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Abstract Abstract 
Indonesia is an archipelagic country surrounded by water and faces energy challenges due to the low use 
of renewable energy. Among the potential renewable options, marine energy is a particularly suitable 
resource given the country’s geographical nature. Based on this discussion, seawater temperature can be 
used as an alternative ocean thermal en-ergy known as ocean thermal energy conversion (OTEC) by using 
the difference in sea surface and deep-sea water temperatures. Therefore, this study aimed to examine 
OTEC installations in North Bali waters using closed-cycle OTEC calculations for a 5 MW system. 
Following this objective, we examined the water conditions by considering physical oceanography, such 
as temperature, currents, wind, and waves. The CTD data were obtained from the OTEC Bali MGI 2017 
Team, and the temperature, current, wave, and wind model data were downloaded from Marine 
Copernicus. In line with this examination, North Bali exhibits warm surface waters and cold deep-sea 
temperatures that are suitable for OTEC operation. These values were capable of producing a 
temperature difference (ΔT) of more than 20°C, which is necessary to run the OTEC system, and both 
surface and deep-sea temperature variability tended to be stable. Fur-thermore, the efficiency value 
produced was 29.03% -30.78% with net power (Pnet) worth 2.84 MW - 3.22 MW. The wind conditions, 
surface currents, and waves met the specified conditions. Moreover, the station considered the most 
ideal for OTEC installation in North Bali waters was L-4, with an efficiency of 30.78%, T of 23.75°C, and the 
highest average Pnet value of 3.22 MW. These findings provide a technical basis for site-specific OTEC 
planning and support the potential development of a pilot-scale marine renewable energy system in 
Indonesia. Additionally, the location was 16.23 km from Kubutambahan District, Buleleng, which was the 
closest distance to land compared to other stations 
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Abstract

Indonesia is an archipelagic country surrounded by water and faces energy challenges due to the low use of 
renewable energy. Among the potential renewable options, marine energy is a particularly suitable resource given the 
country's geographical nature. Based on this discussion, seawater temperature can be used as an alternative ocean 
thermal en-ergy known as ocean thermal energy conversion (OTEC) by using the difference in sea surface and deep-sea 
water temperatures. Therefore, this study aimed to examine OTEC installations in North Bali waters using closed-cycle 
OTEC calculations for a 5 MW system. Following this objective, we examined the water conditions by considering 
physical oceanography, such as temperature, currents, wind, and waves. The CTD data were obtained from the OTEC 
Bali MGI 2017 Team, and the temperature, current, wave, and wind model data were downloaded from Marine 
Copernicus. In line with this examination, North Bali exhibits warm surface waters and cold deep-sea temperatures that 
are suitable for OTEC operation. These values were capable of producing a temperature difference (ΔT) of more than 
20 ◦C, which is necessary to run the OTEC system, and both surface and deep-sea temperature variability tended to be 
stable. Fur-thermore, the efficiency value produced was 29.03%—30.78% with net power (Pnet) worth 
2.84 MW—3.22 MW. The wind conditions, surface currents, and waves met the specified conditions. Moreover, the 
station considered the most ideal for OTEC installation in North Bali waters was L-4, with an efficiency of 30.78%, T of 
23.75 ◦C, and the highest average Pnet value of 3.22 MW. These findings provide a technical basis for site-specific OTEC 
planning and support the potential development of a pilot-scale marine renewable energy system in Indonesia. 
Additionally, the location was 16.23 km from Kubutambahan District, Buleleng, which was the closest distance to land 
compared to other stations.

Keywords: Clean energy, OTEC, Bali, Hydro-oceanography

1. Introduction

R enewable energy is derived from continually 
available and environmentally friendly natu

ral resources [1—4]. This type of energy can replace 

fossil fuels, which are increasingly scarce and cause 
environmental damage [5,6]. Despite this record of 
scarcity and environmental damage, electricity 
generation in Indonesia is highly dependent on 
fossil fuels [7,8]. Fossil fuels generate more than 
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88% of electricity. Approximately 60% of the energy 
is produced from coal, 22% from natural gas, and 
6% from oil, while only 12% is generated from 
renewable energy. As reported by Lestari, (2021) [9], 
Indonesia's low use of renewable energy is a part of 
the energy problems that should be addressed. The 
research and development aspects are a challenge 
in developing the use of renewable energy. There
fore, the country's analytical activities related to 
renewable energy need to be increased.

Marine energy is a source of renewable energy 
that can be used in Indonesia, a country sur
rounded by waters due to its archipelagic nature. 
Currently, marine renewable energy contributes 
almost 0% to Indonesia's national energy mix [10], 
despite the country's vast maritime area and sig
nificant ocean energy potential. This gap un
derscores the importance of site-specific feasibility 
studies, such as OTEC assessments, to support 
future marine energy development and inform na
tional energy planning.

The potential for marine energy is very large in 
countries with vast seas [11—14]. Some marine en
ergy resources include tides, waves, deep currents, 
and ocean thermal energy [15—19]. Seawater tem
perature is used as an alternative ocean thermal 
energy or OTEC (ocean thermal energy conversion) 
by exploiting the temperature difference (ΔT) be
tween the sea surface and deep [20—24]. OTEC uses 
ΔT between the sea surface and the deep (minimum 
20 ◦C) to operate generators and produce electrical 
energy while maximizing energy production [20,24]. 
In this discussion, a working system of technology is 
divided by [25] into four cycles, namely, open, 
closed, hybrid, and Kalina, which can be land-based 
and floating platform-based. Moreover, land-based 
OTECs have higher piping and land use installation 
costs. Floating platform installations have relatively 
lower land use and impact, requiring network ca
bles to be laid ashore, resulting in higher construc
tion and maintenance costs. In addition [26], found 
that OTEC could provide renewable energy sources 
required to meet various energy challenges in 
Indonesia with the vast sea surface when effectively 
and on a large scale.

The OTEC potential in 17 locations was explored 
and estimated to be 41 GW. The potential for ma
rine thermal energy in Indonesian waters is esti
mated to produce around 240,000 MW of power 
[27]. It is important to know that the eastern part of 
the country, such as Bali waters, has a greater ΔT 
value than the western part, where the sea tem
perature in the deep layer is higher at the same 
depth, thereby offering significant potential for 
OTEC-based electricity production. However, not 

all locations are suitable for building ocean thermal 
energy plants due to the requirement for several 
supporting aspects in the construction. Following 
the discussion, it is crucial to determine the precise 
location of OTEC construction in waters.

A previous study by [28] examined the thermal 
characteristics of North Bali waters and found that 
surface temperature ranges between 28 and 31 ◦C. 
Meanwhile, deep sea water temperature was rela
tively stable at 5.75 ◦C, representing ocean thermal 
energy potential. In this context, calculation of a 
100 MW turbine capacity as proposed by [29] can be 
considered. By using this method, the estimated en
ergy potential reaches 71,709 MW. In addition to the 
discussion [30], also found that North Bali waters are 
ideal for OTEC power plants to generate electricity 
for small Islands because regional seas have an 
average monthly ΔT between 28 ◦C—31 ◦C and a 
maximum temperature efficiency of 0.78 reaching 
69.4 kW. At ΔT = 20 ◦C, the maximum Carnot effi
ciency is η_Carnot = 0.78, which results in a thermal 
power of ~69.4 kW per flow rate of 1 kg/s.

The current seabed morphology in North Bali 
waters is the impact of marine geological processes 
on the environment. A part of the geological envi
ronment characteristic impacts on oceanographic 
situation is the division of Arlindo current route to 
Indian Ocean. However, this effect is triggered by 
the shape of the seabed in southern part of the 
Makassar Strait, where there is a Dewakang 
Threshold with a depth of up to 680 m [31,32]. Based 
on this study, Dewakang Threshold acts as a barrier 
between East and West Canal. North Bali waters 
are also a route for Arlindo which flows from West 
Canal to Indian Ocean [33—35]. A previous study by 
[36] stated that Arlindo had a relatively constant 
and cold temperature, ranging from 5 ◦C to 10 ◦C. 
Even though North Bali waters are located in a 
tropical area, surface current circulation in this re
gion is influenced by monsoon patterns, which lead 
to seasonal changes. As a result of this pattern, 
surface layer currents however change direction 
twice a year due to the influence of seasonal 
changes which cause variations or characteristics of 
water density in North Bali waters.

The exploration examines OTEC installations in 
North Bali waters using the design of [37] through 
closed-cycle OTEC calculations based on the study 
of Nihous in 2007 with adjustments to the values of 
warm and cold-water flow rates for a capacity of 
5 MW. In this context, water conditions are studied 
by considering physical oceanographic aspects such 
as temperature, currents, wind, and waves appro
priate to the provisions of the concept design for the 
technology installations [38]. These basic conditions 
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include a minimum sea surface temperature of 26 ◦C 
(annual average) in the range of 24—28 ◦C and deep- 
sea temperatures in the range of 4—5 ◦C. This study 
explicitly considers several critical environmental 
thresholds for a floating OTEC platform's successful 
and safe operation. The significant wave height 
must be less than 6 m [38], wind speed should not 
exceed 20 m/s [39], and the sea surface current must 
be less than 1.5 m/s [40]. These explicit limits serve 
as crucial evaluation benchmarks throughout the 
analysis. This study only covers physical surface 
oceanographic factors and does not include the type 
and strength of OTEC installation materials for in
ternal waves propagating from the Indian Ocean to 
the Bali Sea through the Lombok Strait [41,42].

A study of OTEC installation with oceanographic 
conditions including temperature, currents, wind, 
and waves in North Bali waters needed to be con
ducted to determine conditions and the most ideal 
station points in technology installation to develop 
exploration related to renewable energy in 
Indonesia. Additionally, the result is performed 
through analysis of six station points which are 
considered representative of these waters (Fig. 1). 
Consequently, the selection of points is also based 
on water depth conditions with a depth of 
700—900 m, therefore, ΔT value can exceed 20 ◦C 
appropriate to OTEC system requirements.

2. Methods and materials

2.1. Location of the study

This study used primary data, such as field tem
perature information and models, as well as 

secondary data to support information processing. 
Specifically, field temperature data were collected 
using Sea-Bird Electronics (SBE) 19 Plus V2 Con
ductivity Temperature Depth (CTD). The instru
ment was obtained from a survey conducted by 
P3GL in 2017 by Bali OTEC Team, Marine and 
Regional Energy R&D Implementation Group, 
Northern Waters region of Bali. Global Ocean 
Physics Reanalysis vertical temperature model data 
was downloaded from https://marine.copernicus. 
eu. [43]. Moreover, secondary data included Indo
nesian Base Map, bathymetry data from BATNAS 
BIG 2022, surface current data from CMEMS Global 
Ocean Physics Reanalysis, ocean wave data from 
Global Ocean Waves Analysis, and wind data from 
ASCAT.

The selection of stations L1—L6 was based on data 
availability and technical suitability for OTEC 
operation, particularly water depths of approxi
mately 700—900 m to ensure a temperature differ
ence (ΔT) exceeding 20 ◦C. Distance to population 
centers was considered at a later evaluation stage to 
identify the most practical location for potential 
deployment.

2.2. Temperature data validation

The accuracy of the processing results on field 
data was determined in percentage values by 
calculating the relative error value. The model re
sults were validated to examine the model's suit
ability. This step included comparing the model 
results with the field-measured results. Moreover, 
this study used two validation metrics, namely, 
mean relative error (MRE) and mean absolute error 
(MAE), where the equations were as follows: 

RE=
|x − c|

x
(1)

MRE=

∑n

i=1
RE

n
(2)

Description: x represented field data, c was 
model data, and n represented the amount of data. 
When the percentage error was low and the pro
cessed data closely matched field data, the pro
cessed results accurately represented the real- 
world situation [44]. MAE values in the range of 
0—0.5 had good modeling quality [45] and the for
mula was calculated as follows: 

MAE=

∑n

i=1
|a − b|

n
(3)

Description:
Fig. 1. Map of study location.
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a presented model data.
b was field data.
n represented the amount of data.

2.3. Temperature variability

Water had quite a high urgency in OTEC system. 
Regions with significant temperature fluctuations 
were not suitable for OTEC installations as these 
led to inconsistent power production, which even
tually failed to meet the minimum heat resource 
required for OTEC operations. Relating to this 
study, the method used included analyzing the 
standard deviation of monthly temperatures over 9 
years at each location point, similar to the method 
used by [46]. The results of this study showed that a 
high standard deviation value showed large tem
perature variability, therefore, stability was 
reduced. The exploration used standard deviation 
for warm water temperature collected from a depth 
of 18.5 m (T2) and cold-water temperature from a 
depth of 902.5 m (T1) with the following equation: 

SD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

N − 1

∑n

i=1

(Ti − T)2
√

(4)

N refers to the total number of observations, 
while Ti denotes the i-th individual value within the 
dataset. The term stands for the mean (or average) 
of all observed values. The expression (Ti — �T) cal
culates the deviation of each value from the mean, 
and squaring this difference (Ti — �T)2, ensures that 
all deviations are positive and that larger deviations 
are given more weight. The �T indicates that these 
squared deviations are to be added up across all 
observations. Dividing this sum by N − 1, rather 
than N, applies Bessel's correction, which is used 
when calculating the standard deviation of a sam
ple rather than a full population, ensuring an un
biased estimate of the population variance. Finally, 
taking the square root of this entire expression 
brings the units back to the original scale of the 
data, completing the calculation of the standard 
deviation.

2.4. Efficiency and power calculation

The calculation of the maximum thermodynamic 
efficiency for a Rankine cycle OTEC power system 
was described in [38,47]. In addition to this calcu
lation, small losses in the electrical conversion 
steps, such as mismatches in the expansion and 
compression of the working fluid, were considered 
to reduce the gross electrical power output, leading 
to a gross OTEC conversion efficiency (α in %). 

α= εtg
ΔT
2T2

(5)

Description: εtg represented a turbo generator 
efficiency with a value of 75%. The amount of gross 
electrical power Pg produced was from the evapo
rator heat load and thermodynamic efficiency 
which was calculated using the following equation. 

Pg=
3γpQcwCp(T1 − T2)

2

16(1+ γ)T2
(6)

Description:
ρ ~ 1025 kg/m3 represented the average density of 

seawater.
Cp ~4 kJ/kg K was the specific heat of seawater.
γ = Qww

Qcw was a ratio that represented the surface 
flow rate of warm (Qww = 10.72 m3/s) and cold 
seawater (Qcw = 6.43 m3/s).

The values of Qww and Qcw were used to take 
reference from the 5 MW OTEC system design by 
[36]. The net power output (Pnet) of a closed-cycle 
OTEC system can be estimated by combining the 
theoretical gross power potential and the parasitic 
losses due to seawater pumping. The gross power 
term is derived from the endoreversible heat en
gine model introduced by [44], where the optimal 
power output is achieved when thermal conduc
tance is distributed evenly between the evaporator 
and condenser. The equation depends on the cold 
seawater volumetric flow rate (Qcw), the seawater 
specific heat capacity (Cp), its density (implicitly 
included if Qcw is converted to mass flow), the 
temperature difference squared (ΔT2 = (T1 — T2)2), 
the cold source temperature (T2), the flow ratio 
between cold and warm water (γ), and the gener
ator efficiency (

∑N
i=1).

The factor 16=(1+ γ)T2represents the optimal 
thermal configuration of the system under ideal 
reversible conditions. The final term (1− σ) accounts 
for the fraction of power lost to operate the pumps 
and auxiliary components, where σ is 0.25 based on 
system design. Thus, this formula provides a more 
realistic estimation of net electrical output than 
idealized gross power calculations, by integrating 
both thermodynamic and operational efficiency 
considerations, see equation below: 

Pnet=
3γ

16(1+ γ)T2
⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟

Pmax
g

QcwCpΔT2εtg × (1 − σ) (7)

The formula used in this exploration was based 
on [47] equation which was also used in previous 
studies by [38,48]. This equation was used to 
calculate power generated by OTEC system that 
operated on closed-cycle simulations.
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A 5 MW plant capacity was selected following the 
floating OTEC conceptual design proposed by 
Hamedi and Sadeghzadeh (2017), representing a 
realistic pilot-scale system suitable for site-specific 
feasibility assessment.

3. Results and discussion

3.1. CMEMS and CTD data validation

The Temperature data were validated using the 
MRE and MAE methods [49], indicating the need 
for this validation step to show the compatibility 
between the two types of existing data. The model 
temperature data at stations L-2, L-4, and L-6 were 
validated using the in-situ field temperature data 
of the CTD instrument. The MRE calculations in 
Table 1 produced values ranging from 0.1 to 1.83%. 
Furthermore, the result supported the statement by 
[41] that low percentage error values indicate that 
the model data accurately represented the field 
temperature conditions. This circumstance was 
supported by validation data processing using the 
MAE method, which had a value range of 0.47—0.75. 
According to [45], the validation results indicate 
good model performance. The correlation between 
the model and field data is also shown in Fig. 2. 
Moreover, the three stations represented blue dots 
closely in line along a linear trend with a regression 
value of 0.992, showing a high level of agreement 
between the CMEMS model data and field CTD 
data. Based on the results of data validation calcu
lations and correlation graphs, the temperature 
model data of the Copernicus Marine Environment 
Monitoring Service (CMEMS) was considered 
capable of representing temperature data in North 
Bali waters from 2012 to 2020.

3.2. Seawater temperature distribution

North Bali waters had a surface temperature in 
the range of 27.7—29.7 ◦C and deep sea water tem
perature of 5—6.5 ◦C. Relating to this study, water at 
the sea surface had a relatively warm temperature 
of around 28 ◦C, and water at a depth of around 

1000 m below sea level had a temperature of around 
5 ◦C [50]. Tropical sea areas such as Bali waters had 
relatively constant temperatures in the year [51]. 
Additionally, sea surface temperature was influ
enced by weather conditions where various ele
ments such as the amount of rainfall, evaporation 
rate, air humidity content, air temperature, wind 
speed, and intensity of sunlight performed a role in 
the high and low sea surface temperatures. Water at 
the sea surface was naturally warmer because it was 
exposed to sunlight during the day. However, when 
wind blew, a stirring process occurred, leading to 
mixing in the surface layer to a depth of around 
50—70 m. This stirred layer had temperatures up to 
28 ◦C, which was often called homogeneous layer. 
Seawater temperature decreases with increasing 
depth due to the attenuation of solar radiation in 
the upper ocean and the stratified nature of the 
water column, which limits vertical heat transfer. 
Cooler temperatures in deep sea water and warmer 
temperatures at the sea surface were used to run 
OTEC system. In addition to the discussion, North 
Bali waters reached ΔT of 20 ◦C at a depth of 
500—600 m (Fig. 3).

3.3. Characteristics of sea water masses

Temperature-Salinity (T-S) diagram showed that 
in North Bali waters, there were eleven water mass 
characteristics identified based on [52] mass classi
fication. This section discusses the vertical 

Table 1. Station coordinates and validation data.

CMEMS 
Station

Latitude Longitude CTD Station Latitude Longitude MRE MAE

L-1 − 7.91 114.66 — — — — —

L-2 − 7.91 114.83 C-1 − 7.95 114.81 1.83% 0.75
L-3 − 7.91 115 — — — — —

L-4 − 7.91 115.16 C-2 − 7.95 115.187 0.40% 0.47
L-5 − 7.91 115.33 — — — — —

L-6 − 7.91 115.58 C-3 − 7.95 115.54 0.01% 0.49

Fig. 2. CMEMS and CTD data correlation.
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distribution of seawater temperature with depth, 
emphasizing the contrast between surface and 
deep-sea layers relevant to the feasibility. Water 
mass of each region was characterized by the 
different temperature and salinity. For example, in 
Bengal Bay Water (BBW), temperature and salinity 
were 25—29 ◦C and 28—35 psu, respectively. South 
Indian Central Water (SICW) was cooler with 
temperature of 8—25 ◦C and salinity between 34.6 
and 35.8 psu. Indonesian Upper Water (IUW) was 
between 8 and 23 ◦C and 34.4—35 psu, respectively, 
while that of Indian Equatorial water (IEW) was 
8—23 ◦C and 34.6—35 psu. These four water masses 
originated and flowed from Indian Ocean. Eastern 
South Pacific Central Water (ESPCW) had respec
tive temperature and salinity of 8.0—24.03 ◦C and 
34.4—36.4 psu. The Western South Pacific Central 
Water (WSPCW) was between 6 and 22 ◦C, and 
34.5—35.8 psu. Eastern North Pacific Central Water 
(ENPCW) was 12—20 ◦C and 34.2—35 psu, while 
Eastern South Pacific Transition Water (ESPTW) 
was 14—20 ◦C and 34.6—35.2 psu. In addition, the 
Western North Pacific Central Water (WNPCW) 
was 10—22 ◦C, and 34.2—35.2 psu, but Pacific 
Equatorial Water (PEW) was 7—23 ◦C and 34.5—36 
psu, respectively. Typically, these six water masses 
originated from Pacific Ocean. Moreover, South 
Atlantic Central Water (SACW) mass was charac
terized by temperature of 5—18 ◦C and salinity of 
34.3—35.8 psu (Fig. 4).

3.4. Temperature variability of warm and cold sea water

The annual variation in the average temperature 
in Indonesian waters was less than 2 ◦C, except in a 
few places such as Arafura, Timor, and southern 
Java Sea which had higher temperature variations 
of 3—4 ◦C [53]. Theoretically, temperature fluctua
tions in the waters were triggered by solar radiation 
hitting the sea surface and also influenced by other 
variables such as surface currents, cloud conditions, 
horizontal and vertical movement of water masses, 
and upwelling processes. The spatial distribution of 
temperature is often associated with seasonal 

changes [54]. Fig. 5 shows that the monthly vari
ability lines tend to coincide, indicating that the 
temperature changes in North Bali waters were 
typically minimal. Moreover, the average tempera
ture variability values were 0.664 for warm seawater 
(Tws) and 0.089 for cold seawater (Tcs), indicating 
that Tws tended to be higher than Tcs. This occur
rence occurred because the temperature at the sea 
surface was strongly influenced by the monsoon, 
whereas Tcs was not influenced by monsoon con
ditions due to the depth was farther from the 
impact of external factors. Additionally, Tws and Tcs 
were calculated to determine the magnitude of the 
temporal temperature changes at each station point 
[46]. stated that OTEC resources were quite sensi
tive to temperature changes; therefore, testing 
temperature variability to assess the feasibility of 
implementing an OTEC system was of high ur
gency. The variability value in the waters of North 
Bali was considered sufficient for the technology 
operation.

Fig. 3. Temperature distribution in North Bali waters.

Fig. 4. Characteristics of water mass in North Bali waters.

Fig. 5. Tws, Tcs, and ΔT variability in 2012—2020.
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3.5. OTEC efficiency and power potential

The efficiency value was closely correlated with 
the OTEC power potential, and the power pro
duced improved as the value increased. The effi
ciency, gross, and Pnet values in North Bali waters 
were shown in Table 2. The efficiency of the OTEC 
system in North Bali ranged from 28.5% to 31.1%. 
This value was calculated from minimal losses in 
the electrical conversion stage, such as the irre
versible expansion and compression of the working 
fluid, which was considered to reduce the electrical 
power output. The highest efficiency value, with a 
maximum value of 31.1%, was observed at station 
L-4. This was related to the difference in the warm 
and cold sea water temperatures (T), which also had 
the highest value at the station. However, a high T 
value would further increase the efficiency of the 
OTEC system.

The gross electrical power (Pg) produced was the 
result of the evaporator heat load and thermody
namic efficiency with a 5 MW turbine, the calcula
tion produced a value range of 4.78 MW—6.09 MW 
with a total average. The station with the lowest 
gross power potential value was at L-1 station and 
the highest at station L-4. Following this study, the 
difference in values was caused by different T 
values at each location point. Pnet calculation was 
estimated by considering the energy used to run 
OTEC system in driving the large flow speed of 
seawater through the system reaching 30% of the 
gross power [47]. In addition, Pnet in North Bali 
waters ranged from 2.69 MW to 3.42 MW, having 
station L-1 with the smallest value and station L-4, 
the largest value. The monthly average Pnet in 
North Bali waters from 2012 to 2020 showed rela
tively low variability, with a difference between 
months typically less than 1 MW, showing stable 
power generation in the year. Moreover, the 
maximum Pnet was in April and the minimum was 
in August. During west season, southwest value 
tended to be higher compared to east season. This 
development happened because the temperature in 
west season tended to be greater than east season 

as shown in Fig. 6. Relating to this study, the annual 
average Pnet showed insignificant variability, the 
variation from 2012 to 2020 was less than 0.5 MW. 
Additionally, Fig. 7 showed that for 9 years, the 
potential for stable power production in North Bali 
was evident, showing feasibility for installing OTEC 
system based on sea water temperature, variability, 
and calculation of Pnet.

3.6. Physical oceanographic conditions (surface currents, 
wind and waves)

Physical factors such as surface currents, wind, 
and waves also were considered in OTEC in
stallations for durability when floating in the mid
dle of the sea. These physical factors were 
influenced by monsoon, prompting a study on 
climatology and seasonal classification. Relating to 
this discussion, the direction and speed of wind 
were shown in Fig. 8. West Monsoon was charac
terized by wind pattern moved from northwest to 
southeast, occurring in December, January, and 
February in the Java as well as Bali Seas. Moreover, 
this monsoon occurred because a center of high air 
pressure developed over Asian continent, and a 
center of low air pressure was created over 
Australian continent. East Monsoon was charac
terized by wind pattern moved from southeast to 
northwest which occurred in June, July, and August 

Table 2. Efficiency, power gross, and net power in 2012—2020.

Station Efficiency Pg (MW) Pnet (MW)

Min Max Min Max Min Max

L-1 28.5% 29.6% 4.78 5.54 2.69 3.11
L-2 29.8% 30.5% 5.23 5.87 2.94 3.31
L-3 30.3% 31.0% 5.44 6.07 3.06 3.41
L-4 30.4% 31.1% 5.49 6.09 3.09 3.42
L-5 29.9% 30.6% 5.28 5.90 2.97 3.32
L-6 30.4% 31.0% 5.49 6.05 3.09 3.40

Fig. 6. Monthly average of OTEC net power.

Fig. 7. Annually average of OTEC net power.
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in Java Sea as well as Bali. In addition, East 
Monsoon occurred due to a center of low air pres
sure that happened over Asian Continent and a 
center of high air pressure over the Australian 
Continent [53,55].

In the west season, the wind moved from the 
Asian continent toward Australia through Bali Is
land from west to east, whereas in the east season, 
the wind moved from the southeast toward the 
northwest through Bali Island from Australia to
ward Asia. Wind speed ranged from 0.1 to 6.0 m/s 
in west season and 0.1—8.0 m/s in east season. 
Concerning the discussion, wind speed also influ
enced the seawater temperature. The higher the 
speed, the more turbulence it caused in waters 
which led to the surface temperature becoming 
cooler and reduced ΔT between surface seawater 
and deep-sea water. In addition, wind conditions 
met the basic conditions for OTEC which was less 

than 20 m/s, where the climatological condition of 
sea currents was shown in Fig. 9. The pattern of 
surface currents was also influenced by wind, dur
ing west season, the current moved toward the east, 
and in east season, the current moved west. 
Furthermore, surface currents in west and east 
seasons tended to have the same value, which was 
around 0.1—0.4 m/s. Surface conditions were 
included in the ideal category for OTEC in
stallations considering that the maximum speed for 
basic conditions was less than 1.5 m/s. Moreover, 
the significant wave height in Fig. 10 showed a di
rection pattern coming from west-southwest to
wards east with a range of 0.13—0.81 m in west 
season.

Wave heights in west season tended to be lower 
than in east season due to the lower wind influence 
in west season. During east season, stronger wind 
conditions also led to higher waves. Following this 
discussion, as wind was stronger and longer, the 
wave formation was higher. Wave conditions in 

Fig. 8. Climatology Wind Condition in West Mon-soon and East 
Monsoon respectively.

Fig. 9. Climatology Sea surface current condition in West Monsoon and 
East Monsoon respectively.
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east season had a value of 0.22 m—1.18 m with the 
direction of the waves coming from northeast to 
west. In addition to the situation in west season, the 
dominant wind moved from north to west, pushing 
the waves to come in that direction. The dominant 
east monsoon wind blowing from northeast also 
promoted waves to come from that direction. Aside 
from being influenced by wind speed, wave con
ditions were also influenced through the persis
tence of the direction of wind. As the direction of 
wind in an area became uniform, the occurrence of 
wind increased. This occurred because wind 
blowing consistently in the same direction formed 
constructive waves that reinforced each other, 
allowing for the collection of wind energy. More
over, stations L-1, L-2, L-3, and L-4 were in locations 
with very safe waves having a maximum wave 
range of only 0.5 m. At L-5 station, the wave height 
reached 0.8 m and at L-6 station the waves reached 
1.18 m high. Relating to the result, the wave value 
according to basic conditions was still sufficient, 

which was less than 6 m. However, locations with 
minimal waves were considered to have more po
tential in OTEC installations.

The ΔT values among the six stations range from 
22.39 ◦C to 23.75 ◦C, with station L-4 exhibiting the 
highest and most stable ΔT. This higher ΔT directly 
contributes to increased thermal efficiency and net 
power output compared to the other locations. 
Stations with slightly lower ΔT values show corre
spondingly lower efficiency and Pnet, highlighting 
the sensitivity of OTEC performance to thermal 
gradients.

3.7. OTEC installation ideal station

The selected station points in North Bali waters 
met the basic requirement set, as all stations had ΔT 
between surface and deep seawater of more than 
20 ◦C. This study used OTEC design of [36] with a 
floating platform capacity of 5 MW turbine, select
ing a closed-cycle floating platform. Fur-thermore, 
Table 3 showed the stations and the distance from 
the coastline. Northern part of Bali Island was 
dominated by Buleleng and Ka-rangasem Re
gencies as shown in Fig. 1. In this area, there were 
residential, hospitals, buildings, and government 
regions, indicating the need for electricity. More
over, the selection of the most ideal station was 
determined by the amount of Pnet produced and 
the distance to the coastline where electricity was 
distributed [56]. Station L-4 had an efficiency of 
31.1%, T of 23.63 ◦C, and the highest average Pnet 
value among the other stations, namely 3.22 MW. 
Additionally, the lo-cation was 16.23 km from the 
Kubutambahan District, which was the closest dis
tance to land compared to other stations. Wind, 
surface cur-rents, and wave conditions at this 
location were quite potential. Concerning this 
study, station L-4 was the most ideal station for 
installing OTEC system.

The results of this study align well with, and 
extend beyond, prior OTEC potential investigations 
in the waters of North Bali. Previous study identi
fied surface temperatures of 28—31 ◦C maximum 
Carnot efficiency is 0.78, which theoretically sug
gests that OTEC is an alternative energy because of 

Fig. 10. Wave Condition in past 3 years in West Monsoon and East 
Monsoon respectively.

Table 3. Temperature difference (ΔT), efficiency, pnet, max depth, distance and subdistrict.

Station ΔT (◦C) Efficiency (%) Average pnet (MW) Max depth (m) Distance (km) Subdistrict

L-1 22.39 29.03 2.84 643.56 23.47 Gerokgak
L-2 23.14 29.98 3.04 763.33 29.15 Gerokgak
L-3 23.64 30.64 3.18 902.33 22.43 Sawan
L-4 23.75 30.78 3.22 902.33 16.23 Kubutambahan
L-5 23.25 30.13 3.08 763.33 21.30 Tejakula
L-6 23.72 30.70 3.21 763.33 30.80 Tejakula
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its minimal negative impact on the environment, 
especially using a close-cycle system [30], in line 
with this study which focuses on a 5 MW closed- 
cycle floating-platform system, applying the design 
framework of [37] and the thermodynamic formu
lations [47]. This is a clear advance over [29], who 
reported maximum Carnot efficiency of 0.78 
(≈69.4 kW per 1 kg/s of seawater flow) based on 
ΔT = 20 ◦C, but did not assess multi-year variability 
or ancillary physical factors such as currents, wind, 
and wave conditions.

Another point of novelty lies in the integrated 
evaluation of wave, wind, and surface current 
climatology alongside thermal resource assessment. 
Previous studies [28,30] largely focused on tempera
ture-only feasibility, or on large (≥100 MW) land- 
based or shoreline OTEC conceptual designs. By 
contrast, our study incorporates ASCAT wind data 
and Global Ocean Waves Analysis over the past 
three years to confirm that wind speeds remain 
below 8 m/s and significant wave heights below 1.2 m 
at all stations during both monsoon seasons. Simi
larly, CMEMS surface current data show speeds of 
0.1—0.4 m/s, well under the 1.5 m/s threshold for 
floating-platform stability. To our knowledge, this is 
among the first studies physical oceanographic tol
erances (wind, current, waves) have been jointly 
evaluated with thermal resource stability for North 
Bali's floating OTEC sites. This multidimensional 
approach not only corroborates the thermal analysis 
but also ensures that platform survivability and 
steady operation are feasible, which previous single- 
factor studies did not explicitly address.

The station-level comparison highlights both 
consistencies and improvements over prior work. 
Ilahude et al., (2020) identified general zones 
around Tejakula, and Kubutambahan as thermally 
promising; however, they did not quantify net 
electrical output (Pnet) or factor in distance to land 
for distribution infrastructure. Our results show 
that station L-4 (near Kubutambahan) combines the 
highest average Pnet (≈3.2 MW) with an efficient 
ΔT of 23.75 ◦C yielding thermal efficiency up to 
30.78% in peak months and lies only 16.23 km from 
the nearest power demand center. In contrast, Ila
hude et al. assumed a 100 MW plant in the general 
North Bali region but did not specify optimal plat
form siting or validate model temperatures against 
field CTD. By validating CMEMS data (MRE 
0.01—1.83%, MAE 0.47—0.75) at L-2, L-4, and L-6, we 
confirm that the model accurately represents real- 
time conditions, thus increasing confidence in the 
finer spatial recommendations.

From a technical vantage point, choosing a 5 MW 
closed-cycle design offers clear benefits. Hamedi & 

Sadeghzadeh, (2017) demonstrated that smaller, 
modular floating plants can be scaled more flexibly 
than large land-based facilities, reducing upfront 
capital barriers. Our study not only confirms the 
thermodynamic viability of a 5 MW design in Bali's 
waters but also quantifies pump parasitic losses 
(σ ≈ 0.30) and identifies minimal monthly Pnet 

variability (Δ < 1 MW). The stable Pnet profile 
correlating with April maxima and August minima 
indicates that even during the less favorable east 
season, power output remains commercially 
acceptable (≥2.84 MW). This addresses a key limi
tation in earlier conceptual assessments, which did 
not account for seasonal power fluctuations. The 
novelty, therefore, resides in demonstrating that a 
modest-scale floating OTEC plant can deliver reli
able baseload power to nearby coastal communities 
throughout the year.

From a practical standpoint, the selection of sta
tion L-4 as the optimal site effectively addresses 
both technical and logistical considerations. Its 
relatively short distance from the shoreline 
(16.23 km) significantly reduces the cost of subma
rine cable installation to Kubutambahan, which is 
an important factor that has been largely over
looked in previous studies. Economically, with an 
average net power output of 3.2 MW and a thermal 
efficiency of approximately 30.78%, OTEC presents 
a viable source of sustainable clean energy for the 
Buleleng region, contributing to the reduction of 
dependence on fossil fuels, which currently account 
for approximately 88% of electricity generation in 
Indonesia. The successful integration of in-situ ob
servations and long-term reanalysis data further 
establishes a methodological foundation for OTEC 
site planning in other regions of Indonesia with 
similar geophysical characteristics, such as the 
northern coast of East Java or the southern coast of 
Sulawesi. From a research perspective, these find
ings offer novel insights into the thermal stability of 
tropical ocean heat reservoirs for medium-scale 
energy systems, thereby enriching the existing 
body of literature, which has predominantly 
focused on laboratory-scale experiments or large- 
scale theoretical projections (≥100 MW).

Accordingly, this study not only reinforces the 
evidence that Northern Bali is a highly promising 
site for OTEC development, but also underscores 
the value of an integrated approach with combining 
field data, model reanalysis, and evaluation of 
physical oceanographic factors, in delivering 
more reliable and practically applicable site rec
ommendations. As a practical implication, local 
governments and energy stakeholders may 
consider the development of a 5 MW OTEC pilot 
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plant at station L-4, while also utilizing our meth
odological framework as a guideline for identifying 
other potential sites across tropical regions.

Despite the promising results, this study is sub
ject to several limitations that should be acknowl
edged. The computation analysis is primarily based 
on in-situ and reanalysis datasets, and does not 
explicitly address economic feasibility, platform 
construction considerations, or detailed environ
mental impact assessments. Consequently, the 
findings should be interpreted as a preliminary 
technical assessment that provides a foundation for 
more comprehensive, multidisciplinary in
vestigations in future OTEC development studies.

4. Conclusions

In conclusion, North Bali waters exhibit favorable 
conditions for the implementation of an OTEC 
system, characterized by sufficiently warm surface 
waters and cold deep-sea temperatures capable of 
producing a temperature difference exceeding 
20 ◦C. Both surface and deep-sea temperature 
variability tend to be stable, supporting the 
continuous operation of the OTEC system. In 
addition, wind conditions, surface currents, and 
wave characteristics in the study area meet the 
basic operational requirements for floating OTEC 
installations. Among the six evaluated locations, 
station L-4 is identified as the most suitable site for 
OTEC deployment in North Bali waters. This sta
tion demonstrates comparatively higher thermal 
performance and net power output, while also 
being located closest to the shoreline, which pro
vides logistical advantages for power transmission 
to land. These characteristics make station L-4 
particularly favorable for a medium-scale floating 
OTEC installation. The present study demonstrates 
that a 5 MW closed-cycle floating OTEC plant is 
technically feasible in North Bali waters. The inte
gration of thermal characteristics and physical 
oceanographic conditions provides a comprehen
sive basis for site selection and highlights the po
tential of OTEC as a reliable source of baseload 
electricity. Overall, the findings support the devel
opment of a pilot-scale 5 MW floating OTEC 
installation at station L-4 as a strategic step toward 
advancing sustainable marine renewable energy 
utilization in Indonesia.
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