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A B S T R A C T   

Tidal power generation is a sustainable technology for electricity generation and is regulated by water exchange 
through the hydraulic structures of the tidal power plant (TPP). In the numerical modeling of tidal power 
generation, the water exchange rate through the sluice gate has previously been estimated based on the water 
level difference and was input for the entire water column as a two-dimensional boundary condition. However, 
in this study, a three-dimensional simulation method for the water exchange rate, including submerged hy
drological conditions and the momentum of the surrounding flow, was applied. A new numerical approach to 
water exchange was applied in the idealized tests, and the subsequent model results showed high reproducibility 
for the orifice velocity field results from laboratory experiments. To verify the hydrodynamics with the actual 
region, a numerical model was configured for the Sihwa TPP and evaluated through comparison with obser
vation data. The model not only accurately reproduced the temporal variability of the current velocity results, 
but also reliably reproduced the spatiotemporal flow patterns related to the jet-like and anticlockwise rotating 
flows. Therefore, to explain the complex, spatiotemporal, and asymmetric flow structure around TPP, high- 
resolution grid-based 3D modeling technology associated with the submerged sluice gate is needed.   

1. Introduction 

Tidal power is one of the renewable energy resources and has been in 
the spotlight as a future energy resource due to its infinite and high 
predictability. To utilize this energy, tidal power plants (TPPs) have 
been built in various coastal regions, and as a result, are providing 
economic benefits for the country through electricity generation [1]. 
However, as the exchange of seawater between the downstream and 
upstream regions is artificially blocked by the seawall, it causes signif
icant environmental changes in the surrounding regions [2]. In this 
study, downstream and upstream refer to the estuary and the reservoir 
parts, respectively. The potential environmental changes have been 
predicted through scenario-based studies through numerical modeling 
in the planning stage before TPP construction [3,4]. For instance, A 
two-dimensional (2D) finite volume numerical model based on an un
structured triangular mesh was developed to estimate the hydrodynamic 
effects and flood inundation after the construction of the proposed 
Cardiff–Weston Barrage, the Fleming Lagoon, and the Shoots Barrage in 
the Severn estuary [5]. It was concluded that the Fleming Lagoon project 
would have little impact on the hydrodynamic processes of the Severn 

Estuary, but other lagoon projects would have significant environmental 
impacts. Ahmadian et al. [6] also used 1D and 2D models to evaluate the 
changes in hydrodynamic, sediment transport and water quality pro
cesses by the construction of Cardiff–Weston barrage. This study pre
dicts that the operation of the barrage will cause significant changes to 
the overall environment and ecological conditions of the upstream of 
barrage. The study suggests that further research should be conducted to 
assess the potential positive and negative impacts of these changes. 
Recently, in the case of the La Rance TPP, the 2D depth-averaged nu
merical model of the Rance estuary was developed to analyze hydro
dynamics and tidal wave patterns by the anthropogenically influenced 
estuarine system [7]. Numerical results indicate that in the absence of 
TPP, change in bathymetry does not significantly affect the hydrody
namics, while the discharge from the dam significantly modifies the 
tidal pattern and prisms. These studies are efforts to minimize the 
negative impacts and maximize the benefits of tidal power generation 
and are constantly being improved by various researchers. 

Most of the studies mentioned above were focused on 2D simulation 
analysis, and the water exchange rate between the downstream and 
upstream of the TPP was estimated using the orifice equation derived 
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from the Bernoulli energy equation [8,9] as follows: 

Q=CdA
̅̅̅̅̅̅̅̅̅
2gH

√
, (1)  

where Cd is the discharge coefficient, A is the cross-sectional area of the 
sluice gate, g is the gravitational acceleration, and H is the water head 
difference between the downstream and upstream of the TPP. The 
estimated water exchange rate was specified for the grids corresponding 
to the gates, because it was a 2D simulation, the exchange rate change 
with increasing water depth was not applied. However, in the case of the 
TPP sluice gate, since it is located underwater, the outflow and inflow of 
water occur in the lower vertical layer, and as a result, the flow patterns 
of the upper and lower layers near the sluice gate may be different [10]. 
Wahl [11] suggested that the calculation error of the water exchange 
rate derived from the orifice equation could exceed 40% with these 
underwater flow conditions. In the study of Angeloudis et al. [12], 
although their work was a 2D simulation analysis, they did not calculate 
the water exchange rate for the total water depth, but defined the 
cross-sectional area A according to the height of the sluice gate sub
merged in the lower layer and calculated the exchange rate of orifice 
equation accordingly. As a result, the magnitude of the jet-like flow in 
the 2D simulation results increased, and the formation position changed 
with an increase in the rotational flow radius. Since the modeling of this 
study was also 2D, it was not possible to input the difference in the 
amount of exchange rate by the water depth. 

In this study, a 3D numerical approach was attempted to treat the 
water exchange through the submerged sluice gate of TPP between the 
upstream and downstream regions together with a high-resolution grid. 
In addition, a numerical model was constructed by applying this method 
to the Sihwa TPP. To date, studies of hydrodynamic processes in the 
Sihwa TPP have been conducted by researchers and various organiza
tions also using numerical models [13,14]. However, these previous 
model studies used a square grid of 50 m or more around the sluice gate 
of the Sihwa TPP and exhibited less than 50% reproducibility for the 
strong flow velocity of 1.5 m s-1 or more reported in Kim et al. [15]. 
Furthermore, their model results have not been verified in terms of the 
reproduction of flow patterns due to the lack of available spatial and 
temporal velocity data. Therefore, in order to reproduce the complex 
flow phenomena near the sluice gate such as vortices, pressure defects 
near the bed, and jet velocity fields [16–18], cross-sectional information 
for sluice gates needs to be reflected in the model simulations, and the 
momentum of the upstream and downstream regions of the TPP in 3D 
should be calculated in a corresponding high-resolution grid. Some 
questions regarding the hydrodynamics of the asymmetric flow patterns 
and anticlockwise rotating flow associated with the operation of the 
Sihwa TPP remain unanswered. 

The purpose of this study is (1) to attempt a new treatment method 
for the water exchange processes that can incorporate the submerged 
condition of TPP sluice gates, and (2) to evaluate the performance of this 
new approach in terms of current speed and velocity field by comparing 
the results of the idealized test to laboratory experiments, and (3) to 
verify the capability of the hydrodynamics model using the spatiotem
poral field data after applying this method to the Sihwa TPP, and (4) to 
discuss the impacts of jet-like and rotational flows previously reported in 
the Sihwa regions. 

2. Hydrodynamic model 

2.1. Model description 

The Finite Volume Coastal Ocean Model (FVCOM) used in this study 
is a broadly applicable ocean circulation model developed by the Uni
versity of Massachusetts Dartmouth (UMassD, Dartmouth, MA, USA) 
and Woods Hole Oceanographic Institution (WHOI, Falmouth, MA, 
USA) to simulate hydrodynamics and mass transport in the ocean, 
coastal regions, wetlands, and reservoirs [19]. This model is based on 

the 3D primitive ocean governing equations, including continuity, mo
mentum, and salt- and heat-balance equations as follows: 
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where x, y, and z are the east, north, and vertical axes of the Cartesian 
coordinate. u, v, and w are the components in x, y, and z velocity. P is the 
pressure, ρ is the density, and T and S are the temperature and salinity, 
respectively. f is the Coriolis parameter and g is the gravitational ac
celeration. Fu, Fv, FT, and FS represent the horizontal momentum, ther
mal, and salt diffusion terms, respectively. Km and Kh are the coefficients 
for the vertical eddy viscosity and diffusion, and they are parameterized 
using the turbulence sub-model by Mellor and Yamada level-2.5 (MY- 
2.5) [20]. The Smagorinsky [21] parameterization method is used to 
estimate the horizontal diffusion coefficients. 

FVCOM uses the finite-volume method that discretizes the integral 
form of governing equations and numerically solves them by flux 
calculation over an unstructured-grid of triangle. In the FVCOM mesh 
system, all scalar variables are placed at the nodes of the triangles, 
whereas velocity components are defined at the center of the triangle. 
The use of a σ-coordinate in the vertical, where σ=(z–η)/D; η is surface 
elevation and D is the time-varying total depth, allows for the irregular 
bathymetry to be mapped onto a model domain. FVCOM uses a mode- 
splitting method to solve the momentum equations with two distinct 
time steps of external and internal modes. The external mode consists of 
a vertically integrated transport equation in which the water level is 
explicitly solved using a short time step constrained by the ratio of the 
horizontal resolution and the phase speed of the long gravity wave. The 
internal mode solves 3D momentum equations and uses a longer time 
step for the phase speed of the internal wave. These time steps in the 
external mode and internal mode can efficiently accommodate faster 
barotropic and slower baroclinic responses. The detailed FVCOM fea
tures for the discrete equations and various boundary conditions are 
described in the FVCOM manual [22]. 

2.2. Treatment of the water exchange through the sluice gate of the TPP 

The FVCOM dike-groyne module in this study was used to simulate 
the hydrodynamic processes resulting from the operation of the TPP 
[23]. By treating thin hydraulic structures with kinematic boundary 
conditions, this module can reproduce a more realistic flow and tracer 
for the complex currents, water exchange, and turbulent mixing in the 
area where the submerged structures were installed. To apply this 
module, a domain decomposition method that decomposes the entire 
model domain into a downstream domain and an upstream domain 
relative to the TPP was applied, which has been widely recognized as an 
efficient method for the simulation of high-resolution physical processes 
around hydraulic structures [24]. The downstream and upstream do
mains were hydrodynamically connected through two opposing nodes 
and cells used in the module (Fig. 1). The solution of the water level (ζ) 
at the connecting nodes on the wall was calculated during the simulation 
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as follows: 

ζ =
ΩDW ζDW + ΩUPζUP

ΩDW + ΩUP
, (3)  

where the subscripts DW and UP indicate the downstream and upstream 
sides, respectively. Ω is the area of the connecting cells. The ζDW and ζUP 
are the water level calculated by the water flux at the connecting cells. 

The FVCOM dike-groyne module considers the real-time water level 
and height of gate (h) to determine the submerged vertical layer and 
using this, the momentum between the upper and lower layers can be 
calculated. The research of Ge et al. [21] dealt with the process of free 
momentum exchange within the upper layer, but in this study, the 
process of free momentum within the lower layer was considered. The 
horizontal velocity was calculated using the second-order upwind 
scheme derived by Kobayashi et al. [25], and the boundary conditions of 
the connecting cells were regarded as a solid wall according to the open 
or closed state and the height of the sluice gate. For instance, when the 
hydraulic turbine and sluice gates are closed (e.g., standby phase), the 
horizontal velocities were treated as a solid wall boundary where the 
velocity component normal to the solid wall was zero. When the hy
draulic turbine and sluice gates are opened (e.g., power generation or 
drain phases), the velocity was calculated allowing for the free exchange 
of seawater in the lower layers below the height of the sluice gate (− H ≤
z < –H + h). The velocity towards the wall was treated as zero so that the 
inflow of seawater in the vertical layer above the height of the sluice 
gate (− H + h ≤ z < 0) was blocked by the solid wall and laterally 
diverted. 

The vertical velocity (ω) in the lower free-exchange layer is calcu
lated as follows: 

ωi,k+1 =ωi,k +
Δσk

ΔtI

(
ζn+1

i − ζn
i

)
+

Δσk
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∮
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un
N,kDdl, (4)  

where i, k, and n represent the ith pair of connected nodes, the kth in σ 
level, and nth time step, respectively. N is an indicator of the velocity 
component perpendicular to the boundary of a cell with a length of l. ΔtI 
is the time interval of internal mode. ζn+1

i is calculated through the 
vertical integrated continuity equation of external mode. On the other 
hand, in the upper solid wall layer, ω at the vertical level is calculated 

separately for the area of DW and UP cells as follows: 
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The ω, which is calculated with adjusted internal velocities through 
these equations, not only guarantees that the volume transport is con
servative in the whole water column but also in an individual cell vol
ume in each σ layer. 

In numerical modeling, artificial boundaries are introduced to define 
the extent of the domain when simulating waves or fluid flow in a 
limited computational region. These boundaries can cause unwanted 
wave reflections to re-enter the domain, leading to erroneous interfer
ence and inaccuracies in the simulation results. A sponge layer is an 
additional region introduced around the domain boundary [26]. The 
properties of this region are designed to effectively attenuate the 
amplitude of outgoing waves when they reach the boundary, by 
absorbing them. This absorption helps prevent reflections from return
ing to the domain and reduces the effect of the boundaries on the 
simulated wave or fluid motion. To consider the energy attenuation near 
the sluice gate, the sponge layer technique introduced by Kirchner et al. 
[27] was used in the interior open boundary as follow: 

uS
i =

ui

1 + c(d)(u2
i )
, (6a)  

c(d)= c0 max
(

1 −
d
rS
, 0
)

, (6b)  

where ui denotes the eastward or the northward velocity component, c is 
the sponge-layer coefficient in dependency of the distance d toward the 
nearest boundary grid point and uS

i denotes the velocity value being 
further used in the grid element. A sponge-layer coefficient c0 and a 
sponge radius rs are defined for each open-boundary grid point. With 
rising distance d between the grid element and the open-boundary grid 
point, for all grid elements in the model domain the sponge-layer coef
ficient decreases linearly according to the equation. In this study, the 
meshes connecting the upstream and downstream were fabricated based 

Fig. 1. Schematic representation for explaining the water exchange processes between the downstream and upstream of the sluice gate. The water level and mo
mentum of the two domains were linked by the FVCOM dike-groyne module presented in Ge et al. [21]. 
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on the width of the sluice gate of the Sihwa TPP, 19.3 m. In order to 
minimize the effect of the velocity attenuation, the sponge layer length 
related to the treatment of TPP was set to 20 m, which represents the 
width of the sluice gate. 

With this method, the variables related to the hydrodynamics model, 
such as the surface elevation and current velocity, were directly atten
uated at every time step. This sponge layer does not affect the interior 
solution, only the numerical solution near the boundary. Overall, in this 
study, the estimated value of the orifice equation for the water exchange 
rate was not entered as a boundary condition, but the momentum ex
change was automatically calculated under internal open boundary 
conditions by solving the governing equation directly according to the 
height of the sluice gate in the model. The simulations of the water 
exchange through the sluice gate of the TPP require large computational 
resources due to the high-resolution grid (<19.3 m) corresponding to 
the width of the sluice gate and the short calculation time interval (<0.1 
s) for reproducing the strong flow. The FVCOM code decomposes the 
domain using the METIS graph partitioning libraries, and inter- 
processor communication uses Message Passing Interface (MPI) calls. 
In addition, the computational resources for modeling in this study use 
28 CPU-cores in each of the 4 nodes. 

3. Idealized tests 

3.1. Assessing the orifice flow velocity of FVCOM module 

To evaluate the capability of the FVCOM dike-groyne module on 
orifice flow velocity, an idealized rectangular channel was configured 
for the laboratory experiments presented in Oh et al. [28]. The numer
ical simulation was performed with almost identical settings to the “Case 
A″ experiment from their study (hereafter referred to as the Oh-A) 
(Table 1). The lengths of the channel in the x and y dimensions were 
23.6 m and 16.0 m, respectively (Fig. 2a). The model grid consisted of an 
unstructured triangular mesh, and the horizontal resolution varied from 
0.27 m near the sluice gate to about 0.5 m in the open boundary. A total 
of 81 sigma levels were assigned vertically in the entire grid. As shown in 
Fig. 2b, the water depth at a distance of 0–0.71 m away from the sluice 
gate located in the center was 0.32 m, and at a distance of 0.71–2.65 m, 
the water depth decreased to 0.129 m with a linear slope. The water 
depth from a distance of 2.65 m to both open boundaries was also 0.129 
m with the flat-bottom condition. 

The entire model domain was composed of two parts based on the 
domain center: the left region with the boundary condition of inflow and 
the right region with the boundary condition of outflow. Both the inflow 
and outflow rates at the open boundaries were set to a constant of 0.217 
m3 s− 1. These two domains were dynamically linked by 20 connecting 
cells located at the center of the model domain by the FVCOM dike- 
groyne module (green box in Fig. 2a). The height of the sluice gate 
was set to 0.182 m, and the gate was open at all times to allow the free 
exchange of water throughout the entire water column. There is a dif
ference between the width of the gate set up in FVCOM and the width of 
the gate fabricated in the experiment of Oh-A due to the presence of a 
thin wall of 0.042 m. When a 0.042 m wall was implemented as a model, 
the grid resolution became too high, and as a result, the instability 
increased, and the model results were not realistic. The difference in 

cross-sectional area caused by a thin wall of 0.042 m is 0.0076 m2. The 
horizontal and vertical mixing coefficients of 10− 5 m2 s− 1 suggested by 
Kunze and Sanford [29] were used. Considering the model stability, the 
total simulation time was set to 3 days with an internal time step of 1 s 
and an external time step of 0.1 s. 

The FVCOM results associated with the spatial flow patterns are 
shown in Fig. 3a. In Fig. 11 of Oh et al. (2016), the current speed in the 
left domain increased due to the convergence of the flow near the sluice 
gate. In the right domain, the water passing through the sluice gate 
formed a fan-shaped flow at the center of the channel, resulting in a 
rapid increase in current speed. These flow patterns are a jet-like flow 
derived from the reduction of the conveyance cross-sectional area of the 
sluice gate and is a well-known representative flow phenomenon in the 
vicinity of hydraulic structures [30]. These flow patterns were distinctly 
reproduced by the FVCOM dike-groyne module. The flow in the left 
domain was entrained toward the sluice gate, and the current velocities 
of the southern and northern parts increased more than those at the inlet 
of the sluice gate. In addition, a fan-shaped jet-like flow was formed in 
the center of the right domain channel. Although there are some dif
ferences between Flow-3D and FVCOM results in spatial flow patterns, 
these key dynamics are functionally calculated. For hydrodynamics in 
the vicinity of the sluice gate, the results of the Flow-3D model with a 
third-order numerical scheme has a higher accuracy than the FVCOM 
using the second-order numerical scheme. This difference in accuracy 
between FVCOM and Flow-3D may affect the difference in velocity 
distribution. 

In terms of the increase in current speed, the module also predicted 
the current speed of up to 0.45 m s− 1 measured with electronic equip
ment of Oh-A well. The time-series results for the current speed at P1 are 
presented by the solid black line in Fig. 3b. At the beginning of the 
simulation, the current speed at P1 reached approximately 0.44 m s− 1 

during a stabilization period of 0.23 days. A stable current speed was 
then maintained for the remainder of the simulation period, with the 
variability of 0.07 m s− 1. The velocities at ten sluice gates were 
normalized by spatial mean of the velocities are shown in Fig. 3c. 
Although there are oscillations in the normalized data, the data at both 
ends are relatively weak, and in the central region they formed a 
parabola with the variations of 2–5%. Although not perfectly consistent 
with Oh-A results, the distribution pattern of these normalized velocity 
data matches Oh-A’s results quite well. For example, the highest 
normalized velocity was calculated in gate 4 of FVCOM, similar to that 
measured in gate 4 presented in Fig. 5b of Oh-A. The results of Cd = Q/A 
̅̅̅̅̅̅̅̅̅
2gH

√
estimated by using the velocities and water head difference of 

model near the gates were also reliable (Fig. 3d). In the Oh-A, between 
0.2 and 0.7 in H, Q increases from 0.01 to 0.022 m3 s− 1, and Cd also 
increases from 1.3 to 1.43. In FVCOM results, between 0.2 and 0.7 in H, 
Q increases from 0.012 to 0.0216 m3 s− 1, and Cd also increases from 1.31 
to 1.405. The good agreement between these numerical models and 
laboratory experimental results of Oh-A on the spatial flow patterns, 
velocity distribution, Q and Cd of the sluice gate suggested that the 
FVCOM’s module can reproduce the hydrodynamics in the TPP system 
based on the orifice. 

3.2. Submerged flow in response to the sluice gate height 

To examine whether the module can reproduce 3D submerged flow, 
an idealized model domain with conditions similar to that of the Sihwa 
TPP was constructed (Fig. 4). The entire domain was divided into the 
downstream of 50 × 25 km2 in correspondence with the Sihwa estuary 
(downstream) and the upstream of 4 × 8 km2 corresponding with Lake 
Sihwa (upstream). These two domains were connected by the FVCOM 
dike-groyne module, and the width of this connecting grid was 19.3 m, 
which was composed using a high resolution of the Sihwa TPP gate 
width. The left side of the connection grid contained cells corresponding 
to 10 turbine gates, and on the right side, there were cells corresponding 

Table 1 
FVCOM setup details for the Oh-A.  

Properties Setup values 

Number of nodes 2476 
Number of cells 4660 
Number of connected cell pairs 10 
Resolution at open boundaries (m) 0.50 
Resolution at connected cell (m) 0.27 
Range of water depth (m) 0.13–0.32 
Inflow and outflow rates (m3 s− 1) 0.217  
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to eight sluice gates without a turbine. In accordance with Bae et al. 
[31], the heights of the sluice gates without the turbine were set to 12 m 
both upstream and downstream, whereas those in the downstream and 
upstream with the turbine were set to 16 m and 14.9 m, respectively. 

The seaward open boundary condition was set similarly to that of the 
Sihwa region. Considering that the tidal propagation in the Sihwa region 
was from southwest to northeast [32], the location of the seaward open 
boundary was set to the west. Then, the mean tidal range of 5.5 m in the 
downstream was input. The water depth was set to 20 m as a flat bottom 
for the entire area and the sponge ranges and coefficients for all sluice 
gates were set to 20 m and 0.90, respectively. The total simulation time 
was 10 days, and the water exchange process was conducted only during 
the drain phase for 1–3 days to stabilize the model. Additionally, for 
comparison to evaluate the performance of the submerged flow on the 
velocity profile, a model case was conducted in which the discharge rate 
was applied to the entire water column by setting the gate height to 20 
m. 

The model results for the velocity fields and current speed are shown 
in Fig. 5. In the tide-predominant regions, spatial vortices can be formed 
irregularly in addition to jet-like flow, because the discharge direction 
was oblique compared to the main passage direction of the tidal current 
[15]. During the drain, a strong jet-like flow was formed in the down
stream, and the flow direction turned westward due to the influence of 
the ebb current from more than 1 km away from the sluice gate. As a 
result of this horizontally strong velocity shear, the anticlockwise 
rotating flows with a 1 km radius occurred in the western part of the 
jet-like flow. The current speed in the upstream during power generation 
was relatively strong compared to that in the downstream during the 
drain. However, the current flow mainly propagated in the south, 
forming a jet-like flow with a greater width compared to during the 
drain. 

The FVCOM dike-groyne module calculates the current velocity 
differently depending on the height of the submerged sluice gate. The 
normal velocity profiles in the upstream through the sluice gate between 
the model results of the case entering the discharge rate into the height 
of the sluice gate and the model results of the case entering the discharge 
rate into the entire water column during the drain phase are shown in 

Fig. 6. In the case of applying the gate height of Sihwa TPP, the normal 
velocity magnitude for a sluice gate without a turbine (Fig. 6a) was 
greater than that with a turbine due to a decrease in the cross-sectional 
area of the gate. Since the gate height was 12 m, the normal velocity 
magnitude within 8 m depth was also calculated as zero, whereas that 
reached 1.8 m s− 1 at 8–20 m depths. At the turbine sluice gate (Fig. 6b), 
the normal velocity magnitude within 5 m depth was calculated as zero 
during the drain phase, whereas that reached 1.3 m s− 1 at 5–20 m 
depths, corresponding to the gate height. On the other hand, when the 
discharge rate is applied to the entire water column, The current velocity 
was calculated in the form of a logarithmic profile affected by typical 
bottom friction. Since the water volume and momentum is conserved, 
the depth-averaged velocity is the same in both simulations, but the 
maximum velocity values in the case where the height of the TPP sluice 
gate is applied are 10–40% higher. This current velocity increase due to 
cross-sectional area change is suitable for solving the complex hydro
dynamics around the sluice gate. In order to confirm the reproducibility 
of this process, the FVCOM was applied to the Sihwa TPP case with this 
module, and model performance was subsequently evaluated through 
comparative verification with in-situ observation data. 

4. Application to the Sihwa TPP 

4.1. Regional characteristics of Sihwa TPP 

The west coast of South Korea is well-known as a suitable estuary for 
tidal power generation, and as a result, the Sihwa TPP has been suc
cessfully operating there since 2011 [31,33]. The Sihwa TPP is located 
in the middle of the 11.2 km long Sihwa seawall, with the downstream 
and upstream of this seawall known as the downstream and upstream 
(Fig. 7a). The mean water depth here was approximately 13 m. The 
Liquefied Natural Gas (LNG) reserve base and Incheon New Port are 
located in the northern part of the TPP, with a sea route for large ships in 
front of them. The northeastern part is connected to a small river, and 
the Sorae port and wetlands were formed. 

The downstream is a macrotidal environment with an average tidal 
range of 5.5 m. The tide level exhibited typical semi-diurnal tides with 

Fig. 2. (a) Idealized model domain configured to test the laboratory experiment of Oh et al. [28], and (b) the side view of the model domain. The left and right light 
green squares at both ends of the model domain in (a) are the open boundaries for inflow and outflow, respectively. A green box in the center of the domain 
represents a sponge layer area containing nodes and cells connecting the two domains. 
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spring-neap variations, and the mean spring and neap tidal ranges were 
7.7 m and 3.3 m, respectively. Although the tidal current was artificially 
suppressed by the seawall, the water level in the upstream showed 
similar variability to the water level in the downstream through periodic 
seawater inflow and outflow during tidal power generation. As reported 
by Kim et al. [34], the amplitude of the water level in the upstream was 
up to 2 m, more than twice as low as that in the downstream, although 
spectral analysis in the upstream showed that the five major tidal con
stituents of M2, S2, K1, O1, and N2 were dominant. 

The flood generation method of Sihwa TPP is operated in three 
phases over a tidal cycle: Power generation, drain, and standby. The 10 
sluice gates with hydraulic turbines and eight sluice gates with no tur
bine were used for the exchange of seawater, with a maximum exchange 
volume of 150 million tons during the power generation and drain 
phases (Fig. 7b). During power generation (Fig. 7c), as the water level at 
the downstream raised due to the flood phase, 10 turbine gates were 
opened to allow the seawater of downstream into the upstream whilst 
generating electricity through the turbines. Since the upstream region 

Fig. 3. FVCOM results for Oh-A: (a) snapshot of the spatial flow velocity from day 4, (b) current magnitude variations at P1, (c) normalized velocity at ten sluice 
gates, and (d) discharge coefficient and rate as a function of the water head difference. 
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should not be flooded, power generation is performed up to the 
maximum water level of − 1 m. During the drain phase (Fig. 7d), as the 
ebb current began and the water level in the downstream was lower than 
that in the upstream, the seawater in the upstream was discharged into 
the downstream using the eight sluice gates and 10 turbine gates. 

To date, the Sihwa TPP holds the world’s largest power generation 
capacity of 254 MW, contributing significantly to the energy supply with 
an annual power output of 552.7 GWh [35]. However, the hydrody
namics and sediment dynamics near the Sihwa regions also showed 
rapid variation due to discharge from Sihwa TPP. After operation of the 
Sihwa TPP began, the flow velocity and suspended sediment concen
tration increased by 4.3 and 5.5 times, respectively [15]. As a result, 
concerns have been raised surrounding the disruption of the safe oper
ation of ships passing through the Incheon New Port and LNG base 
located in the northern part of the TPP. In addition, the tidal variations 
in the water level and flow patterns were observed again due to the 
increase of seawater exchange at upstream [34], and as a result, con
cerns about flooding in the surrounding private and industrial com
plexes have increased [36]. 

4.2. Model setup 

The model domain included Gyeonggi Bay and its offshore region as 

well as the downstream and upstream regions of the Sihwa TPP (Fig. 8a). 
The coastline of the model domain was constructed using the latest 
digital charts, topographic maps, and satellite imagery data obtained 
from the National Geographic Information Institute (NGII). The model 
grid system had 82096 nodes and 156998 triangular cells in the hori
zontal direction, with 11 sigma levels in the vertical direction. The depth 
information of nodes was obtained by the depth data of a digital chart 
from the Korea Hydrographic and Oceanographic Agency (KHOA), and 
the depth near the Sihwa TPP was augmented using the bathymetric 
survey data conducted in 2017. Horizontal resolution varied from 20 m 
near the Sihwa TPP to approximately 500 m in the bays, before gradu
ally expanding to 4.27 km near the open boundary (Fig. 8b). Based on 
the Courant-Friedrichs-Lewy (CFL) condition, computational time steps 
in the external and internal modes were 0.5 s and 2.0 s, respectively. 
Both initial values of water level and velocity were set to zero. To 
calculate the friction at the bottom boundary layer, the bottom rough
ness height (z0) was set at 0.2 cm. 

The seaward open boundary for this study was set up as a water level 
boundary with the 5 tidal constituents (M2, S2, K1, O1, N2) in the region 
to cover both spring and neap variations. The harmonic constants for the 
seaward open boundary were extracted from the TPXO09-atlas model 
results with 1/30 resolution using the tide model driver (TMD) toolbox 
developed by Oregon State University. The validation results of TMD 

Fig. 4. Idealized model domains to test the reproducibility of the model for the anticlockwise rotating flow. Similarly, to the area of the Sihwa TPP, the entire domain 
consisted of a scale for two areas: the upstream of Lake Sihwa and the downstream of the Sihwa Estuary. 
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Fig. 5. (a) Model results for the water level of the downstream (black line) and upstream (blue line) adjacent to the sluice gate. The model results for the velocity 
fields during the (b) drain and (c) power generation phases. Blue and red circles in (a) indicate the period of drain and power generation phases. 
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were presented by Zu et al. [37]. The long- and short-term changes in 
salinity and temperature observed in the Sihwa region were relatively 
small [38], and the vertical salinity gradients exhibited almost 
well-mixed structures (△S < 0.4) in response to operation of Sihwa TPP 
[15]. Since this study is focused on reviewing the performance of the 
tide model and the water exchange process, we neglected the effect on 
baroclinic forcings induced by the horizontal density gradients. How
ever, since freshwater is also affected during the monsoon season in this 
sea area [39], additional studies will be conducted in consideration of 
salt and water temperature in real-time in future plans after the model 
evaluation paper on seawater exchange. 

The two domains of upstream and downstream were dynamically 
linked by the FVCOM dike-groyne module (Fig. 8c). The width of the 
connecting cell was configured with a high resolution of 19.3 m, 
equivalent to the width of the sluice gate for the Sihwa TPP. The left and 
right sides of the Sihwa TPP consisted of cells corresponding to 10 tur
bine gates of 193 m and the eight sluice gates of 154.4 m. The input data 
for the gate opening and closing times associated with the water ex
change were based on the actual operating data obtained from the Korea 
Water Resources Corporation (http://tlight.kwater.or.kr). The sponge 
ranges in the connecting grids of the module were set to 20 m, and co
efficients for the sluice gate with and without the turbines were 0.9 and 
0.6, respectively. 

4.3. Model assessment 

The water exchange processes during the power generation and 
drain phases had a significant influence on current speed and spatial 
flow patterns in the Sihwa region. During the drain phase (Fig. 9a and b), 
a jet-like flow towards the northwest was formed in the downstream. 
Flow direction was diverted westward by the interaction of the ebb 
current within a range greater than 2 km from the TPP, and an anti
clockwise rotating vortex was formed on the left side of the jet-like flow. 
In addition, the water exchange process increased not only the current 
speed of the surface layer but also the current speed of the bottom layer 
at least 1.7 m s− 1. During power generation (Fig. 9c and d), a jet flow 
from the upstream to the southeast was formed, although flow velocity 
strength was weaker by up to 1.1 m s− 1 compared to the drain phase. In 

addition, unlike the vortex type generated by one side during the drain, 
a dipole vortex was formed on both sides of the jet-like flow during 
power generation. The jet flow associated with such an increase in flow 
velocity can induce complex flow patterns such as vortex and reverse 
flow, thereby resulting in asymmetric mass transport. 

To verify these model results, the values of the mean error (ME), 
mean absolute error (MAE), root mean square error (RMSE), normalized 
RMSE (NRMSE), and predictive skill (Skill) were used for the quantita
tive assessment between the model results and observations [40]: 

ME=

∑
(Xmodel − Xobs)

N
, (7a)  

MAE=

∑
|Xmodel − Xobs|

N
, (7b)  

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(Xmodel − Xobs)
2

N

√

,NRMSE=
RMSE

Xobs,max − Xobs,min
100 (7c)  

Skill= 1 −

∑
|Xmodel − Xobs|

2

∑
(|Xmodel − [Xobs]| + |Xobs − [Xobs]|)

2 , (7d)  

where Xmodel and Xobs are the variables in the model result and obser
vation, respectively, N is the number of observations, and [Xobs] is the 
time-averaged variable in the observation. ME means that it is possible 
to confirm whether the model results represent an under-performance or 
an over-performance. Since MAE represents the absolute value of the 
error between the observed and model values, if the MAE is low, it 
would mean that the model performance is good. The RMSE indicates 
the average difference between the predicted values of the model and 
the observation values, and NRMSE is similar to RMSE, but has stan
dardized features to prevent errors due to units and size of numbers. The 
Skill provides the index of the model-data agreement, with Skill =
0 indicating complete disagreement and Skill = 1 representing perfect 
agreement. 

4.3.1. Water level 
The model results for water level were evaluated using hourly water 

level data at 10 tide stations including Gulupdo (P1), Daesan (P2), 

Fig. 6. Comparisons of normal velocity profiles between entering the discharge rate into the height of the sluice gate and entering the discharge rate into the entire 
water column during drain phase: velocity profiles (a) without and (b) with turbine. the normal velocity refers to the north-south direction component of the velocity. 
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Pyeoungtaek (P3), Yeongheungdo (P4), Ansan (P5), IncheonSongdo 
(P6), Incheon (P7), Youngjong bridge (P8), Ganghwa bridge (P9), and T- 
LIGHT station (P10) (red circles in Fig. 8a). The results of the error 
analysis on the water level are summarized in Table 2. At P1 in the 
farthest out to sea, the model’s water level was underestimated by 2 cm, 
while the water levels at P2–P9 were overestimated by up to 6 cm. MAE 
had a low error range of 8–11 cm, and Skill showed a high value of 0.99 
for P1–P9. The RMSE at all stations varied between 9 and 14 cm, and 
NRMSEs of less than 5% were calculated for water level reproduction. In 
terms of temporal variability, the model also reproduced the water level 
at P6 close to the Sihwa TPP well, including semidiurnal tide and spring- 
neap variations (Fig. 10a). 

The water level of the model in the upstream also exhibited a rising 
and falling pattern twice a day from the water exchange process, which 
agrees with the tide variations observed at P10 (Fig. 11a). Although the 
water level of the model was underestimated during the spring tide 
(109–114 days), MA and MAE showed a low error range of − 2 to 9 cm, 
respectively, and Skill was also calculated at a high value of 0.96. As a 
result, the model reproduced the water level with a good evaluation, so 
therefore can capture the amplitude and phase of the barotropic tide in 
the estuary. In addition, since the water exchange rate of the Sihwa TPP 
was basically determined by the water level difference between the 
downstream and upstream, the high reproducibility between these 
models and observations can provide reliable information for mo
mentum calculations. 

4.3.2. Temporal variability of current velocity 
After confirming the model performance on the reproduction of tidal 

characteristics, the model results were compared with current velocity 
data of two moorings (M1 and M2) to examine the reproduction of hy
drodynamics in response to the water exchange process of the TPP. The 
data from M1, and M2, at distances of 3 km and 1 km from the TPP, 
respectively, were collected by Kim et al. [15,34] in November 2014 for 
the downstream and March 2015 for the upstream. The model run was 
conducted from November 1, 2014 to August 31, 2015 to cover these 
observation periods. 

The model results for the current velocity variations in the down
stream were evaluated to be reliable (Table 3). For the depth-averaged 
velocities (u and v) at M1 (Fig. 10b–d), ME was small, ranging be
tween − 5 to 6 cm s− 1, whilst MAE ranged from 11 to 12 cm s− 1. The 
RMSEs for u and v were 13 and 14 cm s− 1, respectively, and the NRMSEs 
were 15% and 17%, respectively. The model had reasonable Skills of 
0.83–0.80 in simulating the u and v, although the model slightly under- 
predicted u while slightly over-predicting v. Furthermore, the model 
successfully reproduced periodic velocity peaks of 0.8 m s− 1 or more 
associated with the jet-like flow during the ebb current. 

Compared to the observation results during the spring tide period of 
311 and 315 days, the underestimation of u and the overestimation of v 
of the model are related to the reproducibility of the water level in the 
upstream. In Fig. 11a, although the period is different, it can be seen that 
the model water level is higher than the observed water level in each 

Fig. 7. (a) Location map of the study area, Sihwa tidal power plant (TPP) (red dotted circle), within the frame on the west coast of South Korea, and (b) strong flow 
during the drain phase captured by satellite (source: Google Earth). The white dotted lines in (a) indicate the sea route for ships passing through LNG Receiving 
Terminal and Incheon New Port. The gates of TPP consist of 10 turbine gates and the eight sluice gates. Schematics explaining seawater exchange processes during 
the power generation and drain phases are shown in (c) and (d), respectively (http://tlight.kwater.or.kr). 
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Fig. 8. Model domain with bathymetry and horizontal grid structure. Nine tide stations from the Korea Hydrographic and Oceanographic Agency (KHOA: P1–P9) 
and one T-LIGHT station in the upstream from the Korea Water Resources Corporation (K-water: P10), and ADCP mooring stations (M1 and M2) and ADCP transect 
lines (yellow lines) in 2014 and 2015. 

Fig. 9. The model results for near-surface and -bottom velocity fields during (a, b) drain and (c, d) power generation phases. The current speed was shown as a 
contour, and the magnitudes of the vector plots were normalized. 
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drain phase for 108–112 days of the spring tide. This means that during 
the drain phase, the water volume in the upstream was less discharged 
downstream than actually exchanged water volume. Due to the 

difference in the range of the jet-like flow that can occur downstream 
during ebb tide and the resulting rotational flows, the error between the 
observed flow velocity time series can occur relatively large during the 

Table 2 
Model assessment for the water levels at P1–P10.  

Variable Station Location (Latitude/Longitude) Observation periods Data resource ME (cm) MAE (cm) RMSE (cm) NRMSE (%) Skill 

Water level P1 37◦11′40.44″N, 125◦59′42.30″E 11/1 in 2014– 
1/25 in 2015 

KHOA − 2 8 9 1 0.99 
P2 37◦0′27.00″N, 126◦21′10.00″E 1 8 9 1 0.99 
P3 36◦58′0.70″N, 126◦49′21.70″E 2 10 12 3 0.99 
P4 37◦14′19.00″N, 126◦25′43.00″E 1 10 12 3 0.99 
P5 37◦11′32.00″N, 126◦38′49.93″E 4 12 14 4 0.99 
P6 37◦20′17.50″N, 126◦35′9.75″E 5 11 13 3 0.99 
P7 37◦27′7.14″N, 126◦35′31.60″E 2 11 12 3 0.99 
P8 37◦32′43.80″N, 126◦35′4.10″E 6 11 12 3 0.99 
P9 37◦43′55.00″N, 126◦31′20.00″E 4 8 10 2 0.99 
P10 37◦18′41.89″N, 126◦36′38.41″E 4/14–5/6 in 2015 K-water − 2 9 12 3 0.96  

Fig. 10. Comparison of time series results between model and data at M1: (a) water level, (b) depth-averaged current magnitude, (c) east-west and (d) north-south 
components of depth-averaged velocity. The red lines and blue circles in each panel are model results and observation results, respectively. In (c) and (d), the positive 
values indicate the depth-averaged velocity towards east and north, respectively. 
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spring tide. For another reason, since the effect on baroclinic forcings is a 
modeling result before consideration, it needs to be studied as an 
improvement in this part in the future. 

The model results for the current velocity of the upstream were 

analyzed to be more accurate than those of the downstream 
(Fig. 11b–d). In error analysis, for u and v, MA was analyzed as − 4 and 1 
cm s− 1, respectively, while MAE was analyzed as 9 and 5 cm s− 1, 
respectively. The RMSEs for u and v were 9 and 10 cm s− 1, respectively, 

Fig. 11. Comparison of time series results between model and data at M2: (a) water level, (b) depth-averaged current magnitude, (c) east-west and (d) north-south 
components of depth-averaged velocity. The red lines and blue circles in each panel are model results and observation results, respectively. In (c) and (d), the positive 
values indicate the depth-averaged velocity towards east and north, respectively. 

Table 3 
Model assessment for the depth-averaged velocities at M1 and M2.  

Variable Station Location (Latitude/Longitude) Observation periods Data resource  ME 
(cm s− 1) 

MAE 
(cm s− 1) 

RMSE 
(cm s− 1) 

NRMSE (%) Skill 

Current velocities M1 37◦19′37.20″N, 
126◦35′49.20″E 

3/9–4/15 in 2013 ADCP (RDI, 600 kHz) u 6 11 13 15 0.83 
v − 5 12 14 17 0.80 

M2 37◦18′17.40″N, 126◦37′5.40″E 4/14–5/6 in 2015 u − 4 7 9 11 0.90 
v 1 8 10 12 0.87  
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and the NRMSE was less than 12%. Skills were 0.90 and 0.87 for each 
respective velocity component, and high accuracy was derived. Unlike 
the water level characteristics that showed variability in the spring-neap 
variations, the temporal variability of the current velocity exhibited the 
same patterns between spring and neap tides. The peaks of 1 m s− 1 or 
more related to the jet-like flow occurred periodically, and this was 
reproduced by more than 80% in the model. On the other hand, the 
difference in the velocity peak between the spring and neap tides was 
0.1 m s− 1 or less, and almost the same flow phenomenon occurred. 
During non-water exchange periods, the current velocity was main
tained weakly at less than 0.2 m s− 1. Since the upstream flow phe
nomena were particularly dependent on the water exchange processes, 
the high reproducibility of current velocity suggested that most tem
poral variability of the current velocity can be explained more clearly. 

4.3.3. Spatial flow patterns and volume transport around the TPP 
The model results for flow patterns strongly agreed with observed 

flow patterns along transects ABCD (Fig. 12) on February 5, 2015. The 
observation data for flow patterns were obtained by surveys with the 
ship-mounted acoustic Doppler current profiler (ADCP) presented by 
Kim et al. [32]. During the drain phase (Fig. 12c–g), the model slightly 
under-estimated the magnitude of current velocity at transect BC whilst 
slightly over-estimating the magnitude of current velocity at transect 
AB. During the power generation phase, the model also reproduced the 
complex flow structure in transect CD. In particular, for Fig. 12i–k, the 
model results for reverse flow at the southernmost end of the transect CD 
were well-matched with the observation results. 

The model also accurately reproduced the observed variation in 

instantaneous normal flux (Qinf) at each transect (Fig. 13). The Qinf of 
each transect is calculated as follows: 

Qinf =

∫∫

un • dA (8)  

where un is the normal velocity component, and A is the cross-sectional 
area. 

The Qinf at transect AB in the model showed the curve of the tidal 
wave with a range of − 0.9 × 104 to 1.5 × 104 m3 s− 1 and had an error 
range of less than 0.6 × 104 m3 s− 1 compared to the observed Qinf. The 
model Qinf of transect BC, where the effect of the jet-like flow appeared, 
showed high reproducibility for the observed value of Qinf. The change 
in Qinf was also well reproduced in the model for the CD transect with 
the lowest transport volume. Although the observation data include 
dynamics associated with the tide and water discharge as well as dy
namics associated with the wind, temperature, and salinity, the model’s 
capability is sufficient to explore the changes in the temporal and spatial 
variability of the current velocity in response to the effects of discharge. 

5. Discussion 

5.1. Complementary points of previous observational studies 

In previous observational studies conducted in the downstream, the 
sediment or mass transport patterns were estimated, but the mecha
nisms were not identified because the overall spatial flow pattern could 
not be presented [15,32]. The 3D simulation results satisfying the orifice 
theory and reflecting an increase in flow velocity with different sluice 

Fig. 12. Model-data comparison for spatial flow patterns over a tidal cycle along ABCD. The observation data were collected on February 5, 2015, and the relevant 
results were presented in Kim et al. [32]. The black and blue lines indicate the observation results and model results, respectively. 
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gate heights can help understand the effects of TPP operation on spatial 
mass transport of the downstream. First, Kim et al. [15] estimated that 
the vortex formed by jet-like flow during the drain phase results in only 
anticlockwise rotating flows, not in the typical dipole form. And when 
the phase turned to the power generation phase, they estimated that the 
high concentration of suspended sediment in the drain phase will be 

directed towards the TPP due to the occurrence of secondary flow. 
However, in the model results, dipole vortices are formed during the 
drain phase (Fig. 14a). The vortex in the western region of the jet-like 
flow has a larger radius and stronger flow intensity than the vortex in 
the eastern region. During the power generation period, it was evident in 
the model that as the sluice gates were opened, the surrounding flow was 

Fig. 13. Model-data comparisons for the instantaneous volume fluxes at transects AB, BC, and CD on February 5, 2015. The black line and red circles in (a) indicate 
water level variations and observation time, respectively. The dashed and solid lines indicate the model and observation results, respectively. In (b), the arrows in the 
upper left box represent the direction of the positive normal volume flux of each transect. The black dotted line in (b) represents the low tide. 
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drawn towards the plant (Fig. 14b). An interesting fact is that not only 
the flow in the northern part of the island in front of the TPP, but also the 
flow through the narrow channel in the southern part is strongly drawn 
towards the turbine gates. This suggests that the main source of 
concentrated sediments is more likely to be sediments through the 
southern channel than in the northern channel. 

The second unidentified result was that despite the flood current 
period in which the northeast flow was dominant, the reversed flow 
towards the southwest occurred at the southern end of the DD’ [32]. 
These flows are related to flow entrainment during the power generation 
phase. During the power generation phase (Fig. 14b), the current ve
locity towards the northeast through transect AB is rotated towards the 
Sihwa TPP in the eastern part of the island. The entrainment flows to
ward the gate formed inside A’BCD’ also affect the flows around the CD, 
resulting in the reversed flow of DD’. These phenomena are very 
important issues because of the net substances transport. Since the flows 
are rotated in CD’ equally during the drain period, it means that the flow 
rotation and reversed flows in CD’ derived by the TPP operation inhibit 
northeastward mass transport during the tidal cycle. In terms of 

long-term management, the operation of a TPP can be a deterrent to 
material exchanges in the surrounding waters, resulting in ecological 
problems. 

5.2. Performance of the model on momentum and volume conservation 

To examine how the momentum and volume exchanged through the 
sluice gate of the TPP are balanced with those around the downstream, 
the discharge rate through the sluice gate and the volume fluxes across 
A’BCD’ are shown in Fig. 15. During 46 power generation and drain 
phase cycles, the water volume was exchanged between the downstream 
and upstream, and the time-averaged discharge rate was zero. As the 
duration of the drain phase is shorter than that of the power generation 
phase, a relatively high discharge rate was calculated. This suggests that 
treatment techniques of sluice gate conserve momentum and water 
volume. During the entire period, the time-averaged volume fluxes 
through A’B and CD’ eventually converge into A’BCD’ as 2.50 and 0.65 
× 103 m3 s− 1, respectively, and these values are completely balanced 
with − 3.15 × 103 m3 s− 1 of BC. These balances regarding conservation 

Fig. 14. Mean depth-averaged velocity fields for (a) drain and (b) power generation phases in February 5, 2015. The contour indicates the magnitude of depth- 
averaged velocity. The streamline indicates the mean flow patterns for drain and power generation. 
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between the downstream as well as conservation through the sluice gate 
imply that the modeling of TPP is functionally performing well. 

5.3. Limitations and a future plan 

One of the major mechanisms of residual dynamics in estuaries is 
baroclinic forcing, which is induced by horizontal density gradient [41]. 
This force develops a two-layer flow structure facing the downstream at 
the upper layer and upstream at the lower layer. The horizontal density 
gradient is mainly determined by the inflow of freshwater from land, 
and the inflow rate varies greatly seasonally [42]. Since our simulation 
period corresponds to dry season at Sihwa Estuary, there is little effect of 
fresh water, so water temperature and salt are not considered, but it is 
essential to consider when performing numerical modeling during the 
flood season. In addition, the hydrological treatment technology of this 
study was applied based on the orifice equation, and in the case of 
turbine operated as an empirical formula through Hill chart, the 
discharge rate needs to be changed according to the water head differ
ence. Since turbine is currently operated based on Hill chart in Sihwa 
TPP [34], further research is needed. However, the value of this study is 
that 3D processing of the sluice gate can increase the current velocity 
corresponding to the observed current velocity results unlike previous 
studies, and we will continuously update the related limitations to 
improve the model. 

6. Conclusions 

Tidal power prediction technology is an important topic not only in 
predicting the power output more accurately but also in examining the 
hydrodynamic impact. In this study, a new methodology was presented 
for the water exchange rate through the submerged sluice gate of the 
TPP using the FVCOM of the unstructured grid system. This new treat
ment technique was used to simulate the hydrodynamic process of the 
Sihwa regions in response to the water exchange processes of the Sihwa 
TPP. In addition, the model performance for the hydrodynamics pro
cesses was verified through comparison with the time series data 
measured from 2014 to 2015 adjacent to the TPP. Based on this, the 
impacts of the tidal power generation on the jet-like flow and material 
transport were reviewed and discussed. The following conclusions are 
drawn from this study: 

(i) The increase of current velocity due to water exchange at a spe
cific vertical layer of the sluice gate was important for accurate 
3D modeling of the hydrodynamic condition related to the 
operation of the TPP. In this study, the FVCOM dike-groyne 
model was applied, in which 3D momentum can be fully pre
served for both inflow and outflow processes through the sub
merged sluice gate under the free-surface condition. In the 
idealized tests, the current velocity of the FVCOM model showed 

Fig. 15. Comparison of volume fluxes throughout transect A’BCD’ to examine the momentum conservation: Time series of (a) water levels of the downstream and 
upstream, (b) discharge rate of Sihwa TPP between the power generation and drain phases, (c–e) instantaneous volume fluxes (black lines) and time-averaged volume 
fluxes (red lines) in transects A’B, BC, and CD’. In (b)–(d), the numbers on the right of the figure represent the time-averaged values (m3 s− 1) over the entire period. 
The positive and negative values of volume fluxes represent the influx and outflux towards the inside of A’BCD’, respectively. 
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an error of less than 5% from the current velocity calculated by 
the orifice equation. On the other hand, as the water exchange 
was concentrated in the lower layer according to the height of the 
sluice gate, a stronger flow was calculated in the condition of low 
gate height than in the high gate height condition.  

(ii) Comparing observation data with the model results of the new 
model for the application of the Sihwa TPP, it can be seen that 
solving the kinematic boundary condition with a high-resolution 
grid for the submerged gate was important for reproducing 
realistic patterns of flow and mass transport in the tidal power 
generation system. The Sihwa TPP model using the new module 
associated with the water exchange of the TPP, comprehensively 
reproduces the temporal variability of observed current velocity.  

(iii) The water exchange processes create the jet-like flow structure in 
the main axis of the channel, all seawater during the drain phase 
exit through a section of BC. On the other hand, a large-scale 
rotational mean flow induced a flow along the Sihwa tide 
embankment, resulting in a flux converging on the jet-like flow. 
This jet-like flow and the entrainment flow on both sides of the jet 
suggested that it could be the mechanism for generating the 
spatiotemporal asymmetric mass transport structure suggested by 
Kim et al. [15,34].  

(iv) In the operation of the plant, the flow pattern around the TPP is 
dominated by jets and currents due to water exchange, and the 
nonlinear interaction between the two flows makes the flow 
characteristics very complicated. Since this behavior is most 
affected by the water exchange process generated at the sluice 
gate, it is possible to reproduce the actual flow and material 
transport pattern only when the momentum and current velocity 
with a cross-sectional area of the sluice gates are accurately 
calculated during water exchange. Therefore, to explain the 
complex, spatiotemporal, and asymmetric flow structure around 
TPP, it is necessary to concentrate the momentum associated with 
submerged water flow and consider the characteristics of the 
related jet-like flow, vortex formation, and mass exchange. 
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