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Abstract

In 2015, Bali Province is mandated by ESDM ministry to become the National Region of Clean Energy, promoting
efforts to explore new source of electricity namely tidal stream energy. Previous works have demonstrated that
Toyapakeh Strait contains a promising tidal stream resource, with a high stream in a long period. In this study,
hydrodynamic modelling and power production analysis is conducted to evaluate this potential with an aim to meet
energy demand of Tiga Nusa Cluster Islands. Twenty-one Gen5 KHPS turbines are employed in this study, at an
optimized location, 8.72°S, 115.44 °E, which contains the highest energy potential. Financial analysis, with 25-
year return period of investment and 3.60% interest rate, resulting levelized cost of energy (LCOE) of Rp 6,100.kWh-L,
This value is higher than the national and regional selling nominal, in other word the energy cost of tidal stream
turbine is relatively high in this location. Nearly 46% of energy cost is spent for turbine fabrication, and from the
sensitivity analysis, cutting half the turbine costs may reduce the price by Rp 1,400.kWh1 while increasing the
amount of installed turbine is less significant. Despite of the high prices, the study shows that Toyapakeh Strait
holds a promising resource of tidal stream energy.
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Introduction

Between the domination of coal and petroleum
product, Indonesia targets 23% of renewable energy
shares in the energy mix by 2025 (IRENA, 2017).
Solar, wind, biomass, and geothermal plants have
shown concrete contribution, while the ocean energy
yet to come. Nevertheless, Mukhtasor et al. (2014)
reveals that Indonesian water contain a great
potential. The wave, tidal stream, and ocean thermal
are said to have 1,995 MW, 17,989 MW and 41,001
MW practical potential, respectively.

Among the mentioned sources of ocean
energy, the tidal stream is the most advancing and
preferred technology due to the predictability and
lesson learnt from the wind turbine technology. In
Indonesia, some locations have been labelled as
promising (Orhan et al., 2016; Firdaus et al., 2017;
Pratama et al., 2020) or even feasible for a
commercial project (Ajiwibowo et al., 2017a; Firdaus
etal., 2019; Mangestiyono et al., 2019; Firdaus et al.,
2020; Orhan and Mayerle, 2020). However, only few
studies reveal the financial viability of the project
(Ajiwibowo et al., 2017b).

This study investigates the potential of tidal
stream energy in Toyapakeh Strait located in Bali
Province. Following the establishment of Bali
Province as a National Clean Energy Area through
Decree of the Minister of Energy and Mineral
Resources of Republic of Indonesia Number 4421
Year 2015, the province is demanded to prioritize
clean energy as one of the primary resources of
energy (ESDM Decree No. 4421, 2015). Toyapakeh
Strait which separates Nusa Penida and Nusa
Lembongan with Nusa Ceningan at the Tiga Nusa
Island Cluster, based on previous research, strong
stream with speed ranging from 0.5 m.s1to0 3.2 m.s?
is flowing through this strait (Rachmat and llahude,
2017), suitable for the tidal stream energy harvesting
site (Mukhtasor et al.,, 2014; Orhan et al., 2016).
Moreover, the cluster is heavily dependent on diesel
for generating electricity (Fikri and Hudaya, 2018).

This research aims to assess the system of
tidal stream turbine farm in Toyapakeh Strait
supplying energy demand of Tiga Nusa Island Cluster.
The study does not only involve hydrodynamic
modelling and power estimation, but it also provides
the investigation on economic viability with financial
assessment conducted for 25 years return period.
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Materials and Methods

The focus of this study is to assess the
potential of tidal stream energy in Toyapakeh Strait.
The critical step of the study is simulating the tidal
stream using Delft3D-FLOW, an open-source
numerical modelling tool developed by Deltares
(Deltares, 2020b). Tidal stream at potential locations
is utilized to rotate tidal turbine and to generate
energy. This study is divided into three steps including
hydrodynamic modelling, power  production
estimation, and economic viability analysis.

Hydrodynamic modelling

Hydrodynamic modelling is conducted using
modelling software Delft3D-FLOW which solves the
Navier-Stokes equations for an incompressible fluid,
within  shallow water and the Boussinesq
assumptions (Deltares, 2020a). This tool has been
widely used to simulate hydrodynamic phenomena in
river (Kurniawan et al., 2014), coastal (Kurniawan et
al., 2018), and ocean environment (Tay et al., 2016).
To properly simulate a narrow Toyapakeh Strait, the
hydrodynamic modelling carries out the 2D depth
averaged velocities  and applies  domain
decomposition technique for model downscaling.
This technique allows a parallel computing of 2 grids
(i.e., global dan local domain) with different
properties in reducing computing time yet increasing
the resolution of the grid. The computational domains
are shown in Figure 1.

The model domain uses spherical for the
horizontal coordinate systems and depth-averaged

Islands. Meanwhile, the local domain covers waters
around Nusa Lembongan, Ceningan, and Penida
Islands (called as Tiga Nusa Cluster). The finest cell
resolution in global and local domains are 500x400
m2 and 170x190 mZ2. Land boundary and the
bathymetry is obtained from GEBCO (GEBCO, 2020).

Model only accounts tidal forcing where TPXO
7.2 Global Inverse Tide Model (Egbert and Erofeeva,
2002) generates 13 tidal constituents at the
boundary points of global domain (Figure 1). The
model is run for fifteen days, providing one spring and
neap cycle with 0.05 minutes for computational time
step. The water density and viscosity are set to 1025
kg.m= and 1 m2.s (Deltares, 2020a).

Power estimation

According to Hardisty (2009), the power
contained in a moving water (Pp(t)) can be written as
equation (1), where p is fluid density and U(t) is
current velocity.

1
Pp(t) =3 pU () (1)
The produced power of a tidal turbine (Poutput)
is estimated using equation (2) where Aturpine is swept
area and noverarr is device total efficiency.
Poutput = Aturpine X Pp(t) X Noverau (2)
The annual mean power production is

calculated by averaging the N time of power output
(Poutput-i) @s expressed in equation (3).
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Figure 1. The hydrodynamic modelling overview of a) Global Domain showing bathymetry in meters, open boundaries location
(black lines) and model validation locations; b) Local Domain showing bathymetry in meters and Toyapakeh Strait

location.
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Levelized cost of energy calculation

Economic value of a farm of tidal turbine is
evaluated using the Levelized Cost of Energy (LCOE).
According to Arinaldo and Pujantoro (2019), the LCOE
considers the ratio of net present value of the cost,
including the capital cost (I:), operational and
maintenance cost (M), and fuel cost if necessary, and
adjusted energy production (E:) as shown in equation
(4)

Zn It+M¢
=14t
n _Et
t=1(147)t

LCOE =

Result and Discussion
Model validation

Model validation is performed to measured
model reliability. In water level validation, model
output is compared against data in 2 observation
stations (i.e., Benoa and Lembar) and 6 points of tidal
prediction provided by the Indonesian Geospatial
Agency as shown in Figure 1 (BIG, 2020). The
averaged error is 2.32% showing a good model
reliability, with each value shown in Table 1. Velocity
validation is rather complicated due to data
availability. Since there is no observation data
obtained, predicted data from HYCOM ocean model is
used (HYCOM, 2020). The modelled and predicted
velocities at -8.28° Latitude and 115.84° Longjtude
(HYCOM in Figure 1) are compared and resulting
21.12% error. Time series comparison is shown in
Figure 2 where both data presenting similar patterns
and trends.
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Table 1. Summary of errors in water elevation validation.

) Coordinate
Station Error (%)
Lat (°) Long (°)

Benoa -8.7333 115.2000 3.79

Lembar -8.7309 116.0723 5.15

BIG 1 -8.3276 115.8454 1.96

BIG 2 -8.4425 115.8146 1.70

BIG 3 -8.5318 115.7760 1.52

North -8.6130 115.4980 1.46

South -8.8080 115.4290 1.23

East -8.6750 115.3840 1.73

Mean Error Value 2.32

Model output

Spatial velocity at rising and falling water level on
spring and neap cycle which visualized in Figure 3 is
analyzed to found potential sites with constant high-
speed flow. The high-speed can be observed during a
condition where the water level at the mean level,
occurring between the high and low water or vice
versa. According to Figure 3, high-speed flow
constantly occurs at the Southern side of Toyapakeh
Strait. Potential sites are determined within this area,
selected base on the velocity distribution and power
generation.

Six cells shown in Figure 4 presents promising
velocity. Velocity distribution at each cell is visualized
by the frequency distribution graph shown in Figure 5.
According to the figure, cell 5 and cell 6 have a
preferable velocity distribution. The graph for both
points peaks at 1.5 to0 2.5 m.s?
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Figure 2. Comparison of the computed model and the prediction data from HYCOM (2020)
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Figure 3. Tidal stream profile at the potential area (red box) showing a) rising water during neap cycle; b) falling water during
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Figure 5. Frequency distribution of velocities at potential area

Power production

One of the state-of-art tidal stream turbine
technology is Gen5 KHPS, developed by Verdant
Power with 38 % total efficiency. This turbine fits the
environmental condition of the potential site with 5 m
diameter and suitable operating speed range, 1 m.s1
to 3.3 m.s'1(Verdant, 2019).

Based on the calculation, the annual mean
powers of cell 5 and cell 6 are 28.84 kW.unit1 and
28.35 KkW.unit?, respectively. Due to this
consideration, cell 5 will be chosen as the farm
location. Figure 6 shows typical power production in
one spring-neap cycle. With this rate of power
production, a Gen5 KHPS in cell 5 can produce up to
253.4 MWh annually. To supply Tiga Nusa annual
electricity demand, a total of 21 units of Gen5 KHPS
is needed to produce up to 5.3 GWh.

Financial viability

The cost estimation analysis consists of
fabrication, installation, operational, and maintenance.
The costs in year 2020 are shown in Table 2 (Verdant,
2019). These prices increase yearly assuming
inflation rate at 2.97% (BPS, 2020).

The adjusted prices are used to calculate the
LCOE. The net present value of total expenditures in
25 years is 495.59 Billion Rupiahs, and the tidal

turbine farm produces 81.6 million kWh. Therefore,
the LCOE calculation results in Rp 6,072.33 per kWh
of electricity or equivalent to $ 0.41.kWh-1. Annually,
the farm generates 32.46 billion rupiahs revenue.

Table 2. Tidal turbine farm cost per item. CAPEX and OPEX

are Capital Expenditure and Operational
Expenditure.

Item Cost Type Cost (2020)
Fabrication CAPEX Rp 235,283,047,908.43
Installation CAPEX Rp 98,161,011,241.26
Maintenance OPEX Rp 17,947,288,700.00
Operational OPEX Rp 3,780,000,000.00

In Indonesia, electricity prices are governed in
Regulation of the Minister of Energy and Mineral
Resources of Republic of Indonesia Number 4 Year
2020 (ESDM Regulation No. 4 Year 2020). Electricity
generated by renewable plants can get incentive with
higher prices than the conventional ones. Marine
based electricity production in Toyapakeh Strait can
be sold at Rp 2,348 kWh1 maximum. Hence, the
LCOE of the proposed tidal turbine farm is still high.

The expenditure is dominated by the
fabrication cost, at 46%. Whereas turbine
manufacture accounts for 97% of total fabrication
cost (Verdant, 2019), indicating that the price of the
turbine influence the project cost significantly, so
does the number of the installed turbine. Further, a
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Figure 6. Power production on 1-15 January 2020. The horizontal line at 25.3 kW marks the average power production.
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sensitivity analysis for the number and the prices of
turbine is carried out. It is found that the LCOE is
lessened if more turbines are installed as presented
in Figure 7, but the lower limit is Rp 5,390.kWh-1,
While the LCOE reduces around Rp 1,400.kWh1
when the turbine prices reach half price as presented in
Figure 8.

The analysis indicates that the high price of
electricity production is a result of the high cost of
turbine technology. Tidal stream turbine technology is
one of new emerging technology. As the technology
developed into higher level of maturity, it is expected
that the manufacture cost will be reduced
significantly.

Conclusion

Numerical modelling using Delft3D-FLOW
performed for Nusa Tiga Islands Cluster shows a good
reliability and suggesting that the Southern side of
Toyapakeh strait contains an energetic flow. A tidal
stream turbine farm at -8.7181° Latitude and
115.4440c° Longitude with 21 units of Gen5 KHPS is
proposed to supply electricity demand of the islands.
The generated electricity is 17.74 GWh annually. The
generated electricity costs Rp 6,072.33.kWht ($
0.41.kWh1) with 25 years analysis period which is still
relatively expensive, especially in Indonesia. The
breakdown of total expenditure indicates that turbine
manufacture holds a crucial role in determining the
electricity tariff. Reduction of 50% of turbine cost cut
the tariff about Rp 1,400.kWh-1 and it is expected as
the turbine technology advanced, the manufacturing
cost could be reduced significantly.
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