
subsequently carried out using ocean modeling; the as-
sessment showed that the theoretical annual average po-
tential of tidal energy resources in Zhoushan Archipelago 
of 58 main channels is approximately 3950 MW, which is 
almost equal to the capacity of two Three Gorges Power 
Stations (Luo et al., 2017). A study of Deng and cowork-
ers (Deng et al., 2020) provided insight into the environ-
mental impacts of a large-scale tidal array via a numeri-   
cal investigation in Zhoushan waters, with focus on the 
changes in current velocity, tidal elevation, and sediment 
transport. The hydrodynamic responses, especially after 
deployment of the tidal turbine array, are still not fully 
understood and may give rise to significant effects on the 
marine environment. For example, the tidal energy utili-
zation may affect numerous environmental variables, such 
as the tidal regime, hydrodynamics, suspended and sedi-
ment transport, and water quality (Couch and Bryden, 
2004; Blunden and Bahaj, 2007; Ramos et al., 2013; 
Nash et al., 2014; Bai et al., 2016; Chen and Liu, 2017; 
Lin et al., 2017). 

Among the potential sites for the execution of tidal 
current energy extraction, the one that lies between Putu-
oshan Island and Huludao Island (hereby named the PuHu 
Channel) is one of the most plausible sites. Large-scale 
operation of dozens of tidal turbines array can become a 
long-term, sustainable renewable energy source for Zhou-   
shan City. Zhang et al. (2020a) carried out numerical ex-
periments on tidal energy extraction in the PuHu Channel 
using the two-dimensional OpenTidalFarm model and 
investigated the optimal array layout for energy extraction; 
the hydrodynamic impact of large-scale (i.e., 115 turbines) 
tidal energy extraction in this channel was examined by 
Zhang et al. (2020b) via the 3-D hydrodynamic model 
with turbine representation based on the blade element 
method.  

In this paper, an assessment of the tidal current energy 
levels over the Zhoushan Archipelago, with focus on the 
PuHu Channel, is presented in detail based on FVCOM 
(The Unstructured Grid Finite Volume Community Ocean 
Model, Chen et al., 2003, 2006). In contrast to previous 
studies, a resource assessment of the tidal stream energy 
in the PuHu Channel is carried out first to determine the 
suitable capacity of the tidal array. Next, the representa-
tion of the tidal turbine is integrated into this ocean model 

via momentum sink terms. The impacts of the tidal arrays 
on the hydrodynamic conditions are then investigated 
with the wake characteristics of the tidal current turbines 
and the wake recovery in the downstream of devices; the 
results of the investigation could be taken as a scientific 
reference for the future design of a tidal power demon-
stration project. 

2 Methods 

2.1 Governing Equations 

FVCOM is an ocean modeling software that can simu-
late the water surface elevation, velocity, temperature, 
salinity, sediment transport, and water quality constitu-
ents. With unstructured triangular cells in the horizontal 
plane and a sigma-stretched coordinate system in the ver-
tical direction, this model could represent optimally the 
complex horizontal geometry and the bottom topography 
of estuaries. The unstructured-grid and finite-volume ap-
proaches employed in the model provide geometric flexi-
bility and computational efficiency that are well suited for 
simulation of tidal energy extraction, which requires higher 
grid resolution in the region of a tidal turbine array, nes-
tled within the larger model domain. Finer grid resolution 
is mandatory for the tidal turbine array surroundings to 
account for shifts in flow fields, the dissipation of kinetic 
energy, and downstream wake signatures.  

FVCOM is governed by a set of primitive equations 
representing momentum, continuity, temperature, salinity, 
and density. The Navier-Stokes (N-S) equations solved 
by the numerical model in the original Cartesian coordi-
nate form are depicted as (x- and y- directions displayed):  
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,    (4) 

where t is the time; x, y, and z are the east, north, and ver-
tical axes in the Cartesian coordinate system, respectively; 
u, v, and w are the three velocity components in the x, y, 
and z directions, respectively; ρ0 is the water density; P is 
the pressure arising from the sea surface and the water; q 
is the non-hydrostatic pressure; f is the Coriolis parameter; 
and Km is the vertical eddy viscosity coefficient. Fu and Fv 
represent the horizontal momentum terms. Mx and Mv 
represent the additional horizontal momentum terms from 
tidal turbines specified in the later section. The total water 
column depth is D = H + z, where H is the bottom depth 
(relative to z = 0), and z is the height of the free surface 
(relative to z = 0). 
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The σ-coordinate transformation is used in the vertical 
direction to obtain a smooth representation of the bottom 
topography irregularities and is defined as: 

z z

H D

 


  


,              (5) 

where the value of sigma ranges monotonically from σ = 

−1 (bottom) to σ = 0 (surface). Interestingly, ocean models 
differ from atmospheric models in that the σ-coordinates 
are normalized, varying from σ = 1 (surface) to σ = 0 (top 
of atmosphere), 

The surface and bottom boundary conditions for u, v, 
and w are: 
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where (τsx, τsy) and (τbx, τby) = 2 2 ( , )dC u v u v  are the x 
and y components of the surface wind and bottom stresses, 
respectively, Qb is the groundwater volume flux at the 
bottom, and Ω is the area of the groundwater source. The 
drag coefficient Cd is determined by matching a logarith-
mic bottom layer to the model at a height zab above the 
bottom, i.e.,  
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where k = 0.4 is the von Karman constant, and z0 is the 
bottom roughness parameter. FVCOM features a wide 
choice of ocean turbulence closure models for the param-
eterization of the vertical eddy viscosity and the vertical 
thermal diffusion coefficient; furthermore, an updated ver-
sion of the MY-2.5 model used in this model has been 
testified successfully in many cases. 

2.2 Parameterization of Tidal Current Turbines 

One important aspect of the study is the modeling of 
the hydrodynamic changes from a turbine array acting on 
the water column. In fact, the extraction process is ex-
tremely complex because the fluid that has passed the 
turbines becomes rotational and attached to the boundary 
layer at high Reynolds number flow, and the structure of 
the wake immediately behind the body depends strongly 
on the body’s geometry. To simplify the process of macro 
effect on the hydrodynamic environment, the following 
three approaches are applied widely: the bottom friction 
approach, the momentum sink approach, and the blade ele- 
ment actuator disk approach (Chen et al., 2014). Among 
these approaches, the momentum sink approach is the 
most popular method; this method represents the loss of 

momentum due to tidal energy extraction by adding a term 
to the momentum equations (Ahmadian and Falconer, 2012; 
Chen et al., 2013; Chen et al., 2014; Sanchez et al., 2014; 
Wu et al., 2017). 

The horizontal-axis tidal turbine is placed into an ele-
ment of the grid, i.e., flow point, and the blades cover 
several vertical layers; the thickness of the turbine blade 
is assumed to be very small. Momentum is exchanged 
across the flow-facing rotor surface area, and a portion is 
lost from the flow via power generation (Chen et al., 2015). 
The effects of the turbine are represented by the momen-
tum sink term 

M
x yM M i j


 in the model. The total mo-

mentum sink rate by a tidal turbine unit can be defined in 
the general form: 
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where (Mx, My) is the momentum sink rate in x- and y- 
directions; A is the total flow-facing surface area swept by 
turbine blades; CT is the thrust coefficient due to momen-
tum removal; CD is the blade element drag coefficient;  

2 2u v  is the vector magnitude of vectors u


, v


; CT de- 
pends on the number of blades and their geometries as 
well as the flow speed. The drag coefficient CD induced 
by the physical structure of the turbine blades and the 
supporting poles are not considered in this study. 

3 Study Area and Model Configuration  

3.1 Study Domain 

The PuHu Channel is located 6 km (latitude-wise) to the 
east of Zhoushan Island and is approximately 3.0 km by 
2.0 km, with an orientation of northwest–southeast (Fig.1). 
A small isle splits the north exit into two pathways; the 
eastern and western pathways are 1.2 km and approxi-
mately 1.0 km in length, respectfully. The depth of the 
PuHu Channel is between 20 m and 60 m, the bathymetric 
gradient along coastlines is steep, and the central area of 
the bathymetry is relatively flat. The flooding and ebbing 
directions are northwestward and southeastward along the 
coast, respectively.  

3.2 Model Configuration  

This study used an unstructured-grid coastal ocean 
model with a resolution refinement for the PuHu Channel 
region. The model covers the entire Hangzhou Bay, the 
grid size of which is from approximately 2.5 km along the 
open boundary to 10 m around the potential site for tidal 
turbines array at the north of the channel in order to de-
scribe it elaborately (Fig.2). Ten vertical layers of uni-
form thickness were specified in the water column using 
the sigma-stretched coordinate system. The Smagorinsky 
scheme for horizontal mixing and the MY-2.5 turbulent 
closure scheme for vertical mixing were used in this model. 
The bottom friction is described by the quadratic law with 



WU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2021 20: 478-488 

 

481

the drag coefficient determined by the logarithmic bottom 
layer as a function of the bottom roughness. A bottom 
friction coefficient of 0.0025 and a bottom roughness of 
0.001 m were used in the model. The model run time step 
was 0.2 s. Open boundary conditions for the model were 
specified at the east side of Hangzhou Bay using 9 har-
monic tidal constituents (i.e., S2, M2, N2, K2, K1, P1, O1, 

Q1, and M4) provided by the global tidal model TPXO7.2. 
The dominant tidal constituents are the principal semi- 

diurnal tide M2 and the principal diurnal tide K1. The Qian- 
tang River inflows were assumed to be 697 m3

 s−1, and 
other geophysical factors (such as wind field, evaporation, 
atmospheric precipitation, and bottom freshwater) were 
neglected. 

 

Fig.1 Location of the PuHu Channel (red box) which is between Huludao Island and Putuoshan Island in the Zhoushan Ar-
chipelago, with the locations of the tidal current observation stations, C1 and C2, and the tidal elevation gage, T1 (red dots). 

 

Fig.2 Model mesh of the Zhoushan Archipelago (a) and the PuHu Channel (b). 

3.3 Model Validation  

The model was validated by observation data at one 
tide gauging station and two tidal current stations shown 
in Fig.2. The simulation period, which lasted for 31 days 
starting from 1st to 31st August, 2014, includes two spring- 
neap cycles. Fig.3 and Fig.4 show the comparison be-
tween model result and measure data on surface elevation 
and depth-averaged current speed, respectively. It can be 
seen that the water level from the model predictions fol-

lows the observed data closely, except for a couple of 
centimeters of underestimation on a few occasions at high 
tides. The current speed predictions are in reasonable a- 
greement with the measured data, with a RMSE of 15 cm 

s−1 at the T1 station and 17 cm s−1 at the T2 station, except 
that the magnitude of the current speed at the mid- flood-
ing moment was slightly underrated. This discrepancy 
could be related to the complex bathymetry and meteoro-
logical force that might not be represented accurately in 
the model. 
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Fig.3 Validation of surface elevation at the tidal elevation gauging station, T1 (refer to Fig.1 for mapped tidal gage station 
location, RMSE = 12 cm). 

 

Fig.4 Comparison of the measured (black stars) and the simulated (red lines) tidal current speed and direction at two tidal 
current observation stations T1 (a) and T2 (b) (refer to Fig.1 for mapped tidal current observation station locations). 

4 Characteristics of Tidal Current Energy 

4.1 Distribution of Current and Power Density 

Because of the good model validation results described 

above, the model was used to calculate the unaltered tidal 
flow velocities over the channel. Fig.5 depicts the flow 
velocities at mid-flood and mid-ebb on a spring tide of 
23rd August, 2013, which indicates there are 3 sites with 
stronger flow at the north, middle, and south of the chan-
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nel. The maximum speeds in the three areas is 2.1 m s−1, 2.3 

m s−1, and 1.8 m s−1 during the flooding period, and they 
are 2.1 m s−1, 1.9 m s−1, and 1.7 m s−1 during the ebb period. 
The main velocity direction along the coastlines of islands 
is northwest-southeast. It can also be observed that the 
velocity decreases from the middle of the channel to the 
coastline.  

It is obvious that tidal asymmetry exists in the channel, 
with the flood tide being stronger than the ebb tide. In this 
case, this asymmetry can be caused by the different lay-

out of the estuary at different tidal levels or by the distor-
tion of the tidal wave as it propagates over the coastal 
shelf, as suggested by Ramos et al. (2013). 

The tidal current power density calculated from the 
vertically averaged currents has a similar pattern with 
tidal current because of the cubic relationship (Fig.6). The 
maximum power densities at 3 potential sites (Fig.7a) men-
tioned above are approximately 3.4 kW m−2, 3.6 kW m−2, 
and 3.1 kW m−2 at mid-flood tide and 2.5 kW m−2, 2.2 kW 

m−2, and 1.8 kW m−2 at mid-ebb tide. 

 

Fig.5 Distribution of tidal current at mid-flood (a) and mid-ebb (b) in the PuHu Channel, presented in velocity vectors 
(black arrows) and speed magnitude (background colors).  

 

Fig.6 Distribution of tidal current energy power density at mid-flood (a) and mid-ebb (b) in the PuHu Channel. 

4.2 Distribution of Generation Duration 

There are two key parameters, ‘Annual generation hours’ 
(Hg) and ‘Annual generation hours at rated power’ (Hr), 
adopted by the Chinese wind power industry that describe 

the power generation duration of wind turbines (National 
Development and Reform Commission, 2004). Similarly, 
Hg and Hr can also be introduced for tidal energy sources 
to describe power generation (Eqs. (11) – (12)). The for-
mer Hg defines the working time of a tidal turbine in one  
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year, and Hr denotes the power generation hours with the 
rated power in one year, i.e., the total annual energy pro-
duction divided by the rated power. Fig.7 describes the 
distribution of Hg and Hr over the PuHu Channel, both of 
which have a rather similar trend. There are also 3 peaks 
in the middle of the channel. The highest Hg reaches 5500 

h, whereas the highest Hr is only approximately 2000 h. 
Considering 1800 h (Hr) as the economic value for tidal 
energy utilization, the area where Hr is greater than 1800 

h is approximately 2.1 km2 in the channel.  
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where Hg is the annual generation hours; t is the time; v is 
the current speed; vc is teh cut-in current speed; vr is the 
current speed for the turbine at rated power; Hr is the an-
nual generation hours at the rated power.

 

Fig.7 Distribution of Hg (a) and Hr (b) of tidal energy in the PuHu Channel.

4.3 Extractable Power Output  

Estimation of the energy potential for a specific area is 
critical to the development of tidal energy sources. An 
easy method for assessing the potential used broadly 
named FLUX was used to calculate a certain percentage 
of the kinetic energy flux through the undisturbed channel, 
as it only requires measurements of tidal currents and a 
cross-sectional area that is expressed with Eq. (13) – (14) 
(Legrand, 2009). 

The annual average available power Pavail is the product 
of the power flux passing through the site and the signifi-
cant impact factor (SIF). Previous work by Black and 
Veatch in conjunction with Robert Gordon University 
(Bryden et al., 2007) suggested that the SIF will be de-
pendent on the type of site. The SIF represents the per-
centage of the total resource at a site that can be extracted 
without significant economic or environmental effects. 
Extraction percentage is set to 15% in this paper accord-
ing to the suggestions of EPRI (Hagerman et al., 2006).  

avail FLUXP P SIF  .             (13) 

The power flux (PFLUX) passing through a certain sec-
tion of a channel can be calculated using: 

3
FLUX 0.5P v S ,             (14) 

where ρ is the water density; v is the current speed; S is 
the area of delegate section ranging from 0.5 km2 to 0.6 

km2. 
The annual available power gradually increases from 

the north exit to the south exit of the channel because of 
the different areas of a typical section and the different 
distributions of current speed. The maximum Pavail is 3.23 

MW at the north exit, whereas the minimum value is 1.98 

MW (Fig.8); the average value of 2.60 MW along the 
channel can be considered as the available potential of 
this channel. Note that the results cannot be used to cal-
culate the power capacity and turbine number of a tidal 
farm, as it is annually averaged.  

Taking Hr as 1600 h according to the distributions in 
Fig.7, the capacity of the tidal array at rated power can be 
simplified and be calculated from the product of Pavail and 
the quotient of hours in one year divided by Hr (Eq. (15)), 
i.e., 11.40 MW. 

avail 8760/c rP P H  .            (15) 

5 Hydrodynamic Influence of Tidal Array 

5.1 Tidal Turbine Selection 

According to the previously presented tidal energy re-
source characteristics and the bathymetry and morphol-
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ogy of the PuHu Channel, a 25-turbine tidal array with a 
rated power of 12 MW is added to the model. 

5.2 Site Selection and Layout of Tidal Array 

A suitable region for the tidal array not only has much 
energy potential but also other physical characteristics that 
allow for the construction of the farm. Several rules em-
ployed for siting of a tidal array include: 

1) The maximum current velocity should be > 2.0 m s−1 
(Khan and Bhuyan, 2009), the water depth should be about  

20–30 m, and the distance to the coastline should be not 
more than 2.0 km. 

2) The region should not conflict with navigation, an-
chorage, oil-gas pipe route, undersea cables, marine pro-
tected areas, etc. 

3) The wake effects between the turbines should be 
minimized. 

4) The demonstration region should be suitable for the 
transportation and setup of the tidal turbines and have suf-
ficient area to conduct turbine testing.

 

Fig.8 Location of the tidal array chosen for the tidal energy extraction points. Note the staggered turbine configuration 
aligned in the tidal current direction and the linear alignment orthogonal to the current direction. Turbines are equispaced 
(i.e., 20d, 10d) in their respective directions. 

Based on the above criteria and the spatial and tempo-
ral distributions of tidal current energy resources, the ap-
pointed area of approximately 0.2 km2 with 0.5 km × 0.4 

km and the average depth of 22 m were selected on the 
north of the channel, as shown in Fig.8a. In order to mini-
mize the effects of downstream wake, the lateral spacing 
between devices (the distance between axes) is set to 5 
times the rotor diameter (5d), and the downstream spac-
ing is set to 10 times the rotor diameter (10d) (Fig.8) (Le-
grand, 2009).  

5.3 Impact on Hydrodynamic Environment 

5.3.1 Water level 

Fig.9 illustrates the influence of the tidal array on water 
level, quantified by the difference of the water level be-
fore and after the installation of the tidal array at mid- 

flood tide and mid-ebb tide. As Fig.9a shows, the water 
level increases in the southern part of the channel at the 
mid-flood tide due to the hindrance of turbines array. The 
maximum range of water level variation is just approxi-
mately 0.18 cm, but dramatic changes from −0.15 cm to 
0.16 cm appear at the south of the isle in the northern exit, 
possibly due to the pressure drop caused by the turbines. 
At the mid-ebbing tide, the water level increases in a very 

small range at the north of the channel. There is a round- 

shaped area that appears south to the tidal array, and the 
range of increase is approximately 0.1 cm. In general, the 
effects on the water level are insignificant and can be ne-
glected in practice. Note that the differences were calcu-
lated from instantaneous water levels, which might pro-
duce array introduced phase-lag. 

5.3.2 Tidal current 

As indicated in the previous section, the presence of 
the tidal array alters the flow, thereby affecting the power 
density distributions. The differences in the current speed 
at mid-flood and mid-ebb of a mean spring-tide with and 
without the tidal array, respectively, are shown in Figs.10a 
and b. It is apparent that the impacts of the operation of 
the tidal array are significant, with a reduction in the tidal 
speed of 8 cm s−1 at both mid-flood and mid-ebb tide. The 
current difference can be distinguishable even a few kilo-
meters away from the farm. Furthermore, there is an in-
crease in the current velocity on both sides of the tidal 
array caused by the blockage effect (Chen et al., 2014). 

Fig.11 shows the temporal variation of current speed 
without turbines and the current speed difference around 
turbine No. 22. The speed difference changes as a sine 
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curve along tidal process against the original tidal current 
speed. During a flooding and ebbing process, the maxi-
mum difference appeared at the mid-flooding tide and mid- 

ebbing tide, and the difference trend gradually increases 

from neap tide to spring tide in the neap-spring cycle. 
Generally, the speed difference caused by the turbines is 
negligible, as it is considerably smaller compared to the 
background current velocity. 

 

Fig.9 Change in water level at mid-flood tide (a) and mid-ebb tide (b) due to the installation of the tidal array. 

 

Fig.10 Current speed difference at mid-flood with the tidal array installed (a) and mid-ebb without the tidal array installed (b). 

 

Fig.11 Current speed difference from neap tide to spring tide at Turbine No. 22. 
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5.3.3 Impacts on tidal residual current 

As one part of the offshore general circulation, tidal re-
sidual (tidally averaged) currents govern the net exchange 
of material with the adjacent coastal area and are there-
fore of great importance for the health of the marine eco-
system (Garel and Ferreira, 2013). Fig.12a depicts the 
distribution of the tidal residual field before the operation 
of the tidal array. Overall, the residual speed is less than 
0.03 m s−1 and is comparably slow on almost the entire 
area of this channel. However, there are still several sites 
on which the residual speed is greater than 0.06 m s−1; 
these sites are distributed at the capes of Putuo Island and  

Hulu Island, and the strongest residual current is approxi-
mately 0.15 m s−1, which occurs at the southwestern cape 
of Hulu Island.  

Fig.12 shows the spatial distribution of the difference 
between two modeling scenarios (with or without the tidal 
array). It can be seen that the current increase occurs at 
the southern part of tidal array, whereas a decrease occurs 
at the northern part after the deployment of the tidal array; 
however, there is no significant variation in the channel. 
The maximum change with and without turbines appears 
at the downstream area of the tidal farm during flooding 
tide and ebbing tide, with a value of approximately 2 mm 

s−1, and the other area of the channel is less than 1 mm s−1.

 

Fig.12 Temporal averaged tidal residual current without the operation of the tidal array (a) and distribution of the difference 
in speed (b). 

6 Conclusions 

A coastal ocean numerical model FVCOM was refined 
and applied to simulate the hydrodynamic conditions and 
verified against measured data in the PuHu Channel, Zhou-    
shan Archipelago. The validated model was then used to 
estimate the tidal current energy resources of this channel.  

The modeling results revealed that the PuHu Channel 
has 3 sites where the tidal velocities at the mid-flooding 
tide of a spring tide are over 1.8 m s−1. The highest power 
density, 3.6 kW m−2, was found at the central area of the 
PuHu Channel during the flooding tide, and the highest 
power density of 2.5 kW m−2 was found at the west coast 
of the channel during the ebbing tide. The spatial distri-
butions of the generation duration, Hg and Hr, were found 
to be similar to a power density with 3 peaks, and the 
maximums of Hg and Hr located in the middle of the 
PuHu Channel reached to 2000 h and 5500 h, respectively. 

The ocean model was modified to simulate the impacts 
of tidal turbines by adding a sink momentum term to the 
governing momentum equations. The model results dem-
onstrated that the tidal array would not cause noticeable 

changes in the water level, with changes of less than 0.2 

cm. The maximum decrease of the tidal current due to the 
operation of the tidal array is 8 cm s−1 at both mid- flood 
and mid-ebb tide in the tidal farm, but the increased ve-
locities on both sides of the array result in the blockage 
effect. Moreover, the maximum change of tidal residual 
caused by the introduction of the tidal array that appears 
at the downstream area of tidal farm during flooding tide 
and ebbing tide is approximately 2 mm s−1, and the other 
area of the channel is less than 1 mm s−1; such changes are 
negligible in practice. 
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